
Frontispiece: (top) The late Dr Ignace H. Vincke (by courtesy of Prof. L . J . Bruce-Chwatt), 
(bottom) the late Prof. Meir Yoeli (by courtesy of Mrs Kitty Yoeli) 



Rodent Malaria 

Edited by 
R . K I L L I C K - K E N D R I C K 
Imperial College, London, England 

and 
W . P E T E R S 
Liverpool School of Tropical Medicine, 
Liverpool, England 

1978 

A c a d e m i c P r e s s 
London New York San Francisco 
A Subsidiary of Harcourt Brace Jovanovich, Publishers 



ACADEMIC PRESS INC. (LONDON) LTD. 
24/28 Oval Road 

London NW1 

United States Edition published by 
ACADEMIC PRESS INC. 

111 Fifth Avenue 
New York, New York 10003 

Copyright © 1978 by 
ACADEMIC PRESS INC. (LONDON) LTD. 

All Rights Reserved 

No part of this book may be reproduced in any form by photostat, microfilm, or any 
other means, without written permission from the publishers 

Library of Congress Catalog Card Number: 77-93205 
ISBN: 0-12-407150-3 

Printed in Great Britain by 
Clarke, Doble & Brendon Ltd 

Plymouth and London 



Contributors 

G. H . Beale, Institute of Animal Genetics, West Maim Road, Edinburgh EH9 

3JH, Scotland 

Y. Boulard , Laboratoire de Zoologie (Vers), Associé au CNRS, Muséum 

National d'Histoire Naturelle, 57 Rue Cuvier, Paris V, France 

L. J . Bruce -Chwat t , The Wellcome Museum of Medical Science, 183 Euston 

Road, London NW1 2BP, England 

R . Car te r , Department of Parasitology, Malaria Division, National Institutes 

of Health, Bethesda, Maryland 20014, USA 

A. H . C o c h r a n e , Division of Parasitology, Department of Microbiology, New 
York University School of Medicine, 550 First Avenue, New York, NY 
10016, USA 

F . E. G. Cox, Department of Zoology, King's College, Strand, London WC2R 

2LS, England 

C. A. H o m e w o o d , Department of Parasitology, Liverpool School of Tropical 

Medicine, Pembroke Place, Liverpool, Lancashire L3 5QA, England 

R . E. Howells , Department of Parasitology, Liverpool School of Tropical 

Medicine, Pembroke Place, Liverpool, Lancashire L3 5QA, England 

R. Ki l l ick-Kendr ick , Department of Zoology and Applied Entomology, 
Imperial College Field Station, Ashurst Lodge, Sunninghill, Ascot, Berkshire 

SL5 7DE, England 

I . L a n d a u , Laboratoire de Zoologie (Vers), Associé au CNRS, Muséum 
National d'Histoire Naturelle, 57 Rue Cuvier, Paris V', France 

H . J . Lust ig, Division of Parasitology, Department of Microbiology, New York 

University School of Medicine, 550 First Avenue, New York, NY 10016, 

USA 

R. S. Nussenzweig, Division of Parasitology, Department of Microbiology, New 

York University School of Medicine, 550 First Avenue, New York, NY 

10016, USA ~ 



vi CONTRIBUTORS 

W . Peters , Department of Parasitology, Liverpool School of Tropical Medicine, 

Pembroke Place, Liverpool, Lancashire L3 5QA, England 

R . E. S inden, Department of Zoology and Applied Entomology, Imperial 

College Field Station, Ashurst Lodge, Sunninghill, Ascot, Berkshire SL5 7DE, 

England 

D . Wall iker , Institute of Animal Genetics, West Mains Road, Edinburgh EH9 

3JN, Scotland 



Preface 

T h e publ ica t ion of this book marks the th i r t ie th anniversary of the 

discovery of the first ma l a r i a paras i te of a roden t by the la te Prof. 

Ignace Vincke {frontispiece). O v e r these th i r ty years, m a l a r i a of rodents 

has been intensively s tudied and , as a result, m a n y scientific papers on 

this subject have been publ ished. T h e pr inc ipa l reason w h y the m a l a r i a 

parasi tes of rodents have a t t r ac ted so m u c h interest is because they a t 

once p rov ided a r a n g e of l abora to ry models of a disease wh ich is still a 

major scourge of m a n k i n d , using parasi tes which were m o r e easily 

hand l ed a n d cheaper to s tudy t h a n s imian ma la r i a parasi tes, a n d which 

h a d m o r e re levance to the disease of m a n t h a n the av ian parasi tes so 

widely s tudied in the 1930s a n d 1940s. 

T h e first fifteen years ' work on the ma la r i a parasi tes of rodents was 

author i ta t ive ly reviewed in G a r n h a m ' s (1966) book ; the work of 

the second per iod of fifteen years , wh ich forms the grea te r p a r t of the 

total , is scat tered t h r o u g h o u t i n n u m e r a b l e j ou rna l s . J u s t before 

G a r n h a m ' s m o n u m e n t a l work wen t to press, two new discoveries were 

repor ted wh ich were to result in a n astonishing surge in activity. First, 

the la te Prof. M e i r Yoeli {frontispiece) a n d his colleagues demons t r a t ed 

the comple te life cycle of Plasmodium berghei for the first t ime, a n d thus 

paved the way for regular cyclical t ransmission in the l abora to ry , an 

ach ievement which h a d e luded m a n y o the r workers . Secondly, D r 

I r ène L a n d a u discovered several new ma la r i a parasi tes of rodents 

which , unt i l t h a t t ime, were t h o u g h t of as r a r e exotic p lasmodia wi th a 

severely l imited dis t r ibut ion. D r L a n d a u ' s findings led to renewed field 

work in Africa resul t ing in a ba t t e ry of new species a n d subspecies be ing 

established in the l abora tory . T h e discoveries of Prof. Yoeli a n d D r 

L a n d a u t r iggered off a second wave of research even grea te r t h a n t h a t 

which followed Vincke ' s descr ipt ion of the first m a l a r i a paras i te of a 

rodent . 

vii 
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Prof. G a r n h a m was ju s t able to cover the new findings by addi t ions 
to the page proofs of his book, b u t no comprehens ive review of the 
fallout which followed has been publ ished. Th i s book fills t h a t g a p . 

As in o ther fields of parasi t ic protozoology, the s tudy of m a l a r i a has 
become mult idiscipl inary, a n d is no longer solely the ter r i tory of the 
protozoologist or the physician. G r e a t cont r ibut ions a re be ing m a d e by 
workers t r a ined in o ther disciplines no tab ly biochemist ry , immuno logy , 
pha rmaco logy , cell biology a n d genetics. I n p l a n n i n g this book, 
therefore, it b e c a m e immedia t e ly a p p a r e n t t h a t no one person could do 
jus t ice to this mult i-faceted subject. Accordingly , we invi ted lead ing 
specialists, all experts in the i r fields, to con t r ibu te . W e have , however , 
t r ied to do m o r e t h a n simply ga the r toge ther a series of au thor i t a t ive 
reviews wi th only tenuous connect ions be tween t h e m . T h e cont r ibu tors 
were aware from the beg inn ing of the aspects to be covered by the i r 
colleagues, a n d the chapters were p l a n n e d to c o m p l e m e n t one ano ther . 
W h e r e there was over lap , one con t r ibu to r dea l t wi th the subject in 
dep th , a n d cross references have been inser ted in o the r chap te rs to 
gu ide the reader . I n this way, a n a t t e m p t has been m a d e to present , 
against the b a c k g r o u n d of the early work, reviews of all t he significant 
new findings in a series of in te r re la ted chapte rs by experts w h o a re 
actively involved in the s tudy of t he m u r i n e m a l a r i a parasi tes . 

T h e ma la r i a parasi tes of rodents o the r t h a n murids—P.atheruri of the 
African brush- ta i led po rcup ine , th ree species of m a l a r i a parasi tes of 
African anomalu res a n d three of Asian pe taur i s t ine flying squirre ls— 
have been excluded from this work. These parasi tes have been m u c h 
neglected, a n d very little new informat ion has been publ i shed since 
G a r n h a m ' s book ; w h a t little the re is can be t raced from the lists of 
references in Ki l l ick-Kendr ick (1973) {Acta tropica 31 , 28-69) a n d 
Chap te r s 1, 2 a n d 7 of this book. 

W e wish to t h a n k the cont r ibu tors for the care wi th wh ich they have 
p r e p a r e d their chap te rs a n d for the to lerance they have shown towards 
edi tor ial interference. W e a re del ighted to have this oppor tun i ty to 
t h a n k R o g e r F a r r a n d of Academic Press, w h o has been a cons tan t 
source of encouragemen t . 

April 1978 R . Ki l l ick-Kendr ick 

W . Peters 



This book is ded ica ted wi th w a r m affection a n d deep respect to Prof. 

P. C. G. G a r n h a m , F . R . S . ; no o ther worker has t augh t , he lped or 

encouraged more malariologists, a n d none has con t r ibu ted m o r e to the 

s tudy of ma la r i a parasi tes. 



Introduction 

L. J. BRUCE-CHWATT 

The Wellcome Museum of Medical Sciences, London, England 

I n the retrospect ive out l ine of the progress of paras i tology of m a l a r i a 

some dates c a n be t ru ly r ega rded as historical milestones. I t was in 1880 

t h a t L a v e r a n discovered m a l a r i a parasi tes in h u m a n blood, a n d in 1886 

March ia fava , Golgi a n d Celli descr ibed the i r deve lopmenta l forms; in 

1889 Danilevsky publ i shed his mas ter ly s tudy of av ian m a l a r i a ; in 1897 

Ross saw the sporogonic forms of t he paras i te in a n Anopheles mosqu i to 

a n d a year la ter he a n d the I ta l ians observed the whole cycle of 

deve lopment of av ian a n d h u m a n p lasmodia in the inve r t eb ra te host . 

A n o t h e r major discovery, by RafFaele, of tissue forms of av ian 

p lasmodia was no t m a d e unt i l 1934 b u t 14 years la ter two events 

took p lace t h a t opened new vistas for m a l a r i a research. Both of t h e m 

were a n n o u n c e d in 1948, the yea r t h a t can be coun ted as " a n n u s 

mi rab i l i s " of parasi tology of ma la r i a . I n t h a t yea r Shor t t , G a r n h a m a n d 

their colleagues descr ibed in E n g l a n d the pre-erythrocyt ic forms of 

Plasmodium cynomolgi in the liver of a rhesus monkey a n d the same forms 

oïP.vivax were soon found in the liver of a h u m a n volunteer . I n t he far 

a w a y Congo (now Zaïre) a m a l a r i a paras i te of some obscure " th icke t 

r a t s " was found by Vincke a n d L ips ; they also r epor t ed t h a t this 

paras i te was infective to c o m m o n l abora to ry rodents . 

T h e n a m e s of Ignace Vincke a n d subsequent ly t h a t of M e i r Yoeli a re 

closely connec ted wi th t he fascinating story of this discovery a n d wi th 

the subsequent deve lopmen t of a r e m a r k a b l e scientific tool wh ich has 

revolut ionized research on the parasi tology, i m m u n o l o g y a n d c h e m o -

the r apy of h u m a n ma la r i a . 

T h e recogni t ion of the i m p o r t a n c e of the discovery of roden t m a l a r i a 

XI 
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was somewha t overshadowed in the 1950s by the g rea t surge of o u r 

knowledge of the tissue forms of h u m a n a n d s imian mala r i a , by the 

g rea t progress of the t r e a t m e n t of the disease a n d by the enthusiast ic 

accep tance of the bold promise of the global e rad ica t ion of this 

"mil l ion m u r d e r i n g d e a t h " . I t was only d u r i n g the following decade 

t ha t the full significance of roden t m a l a r i a as a research tool b e c a m e 

evident . 

T h e In t e rna t iona l Co l loqu ium on Plasmodium berghei o rganized in 

1964 by Prof. P . G. Janssens , the then Direc tor of t he Pr ince Leopold 

Ins t i tu te of T rop ica l Medic ine in A n t w e r p , focused a t t en t ion on the 

i m p o r t a n c e of the discovery m a d e by the Belgian scientists a n d stressed 

its immense potent ia l va lue . I n his master ly s u m m a r y of t h a t mee t ing 

J a d i n (1965a) po in ted ou t t ha t the early history of roden t m a l a r i a 

provides a perfect example of an intui t ive recogni t ion of a l ink be tween 

two observations, a perfect example of w h a t Char les Nicolle called " u n 

ins tant de l umiè re " , w h e n describing a cognit ive flash t h a t i l luminates 

the tor tuous p a t h of a biological discovery. 

J a d i n was careful to emphas ize t ha t Vincke ' s ach ievement was no t 

d u e to chance , b u t was the result of a step by step collection a n d 

in te rpre ta t ion of carefully observed facts. Th is was fully confirmed by 

Bafort (1971) one of Vincke 's co-workers a n d close friends. 

T h e origin of the story can be t raced to the evening of 18 Apr i l 1937, 

w h e n D r Alber t D ü r e n was quiet ly fishing on the b a n k of the K i v u b u 

river in the K w a n g o province of the then Belgian Congo . H e not iced 

an Anopheles mosqui to on a n e a r b y tree t runk , c augh t it, a n d sent it 

to the British M u s e u m in L o n d o n where E d w a r d s described it in 1938 

as Anopheles durent. I n 1941 D r Ignace Vincke , w h o was then in cha rge 

of ma la r i a control a t Stanleyville (now L u b u m b a s h i ) , was sent on a 

short mission to the K a t a n g a province whe re he surveyed the a rea 

be tween Elisabethville (now Kisangani ) a n d Jado tv i l l e . H e found 

A.durent a m o n g the vegeta t ion of t h a t a rea , a n d especially in the 

fringing forest (also known as gallery forest) of rivers a n d s t reams. T w o 

years later , w h e n Vincke was appo in ted as malariologist in K a t a n g a , 

one of the first places t ha t he re-visited was the fringing forest of the 

Kisanga river where he then caugh t large n u m b e r s of A.dureni. These 

were slightly different from the mosqui toes collected previously in the 

K w a n g o and , in his field notes, Vincke called t h e m A.dureni var . 

millecampsi; Lips described t h e m a n d Gillies a n d de Mei l lon (1968) t hen 

n a m e d t h e m as a full subspecies re ta in ing Vincke ' s n a m e . I n D e c e m b e r 
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1943 Vincke a n d the C o m t e d 'Urse l dissected a n u m b e r of females of 
this Anopheles a n d found a fairly h igh p ropor t ion wi th sporozoites in 
their salivary g lands . 

I n 1944 several entomological surveys of the a rea revealed t h a t this 
subspecies of A.dureni was exophil ic, a n d t h a t it fed on an imals r a t h e r 
t h a n m a n . D u r i n g the following two years , m u c h of the biology of this 
mosqui to was e luc ida ted by Vincke a n d his colleagues, b u t i t was no t 
unt i l 1946 t h a t the b lood feeding habi t s of this Anopheles were proper ly 
s tudied by m e a n s of precipi t in tests. T h e tests were negat ive for the 
blood of p r imates , cat t le , horse, sheep, dog a n d antelopes. R o d e n t s a n d 
insectivores r e m a i n e d as the only possible source of b loodmeals of 
A.dureni millecampsi collected in Kisanga . 

A t the end of the second wor ld w a r Vincke r e tu rned to Belgium, 
after hav ing spent 10 years in Africa. Lips, a n entomologist , con t inued 
the field observat ions a n d not iced the presence of some a p p a r e n t l y 
paras i t ized cells in blood smears p r e p a r e d from midgu ts of freshly fed 
wild A.dureni. I n S e p t e m b e r 1947 Vincke r e tu rned to K a t a n g a to s tar t 
a ma la r i a control c a m p a i g n by D D T spraying, b u t con t inued the 
t r a p p i n g of small rodents in the fringing forest wi th the hope of finding 
the source of t he infections in the local A.dureni. T h e fact tha t , a t t h a t 
t ime, sporozoite infections could no t be found in the mosqui toes was 
p robab ly d u e to a fire wh ich h a d destroyed p a r t of the fringing forest. 
O v e r two years some 360 specimens of th ree species of wild rats were 
collected a n d examined . Final ly in F e b r u a r y , 1948, roden t N o . 173, a 
specimen of Grammomys surdaster c a u g h t a t K e y b e r g in the Kisanga 
district, showed the presence of n u m e r o u s blood parasi tes . V incke 
inocula ted b lood from this a n i m a l in to whi te mice a n d the type s train 
K 1 7 3 of the new paras i te was isolated. I t was given the n a m e of one 
of Vincke ' s friends, D r Louis v a n den Berghe, the then Direc tor of the 
Ins t i tu te for Scientific Resea rch in Cen t r a l Africa based a t Lwiro . A 
formal a n n o u n c e m e n t of the new discovery was m a d e by D r v a n den 
Berghe a t t he F o u r t h I n t e r n a t i o n a l Congress of M a l a r i a a n d Trop ica l 
Med ic ine in W a s h i n g t o n in S e p t e m b e r 1948 (van den Berghe, 1948).* 

* It may be of bibliographical interest to quote the footnote of Dr van den Berghe's paper 
announcing this discovery: 

"It is regretted that, because of lack of time certain restrictions made it impossible to 
present I. H . Vincke and M . Lips' paper at this Congress. T h e following summary should 
serve as a formal recognition of their discovery: Anopheles durent infected with malaria 

(continued overleaf ) 
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J e r o m e R o d h a i n , the g r a n d old m a n of Belgian protozoology, 

confirmed the or iginal descript ion of the paras i te b u t po in ted ou t t h a t 

some proof was needed of the pos tu la ted re la t ionship be tween the 

n a t u r a l infection of thicket rats a n d the sporozoites seen in the salivary 

g lands of A.dureni millecampsi. 

N o t unt i l 1950 did the infection in mosquitoes r e a p p e a r in K i sanga 

and , in the m e a n t i m e , after two years of cons tan t search, a sui table 

fringing forest was discovered astr ide the K a s a p a r iver nea r El isabeth-

ville. O u t of 2800 dissections of Anopheles, one was found wi th infected 

salivary g lands which , w h e n injected in to a whi te mouse, p r o d u c e d the 

same type of pa ras i t aemia as the one ob ta ined after inocula t ion of b lood 

from na tu ra l ly infected rodents . Th i s confirmed the pos tu la ted n a t u r a l 

cycle of transmission be tween the wild roden t a n d the subspecies of 

A.dureni. 

O t h e r studies by Vincke a n d his t e a m showed t h a t the n a t u r a l 

infection wi th P.berghei was found no t only in Thamnomys b u t also in two 

o ther rodents , Praomys jacksoni a n d Leggada bella. A large n u m b e r of 

strains of the new paras i te were recovered from the ro d en t hosts a n d 

anophe l ine vectors d u r i n g t h a t per iod, a n d the interest in the possi-

bilities offered by P.berghei increased from year to year . Fo r the first t ime 

in the history of protozoology a m a l a r i a paras i te wi th m a n y c h a r a c -

teristics of a Plasmodium of m a n a n d infecting one of the commones t 

l abora to ry an imals h a d become avai lable . 

Pe rhaps the most str iking aspect of P.berghei was the ex t reme 

susceptibili ty of the whi te mouse in which the infection assumes a 

regular , fatal course. N o less surprising was the wide r a n g e of an imals 

in which the paras i te survives; they var ied from mice or ra ts to 

hamsters , voles, gerbils, squirrels a n d bats wi th different degrees of host 

restrict ion. 

F r o m the early days of Vincke ' s discovery several strains of P.berghei 

parasites were first found by Dr. I. Vincke in a small forest gallery near Elisabethville in 
the Congo. After systematic research a typical Plasmodium was discovered in the blood of 
a tree dwelling rat Thamnomys surdaster. White mice succumb to the parasite in 11-15 days, 
after very acute infection with as many as 5 0 % of erythrocytes harbouring one and 
generally more (up to seven) schizonts. Numerous schizonts are also seen outside the 
erythrocytes in the peripheral blood. Schizonts contain from 8 to 14, sometimes more 
merozoites. T h e gametocytes are oval and slightly elongated with a typical sexual 
differentiation and well marked pigment granules. T h e erythrocytes containing the 
parasites (frequently of different stages, schizonts young or mature, as well as schizogony 
forms) are large and polychromatophilic. Different species of wild rats, including Rattus 
rattus, are also susceptible, but their resistance is greater." (van den Berghe, 1948). 
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were established in A n t w e r p a n d D r Alber t Dubois , the then Direc tor 

of the Pr ince Leopold Ins t i tu te of T r o p i c a l Medic ine , d is t r ibuted 

strains to all interested scientists. W i t h i n ten years the n u m b e r of 

publ ica t ions descr ibing the morpho logy of P.berghei a n d its host cells, 

the course of infection in var ious an imals , its response to different 

st imuli or an t ima la r i a l drugs rose to some 500. 

T h e r e was, however , someth ing new in Vincke ' s scientific store. I n 

1952 Vincke found a t K a m e n a , some 600 miles n o r t h of Elisabethvil le 

(now Kisangan i ) , a new gallery forest site wi th A.dureni millecampsi, 

m a n y of which h a d sporozoites in thei r sal ivary g lands . Vincke ' s 

assistant, M u k a t a , succeeded in t r ansmi t t ing the infection to a mouse 

a n d to some Thamnomys a n d Aethomys ra ts . But the morpho logy of the 

paras i te a n d the course of infection in exper imenta l an imals were 

different from those of P.berghei. T h e new strain was sent to J e r o m e 

R o d h a i n in A n t w e r p w h o real ized t h a t this was a new p lasmodia l 

species a n d n a m e d it P.vinckei. As po in ted ou t by G a r n h a m , the 

presence of P.vinckei in the K a t a n g a was an except ional occur rence 

since all the o the r roden t parasi tes in t h a t region proved to be P.berghei. 

Al though the i m p o r t a n c e of the two p lasmodia of rodents as a 

l abora to ry tool for immunolog ica l a n d chemothe rapeu t i c research was 

obvious from the start , one p a r t of thei r cycle in the ve r t eb ra t e host 

r ema ined u n k n o w n . T h e existence of a pre-erythrocyt ic stage of these 

parasi tes was still one of the most elusive aspects of parasi tological 

research. T h e answer could be found only if a rel iable m a m m a l -

a r t h r o p o d - m a m m a l transmission mode l of the paras i te b e c a m e 

avai lable . 

T h e first a t t emp t s a t inocula t ion in to whi te ra ts of sporozoites from 

na tu ra l ly infected A.dureni were m a d e in 1950 by Vincke a n d Lips w h o 

observed a n incuba t ion per iod of th ree days . T h e r epor t by v a n den 

Berghe et al. (1950) of the discovery of pre-erythrocyt ic forms of the 

paras i te in the bone m a r r o w a n d liver of mice inocula ted wi th infective 

blood proved to be a wrong lead. O t h e r a t t empts by Vincke a n d by 

Yoeli a n d Mos t (1960) were also no t successful, t hough it soon became 

obvious t h a t the p r é p a i e n t per iod of P.berghei infection was shorter t h a n 

the th ree days observed init ial ly by Vincke . 

F r o m the very beg inn ing of these studies there was need for an 

exper imenta l vector o ther t h a n the fragile A.dureni. N u m e r o u s a t t empt s 

a t subst i tut ion of this mosqui to by the easily colonized A.atroparvus, 

A.stephensi a n d A.gambiae were d isappoin t ing . Occasional ly a few 
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oocysts a n d r a r e sporozoites were observed, b u t r egu la r mosqu i to 

t ransmission of t h e infection in the l abora to ry was u n a t t a i n a b l e . 

O n e of the reasons for this failure was the d i sappea rance of g a m e t o -

cytes in strains of P.berghei t r ansmi t t ed serially by blood passage. 

However , J a d i n succeeded in reviving the gametogenesis in a s t ra in of 

the paras i te ( K a s a p a 323) after a passage t h r o u g h hamsters a n d y o u n g 

Thamnomys. Th i s s t r a t agem led to a n infection of A.quadrimaculatus, 

A.aztecus a n d A.stephensi. However , the m a t u r a t i o n of oocysts in these 

mosqui toes was incomple te a n d there was no invasion of salivary g lands 

by sporozoites ( R o d h a i n et al., 1955). 

O n c e aga in it a p p e a r e d t h a t only t he use of a n a t u r a l vector of r o d en t 

m a l a r i a could solve the difficulty. W h e n , towards the end of t he 1940s, 

the prevalence of n a t u r a l infection of bo th Thamnomys a n d A.dureni 

decl ined to a vanish ing point , V incke r epopu la t ed the fringing forest in 

the K a t a n g a by releasing large n u m b e r s of P.bergkei-infected rodents 

a n d thus restored the enzootic . Nevertheless, by 1960 it a p p e a r e d t h a t 

the solution of the p r o b l e m of cyclical t ransmission of P.berghei a n d of 

t he tissue phase of this paras i te were a t a n impasse. T h e inabi l i ty to 

b reed a n d to m a i n t a i n A.dureni in the l abora to ry , a n d the difficulty of 

raising a colony of Thamnomys in capt ivi ty , were the m a i n obstacles. 

I t was a t this stage t h a t the inspired work of M e i r Yoeli opened new 

vistas for research on roden t ma la r i a . I n D e c e m b e r 1963 Yoeli collected 

1300 engorged female A.dureni from the fringing forest of K i sanga a n d 

took t h e m to N e w York. T h e y were kep t in small c a r d b o a r d conta iners 

a t t empera tu res c o m p a r a b l e to those in thei r n a t u r a l hab i t a t . A second 

genera t ion of mosquitoes was raised w i thou t difficulty and , in addi t ion , 

a th r iv ing colony of T.sur das ter was established. Whi l e work ing in t he 

Congo, Yoeli a n d his colleagues were s t ruck by the c l imat ic condi t ions 

of the gallery forest as a major ecological factor in the life of the 

mosqui to vector a n d in the transmission cycle of P.berghei. T h e environ-

m e n t a l t e m p e r a t u r e in the forest was a b o u t 22°C, while outs ide the 

t e m p e r a t u r e was 30 -31°C . I n this m u c h cooler n a t u r a l env i ronmen t 

A.dureni showed an oocyst r a t e of 2 3 % a n d a sporozoite r a t e of 1 3 % . 

I t b e c a m e obvious t h a t P.berghei in the b io tope of the fringing forest 

undergoes its sporogonic deve lopmen t in the n a t u r a l vector a t a 

t e m p e r a t u r e m u c h lower t h a n the one previously j u d g e d necessary for 

cyclical t ransmission. Th i s observat ion of Yoeli 's, str iking in its sim-

plicity, p rovided the clue for most of the future achievements . Anopheles 

quadrimaculatus, a N o r t h A m e r i c a n mosqui to , could n o w be used for 
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cyclical t ransmission a n d p r o d u c e d regular ly heavy oocyst deve lopmen t 
a n d salivary g l and infections. 

Yoeli 's br i l l iant in tu i t ion a n d perseverance were r e w a r d e d by his 
success in t r ansmi t t ing cyclically several strains of P.berghei to var ious 
an imals inc lud ing Tkamnomys, whi te mouse , b a b y r a t a n d hams te r . 

T h e secret of this good for tune lay no t only in the m a i n t e n a n c e of 
infected Anopheles a t a t e m p e r a t u r e of 19° to 21 °C b u t also in the use of 
newly isolated strains of P.berghei (such as the N K 65) wi th a h igh 
n u m b e r of gametocytes . 

V a n d e r b e r g a n d Yoeli (1965) descr ibed the physiological a n d o ther 
characterist ics re la ted to the m a i n t e n a n c e of the cyclical t ransmission. 
F r o m then on the w a y to exper imenta l work on the p rob lema t i c tissue 
stages of P.berghei was open . 

I t was left to Yoeli a n d Mos t (1965) to demons t r a t e the presence of 
pre-erythrocyt ic schizonts of P.berghei, first in the liver of a b a b y 
hams te r a n d t h e n in y o u n g a lb ino ra ts a n d in Thamnomys. A r e m a r k a b l e 
aspect of this finding was the speed of deve lopmen t of these tissue forms. 
T h e liver schizont becomes m a t u r e in a b o u t 50 hours after t he 
inocula t ion of sporozoites. 

Th is discovery closed one of the most exci t ing chap te r s in the history 
of m a m m a l i a n ma la r i a , b u t opened countless n e w oppor tun i t ies for 
research which was ga the r ing m o m e n t u m in m a n y labora tor ies 
t h r o u g h o u t the world . 

I t is impossible to men t ion , however briefly, all the aspects of 
parasi tology, i m m u n o l o g y a n d c h e m o t h e r a p y t h a t were invest igated 
d u r i n g the two decades following Vincke ' s major discovery a n d Yoeli 's 
splendid success in establishing the m e t h o d of cyclical t ransmission of 
the paras i te . 

Some 20 key papers presented a t t he 1964 Co l loqu ium in A n t w e r p 
are only a small p ropor t ion of a b ib l iography of 530 scientific articles 
compi led by J a d i n (1965b) . D u r i n g t h a t per iod t he r ange of species of 
r oden t ma la r i a kep t increasing in n u m b e r s a n d in complexi ty . A l ready 
in 1955 a vinckei-like m a l a r i a paras i te was found in a mouse inocula ted 
wi th pooled blood from several specimens of Praomys tullbergi c augh t in 
t he I lobi forest in Wes te rn Niger ia . T h r o u g h a n unfor tuna te acc ident 
this s t ra in was lost b u t in 1967 Ki l l ick-Kendr ick rediscovered this 
paras i te d u r i n g a difficult a n d h a z a r d o u s field s tudy a t the t ime of the 
civil w a r in Niger ia , isolated it, a n d a n e w berghei-like paras i te from 
T.rutilans, t h o u g h the inve r t eb ra t e host of these Plasmodium spp . still 
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remains u n k n o w n . T w o years earlier, L a n d a u a n d C h a b a u d (1965) h a d 
found in M a b o k é , nea r Bangui in Cen t ra l African Repub l i c , t h a t the 
same species of roden t was frequently infected wi th a berghei-like 

Plasmodium a n d a new species which received the n a m e P.chabaudi. A 
new strain of P.vinckei was then isolated by Bafort from A.dureni 

millecampsi a t K a m e n a in Za ï re ; he a d a p t e d the paras i te to transmission 
t h r o u g h A.stephensi a n d o ther vectors a n d described its pre-erythrocyt ic 
schizogony in Thamnomys a n d in mice. A t a b o u t the same t ime, A d a m 
a n d his colleagues (1966) repor ted the finding of roden t ma la r i a in 
N ' g a n g a Lingolo in Congo (Brazzaville) ; once aga in the m a i n m a m -
mal i an host was T.rutilans. These discoveries, a n d a recent finding by 
Bafort of m u r i n e ma la r i a parasi tes in the C a m e r o u n Repub l i c , confirm 
t h a t roden t ma la r i a is widespread in t ropical Africa. A t the same t ime 
the t axonomic position of m u r i n e p lasmodia was becoming increasingly 
complex . T w o views were expressed: one was t ha t these parasi tes 
represent a cont inuous series of one po lymorph ic species-complex 
r ang ing from a typical P.berghei to a typical P.vinckei: the o ther view, 
suppor ted by Vincke , is t h a t different evolut ionary pressures re la ted to 
env i ronmen ta l condi t ions have led to a h igh degree of speciat ion wi th in 
the species complex of m u r i n e m a l a r i a parasi tes . A b rave a t t e m p t at 
pu t t i ng some order in to the t axonomic c o n u n d r u m was m a d e by 
Ki l l ick-Kendr ick (1974). I n t idying u p the s i tuat ion, the groups berghei 

a n d vinckei were re ta ined , a n d th ree subspecies of berghei-like parasi tes 
from the Lower G u i n e a Forest were b r o u g h t together as a polytypic 
species of P.yoelii. I t is cer ta inly r ight a n d p rope r t ha t the two scientists 
should be h o n o u r e d in such a way for their immense cont r ibu t ion to our 
present knowledge. 

M a n y recent advances are d u e to the studies of I r ène L a n d a u a n d her 
F r ench colleagues. T h e i r discoveries of a n u m b e r of m u r i n e m a l a r i a 
parasi tes, first in the Cen t ra l African Repub l i c a n d then in the Congo , 
po in ted to the possibility of a re la t ionship be tween speciat ion a n d 
zoogeography of the host. T h e further discovery by L a n d a u (1973) t ha t 
na tu ra l ly infected T.rutilans m a i n t a i n their pa ras i t aemia t h r o u g h o u t 
life a n d t h a t the deve lopment of exoerythrocyt ic schizonts a n d the 
p a t t e r n of parasi t ic relapses in some rodents can be influenced by 
cer ta in external st imuli affecting the metabol i sm of the hos t -pa ras i t e 
system ( L a n d a u et al., 1975), was of special significance. 

T o w h a t extent the long t e r m infections represent an adap t ive 
mechan i sm of major i m p o r t a n c e for the evolut ion of the paras i te 



I N T R O D U C T I O N xix 

remains to be established ( L a n d a u , 1973). However , new hypotheses on 

the phylogeny of Cocc id iomorpha of the ver tebra tes m a y be formula ted . 

A bold scheme ( L a n d a u , 1974) suggests t h a t this g r o u p m a y h a v e 

evolved from parasi tes of the coelomic cavi ty or from tissues of meso-

blastic origin in the inver tebra tes . I n t he course of the i r a d a p t a t i o n to 

the ve r t eb ra t e hosts t he parasi tes h a v e become localized first in the 

tissues of the same origin b u t h a v e la te r become a d a p t e d to m o r e 

specialized tissues such as the e n d o d e r m of the digestive t rac t a n d of the 

hepa t ic p a r e n c h y m a . 

T h e presence of a large n u m b e r of species of p lasmodia in roden ts in 

Africa a n d thei r transmissibil i ty by Anopheles opens o the r fields for 

speculat ion on the evolut ion of p l a smodia of m a m m a l s . Cor rade t t i 

(1963) po in ted ou t t h a t parasi tes wi th a relat ively low degree of 

specificity m a y develop in to a new race wh ich consti tutes a potent ia l ly 

pre-specific phase a n d needs only a degree of isolation to become a 

species. T h e condi t ions for such a n isolation wi th in a defined p a r a s i t e -

vector re la t ionship a p p e a r to be largely ecological a n d the restrictive 

mechan i sm in r o d e n t p lasmodia is p r o b a b l y d e p e n d e n t on t e m p e r a t u r e . 

T h e recent observat ion by Yoeli et al (1975) a n d Wal l iker (1975) 

of a sudden m u t a t i o n of a mi ld s t ra in of P.yoelii yoelii i n to a h ighly 

v i ru lent one after a 100 days ' s tay in a deep-freeze c o m p a r t m e n t is one 

ind ica t ion of the ex t r ao rd ina ry genet ic plasticity of some m a l a r i a 

parasi tes of rodents . 

Moreove r the a l t e rna t ion of host phases in the life cycle mus t have a 

selective a d v a n t a g e , d iscard ing some m u t a n t s t h a t a re de t r imen ta l to 

the m a i n t e n a n c e of a new species. G a r n h a m (1964) stressed the 

mu l t i t ude of var iables t h a t influence t he deve lopmen t of p ro tozoa in 

their a l t e rna t ing hosts a n d the lack of a n y precise informat ion on this 

subject. 

Pe rhaps the n e w possibilities of dis t inguishing some infraspecific 

g roups of p lasmodia by genet ic me thods assisted by recogni t ion of 

e lect rophoret ic pa t t e rns of thei r enzymes will p rov ide a gu ide to t he 

s tudy of speciat ion wi th in this i m p o r t a n t g r o u p of Haemospor id i a . W e 

can only hope t h a t these n e w observat ions on ro d en t ma la r i a , p ioneered 

by the E d i n b u r g h g r o u p led by Beale, m a y open n e w vistas for the s tudy 

of the evolut ion of m a l a r i a parasi tes of m a n (Bruce-Chwat t , 1965). 

H a v i n g sketched ou t t he fascinating history of the discovery of r o d en t 

mala r ia one should stress the enormous con t r ibu t ion t h a t i t m a d e to ou r 

knowledge. T w o areas a re of pa r t i cu l a r interest in this respect : 
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immuno logy a n d c h e m o t h e r a p y . I n the field of c h e m o t h e r a p y of 

ma la r i a the discovery of r oden t p lasmodia fulfilled the early expecta-

tions clearly s ta ted by Schneider et al. (1965), even t hough some 

scientists were initially caut ious in accept ing such optimist ic predict ions . 

O v e r m a n y years of chemothe rapeu t i c studies p ioneered by K o p a -

naris in 1911 a n d developed by R o e h l in 1926, b i rd ma la r i a was the 

mode l most c o m m o n l y used. Plasmodium relictum a n d P.cathemerium of 

canar ies were eventual ly rep laced by a P.gallinaceum mode l in chicks 

which was easier to apply . Critics of the use of roden t m a l a r i a for 

exper imenta l c h e m o t h e r a p y stressed t h a t the response of r o d en t 

p lasmodia to the known synthet ic c o m p o u n d s is r a t h e r different from 

t h a t of p r i m a t e malar ias . However , parasi tes of b i rds such as P.galli-

naceum have similar a n d even grea te r d i sadvantages ; in spite of t h a t they 

were fully a n d most successfully employed for large scale d r u g test ing 

p r o g r a m m e s in the U K and , especially, in the U S A d u r i n g the 1940s. 

T h e full v indica t ion of the va lue of roden t m a l a r i a parasi tes for 

exper imenta l c h e m o t h e r a p y b e c a m e obvious m o r e recent ly in the U S A 

where R a n e was using P.berghei in a superbly organized d r u g test ing 

p r o g r a m m e t h a t assessed some 150 000 c o m p o u n d s d u r i n g a few years , 

and is now ready to h a n d l e a b o u t 50 000 c o m p o u n d s a n n u a l l y (Peters, 

1970). R a n e ' s idea of using the survival t ime of t rea ted a n d u n t r e a t e d 

mice infected by blood inocula t ion as a n ind ica to r of t he act ivi ty of 

c and ida t e an t ima la r i a l compounds , a p p e a r e d to be c rude in compar i son 

wi th some m o r e sophist icated l abora to ry techniques , b u t i t was 

un ique ly sui table for a mass screening p r o g r a m m e . At present , the 

possibility of s t andard ized sporozoite infections permi t s the screening of 

causal p rophylac t ic d rugs . 

T o d a y the immense advan tages of screening procedures using ro d en t 

p lasmodia a re fully recognized, even by those whose pa t ience a n d skill 

overcame, some 30 years ago, all the vagaries of expe r imen ta l av ian 

ma la r i a in chicks, canar ies or o ther birds . N o less i m p o r t a n t is the role 

p layed by roden t ma la r i a in ou r pursu i t of basic knowledge of the 

ac t ion of specific drugs a n d in the a t t empt s a t unrave l l ing the mystery 

of d r u g resistance. I t was the avai labi l i ty of roden t ma la r i a t h a t 

ind ica ted to Peters a n d his g r o u p in Liverpool the m o d e of act ion of 

4-aminoquinol ines a n d the chang ing response of parasi tes to these a n d 

o the r drugs . I t is n o w obvious t h a t ch loroquine induces a b r e a k d o w n 

of R N A of the p lasmodia by its act ion on lysosomes : the observat ion of 

haemozo in c lumping is good evidence of such act ion on the paras i te , 
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a n d the converse is a n ind ica t ion of inc ip ient decrease in sensitivity. T h e 

poten t ia t ion of the su lphonamide a n d dihydrofolate reduc tase inhibi tors 

was also confirmed in the roden t mode l . Moreove r the mode l showed 

the change of the b iochemical response of blood forms of the resistant 

paras i te from the anae rob ic to the aerobic K r e b s cycle p a t h w a y in the 

red blood cell con ta in ing chloroquine-res is tant P.berghei. 

D u r i n g the pas t decade the progress of i m m u n o l o g y of ma la r i a has 

been enormous . A l t h o u g h m o r e a n d m o r e of the n e w knowledge is 

becoming incomprehens ib le to the non- in i t ia ted , there is no deny ing 

t ha t m u c h of i t is of immense promise . Th i s applies par t i cu la r ly to o u r 

unde r s t and ing of the m e c h a n i s m of acqu i red i m m u n i t y to ma la r i a in 

m a n . 

T h e principles of acqu i red i m m u n i t y of m a m m a l s to ma la r i a were 

defined by E d m o n d Sergent a n d by W . H . Tal iaferro in the 1930s, 

t hough it seems t h a t the pr inciples a re m o r e complex t h a n a t first 

thought . T h e genet ic const i tut ion of var ian ts wi th in one species of a 

m u r i n e host, let a lone differences of susceptibil i ty be tween var ious 

m u r i n e species, p lay a n i m p o r t a n t role in the course of infection. 

Func t iona l aspects of i m m u n i t y in r oden t m a l a r i a were explored by 

Z u c k e r m a n w h o was puzzled by the g rea te r t h a n expected des t ruct ion 

of erythrocytes in ma la r i a infections a n d found a n exp lana t ion of it in 

the autosensi t izat ion occur r ing as a result of r ed blood cells hav ing been 

a l tered by the paras i te . She also found evidence of a cellular mechan i sm 

of protec t ion , in add i t ion to the well k n o w n h u m o r a l mechan i sms so 

well s tudied by M a c g r e g o r a n d his colleagues in h u m a n mala r i a . T h e 

specificity of a n i m m u n e response in re la t ion to the stage of the cycle 

of deve lopment is as str iking in roden t m a l a r i a as it is in p lasmodia l 

infections of o the r an imals . Ant igenic var ia t ion of b lood stages confirms 

Char les Nicolle 's inspired p rophecy of a "mosa ic of an t igens" a n d 

represents one of na tu re ' s in t r ica te ways in the subtle in te rp lay be tween 

the paras i te a n d its host. T h e fruitful hypothesis of an t ibody-p roduc ing 

lymphoblas t ic Β cells s t imula ted by the Τ lymphocytes a t t uned , as it 

were , to all the de t e rminan t s of the ant igens has received m u c h suppor t 

from the studies of roden t ma la r i a . 

T h e mystery of congeni ta l transfer of ant ibodies from the i m m u n e 

mo the r to he r p rogeny has been explored in a m u r i n e model . However , 

the early results t h a t a p p e a r e d to be clear a re n o w expla ined in a 

different w a y a n d this poses m o r e quest ions t h a n it gives answers. 

Ano the r i m p o r t a n t field whe re roden t ma la r i a mode l is of va lue 
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concerns the immunosuppress ive role of the p lasmodia l infection wi th 
t h e consequent s t imula t ion of t he effect of oncogenic viruses l ead ing to 
the a p p e a r a n c e of t umour s , such as Burki t t ' s l y m p h o m a . Cons ider ing 
the re la t ionship be tween the m e c h a n i s m of protect ive i m m u n i t y a n d 
some pathological effects of ma la r i a , pe rhaps the most significant 
concept t h a t emerged from studies of r oden t ma la r i a was t h a t the 
function of an t ibody m a y have a Jekyl l a n d H y d e effect, which becomes 
a p p a r e n t w h e n it combines in vivo wi th a soluble an t igen which 
results in a n i m m u n e - c o m p l e x disease. 

M u c h of the present immunolog ica l research in the U K a n d U S A is 
d i rected towards the possibility of p roduc ing a protect ive m a l a r i a 
vaccine . Whi l e this ach ievement is still r emote , t he condi t ions needed 
for cul t ivat ion of p lasmodia in vitro a re be ing fully explored a n d m u c h 
of the slow a n d painful progress in this field is d u e to the availabil i ty 
of P.berghei. 

T h e r e can be no d o u b t t h a t m a l a r i a parasi tes of rodents now form 
one of the most i m p o r t a n t sections of paras i to logy a n d t h a t they will 
open m a n y new aspects of this scientific discipline which owes so m u c h 
to Ignace Vincke a n d M e i r Yoeli . 

A book encompass ing a vast a m o u n t of new research on roden t 
ma la r i a is b o u n d to raise some quest ions concern ing its re levance to one 
of the m a i n diseases wh ich inflict un to ld misery on the millions of people 
inhab i t ing t he t ropica l wor ld . Such quest ions were s t imula ted by the 
recent discussions a t the W o r l d H e a l t h Assembly concern ing the 
a p p a r e n t failure of the global e rad ica t ion of ma la r i a . 

I t is pe rhaps m o r e a p p r o p r i a t e to stress the fact t h a t ou t of some 
2000 mill ion people i nhab i t i ng the original ly mala r ious areas of the 
world , some 1200 mill ion are n o w living in areas whe re m a l a r i a has 
d i sappeared or whe re the risk of infection is very low. A n o t h e r 460 
mill ion people live in areas u n d e r a reasonably satisfactory degree of 
ma la r i a control especially in u r b a n areas . But there is no deny ing the 
g r im fact t h a t near ly 400 mil l ion people of the developing wor ld in the 
tropics i nhab i t regions whe re m a l a r i a is still endemic . 

T h e present wor ldwide ma la r i a morb id i ty is no t fully k n o w n b u t i t 
a m o u n t s to a t least 100 mill ion cases pe r a n n u m : the morta l i ty , t h o u g h 
considerably reduced even in countr ies where the control p r o g r a m m e s 
were imperfect , is still of the o rder of one mill ion, a h igh p ropor t ion of 
this figure falling on the y o u n g age groups . 

T h e init ial s t rategy of an t ima la r i a l campa igns was to ca r ry ou t i ndoo r 
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spraying of res idual insecticides in a given a rea so widely a n d thoroughly 
t h a t the transmission of the infection would cease. T h e deple t ion of the 
anophe l ine popu la t ion together wi th the drast ic lowering of its m e a n 
longevity wou ld p reven t the r e sumpt ion of the t ransmiss ion: the 
r ema in ing foci a n d cases could be deal t wi th d u r i n g the "consol idat ion 
p h a s e " by case detect ion a n d t r e a t m e n t for which the genera l hea l th 
services would be ma in ly responsible. Such a simplified out l ine of 
principles of ma la r i a e radica t ion gives no idea of the opera t iona l 
complexi ty of the mass c a m p a i g n wh ich depends on careful p l ann ing , 
excellent logistic suppor t a n d a d e q u a t e financing. 

I t is also t rue t h a t the u l t ima te success of any mass c a m p a i g n such 
as ma la r i a e radica t ion depends on its results be ing sustained by the 
basic hea l th services. Such services a re defective or w a n t i n g in most of 
the ru ra l areas of the developing tropics. 

I t has often been said t h a t the m a i n obstacles to success of ma la r i a 
e radica t ion in those countr ies a re of an adminis t ra t ive a n d manage r i a l 
n a t u r e such as l u k e w a r m g o v e r n m e n t suppor t , delays in p r o c u r e m e n t 
of supplies, errors of p l ann ing , i n a d e q u a t e basic hea l th services, 
shortage of t r a ined m a n p o w e r and , last b u t no t least, the l imi ta t ion a n d 
unce r t a in ty of financial resources. 

Nevertheless, it would be w r o n g to ignore t h a t a l though the present 
technical means of ma la r i a control m a y be a d e q u a t e a t the pe r iphe ry 
of the global geographica l d is t r ibut ion of ma la r i a , they are cer ta inly 
insufficient to dea l wi th the extent , vo lume a n d severity of m a l a r i a in 
the cent re of its p reva lence name ly in the t ropical la t i tudes of Africa, 
Asia a n d the Amer icas . 

A m o n g the major technical p roblems, the resistance of anophe l ine 
mosquitoes to D D T a n d o ther convent ional , res idual insecticides mus t 
be men t ioned . Al te rna t ive c o m p o u n d s to which Anopheles show some 
susceptibility a re considerably m o r e expensive t h a n ch lor ina ted hyd ro -
carbons a n d involve h igher opera t iona l costs as they have to be used 
more frequently. Exophil ic pa t t e rns of behav iour of cer ta in vector 
species a d d to the difficulties. Resis tance of p lasmodia to 4-amino-
quinol ines , confirmed in some par t s of Asia, Amer i ca a n d the West 
Pacific, is of g rowing i m p o r t a n c e for ma la r i a e radica t ion a n d remains 
a grave m e n a c e for t ropica l medic ine . H u m a n habi t s t h a t interfere wi th 
spraying or surveil lance, uncont ro l lab le popu la t ion movements , a n d 
the insecuri ty of some areas con t r ibu te to the r e a p p e a r a n c e of new foci 
of transmission. N o n e will deny t h a t ou r technical m e a n s of control l ing, 
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let a lone e rad ica t ing ma la r i a from its endemic seed-bed a re i n a d e q u a t e . 
Better a n d m o r e acceptab le insecticides a n d n e w an t ima la r i a l drugs a re 
needed . W h e t h e r the prospect ive m a l a r i a vacc ine will soon mater ia l ize 
is a m o o t a n d d is tan t po in t a l though the recent exper imenta l results 
a re encourag ing . T o d a y , w h e n smal lpox is a b o u t to d i sappear 
from the world , t he fight against w h a t R o n a l d Ross called " t h e mill ion 
m u r d e r i n g d e a t h " has no t been a success, largely because of h u m a n 
failures of foresight a n d concer ted act ion. 

M a l a r i a is the " D o g S ta r fever" of H o m e r ' s I l iad . O n l y after the 
17th cen tu ry A.D . d id the wor ld discover the first r e m e d y for " a g u e " . 
I t took 300 years to find new ways of a t t ack on the mosqu i to vector 
a n d on the paras i te . A n d yet after 50 years of wax ing a n d w

Taning 
promise , this disease is still p reva len t in its m a i n areas of d is t r ibut ion 
a n d even shows a serious degree of resurgence in m a n y par t s of the 
world . O n e of the answers to the present s i tuat ion, which indicates h o w 
far we are from the i n t ended "conques t of m a l a r i a " , is intensified 
research to improve the technical tools a t o u r disposal a n d the ways of 
using t h e m to the best advan t age . T h e past few years have shown the 
grea t promise of chemothe rapeu t i c a n d immunolog ica l research in 
m a n y fields. I t is precisely in these fields t h a t r oden t m a l a r i a const i tutes 
a most va luab le tool for appl ied research, t h o u g h its i m p o r t a n c e for 
basic knowledge of parasi tology m a y c la im an equal ly h igh pr ior i ty . 
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I. INTRODUCTION 

I n the t en years after the pub l ica t ion of G a r n h a m ' s classical accoun t 

of m a l a r i a parasi tes , the n u m b e r of species of Plasmodium k n o w n from 

rodents rose from six to twelve. D u r i n g this per iod r e m a r k a b l e progress 

was m a d e in the s tudy of the life cycles of ma la r i a parasi tes of thicket 

ra ts a n d this, coupled wi th a n e w genet ical a p p r o a c h to the s tudy of 

species a n d subspecies of the same g r o u p based on the charac te r iza t ion 

of isoenzymes, has great ly clarified the t a x o n o m y of the species 

parasi t iz ing African m u r i n e rodents . T h e new work led to t axonomic 

revisions of several of the be t t e r k n o w n parasi tes which m a y h a v e been 
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confusing to workers in o the r disciplines. A n a t t e m p t is therefore m a d e 

here to summar i ze the new findings a n d t rends wh ich a re l ead ing to 

changes, pr incipal ly in the hope of clarifying the relat ionships of the 

species a n d subspecies n a m e d since G a r n h a m ' s book. 

Except for an imals a t the end of a long evolut ion, w h e n m o d e r n 

species a re usually few in n u m b e r , the groupings of species in to 

hierarchies which no t only reflect cu r ren t views of evolut ion, b u t a re 

also of prac t ica l use, a re no t i m m u n e to change . T h e r e is a c o m m o n 

misunders t and ing t ha t t axonomic decisions a re u n a l t e r a b l e : m a n y a re 

not . N e w species a re c o m m o n l y discovered or novel approaches to thei r 

s tudy evolve which force a reappra isa l . Th i s m a y i r r i ta te the n o n 

systematist who , hav ing become accus tomed to the n a m e s of t he 

an imals wi th which he works, suddenly finds he is expected to l ea rn n e w 

n a m e s or, an even h a r d e r task, unfamil iar combina t ions of old n a m e s . 

Systematics is, however , a d y n a m i c discipl ine; nowhere is this m o r e 

evident t h a n in the s tudy of t axa such as some of the ma la r i a parasi tes 

of rodents which a p p e a r to be in active evolut ion a t the present t ime . 

Animals such as pro tozoa , wi th short genera t ion t imes, m a y well 

evolve so fast t ha t changes a p p a r e n t in a worker ' s lifetime could lead 

to the ra re oppor tun i ty of witnessing the evolut ion of a new 

species. 

T a x o n o m y a n d systematics a re inextr icably b o u n d to zoogeography 

a n d evolut ion. For this reason these subjects are g rouped toge ther in 

this single chap te r . I t will become a p p a r e n t , however , t h a t in spite of 

m a n y new findings m u c h o f t h a t which follows is highly speculat ive. 

II. TAXONOMY AND SYSTEMATICS 

A. The Subgenus Vinckeia Garnham, 1964, Emend. 
Garnham, 1971 

T h e family P lasmodi idae Mesnil , 1903 conta ins the single genus 

Plasmodium March ia fava & Celli, 1885, in which a re g r o u p e d near ly 

100 species of t rue ma la r i a parasi tes of m a m m a l s , birds a n d repti les. 

Th is compara t ive ly large genus has been subdiv ided in to 11 subgenera 

( G a r n h a m , 1966; Sa rka r a n d R a y , 1972), th ree of wh ich con ta in t he 

m a m m a l i a n parasi tes . Plasmodium species of p r ima tes above the r a n k of 

lemurs a re g rouped in two subgenera , Plasmodium a n d Laverania, a n d all 
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other m a m m a l i a n m a l a r i a parasi tes , inc lud ing those of rodents , form 

the subgenus Vinckeia. 

A t the t ime of wri t ing , there a re 23 species in this last subgenus of 

which two h a v e been only briefly descr ibed a n d have yet to be n a m e d 

(Kut t l e r et al.y 1967; Y a p et al., 1970). Descript ions of new, or re-

descript ions of old species a n d subspecies publ i shed since G a r n h a m ' s 

(1966) accoun t a re given by Lien a n d Cross (1968), Ki l l i ck-Kendr ick 

(1973a, b , 1974b, 1975), El-Aziz et al (1975), Ca r t e r a n d Wal l iker 

(1975, 1977) a n d G a r n h a m a n d Ui l enbe rg (1975). A recent brief r epo r t 

of a ma la r i a paras i te of Peromyscus maniculatus in the U S A (Wood, 1976) 

m a y be a record of a p i rop lasm mis taken for Plasmodium. A l though the re 

a p p e a r to be n o publ i shed repor ts of p i roplasms in P.maniculatus, Babesia 

microti has been recorded in the blood of P.californicus in California, U S A 

(van Peenen a n d D u n c a n , 1968). I n the absence of a full descript ion, 

Wood ' s r epor t is here ignored . 

T h e subgenus Vinckeia as defined a n d la te r revised by G a r n h a m 

(1964, 1966, 1973a) is n o w far from satisfactory a n d wi th the d e m o n -

stra t ion of the life cycles of four species of Plasmodium of m u r i n e rodents 

a n d new descript ions, it is becoming clear t h a t Vinckeia is no t a coheren t 

phylogenet ic t axon . Based p r imar i ly on a morphologica l s tudy of 

gametocytes , suppor ted by the phylogeny of m a m m a l i a n hosts a n d the 

f ragmenta ry knowledge of exoerythrocyt ic schizonts, L a n d a u et al. 

(1976) have divided 40 species of H a e m o s p o r i n a in to 3 groups each of 

wh ich conta ins representat ives of Vinckeia. O n e difficulty in accept ing 

such a revolu t ionary a p p r o a c h is t h a t the morpho logy of gametocytes 

of m a n y species of H a e m o s p o r i n a changes so rap id ly after b lood is shed 

t h a t compar isons a re best m a d e on ma te r i a l p r e p a r e d by a single worker 

in s t a n d a r d condi t ions . O f the 40 species, gametocytes of 12 were in 

ma te r i a l p r e p a r e d by the au thors , 22 were in diverse slides in t he 

collections of P . C C G a r n h a m a n d W . Peters a n d 6 were c h a r a c -

ter ized from publ i shed descript ions. Nevertheless, a l though conclusions 

based on such var ied ma te r i a l r equ i re confi rmat ion, L a n d a u et al. 

(1976) propose a phylogenet ic t ree of the evolut ion of H a e m o s p o r i n a 

wh ich is a considerable con t r ibu t ion to the con t inu ing d e b a t e on the 

origins of m a l a r i a parasi tes . Since in the n e w groupings they ignore 

subgenera , the i r novel proposals d o n o t h i n g to resolve dissatisfaction 

wi th Vinckeia. 

O n e a t present insuperab le obstacle to a revision of the subgenus is 

t ha t the type species is a poor ly k n o w n paras i te of the wa te r buffalo, 
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P.(V.)bubalis Shea ther , 1919. I t was chosen because it was one of the 

first ma l a r i a parasi tes of m a m m a l s o the r t h a n p r imates above the lemurs 

to be described a n d n a m e d . * Subgenera , like genera , a re defined by t h e 

charac te rs of the type species b u t a n u m b e r of i m p o r t a n t cr i ter ia of 

Vinckeia app ly only to species be t te r s tudied t h a n P.bub alls. T h u s , in the 

diagnosis the p r é p a i e n t per iod following the inocula t ion of sporozoites 

is given as 3 days or less ( G a r n h a m , 1964), a b o u t 48 h ( G a r n h a m , 1967) 

or jus t over or jus t u n d e r 2 days ( G a r n h a m , 1973a). But this is known 

to be t rue for only four species, P.berghei, P.yoelii, P.vinckei a n d P.chabaudi 

(Yoeli, 1965; L a n d a u a n d Ki l l ick-Kendr ick, 1966; Bafort, 1967); t h e 

p r é p a i e n t per iod of the type species of Vinckeia is no t known. 

Similarly, in the definition of Vinckeia the presence of " s e c o n d a r y " 

exoerythrocyt ic schizonts was considered typical of the subgenus . 

A l though there is reason to suppose t ha t such forms m a y be p a r t of the 

life cycle of P.yoelii (see p . 80) , the re is no evidence for their presence 

in P.bubalis nor , indeed , in a n y o ther species of the subgenus wi th the 

possible exception of P.traguli of the mouse deer (see G a r n h a m , 1966). 

W i t h the publ ica t ion of new or revised descriptions of the erythrocyt ic 

stages of parasi tes of thicket rats or anomalures , ano the r cha rac t e r of the 

subgenus is no longer tenable . Ery throcyt ic schizonts were described, 

wi th few exceptions, as small wi th 8 or less merozoites . However , t en 

of the 21 n a m e d species, a n d one of the two as yet u n n a m e d , a re 

exceptions (Tab le I ) , a n d the morpho logy of these stages is no longer 

a val id cha rac te r separa t ing Vinckeia from the o the r two subgenera of 

m a m m a l i a n ma la r i a parasi tes. 

Vinckeia has now become a t axonomic q u a n d a r y wi th no i m m e d i a t e 

prospect of solution. O n e answer would be the demons t ra t ion of the 

life cycle of P.bubalis followed by a new definition of the subgenus based 

more clearly on the charac ters of the type species. Il l-defined species 

could be classified in Vinckeia incertae sedis p e n d i n g the s tudy of the i r life 

cycles a n d isoenzymes. T h e be t te r known parasi tes , P.berghei, P.yoelii, 

P.vinckei a n d P.chabaudi, migh t well be found to differ sufficiently for 

this appa ren t l y closely re la ted g r o u p to be moved to a new subgenus . 

Poorly known ma la r i a parasi tes of rodents o ther t h a n mur ines a re 

general ly accepted as readi ly recognizable species. Th i s is pa r t ly 

because so little is known of t h e m t h a t possible over lap wi th the 

* Plasmodium (V.) cephalophi Bruce, Harvey, Hamerton & Bruce, 1913, of the duiker 
(Sylvicapra grimmia) was the first. 
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Table I 

Species of Vinckeia grouped according to the size and number of 
merozoites of the erythrocytic schizonts 

Small schizonts or schizonts 
with < 8 merozoites 

Large schizonts or schizonts 
with > 8 merozoites 

bubalis (water buffalo) cephalophi (duiker) 
girardi (lemurs) brucei (duiker) 
foleyi (lemurs)

0 
voltaicum (bat) 

sandoshami (colugo) anomaluri (Anomalurus) 
traguli (chevrotain) pulmophilum (Anomalurus) 
rousseti (bat) landauae (Anomalurus) 
atheruri (porcupine) watteni (Petaurista) 
booliati (Petaurista) Plasmodium sp.* (Petaurista) 
chabaudi (thicket rats) berghei (murine rodents) 
aegyptensis (Arvicanthis) yoelii (thicket rats) 

vinckei (murine rodents?) 

a
 P.(V.)lemuris Huff & Hoogstraal, 1963 is a synonym of P. (V.)foleyi Bück, Goudurier & 

Quesnel, 1952 (Garnham and Uilenberg, 1975). 
* Yap*f al. (1970). 

charac ters of re la ted parasi tes is concealed, a n d par t ly because they a re 

exotic oddit ies of interest to few. T h e si tuat ion wi th t he intensively 

s tudied m u r i n e ma la r i a parasi tes is marked ly different. Isolates have 

been m a d e avai lable to a n y interested worker , a n d strains a re n o w 

found in scores of laborator ies in dozens of countr ies . As is obvious from 

the contents of this book, intensive s tudy is i l lumina t ing m a n y of the 

corners of the paras i tes ' biology a n d enough has n o w been revealed for 

differences of opin ion to have arisen over the t axonomic status of 

several different popula t ions of ma la r i a parasi tes of m u r i n e rodents . 

Before summar i z ing w h a t n o w appea r s to be a consensus of opin ion , it 

is helpful to consider the concepts of species a n d subspecies of an imals 

as a whole a n d to j u d g e to w h a t degree they app ly to m a l a r i a parasi tes , 

in pa r t i cu la r to those of rodents . 

B. The Species Problem 
T h e convent ional view of an a n i m a l species has arisen from studies on 

metazoa , a n d d o u b t is sometimes expressed as to w h e t h e r or no t such a 

view is appl icable to p ro tozoa (e.g. Car te r , 1951). But the genera l 
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conclusions reached in m e t a z o a n t a x o n o m y inevi tably affect t he 

th ink ing of protozoologists (Corliss, 1967), a n d not ions of species of 

p ro tozoa h a v e always been re la ted to those of the me tazoa ; i ndeed no 

o the r concept has ga ined universal accep tance . W h e n difficulties h a v e 

been m e t by protozoologists, new te rms appl icab le to popula t ions of 

pro tozoa , such as Sonneborn ' s syngens or Hoa re ' s var ious demes , h a v e 

been coined. 

Efforts to find an absolute definition of the species t axon , w h e t h e r of 

me tazoa or pro tozoa , are c o m p a r a b l e to the search for the Phi losopher 's 

S tone a n d as likely to succeed. T h e r e is n o h a r d a n d fast defini t ion; 

the re a re b o u n d to be border- l ine cases because evolut ion is often 

g r ad ua l , a n d because species a p p e a r to arise in m o r e t h a n one w a y 

(Huxley, 1942). D a r w i n (1872) c o m m e n t e d t h a t " n o one definition [of 

species] has satisfied all natural is ts ; yet every na tura l i s t knows vaguely 

w h a t he means w h e n he speaks of a species". T a t e - R e g a n (1926) a n d 

Ca in (1963) p ragmat ica l ly suggested t h a t a species was s imply a t axon 

defined by a compe ten t systematis t ; this is, however , a n over 

simplification. 

T h e first species of an imals to be n a m e d by the L i n n e a n system were , 

like palaeontologica l species, whol ly pheno typ ic in t h a t they were based 

on morpho logy a lone ; if an a n i m a l looked different from a n o t h e r it was 

given a different n a m e . F r o m the t ime of Wal l ace a n d D a r w i n , t he idea 

slowly g rew of the "biological species" which , in add i t ion to m o r p h o -

logical a n d genera l biological charac ters , great ly d e p e n d e d u p o n the 

abil i ty or lack of it for popula t ions to in te rb reed freely in n a t u r a l 

condit ions ; t he i m p o r t a n t po in t b e c a m e w h e t h e r a popu la t i on shared , 

or could potent ia l ly share , t he gene pool of ano the r . M a y r (1963) 

defined species as "g roups of ac tual ly or potent ia l ly in t e rb reed ing 

popula t ions which a re reproduct ive ly isolated from o the r such p o p u l a -

t ions" . Th is b road ly summar izes t he views of most l ead ing systematists 

(e.g. Dobzhansky , 1937; Huxley , 1942; Emerson , in Riley, 1948; 

S h e p p a r d , 1967). Some, however , h a v e said t h a t definitions based on 

abilities to in te rb reed in n a t u r e a re appl icab le only to me tazoa (Car te r , 

1951). 

I t is se ldom possible to find ou t if a n a n i m a l will in te rb reed wi th 

re la ted groups a n d , in prac t ice , a species is general ly recognized b y 

morphologica l a n d o ther biological charac te rs wh ich a re sufficiently 

m a r k e d to m a k e it reasonable to assume t h a t the a n i m a l does no t sha re 

the gene pools of re la ted popu la t ions . I n difficult g roups precise 
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methods of invest igat ing genotypes , such as observing the electro-

phore t ic mobi l i ty of enzymes or the b u o y a n t densities of D N A , or 

m a p p i n g chromosomes , a re va luab le tools. 

Several difficulties arise w h e n a t t e m p t i n g to app ly m o d e r n definitions 

of a species to t he p ro tozoa . T h e greatest of these is the posit ion of 

agamospecies , a n aspect outside t h e scope of the present accoun t . 

Definitions of species based on the inabi l i ty to share o the r gene pools 

obviously do no t app ly to such organisms (see Poljansky, 1977). 

A second difficulty, even wi th p ro tozoa such as m a l a r i a parasi tes in 

which genet ic r ecombina t ion occurs, is t he quest ion of d is t r ibut ion . 

Hux ley (1942) t h o u g h t t h a t a species should h a v e a "geograph ica l a r ea 

consonant wi th a single o r ig in" . W i t h parasi tes , this mus t be in t e rp re ted 

in the l ight of t h e dis t r ibut ion, habi t s a n d phylogenet ic relat ionships of 

the hosts. T h e zoogeography of hosts m a y be the key to the origins a n d 

relat ionships of a paras i te r a t h e r t h a n s imply the geographica l a r ea in 

wh ich the paras i te is n o w encoun te red . Examples a re Trypanosoma evansi 

of the d r o m e d a r y a n d Polychromophilus deanei, a h a e m o p r o t e i d of 

Neot ropica l ba ts , t he identi t ies a n d t axonomic positions of which were 

no t unders tood unt i l t he zoogeography, a n d in pa r t i cu la r the mig ra -

tions, of the i r hosts were considered (Hoa re , 1957; G a r n h a m et aL, 

1971). 

T o sum u p , the re seems to be little difficulty in app ly ing the concep t 

of the genospecies to t h e paras i t ic p ro tozoa wh ich r ep roduce sexually. 

As M a n w e l l (1937) said of m a l a r i a parasi tes , " w e should conceive of a 

species of m a l a r i a in genet ic t e rms as we do most o the r types of l iving 

things. I t should be a s t ra in of m a l a r i a p l a s m o d i u m wh ich will no t 

hybr id ize wi th others in the i nve r t eb ra t e host, a n d it should, of course, 

have cer ta in more-or-less u n i q u e morphologica l cha rac t e r s " . A t present 

it is se ldom prac t i cab le to test t he abil i ty to in te rbreed , a n d re l iance is 

usually still p laced u p o n the p h e n o t y p e a n d biological charac te rs o the r 

t h a n in te rbreed ing . N e w methods of recogni t ion of enzymes of p ro tozoa 

p ioneered by T a i t (1970) a n d Ca r t e r (1970) a re , however , m o r e 

precisely measu rab le expressions of genes t h a n are m a n y charac te rs of 

t he pheno type , a n d a re becoming m o r e widely used. 

C. Trinomial Nomenclature 

Trinomia ls were first used by the ornithologist H e r m a n n Schlegel in 

1844 to designate geographica l subdivisions of species of birds (Sibley, 

Β 
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1954). Since t h a t t ime subspecies have been a cons tan t cause of po lemic 

(see Wilson a n d Brown, 1953 a n d la ter papers on subspecies by o the r 

au thors in Systematic Zoology, 1953-1958) , a n d there is pe rhaps n o aspect 

of the t a x o n o m y of ma la r i a parasi tes which causes m o r e a r g u m e n t a n d 

s t rong feeling t h a n the use of t r inomials . M u c h of this feeling is t i l t ing 

a t windmi l l s : the re are c i rcumstances w h e n subspecific designations 

a p p e a r to be no t only helpful in p rov id ing a universal ly unders tood 

n a m e for an infraspecific popula t ion , b u t also to reflect cu r r en t th ink ing 

on evolut ionary positions a n d relat ionships. 

T h e subspecies p r o b l e m is pa r t l y one of t e m p e r a m e n t : "sp l i t t e rs" 

like t h e m , " l u m p e r s " do not . Prolonged s tudy of a g r o u p of an imals m a y 

lead a specialist to the po in t w h e n he confidently gives subspecific 

status to cer ta in popula t ions , b u t workers in o the r specialities m a y find 

it difficult to accept his conclusions. T h e val idi ty of a t r inomia l depends 

to some degree u p o n the r epu ta t ion of the taxonomis t w h o gives the 

n a m e ( T a t e - R e g a n , 1926) and , since the recogni t ion of an infraspecific 

popu la t ion is often a nice quest ion of j u d g e m e n t , pe rhaps t h a t is as it 

should be . 

T h e subspecies is the lowest t axon given formal recogni t ion in t he 

In t e rna t i ona l Rules of Zoological N o m e n c l a t u r e . I t has been defined by 

m a n y workers , and , a l t hough it is sometimes t h o u g h t to be an a rb i t r a ry 

subdivision of a c o n t i n u u m (Simpson, 1945; see also Huxley , 1942), the 

present general ly accepted view is t h a t a subspecies is a popu la t ion or 

g r o u p of popula t ions inhab i t ing a geographica l subdivision of the r ange 

of a species a n d differing from o ther popula t ions by diagnost ic m o r p h o -

logical charac ters (Mayr , 1963). I t follows t h a t a subspecies of a free-

living a n i m a l c anno t be sympat r ic wi th o the r subspecies of the same 

species, since thei r identit ies would be lost by in te rb reed ing . 

As wi th t h e dis t r ibut ion of ver tebra tes (Huxley, 1942), t he dis t r ibu-

t ion of parasi t ic p ro tozoa m a y be ei ther geographica l or ecological. 

T h e r e a re instances in which the first s tep in speciat ion m a y be con-

sidered to have t aken place w h e n a paras i te has acqu i red a s t rong host 

restrict ion (e.g. T.lewisi of rats a n d T.musculi of mice) . Such a paras i te 

m a y be found in a ve r t eb ra te host in the same place as an o th e r which 

ha rbou r s a re la ted paras i te . O n e factor giving rise to this ecological 

separa t ion of sympat r ic popula t ions could be m a r k e d feeding p re -

ferences of two h a e m a t o p h a g o u s vectors resul t ing in paral le l evolut ion 

in t he same locality. Subspecies of parasi tes could possibly be sympa t r i c , 

bu t only if they were par t s of different biocenoses, a n d d id no t h a v e 
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hosts in which genet ic exchange took p lace in c o m m o n . I n this respect 

the concept of subspecies of parasi tes differs from t h a t of M a y r ' s (see 

G a r n h a m , 1973b). T h e mobi l i ty of hosts led M a n w e l l (1957) to reject 

M a y r ' s largely geographica l definition of the subspecies w h e n appl ied 

to parasi tes, b u t if t he host is considered to be p a r t of t he " g e o g r a p h y " 

of a paras i te , M a y r ' s definition wou ld seem to be accep tab le to t h e 

parasitologist . 

T h e r e a re a few observat ions wh ich give an idea of the t ime t aken 

for a subspecies to a p p e a r in popula t ions isolated from others of the s ame 

species. A popu la t ion of the no rma l ly m a r i n e seal Phoca vitulina isolated 

in a fresh-water lake in C a n a d a 3000-8000 years ago is n o w recognized 

by its morpho logy as a subspecies. Th is per iod represents 300-1600 

genera t ions . Sca t te red d a t a for rodents isolated on islands suggest t h a t 

subspecific differentiation m a y occur in even less t h a n 300 genera t ions— 

the lower figure for t he seal (Simpson, 1944). I f i t took as few as 300 

genera t ions for a morphologica l ly recognizable subspecies of a m a l a r i a 

paras i te to arise, a n d if the re were 5 genera t ions from zygote to zygote 

each year , t he t ime t aken wou ld be only 60 yea r s ; wi th con t inua l 

cyclical passage in the l abora to ry it could be as shor t as 17 years . F ina l 

separa t ion in to species wi th a discrete gene pool , if i ndeed this po in t in 

evolut ion is r eached , m a y be assumed to t ake longer . Specula t ions on 

the evolut ion of the m a l a r i a parasi tes of Neot rop ica l monkeys (Coa tney 

et al., 1971) suggest t h a t c h a n g e d selective pressures on a n isolated 

popu la t ion of a m a m m a l i a n m a l a r i a paras i te m a y lead to the evolut ion 

of a new species in only a few h u n d r e d years . Th i s m a y not , however , 

be invar iab le since genet ic po lymorph i sm is i m p o r t a n t in t he abil i ty to 

exploit n e w hab i t a t s a n d in the response to n e w selective pressures ; lack 

of genetic plastici ty wou ld p r e sumab ly h i n d e r o r p reven t t he evolut ion 

of new species. 

T h e vagueness of the subspecies is a reflection of evolut ion. D a r w i n 

(1872) t h o u g h t in t e rms of a h i e ra rchy of infraspecific popu la t ions 

leading towards , b u t no t necessarily a t t a in ing , t he r a n k of species. A 

subspecies will a lways be a v a g u e t axon b u t whi le i t is a useful means 

of n a m i n g a popu la t ion it will, n o d o u b t , con t inue to be used. 

D. Species and Subspecies of Murine Malaria Parasites 
For reasons given above (p. 4) t h e species of m a l a r i a parasi tes of 

rodents o the r t h a n mur ines a re he re i gno red ; they h a v e been little 
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s tudied a n d , since none of thei r comple te life cycles has been seen, the re 

is insufficient ma te r i a l avai lable for cri t ical compar isons to be m a d e . 

I n consider ing the m u r i n e parasi tes , t he en igmat ic species P.aegyptensis 

Abd-el-Aziz , L a n d a u & Mi l tgen , 1975 of Arvicanthis in U p p e r Egyp t is 

also excluded. I t is u n d o u b t e d l y a t rue species of Plasmodium, b u t its 

p rovenance is unce r t a in a n d it is impossible to speculate on its re la t ion-

ships to others . Levine (1971) t h o u g h t t h a t a n o t h e r myster ious paras i te 

of a m u r i n e roden t , Anthemosoma garnhami L a n d a u , Boulard & H o u i n , 

1969 of Acomys, should be considered as a m a l a r i a paras i te bu t , for 

reasons given elsewhere (Kil l ick-Kendrick, 1974a), it is preferred t h a t 

this paras i te is left for the m o m e n t in the compara t i ve obscur i ty of the 

family Dacty losomidae . Th is conservat ism is suppor t ed by recent 

observat ions by H . M o m e n (personal communica t ion ) w h o found t h a t 

the b u o y a n t densi ty of the D N A of Anthemosoma differed great ly from 

tha t of ma la r i a parasi tes (and p i roplams) of m u r i n e rodents . T h e 

unequivoca l ma la r i a parasi tes of m u r i n e rodents fall in to th ree groups , 

berghei, vinckei a n d chabaudi, the comple te t axonomic ci tat ions of which 

a re given in T a b l e I I together wi th thei r known dis t r ibut ion. 

T h e blood stages of the berghei g r o u p are morphological ly indist in-

guishable a n d a re no tab le for thei r m a r k e d predi lect ion for i m m a t u r e 

erythrocytes in the blood of exper imenta l ly infected l abora to ry rodents 

( G a r n h a m , 1966). Parasi tes of this g r o u p {P.berghei a n d P.yoelii sspp.) 

a re readi ly dist inguished by this cha rac t e r from P.vinckei sspp. a n d 

P.chabaudi sspp., ne i ther of which has a predi lect ion for i m m a t u r e 

erythrocytes (Car te r a n d Wall iker , 1975, 1977). 

Un t i l recently, the separa te identi t ies of P.vinckei a n d P.chabaudi were 

far from clear. I n the or iginal descript ion ( L a n d a u , 1965), P.chabaudi 

was n a m e d as a species, b u t was la ter r educed to a subspecies of 

P.vinckei by Bafort (1968) ; this revision a t first received genera l suppor t 

( L a n d a u ^ / . , 1970; G a r n h a m , 1973b; Car te r , 1973; Ki l l ick-Kendr ick , 

1974a). However , in recent studies of the isoenzymes of m a n y new 

isolates from the Cen t ra l African Repub l i c ( C A R ) , Ca r t e r a n d Wal l iker 

(1974) found it possible to separa te the parasi tes of m a t u r e erythrocytes 

in to two readi ly recognizable groups by the e lect rophoret ic mobilit ies 

of the enzymes G P 1 , 6 P G D a n d L D H . A close examina t ion of the 

morpho logy of the blood stages revealed t h a t the two parasi tes were 

convent ional ly dist inguishable by, pr incipal ly , the a p p e a r a n c e of t he 

t rophozoi tes a n d schizonts and , hav ing confirmed thei r observat ions b y 

s tudying clones, Ca r t e r a n d Wal l iker conc luded t ha t the ma te r i a l on 
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Table II 

Geographical distribution of species and subspecies of Afr ican murine 
malaria parasites 

Places P.berghei group 
Groups of parasites 

P.vinckei spp. P.chabaudi spp. Other 

Katanga 

CAR 

Brazzaville 

Nigeria 

Cameroons 

Kenya 

Egypt 

P.berghei Vincke 
& Lips, 1948 

P.yoelii sp.(?)
a P.v.vinckei 

Rodhain, 1952 

P.y.yoelii Landau P.v.petteri Carter 
& Killick- & Walliker, 
Kendrick, 1966 1975 

P.y.killicki 
Landau, Michel 
& Adam, 1968 

P.v.lentum 
Landau, Michel, 
Adam & 
Boulard, 1970 

P.c.chabaudi 
Landau, 1965 
partim Carter & 
Walliker, 1975 

P.c.adami 
Carter & 
Walliker, 1977 

P.y.nigeriensis P.v.brucechwatti 
Killick- Killick-
Kendrick, 1973 Kendrick, 1975 

P.yoelii ssp.
b 

P.yoelii ssp.
c 

P.vinckei ssp.
b 

P.aegyptensis 
Abd-el-Aziz, 
Landau & 
Miltgen, 1975 

β
 Peters et al. (1978); Chance et al (1978). b
 Bafort (1977); M. Wéry (personal communication). c
 B. Gardener (personal communication). 

which L a n d a u (1965) based the or iginal descr ipt ion of P.chabaudi mus t 

h a v e been a mixed infection of P.chabaudi a n d P.vinckei. T h e y re -

described P.chabaudi a n d descr ibed a n d n a m e d the vinckei-like paras i te 

from C A R P.vinckei petteri. I t is c lear t h a t P.vinckei a n d P.chabaudi mus t 

now be accep ted as dist inct species which , since they re ta in the i r 

identities in t h e same localities a n d ve r t eb ra t e host, a re p r e s u m e d no t 

to in te rbreed (Car te r a n d Wall iker , 1975). 

T h e new observat ions on the m u r i n e ma la r i a parasi tes of C A R were 
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confirmed by the results of a similar s tudy on the isoenzymes a n d 

morpho logy of the ma la r i a parasi tes of thicket rats from Brazzavil le . 

O n c e again , in add i t ion to a subspecies of P.yoelii, Ca r t e r a n d Wal l iker 

(1977) found two parasi tes wi th no predi lec t ion for i m m a t u r e e ry th ro -

cytes. O n e was n a m e d as a new subspecies of P.chabaudi (P.c.adami), 

while the o the r was recognized as a n a l ready n a m e d subspecies of 

P.vinckei (P.v.lentum). 

I n a th i rd enzootic lowland locality, Niger ia , only two isolates of a 

paras i te of m a t u r e erythrocytes have been s tudied. Both a re clearly 

P.vinckei for wh ich the n a m e P.v.brucechwatti has been proposed (Killick-

Kendr i ck , 1975). I t is t e m p t i n g to speculate t h a t if more isolates a re 

s tudied from this locality, a n o t h e r subspecies of P.chabaudi m a y well be 

found. 

1. The berghei group 
Seventeen years after P.berghei was n a m e d , a n obviously re la ted 

paras i te of thicket ra ts of the Cen t r a l African R e p u b l i c was discovered 

and , a yea r la ter , described a n d n a m e d as a subspecies n a m e l y : 

P.berghei yoelii L a n d a u & Ki l l ick-Kendr ick , 1966. T h e r e followed the 

discovery of a th i rd paras i te , this t ime from Brazzavil le, wh ich was 

aga in n a m e d as a subspecies of P.berghei n a m e l y : P.b.killicki L a n d a u , 

Miche l & A d a m , 1968. Yet a fourth was found in a thicket r a t in 

Niger ia a n d n a m e d P.b.nigeriensis Ki l l ick-Kendr ick , 1973. 

These four popula t ions of berghei-like parasi tes have one i m p o r t a n t 

cha rac t e r in c o m m o n ; the blood forms a r e morphological ly indist in-

guishable . T h e i r separa t ion in to subspecies was a t first based on 

morphologica l differences in t he sporogonic stages, differences in rates 

of g rowth of exoerythrocyt ic schizonts in s t a n d a r d condi t ions , geo-

graph ica l d is t r ibut ion a n d differences in hosts ( L a n d a u a n d Killick-

Kendr i ck , 1966; G a r n h a m et al., 1967; L a n d a u et al., 1970). 

O n e au thor i ty was a t first unwil l ing to recognize the subspecies a n d 

pos tu la ted t h a t t he strains s tudied represented a cont inuous spec t rum 

ex tending from P.berghei on one side to P.vinckei a n d re la ted parasi tes 

on the o the r (Bafort, 1971). T h e pr inc ipa l p r o b l e m a t t he t ime was the 

difficulty of reconcil ing some of t h e observat ions m a d e in different 

laborator ies d u e , in some degree , to differences in me thods of d e m o n -

s t ra t ing a n d examin ing stages of the life cycle ; conservat ism a n d a 

dislike of t r inomials m a y also h a v e been a n influence. 
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A major t axonomic a d v a n c e was the charac te r iza t ion of isoenzymes 

of m u r i n e parasi tes used as markers in the s tudy of t he genetics of 

Plasmodium ( C h a p t e r 5) . Labor ious ly ob ta ined conclusions on the 

differences of pheno types were rap id ly confirmed, thus l ead ing to a 

t axonomic revision of the berghei g r o u p . This was he ra lded a t a r o u n d 

tab le discussion on the t axonomic p rob lems re la t ing to ma la r i a parasi tes 

held in Bethesda, M a . U S A on 2 2 - 2 4 November , 1971, whe re par t ic i -

pan t s in genera l felt t h a t the b iochemica l analyses of m a l a r i a parasi tes 

of m u r i n e rodents h a d confir m e d the presence of species a n d subspecies 

( G a r n h a m , 1973b). T h e h igh land paras i te , P.berghei from K a t a n g a , was 

seen to be separa te from the lowland subspecies {yoelii, killicki a n d 

nigeriensis from the Cen t r a l African Repub l i c , Brazzaville a n d Niger ia 

respectively) and , th ree years later , the th ree lowland popula t ions were 

moved from species berghei a n d p laced as subspecies of the elevated 

speciesyoelii (Ki l l ick-Kendrick, 1974b). T h e present position, therefore, 

is t h a t P.berghei V incke & Lips, 1948 is t h o u g h t to be a mono typ ic 

species restr icted, as far as is known, to the h igh lands of K a t a n g a : a n d 

the a l lopatr ic lowland subspecies, P.y.yoelii L a n d a u & Ki l l ick-Ken-

drick, 1966, P.y.killicki L a n d a u , Miche l & A d a m , 1968 a n d P.y.nigeri-

ensis Ki l l ick-Kendr ick , 1973 are g r o u p e d toge ther in ano the r species. 

T h e differences in the species berghei a n d yoelii a r e summar i zed in 

T a b l e I I I . T h e subspecies of P.yoelii a re dis t inguishable by m o r p h o -

logical charac te rs o the r t h a n those of the blood stages, the i r geo-

graph ica l d is t r ibut ion a n d differences in isoenzymes, no tab ly G D H 

(see T a b l e I V ) . I n t e rb reed ing be tween subspecies of P.yoelii ( C h a p t e r 5) 

confirms the infraspecific posit ion of these popula t ions . T h e r e is no 

repor t of successful hybr id iza t ion of P.berghei a n d P.yoelii. 

A n o t h e r locality in wh ich a berghei g r o u p paras i te is enzootic was 

discovered in the eastern p a r t of the R e p u b l i c of C a m e r o u n b y Bafort 

(1977). A n isolate from a wild r a t * was established in l abora to ry mice 

a n d cryopreserved, a n d from a s tudy of its life cycle M . W é r y (personal 

communica t ion ) concludes it is P.yoelii; its subspecific designat ion 

awaits a s tudy of its isoenzymes. 

T h e a p p a r e n t restr ict ion of P.yoelii to lowland localities of the Lower 

G u i n e a Forest m a y not be as absolute as it appears . By ch lo roqu ine 

* Bafort (1977) isolated two strains of malaria parasites—one of the berghei group and 
another of the vinckei group—from two rodents in the Cameroun. O n e rodent was Thamnomys 
sp. and the other was Hylomyscus sp., but in his report there is no indication which parasite 
came from which rodent. 
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selection, Peters et al. (1978) repea ted ly selected lines wi th isoenzymes 

like those of P.y.nigeriensis from stock der ived from the type s t ra in of 

P.berghei (K173) a n d strain N K 6 5 , b o t h of which were original ly 

isolated in K a t a n g a . Hybr id i za t ion of D N A (Chance et al., 1978b) a n d 

cross- immuni ty studies, however , revealed t h a t the drug-selected lines 

(NS) were no t ident ica l to the only avai lable s train (N67) of t he 

Niger ian paras i te . T h e y pos tu la ted t h a t the or iginal isolate mus t have 

been a mix tu re which has survived for m o r e t h a n th i r ty years in the 

l abora tory . Acc identa l con tamina t ion in the l abora tory , of wh ich 

Peters et al. (1978) were well awa re , is no t a plausible exp lana t ion of 

thei r observat ions. N o lines wi th enzymic similarities to P.yoelii were 

Table III 

Principal differences between P.berghei and P.yoelii 

P.berghei P.yoelii 

Distribution Highlands of Lowlands of parts of 
Katanga Province, West and Central 
Republic of Zaire Africa, including 

CAR, Brazzaville and 
Western Nigeria 

Vertebrate hosts Grammomys surdaster; Thamnomys rutilans 
also Praomys jacksoni 
and Leggada bella 

Invertebrate hosts Anopheles dureni ?A.cinctus 
millecampsi 

Optimum temperature of sporogony <21°G 24°C 
Mean diameter of mature oocysts < 4 5 μηι 60 μηι or more 
Mean length of sporozoites < 1 3 μηι > 1 4 μηι 
Normal minimum maturation time > 5 0 h < 5 0 h 
of tissue schizonts in white rats 
Mean diameter of 50-h-old tissue < 3 0 μηι > 3 0 μηι 
schizonts in white rats 
Electrophoretic forms of enzymes of 
blood stages

0 

GPI 3 1 or 2 
6PGD 1 4 
M D H 2 1 
AK 2 1 
H K 2 1 
G D H 3 1, 2 or 4 

a
 In the berghei group, no differences have yet been found in the enzyme LDH, several 

forms of which have been demonstrated in subspecies of P.vinckei and P.chabaudi (Chapter 5). 
From Killick-Kendrick (1974). 
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P.y.yoelii P.y.killicki P.y.nigeriensis 

Distribution GAR Brazzaville Western Nigeria 
Mean diameter of mature oocysts 75 μιη 60 μπι 60 μπι 
Mean length of sporozoites 15 μπι 14-15 μπι 17 μπι 
Mean diameter of tissue schizonts 
in liver of white rat 

at 36 h 21 μπι 18 μπι 20-25 μπι 
at 50 h 37 μπι 35 μπι 42-50 μπι 

Effect on nucleus of infected Not enlarged Usually Usually 
parenchymal cell enlarged enlarged 
Electrophoretic form of 
enzyme G D H 4 1 2 

From Killick-Kendrick (1974). 

selected from two o the r strains of P.berghei ( A N K A a n d R L L ) . T h e y 

conclude t h a t the re m a y be a relict popu la t ion of P.yoelii ssp. wh ich is 

sympat r ic wi th P.berghei in pa r t s of K a t a n g a , b u t t h a t this hypothesis 

requires confi rmat ion by a s tudy of n e w isolates. 

T h e present classification of t he berghei g r o u p is nea t a n d plausible , 

b u t it is based on too few isolates. A l though the isoenzymes of more t h a n 

16 isolates of P.y.yoelii h a v e been examined , only one s t ra in of 

P.y.nigeriensis a n d two of P.y.killicki a re avai lable . I n spite of this, as a 

result of the deta i led studies of the m u r i n e ma la r i a parasi tes the re is n o w 

more informat ion on the i r p h e n o t y p e a n d geno type t h a n a n y o the r 

g r o u p of m a l a r i a parasi tes , m a m m a l i a n , av ian or saur ian . T h e y are 

thus in the forefront of t axonomy a n d systematics of Plasmodium, a n d the 

genet ical studies of the workers in E d i n b u r g h a re clarifying the concepts 

of species a n d infraspecific popula t ions of m a l a r i a parasi tes ; the i r work 

has also s t imula ted t he charac te r iza t ion of popula t ions of several o the r 

parasi t ic p ro tozoa of m a n a n d domest ic an imals by examin ing the i r 

isoenzymes (e.g. Godfrey, 1976; Miles et al., 1977; C h a n c e et al., 1978a). 

2. P.vinckei and subspecies 
Four years after P.berghei was described a n d n a m e d , a second m a l a r i a 

parasi te of rodents was found in K a t a n g a . I t was n a m e d P.vinckei a n d , 

wi th the la ter discovery of parasi tes p laced as subspecies of this species, 

Table IV 

Principal differences between named subspecies of P.yoelii in standard 
conditions 



16 R. K I L L I C K - K E N D R I C K 

t he K a t a n g a n paras i te b e c a m e the n o m i n a t e subspecies, P.vinckei 

vinckei. M a n y years after the first isolation Bafort (1967) rediscovered 

the paras i te in its type locality a n d established a second s t ra in in the 

l abora to ry . Both strains or ig ina ted from isolations m a d e from wild-

caugh t specimens of Anopheles durent millecampsi a n d it is curious tha t , in 

spite of intensive studies by Belgian workers , the n o m i n a t e subspecies, 

unl ike o ther subspecies of P.vinckei, has never been found in a na tu ra l ly 

infected roden t . However , since A.d.millecampsi is t h o u g h t to feed solely 

or pr incipal ly on rodents and , fur thermore , P.v.vinckei is h ighly infective 

to l abora to ry mice, it is confidently assumed t h a t the n a t u r a l ve r t eb ra te 

host of this paras i te is a sylvatic m u r i n e roden t from the gal lery forests 

of the h igh lands of K a t a n g a . R o d h a i n (1952) suggested t h a t t he 

p robab le host was Grammomys surdaster, t he pr inc ipa l , t h o u g h not sole, 

roden t host of the sympat r ic paras i te , P.berghei. 

T h e second vinckeiAïke paras i te to be discovered was found in Niger ia 

in 1954 by Bruce -Chwat t a n d Gibson (1955). T h e roden t from which 

it was isolated was repor ted to be Praomys tullbergi, b u t B ruce -Chwa t t 

a n d Gibson 's inabi l i ty to find the paras i te aga in by the rou t ine inocula-

t ion of blood from over 1000 specimens of P.tullbergi from the same 

locality in to l abora to ry mice (Ki l l ick-Kendrick, 1973a), a n d t h e la ter 

finding of an appa ren t l y ident ica l paras i te in 6 ou t of 18 thicket ra ts 

(Ki l l ick-Kendr ick et al., 1968) led to the suggestion t h a t Bruce -Chwat t 

a n d Gibson 's roden t was a misidentified specimen of Thamnomys rutilans 

(Kil l ick-Kendrick, 1975). T w o strains from thicket rats were s tudied in 

na tu ra l ly infected rats , l abora to ry mice a n d exper imenta l ly infected 

A.stephensi, a n d t h e wr i te r (1975) t hen n a m e d the Niger ian vinckei-lïkt 

paras i te P.v.brucechwatti in h o n o u r of one of its discoverers. P.v.chwatti 

G a r n h a m , 1973, an earl ier n a m e for t he Niger ian paras i te , was p u b -

lished wi thou t a descript ion or b ib l iographica l reference to a descript ion 

and , on these g rounds , was dec lared a nomen nudum in acco rdance wi th 

the In t e rna t iona l Code of Zoological N o m e n c l a t u r e (Kil l ick-Kendrick, 

1975). 

Before t he ident i ty of the Niger ian paras i te was de te rmined , A d a m 

et al. (1966) found a vinckei-likt paras i te in T.rutilans c ap tu red n e a r 

Brazzaville, a discovery wh ich s t imula ted t h e la ter work in Niger ia . T h e 

comple te life cycle of the paras i te from Brazzaville was described, a n d 

it was ap t ly n a m e d P.vinckei lentum because of t he compara t ive ly slow 

deve lopment of its exoerythrocyt ic schizonts ( L a n d a u et al., 1970). 

Ca r t e r a n d Wal l iker (1976) redescr ibed the sporogonic a n d ery throcyt ic 



TAXONOMY, ZOOGEOGRAPHY AND EVOLUTION 17 

stages of P.v.lentum a n d examined t h e isoenzymes of four isolates. T h e i r 

findings confirmed the paras i te ' s closeness to P.v.vinckei a n d enab led 

t h e m to differentiate t he strains from Brazzavil le from a superficially 

similar sympat r i c subspecies of P.chabaudi (see p . 12). 

T h e most recent subspecies of P.vinckei to be descr ibed a n d n a m e d was 

first found, b u t no t recognized, in the C A R in 1964 by L a n d a u (1965). 

As recoun ted above (p. 10), in studies on t h e isoenzymes of new 

isolates of m u r i n e m a l a r i a parasi tes from the C A R , C a r t e r a n d Wal l iker 

(1975) de tec ted two series of dist inct e lect rophoret ic mobili t ies in 

parasi tes which , since they h a d n o predi lect ion for i m m a t u r e e ry th ro -

cytes, were a t first t h o u g h t to be P.chabaudi. A close examina t ion of the 

erythrocyt ic stages revealed t he presence of a paras i te dis t inguishable 

from P.chabaudi by, pr incipal ly , t he morpho logy of the t rophozoi tes a n d 

schizonts. Ca r t e r a n d Wal l iker (1975) no ted t h a t the i l lustrat ions 

a c c o m p a n y i n g the first descr ipt ion of P.chabaudi showed a vinckei-hke 

paras i te mixed wi th u n d o u b t e d P.chabaudi a n d they then descr ibed a n d 

n a m e d t h e newly recognized paras i te of thicket ra ts of t he C A R 

P.v.petteri. M i x e d infections of P.v.petteri a n d P.c.chabaudi were c o m m o n , 

a n d Ca r t e r a n d Wal l iker found it necessary to confirm thei r observa-

tions by s tudying clones. 

Blood stages of the four subspecies of P.vinckei a re indis t inguishable . 

M i n o r morphologica l differences in the sporogonic a n d exoerythrocyt ic 

stages wh ich p e r m i t identif ication of the subspecies a re discussed by 

Ki l l ick-Kendr ick (1975). F r o m the extensive studies of C a r t e r a n d 

Wal l iker (1975, 1977) a m o r e cer ta in w a y of dis t inguishing t h e sub-

species wou ld a p p e a r to be by a s tudy of the isoenzymes (Tab le V ) . All 

Table V 

Forms of isoenzymes of blood stages of subspecies of P.vinckei and 
P.chabaudi 

Species Subspecies Origins 
No. of 
isolates 

examined GPI 
Enzymes 

6PGD L D H G D H 

vinckei vinckei Katanga 2 7 6 6 6 
lentum Brazzaville 4 6,11 5 7,9 6 
petteri GAR 4 5,9 5 7 6 
brucechwatti Nigeria 2 6 6 9 6 

chabaudi chabaudi GAR 22 4 2,3,7 2,3,4,5 5 
adami Brazzaville 2 8 2 8,10 5 



18 R. K I L L I C K - K E N D R I C K 

subspecies of P.vinckei share the c o m m o n form G D H - 6 , a feature w h i c h 

clearly separates P.vinckei spp . from P.chabaudi spp . P.v.brucechwatti 

shares 6 P G D - 6 wi th P.v.vinckei from which it m a y be dist inguished by 

differing forms of G P I a n d L D H . P.v.lentum a n d P.v.petteri a re separab le 

by differences in t he forms of G P I , b u t share the same form of 6 P G D 

a n d have one form of L D H in c o m m o n . Both differ from P.v.vinckei by 

the forms of G P I , 6 P G D a n d L D H . 

P.vinckei has also been found in the eastern p a r t of t he Repub l i c of 

C a m e r o u n whe re Bafort (1977) isolated a single s t rain from a wild r a t 

(see footnote to p . 13). M . W é r y (personal communica t ion ) has s tudied 

the sporogonic a n d exoerythrocyt ic stages of the life cycle of this paras i te 

a n d has confirmed its ident i ty . As the isoenzymes have no t yet been 

examined , this paras i te has no t been assigned to a subspecies. 

3. P.chabaudi and subspecies 
T h e reasons for restoring P.chabaudi to full specific s tatus, r a t h e r t h a n 

p lac ing this paras i te as a subspecies of P.vinckei, a re given on p . 10. I n 

he r or iginal descript ion, L a n d a u (1965) h a d n o hesi tat ion in n a m i n g 

P.chabaudi as a species, b u t the t h e n cur ren t , somewha t r igid, separa t ion 

of m u r i n e ma la r i a parasi tes in to two categories (berghei a n d vinckei) 

based on a predi lect ion or otherwise of e ry throcyt ic stages for i m m a t u r e 

red cells, coupled wi th a c o m m o n mix tu re of P.chabaudi w i th u n -

recognized infections of P.vinckei misled workers in to rejecting full 

specific status for P.chabaudi. T h e discovery of the differences in iso-

enzymes of P.chabaudi a n d P.vinckei was followed by the real izat ion tha t , 

a l t hough ne i ther paras i te exhibits a predi lect ion for i m m a t u r e e ry th ro -

cytes, t hey m a y be readi ly dist inguished by the morpho logy of the i r 

blood stages (Car te r a n d Wall iker , 1975, 1977). 

A t the t ime of wri t ing, P.chabaudi has been found in only two 

localities in Africa. T h e n o m i n a t e subspecies, P.c.chabaudi, is a paras i te 

of thicket ra ts (T.rutilans) in t he C A R ( L a n d a u , 1965; Ca r t e r a n d 

Wall iker , 1975), a n d P.c.adami is found in the same host nea r Brazzavil le 

(Car te r a n d Wall iker , 1977). 

A full compar ison of all stages of the life cycles of t he two subspecies 

has no t yet been m a d e , a n d it is no t therefore k n o w n if the re a re 

morphologica l differences be tween P.c.chabaudi a n d P.c.adami. N o 

i m p o r t a n t differences in thei r erythrocyt ic a n d sporogonic stages were 

found in t he detai led comparisons m a d e by Ca r t e r a n d Wal l iker (1977) . 
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T h e recogni t ion of the paras i te from Brazzavil le as a new subspecies is 

based on differences in the pa t t e rns of isoenzymes of P.c.chabaudi a n d 

P.c.adami (Tab le V ) which , from extensive studies on the o the r m u r i n e 

ma la r i a parasi tes a n d on zoogeographica l g rounds , a re sufficiently 

m a r k e d to w a r r a n t t axonomic recogni t ion if all m e m b e r s of the th ree 

groups of African m u r i n e ma la r i a parasi tes a re to be t r ea ted similarly. 

Both subspecies have a c o m m o n form of G D H ( G D H - 5 ) , b u t differ in 

the forms of G P I , 6 P G D and , most no tab ly , L D H . Th i s last enzyme 

displays a wide r a n g e of differences in subspecies of P.chabaudi a n d 

P.vinckei, b u t is appa ren t l y cons tan t in t he berghei g r o u p (Car ter , 1973). 

III. ZOOGEOGRAPHY AND EVOLUTION 

T h e diversity of the m u r i n e ma la r i a parasi tes suggests t h a t they a re in 

a s tate of act ive evolut ion. O n zoogeographica l g rounds a n d on the 

assumpt ion t h a t the i r present geographica l d is t r ibut ion is se ldom or 

never cont iguous wi th t h a t of ano the r subspecies of the same species, it 

appears as if subspeciat ion is t ak ing p lace in discrete popula t ions which , 

it m a y be assumed, a re subjected to different selective pressures in spite 

of, in some instances, somewha t similar hab i t a t s . I t canno t , however , be 

inferred t h a t n e w species will necessarily evolve from al lopatr ic popu la -

tions a t present j u d g e d to be sound subspecies. T h e r e m a y be occasions, 

n o m a t t e r h o w ra re , w h e n the geographica l r ange of a popu la t ion of 

these m a l a r i a parasi tes t empora r i ly overlaps wi th t h a t of a re la ted 

paras i te w i th wh ich in te rb reed ing is possible. Such changes in dis t r ibu-

t ion could b e caused by, for example , var ia t ions in c l imate or by 

increases in the popula t ions of e i ther ve r t eb ra t e or inver tebra te hosts 

lead ing to migra t ions a n d changes in d is t r ibut ion. 

If, on the o the r h a n d , ecological barr iers such as those it has been 

suggested exist be tween the m u r i n e ma la r i a parasi tes of Niger ia a n d 

those of o ther par t s of the Lower G u i n e a Forest (Ki l l ick-Kendrick, 

1973a) a re never n o w breached , it c an be an t ic ipa ted t h a t speciat ion 

m a y well con t inue to the po in t where in t e rb reed ing be tween clearly 

re la ted popula t ions m a y no longer be possible. By definitions of species 

which , a l though pr incipal ly devised for metazoa , seem equal ly to app ly 

to gamospecies of p ro tozoa (p. 7), new species will t hen be seen to 

have arisen. T h e pheno typ ic a n d genotypic plasticity of the m u r i n e 

mala r ia parasi tes , revealed in the deta i led morphologica l a n d genet ical 
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studies reviewed in Chap te r s 2 a n d 5, suggests t h a t this diverse g r o u p 

p robab ly has sufficient genetic po lymorph i sm to respond to va ry ing 

selective pressures to a po in t in evolut ion a t which isolated popu la t ions 

could be assumed to have a t t a ined specific s tatus. T h e chance of this 

po in t be ing reached is doubtless no t the same for each present ly 

recognized subspecies. I t does, however , a l ready a p p e a r to have been 

a t t a ined wi th in the berghei g r o u p in wh ich two obviously re la ted 

species—P.berghei from h igh land forests a n d P.yoelii from lowland 

forests—are n o w though t to have diverged sufficiently far for cross-

breed ing now to be unlikely or impossible. T h e same drift m a y n o w be 

tak ing place be tween two or more of t he subspecies of P.vinckei or 

P.chabaudi. 

T o create plausible hypotheses of the recent evolut ion of t he m u r i n e 

ma la r i a parasi tes , the present d is t r ibut ion of t he parasi tes a n d t h a t of 

their ve r tebra te a n d inver tebra te hosts mus t be considered. W h e n 

con templa t ing the early evolution of this g r o u p of parasi tes , it is 

necessary to search a m o n g the m a l a r i a parasi tes of o the r African small 

m a m m a l s for possible relat ionships, a n d to assess the possible effects of 

changes in the c l imate a n d geology of the con t inen t on the delicately 

ba lanced biocenoses of rodent , paras i te a n d vector . A m o n g the m o r e 

i m p o r t a n t l acunae which inhibi t confident speculat ion a re the follow-

i n g : 

1. the vectors of all lowland subspecies of m u r i n e m a l a r i a parasi tes 

are u n k n o w n ; 

2. knowledge of the t rue dis t r ibut ion, b o t h geographica l a n d hostal , 

of ma la r i a parasi tes of m u r i n e rodents a n d o the r African small 

m a m m a l s is incomple te ( there are still pa r t s of the cont inen t 

unsurveyed) ; 

3. v i r tual ly no th ing is known of the migra t ions of the m a m m a l i a n 

hosts ; 

4. m u c h of the informat ion on the geological history a n d cl imatic 

changes of Africa is highly speculat ive. 

I n spite of these formidable gaps , a n a t t e m p t is m a d e here to seek 

pa t t e rns in the morphology a n d dis t r ibut ion of the parasi tes of African 

m a m m a l s a n d in the evolution a n d habi ts of the i r hosts, a n d to suggest 

ways in which the m u r i n e ma la r i a parasi tes migh t h a v e evolved. 



T A X O N O M Y , Z O O G E O G R A P H Y A N D E V O L U T I O N 21 

A. Distribution of Murine Malaria Parasites 

/. Geographical distribution 
T h e known dis t r ibut ion of m u r i n e ma la r i a parasi tes is l imi ted to the 

cont inen t of Africa and , wi th one except ion, to t h a t p a r t of t h e 

cont inen t south of the S a h a r a desert . A l though a n u m b e r of surveys of 

the blood parasi tes of m u r i n e rodents h a v e been u n d e r t a k e n in o the r 

pa r t s of the Wor ld , wh ich have resulted in m a n y repor ts of h a e m o -

gregarines a n d pi roplasms in the blood of these a n d o ther rodents 

(Kil l ick-Kendrick, 1974a), the re a re still no unequ ivoca l records of 

m u r i n e ma la r i a parasi tes from a n y w h e r e except Africa. I t is cer ta in 

t ha t they will no t be found in the N e w W o r l d because, except for 

in t roduced species of Rattus a n d Mus, m u r i d rodents a re absent from 

N o r t h a n d Sou th Amer ica . I t is, moreover , unlikely t h a t o the r rodents 

will be found to be hosts of ma la r i a parasi tes in t he N e w W o r l d since 

the re is a r e m a r k a b l e pauc i ty of p lasmodi ids of m a m m a l s o the r t h a n 

m a n a n d monkeys in t h a t cont inent . T h e species parasi t iz ing m a n in 

N o r t h a n d Sou th Amer i ca a re t h o u g h t to have been in t roduced , a n d 

the two species in Neot ropica l monkeys p r o b a b l y arose from P.vivax a n d 

P.malariae of m a n (Coa tney et al., 1971). For reasons given above (p. 3) , 

Wood ' s (1976) r epor t of a ma la r i a paras i te of Peromyscus in the U S A is 

considered to be so doubtful tha t , w i thou t confi rmat ion, it mus t be 

ignored . 

I t is less easy to u n d e r s t a n d the a p p a r e n t absence of m u r i n e ma la r i a 

parasi tes from Asia. I n this con t inen t p lasmodi ids a re k n o w n in apes, 

monkeys , t he w a t e r buffalo, t he chevro ta in , t he colugo and , a m o n g 

rodents , in sc iu romorphs—petaur i s t ine flying squirrels of t he gene ra 

Petaurista, Petinomys a n d Hylopetes in Peninsular Malays ia a n d Petaurista 

in T a i w a n (see Ki l l ick-Kendr ick , 1974a). Nevertheless, n o ma la r i a 

parasi tes of mur ids or o the r m y o m o r p h s have yet been discovered in 

Asia, in spite of surveys wh ich have revealed m a n y o the r b lood 

parasi tes . 

I n t he reasonably well surveyed pa r t s of Af r i ca—Katanga , Wes te rn 

Niger ia , sou thern Cen t r a l African R e p u b l i c a n d Brazzaville (Figure 1) 

— t h e r e a re two or th ree species of m u r i n e ma la r i a parasi tes in each 

place . I n t he C A R a n d Brazzavil le, P.yoelii, P.vinckei a n d P.chabaudi a re 

parasites of t he thicket ra t , T.rutilans, in which animals mixed infections 

are c o m m o n . I n Niger ia , P.yoelii a n d P.vinckei co-exist in t he same 
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Figure 1. M a p of Africa showing localities in which murine malaria parasites have been 
found. ® , P.berghei', Q9 P.berghei and P.vinckei', P.yoelii (?); a, P.yoelii and P.vinckei; 
Mi P.yoelii, P.vinckei and P.chabaudi; Ĵ, P.aegpptensis (Killick-Kendrick, 1971, 1974a, b, 1975; 
Bafort, 1977; Abd-el-Aziz et al, 1975; Carter and Walliker, 1975, 1977; P . J . Gardener, 

personal communication). 

species of ra t , b u t P.chabaudi has no t yet been found. I n K a t a n g a , w h e r e 

Belgian a n d A m e r i c a n workers have car r ied ou t extensive surveys, 

P.berghei is the c o m m o n species infecting a n o t h e r thicket r a t (Grammomys 

surdaster), P.vinckei is appa ren t ly r a r e a n d P.chabaudi is u n k n o w n . T h e r e 

is some evidence t h a t the dis t r ibut ion of P.yoelii m a y over lap wi th t h a t 

of P.berghei in the h igh lands of K a t a n g a (Peters et al., 1978; C h a n c e 

et al., 1978), b u t this requires confi rmat ion. T h e subspecific identi t ies 

of berghei-likt parasi tes found in two o ther localities, t he Cameroons a n d 

K e n y a , have no t yet been de t e rmined a l t hough from the morpho logy 

of the blood stages in l abora to ry mice b o t h a re t h o u g h t to be in t he 

species P.yoelii. T h e subspecific names of parasi tes , the d is t r ibut ion of 

which are shown in Figure 1, a re listed in T a b l e I . T h e record of 

P.aegyptensis from Assuit, Egypt , is based on a single blood film a n d it 

is no t possible to speculate on the re la t ionship of this species to the 

be t te r known m u r i n e ma la r i a parasi tes . 

W i t h the except ion of P.aegyptensis, the African m u r i n e m a l a r i a 

parasi tes have been found only a r o u n d the pe r iphe ry of the L o w e r 
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Guinea (or Congo) Forest wh ich covers t he Congo Basin; it extends 

from K a t a n g a in the south to the C A R in t he n o r t h , a n d from Niger ia 

in the west to K e n y a in t he east. Zoogeographica l ly , t he recent finding 

by P. J . G a r d e n e r (personal communica t i on ) of a m a l a r i a paras i te of the 

P.berghei g r o u p in a r oden t from t h e K a k a m e g a Forest in K e n y a is of 

special interest . Some of the flora a n d fauna of this forest a re isolated 

West African forms ( G a r n h a m et al., 1945) and , in spite of its h igh 

a l t i tude (1500-1700 m ) , this forest is considered as t he eastern b o u n d a r y 

of the " C o n g o Fores t " ( M i l n e - R e d h e a d , 1954). T h e exp lana t ion of this 

m o d e r n East African is land of West African an imals a n d p lan ts (now 

mixed wi th m o r e d o m i n a n t East African forms) is t ha t , a b o u t 25 000 

to 18 000 years ago, the re was a l ink of m o n t a n e forest be tween the 

Cameroons a n d the K e n y a H igh l ands ( M o r e a u , 1966). T h e connect ion 

was a result of the c l imate of Africa a t t h a t pe r iod wh ich p e r m i t t e d 

m o n t a n e forest to flourish a t a n a l t i tude as low as 500 m r a t h e r t h a n , 

as now, of 1500 m (Figure 2) . Pe rhaps G a r d e n e r ' s paras i te is a relict 

popu la t ion of a West African species of Plasmodium wh ich b e c a m e 

isolated w h e n the link be tween the West a n d East was b roken by a 

change in c l imate a n d a reduc t ion in m o n t a n e forest w i th a consequent 

int rusion of lowland flora a n d fauna . 

Bafort 's (1977) P.berghei-likc paras i te of t he Cameroons was found a t 

a low a l t i tude a n d , from t h e l imi ted informat ion a t present avai lable , 

a n especially close re la t ionship be tween this paras i te a n d the one from 

K e n y a c a n n o t be assumed on the g rounds of the cont inuous s t re tch of 

m o n t a n e forest wh ich once existed be tween the two sides of the 

cont inent . 

F r o m the present knowledge of the d is t r ibut ion of t he m u r i n e ma la r i a 

parasi tes o the r t h a n P.aegyptensis, several pa t t e rns emerge . O f the four 

species, parasi tes of t h e P.berghei g r o u p , represented by P.yoelii in the 

well prospected lowland localities of the C A R , Brazzaville a n d Niger ia 

a n d P.berghei in the h igh lands of K a t a n g a , h a v e a wide b u t focal 

d is t r ibut ion wi th , in some places, a h igh preva lence . Subspecies of 

P.vinckei h a v e the widest d is t r ibut ion a n d a re t he most p reva len t in the 

lowland localities. By contras t , in t he h igh lands of K a t a n g a P.vinckei 

appears to be r a re . P.chabaudi has t he most l imited dis t r ibut ion wi th 

subspecies a t present known only from the C A R a n d Brazzavil le. 

I n studies on the dis t r ibut ion of an imals in Africa ( and thei r m o r e 

recent evolut ion) , accoun t mus t be t aken of t he profound changes in 

terrain, c l imate a n d vegeta t ion which took p lace in the Ear ly a n d 



Figure 2. (upper) M a p showing the presumed montane vegetation in West Africa in the 
Pleistocene ; about 22 000 years ago, the montane vegetation is thought to have been 
continuous from West to East Africa, and the lowland forests of the Upper and Lower Guinea 
were divided; note the presumed absence of forest in the Congo Basin, (lower) M a p showing 
present rain forests of West Africa; the Dahomey Gap between the Upper and Lower Guinea 
Forests is believed to be less than 22 000 years old, and may be as recent as only 12 000 years 

(Rand, 1951, after Chapin). (Courtesy Field Museum of Natural History, Chicago.) 
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M i d d l e Pleistocene ( M o r e a u , 1963). A n exp lana t ion t hen emerges for 

the present d is t r ibut ion of t he m a l a r i a parasi tes to t h e pe r iphe ry of t he 

Congo Basin a n d a t ime can be fixed by which m u r i n e plasmodi ids m a y 

be assumed to have evolved. F r o m soil surveys it is k n o w n t h a t n e a r the 

end of the M i d d l e Pleistocene, a b o u t 75 000 to 25 000 years ago, a lmost 

all t he vast Congo Forest of t oday was covered by K a l a h a r i sand 

redis t r ibuted by wind . I t is u n i m a g i n a b l e t h a t this could h a v e h a p p e n e d 

u n d e r a forest c l imate a n d a t this t ime the Basin mus t h a v e been a 

semi-arid a r ea u t ter ly different from today (Moreau , 1966). Th i s 

dryness wou ld have profoundly affected t he fauna of the previously 

forested a rea . M o r e a u (1966) points ou t t h a t t h e sylvatic an imals a n d 

plants survived in only a few refuges, n a m e l y : 

1. in relict forest a long r ivers ; 

2. on t he eastern edge of the Basin w h e r e the dryness would h a v e 

been amel io ra ted by rainfall a t h igh a l t i t ude ; 

3. towards the still wet At lan t ic Coast of t he G a b o n a n d the Gul f of 

Gu inea ; 

4. towards the n o r t h e r n edge of the Basin. 

I t is r em a rkab l e t h a t these a re the very areas in which m u r i n e 

ma la r i a parasi tes a re found today . Moreove r , in two localities, K a t a n g a 

a n d Brazzaville, t he l andscape epizootiology of m u r i n e m a l a r i a is 

charac te r ized by forest galleries. I n the former locality, a la ter per iod 

of dryness in this m o n t a n e a r ea in t he second p a r t of t he U p p e r 

Pleistocene, 35 000 to 10 000 years ago ( M o r e a u , 1963), wou ld h a v e 

been a selective a d v a n t a g e to rodents a n d mosqui toes a l r eady well 

a d a p t e d to a r iver ine hab i t a t , a n d the f ramework wi th in wh ich m u r i n e 

ma la r i a parasi tes could survive a n d evolve in this locality m a y well h a v e 

been reinforced. 

A possible series of events expla in ing the present d is t r ibut ion of the 

m u r i n e m a l a r i a parasi tes is, therefore : t he parasi tes o r the stock from 

which t h e m o d e r n species h a v e arisen evolved in the Congo Basin some 

t ime before 75 000 years ago ; changes in c l imate led to t he desiccation 

of the Basin ; the sylvatic fauna, inc lud ing the roden t a n d mosqui to 

hosts of the parasi tes , survived only in refuges to the no r th , east a n d west 

of the Basin a n d in the h igh lands of K a t a n g a ; the Basin b e c a m e 

re-afforested a n d was re - invaded by forest an imals from the per iphery , 

b u t the delicately ba l anced biocenose of r o d e n t - p a r a s i t e - m o s q u i t o d id 

not become re-established in t he midd le of the Congo Basin. T h e 
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p a t t e r n of the m o d e r n dis t r ibut ion of m u r i n e ma la r i a parasi tes was t hen 

set. 

T h e r e is, however , a n a l te rna t ive exp lana t ion of the present d is t r ibu-

t ion wh ich dates the cause very m u c h earl ier t h a n the M i d d l e 

Pleistocene. A t the end of the Miocene , a b o u t 12 mill ion years ago, the 

Congo Basin was filled by a vast lake (Chap in , 1932; M o r e a u , 1966). 

If the m u r i n e ma la r i a parasi tes h a d occupied the Basin before this t ime , 

a pe r iphera l d is t r ibut ion could have been a consequence of the forma-

tion of the lake. M u r i d rodents b r a n c h e d off from a cricetid stock in the 

Miocene (Wood, 1959), a n d it is p robab l e t h a t anophe l ine mosqui toes 

h a d evolved by this t ime . Nevertheless, t he a p p a r e n t absence of m a l a r i a 

parasi tes of m y o m o r p h s in the Neotropics suggests t h a t the m a l a r i a 

parasi tes of these an imals p r o b a b l y d id no t arise long before the final 

separa t ion of the O l d a n d N e w Wor lds b r o u g h t a b o u t by con t inen ta l 

drift. Since the drift was progressive a n d took p lace over a long per iod, 

it is difficult to decide w h e n faunal barr iers arose wh ich would have 

affected t he evolut ion of terrestr ial an imals ; however , t he final separa -

t ion pe rhaps took place only a b o u t one mill ion years ago (Tar l ing a n d 

Ta r l ing , 1971). T h e format ion of a lake in the Congo Basin in t he 

Miocene seems, therefore, far too early to have been the cause of t he 

m o d e r n dis t r ibut ion of the m u r i n e ma la r i a parasi tes , wh ich h a d 

p robab ly no t evolved by t h a t t ime . Desiccat ion of the Congo Basin in 

the M i d d l e Pleistocene is a m o r e plausible exp lana t ion . 

T h e not ion t h a t popula t ions of the three of the four species of m u r i n e 

ma la r i a parasi tes, those of the Lower G u i n e a Forest , a re correct ly 

classified as subspecies is based pa r t ly on the assumpt ion t h a t thei r 

ranges seldom or never over lap , a n d t h a t the re a re , or have been , 

faunal barr iers of g rea te r or lesser i m p o r t a n c e be tween the k n o w n foci. 

T h e degrees of isolation, however , seem u n e q u a l . P.berghei a n d P.v.vinckei 

of K a t a n g a are found only a t a l t i tudes of 1000-1700 m a n d the flora, 

fauna a n d c l imate of this m o n t a n e locality a re so different from those 

of the lowland localities t ha t ecological isolation of the K a t a n g a 

parasi tes is easily accepted . T h e possibility of the r ange of the essentially 

lowland paras i te , P.yoelii, ex tend ing in to t he h igh lands of K a t a n g a 

seems unlikely. However , by d r u g pressure Peters et al. (1978) a n d 

C h a n c e et al. (1978) selected lines (NS) from two strains of P.berghei 

which they concluded h a d m a n y of the charac ters of P.yoelii. T h e i r 

tenta t ive identification of the new line was m a d e before the discovery 

by G a r d e n e r of a paras i te which is p robab ly P.yoelii from a n o t h e r 
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h igh land locality. I f these unexpec ted observat ions a re confirmed, it 

appears as if t he d is t r ibut ion of P.yoelii is even wider t h a n previously 

supposed. O n present evidence P.yoelii c a n be r ega rded p r imar i ly as a 

lowland paras i te wi th , possibly, r a r e relict popula t ions in a few h igh land 

localities. 

Wes te rn Niger ia is the most isolated of the lowland localities. Present 

faunal barr iers be tween the forest the re a n d o the r pa r t s of the Lower 

G u i n e a Forest inc lude the C a m e r o o n High lands , the R ive r Sanaga , t he 

R ive r Cross a n d the Niger del ta , all of wh ich h a v e profoundly 

influenced the d is t r ibut ion of m a m m a l s , b i rds a n d tree-frogs of the 

coastal forest of West Africa (see Ki l l ick-Kendr ick , 1973a). 

Zoogeographical ly , Niger ia m a y be considered e i ther as the western 

l imit of the Lower G u i n e a Forest (Chap in , 1932) o r as the eastern l imit 

of the U p p e r G u i n e a Forest from which it is present ly separa ted by the 

recent ly formed D a h o m e y G a p ( R a n d , 1951) (Figure 2) . I f i t is 

accepted t h a t t he m u r i n e parasi tes evolved in the Congo Basin, an ear ly 

spread to Niger ia m a y h a v e a t first been p reven ted by the l ink of 

m o n t a n e forest a t t he n o r t h e r n r i m of the Congo Forest wh ich j o ined 

the eastern a n d western h igh lands of Africa. A spread would also h a v e 

been h a m p e r e d by a ba r r i e r formed by the p rox imi ty of Lake M e g a -

C h a d to t he B a m e n d a H igh l ands a n d M a n d a r a M o u n t a i n s (Figure 2 ) . 

I t is difficult to d a t e t h e M e g a - C h a d , b u t it is believed to h a v e been a t 

its m a x i m u m size a b o u t 22 000 years ago ( M o r e a u , 1966). T h e dis-

a p p e a r a n c e of the l ink of m o n t a n e forest was a c c o m p a n i e d by a 

d imun i t i on in the size of t h e lake. These two changes would then h a v e 

ex tended t h e po ten t ia l r a n g e of the Congolese fauna wes twards in to 

Nigeria , b u t would no t h a v e al lowed u n i m p e d e d passage. Even t oday 

the g a p be tween M o u n t C a m e r o o n , n e a r t he sea, a n d the m o u n t a i n s to 

t he nor th-eas t is only a b o u t 16 miles w ide ( R a n d , 1951), a n d o the r 

faunal bar r ie rs fur ther west of t h e Cameroons (Ki l l ick-Kendr ick, 1973a) 

a p p e a r to h a v e i m p e d e d the wes tward spread of a n u m b e r of different 

West African ver tebra tes . T h e la ter format ion of a b r eak in the coastal 

forest—the D a h o m e y Gap—lef t the forest of Sou the rn Niger ia l inked to 

the Lower G u i n e a Forest , b u t separa ted from the U p p e r G u i n e a 

Forest . T h e bar r ie rs be tween t h e Niger ian h a b i t a t of m u r i n e m a l a r i a 

parasites on the one h a n d , a n d the enzootic localities in the Cameroons , 

the C A R a n d Brazzavil le on the o ther , t h o u g h no t ind iv idua l ly 

in su rmoun tab le , a re collectively formidable . I t follows, therefore, t h a t 

the r ange of the Niger ian parasi tes n o w seldom o r never overlaps wi th 
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t h e others , a n d the relat ive isolation has led to the evolut ion of sub-

species which well fit M a y r ' s (1963) geographica l definition of t he 

t axon . 

I n the Congo Basin, the re a re n o no tab le faunal barr iers be tween the 

localities in t he C A R a n d n e a r Brazzavil le . Both localities lie in the 

wate rshed of the R ive r Congo , a n d no cogent a r g u m e n t for a separa t ion 

on geographica l g rounds c a n be m a d e . Pe rhaps the a p p a r e n t sub-

speciat ion of m u r i n e m a l a r i a parasi tes in these two localities will be 

be t te r unders tood w h e n the vectors a re known . At the m o m e n t , 

however , it is no tab le t h a t these a re the only two localities in wh ich 

P.chabaudi has been found ; moreover , t he morphologica l differences 

be tween P.y.yoelii of the C A R a n d P.y.killicki of Brazzavil le a re t he 

least m a r k e d of a n y pa i r of subspecies of P.yoelii (Ki l l ick-Kendr ick , 

1974b). O n these g rounds , it c a n be assumed t h a t the degree of isolation 

be tween the C A R a n d Brazzavil le is, a n d has for some t ime, been m u c h 

less t h a n be tween a n y o the r two of t he localities. I t would , however , be 

a b s u r d to expect ident ical degrees of separateness be tween all of the 

places, a n d subspeciat ion could be expected to proceed in popula t ions 

of genetical ly po lymorph ic ma la r i a parasi tes w i th ranges which seldom 

over lap . Selective pressures in the C A R a n d Brazzavil le differ; in the 

la t ter locality, t h e h a b i t a t is in gal lery forest, b u t in t he former it is 

secondary forest. O n ba lance , therefore, it m a y be conc luded tha t , 

a l t hough there a re differences in the measure of geographica l isolation 

of t he m u r i n e ma la r i a parasi tes all, w i th the except ion of P.berghei 

(which m a y well have evolved from P.yoelii s tock), a re sufficiently 

separa te for subspeciat ion to be expected and , indeed , to h a v e t aken 

p lace . 

2. Hostal distribution 
Restr ic t ion of a paras i te in n a t u r e to a n a r r o w range of hosts can be a 

s t rong selective pressure. T h e d is t r ibut ion of t he m u r i n e ma la r i a 

parasi tes in b o t h thei r ve r t eb ra te a n d inver teb ra te hosts is, therefore, a 

factor which mus t be examined to u n d e r s t a n d the present po in t of 

evolut ion of the parasi tes . 

A l though some clear differences in hostal d is t r ibut ion a re a p p a r e n t , 

confident speculat ion on the i r influence on speciat ion is u n d e r m i n e d by 

the belief t h a t t he list of k n o w n ve r t eb ra t e hosts is a lmost cer ta in ly 

incomple te a n d , moreover , b y t he fact t h a t t h e ident i ty of t he vec tor or 
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vectors of the parasi tes in all localities o the r t h a n K a t a n g a are u n k n o w n . 

I t is nevertheless, possible to d r a w some conclusions wh ich suppor t t he 

general not ion t h a t va ry ing degrees of isolation, geographica l a n d 

ecological, a re leading to speciat ion of the parasi tes . 

a. Vertebrate hosts. M u r i n e plasmodi ids a re pr inc ipal ly parasi tes of 

thicket ra ts . A m o n g m a n y thousands of mur ids examined in Africa, 

only few others have been found infected. I n the C A R the only k n o w n 

host is the thicket ra t , T.rutilans. O t h e r rodents have been examined in 

the C A R , b u t no parasi tes h a v e been found ; in contras t , a lmost every 

adu l t thicket r a t c a p t u r e d nea r the exper imenta l s tat ion of L a M a b o k é , 

n e a r Bangui , was infected wi th one o r m o r e species of Plasmodium 

( L a n d a u a n d C h a b a u d , 1965). A lower b u t nevertheless h igh p re -

valence was recorded by C a r t e r a n d Wal l iker (1975) w h o examined 

50 specimens of T.rutilans from the same locality. T h e y found P.chabaudi 

in well over one-half of the an imals , P.y.yoelii in a b o u t one-half a n d 

P.v.petteri in a b o u t o n e - q u a r t e r ; infected an imals c o m m o n l y h a r b o u r e d 

more t h a n one species of paras i te . A l t h o u g h it c anno t be said t h a t o the r 

species of rodents a re never hosts of ma la r i a parasi tes in the C A R , the 

surveys u n d e r t a k e n would cer ta inly h a v e revealed a n y wi th a p re -

valence of infection a p p r o a c h i n g t h a t of thicket ra ts . 

Less is known of the roden t hosts of t h e parasi tes from Brazzavil le 

and , since the only forest gallery in wh ich infected rodents h a v e been 

t r a p p e d is be ing cleared for farming, studies on the epizootiology of 

m u r i n e ma la r i a in t h a t locality a re no longer possible. As in t he C A R , 

T.rutilans is the only roden t known to h a r b o u r ma la r i a parasi tes in this 

locality. A d a m et al. (1966) examined single b lood films from 24 thicket 

rats a n d diagnosed infections in t e n ; they found n o o the r infected 

rodents . 

T h e most deta i led results of surveys a re from Wes te rn Niger ia where , 

by the inocula t ion of blood in to l abora to ry mice, Bruce -Chwa t t a n d 

Gibson (quoted by Ki l l ick-Kendr ick , 1973a) examined m o r e t h a n 1500 

rodents from the type locality a t I lobi a n d over 1000 from an o th e r 

n e a r b y secondary forest a t Agege. A fur ther 40 rodents from I lobi were 

similarly examined by Ki l l i ck-Kendr ick et al. (1968). Six ou t of 18 

Thamnomys were infected wi th P.v.brucechwatti a n d one was addi t ional ly 

infected wi th P.y.nigeriensis. A l t h o u g h the single Praomys B ruce -Chwat t & 

Gibson, 1955 found infected wi th P.v.brucechwatti is n o w t h o u g h t to have 

been a misidentified thicket r a t (Ki l l ick-Kendrick, 1975), t he possibility 
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t h a t it was a r a r e infection in a n unusua l host c anno t be to ta l ly 

dismissed. However , since over 1000 Praomys from I lobi a n d m o r e t h a n 

500 from Agege were found to be uninfected, it can be safely assumed 

t h a t Praomys is no t a c o m m o n host of ma la r i a parasi tes in Wes te rn 

Nigeria . A l though the n u m b e r s of o the r rodents examined were 

smaller, the same conclusion can be r eached for five o the r species, 

namely , Lemniscomys striatus, Hybomys trivirgatus, Stochomys longicaudatus, 

Malacomys edwardsi a n d Lophuromys sikapusi. African forests a re r emark -

ably r ich in m u r i n e rodents , a n d even in Niger ia new hosts m a y yet be 

found ; a n u m b e r of species, no tab ly Leggada bella, h a v e never been 

examined . O n present evidence, however , it seems as if T.rutilans is the 

pr inc ipa l a n d p r o b a b l y t he sole ve r t eb ra t e host of P.y.nigeriensis a n d 

P.v.brucechwatti a t I lobi . 

I n the recent ly discovered lowland locality in the C a m e r o u n , the 

ident i ty of the single roden t infected wi th a paras i te of t he P.berghei 

group has no t yet been de t e rmined (see footnote to p . 13). 

T.rutilans is absent in h igh l and localities (Figure 5) a n d in K a t a n g a 

the commones t host of P.berghei is ano the r thicket ra t , G.surdaster. Un l ike 

the lowland localities, the re a re two o the r rodents wh ich a re n a t u r a l 

hosts in K a t a n g a . By the inocula t ion of b lood in to l abora to ry mice, 

Vincke (1954) d iagnosed infections of P.berghei in 7 ou t of 61 Grammomys 

(11-5%) a n d 5 ou t of 99 specimens of Praomys jacksoni ( 5 -1%) . H e also 

repor ted t ha t Leggada bella was a n a t u r a l host of P.berghei, b u t gave n o 

details of the preva lence of infection in this t iny forest mouse . T h e 

ve r t ebra te host of t h e second m u r i n e ma la r i a paras i te of K a t a n g a , 

P.v.vinckei, is u n k n o w n ; the only two isolations of this paras i te were from 

wi ld-caught mosquitoes (Rodha in , 1952; Bafort, 1967). 

I n the second h igh land locality, K e n y a , the single roden t P . J . G a r -

dener (personal communica t ion ) found infected wi th a P.berghei g r o u p 

paras i te was identified as Praomys jacksoni—one of the hosts of P.berghei 

in K a t a n g a . 

T h e restriction of m u r i n e ma la r i a parasi tes to only a few species of 

rodents in n a t u r e is no t because of a lack of infectivity to all b u t a few 

mur ids . O n the cont ra ry , the parasi tes h a v e been shown to h a v e a 

surprisingly wide r ange of infectivity which is not , however , t h e s a m e 

for each of the four species. T h e r ange of hosts exper imenta l ly infected 

by the inocula t ion of sporozoites of P.berghei o r P.yoelii includes , a m o n g 

others , whi te mice, l abora to ry rats , hamsters , m u l t i m a m m a t e ra ts a n d 

l abora to ry -b red thicket ra ts (G.surdaster) (see C h a p t e r 2) . Sporozoites of 
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P.y.yoelii a re also infective to rabbi t s a n d gu inea pigs, b u t t he tissue 

schizonts in t he liver fail to m a t u r e (Wéry et al., 1968). 

T h e r ange of infectivity of sporozoites of P.vinckei spp . a n d P.chabaudi 

spp . is less wide . L a b o r a t o r y ra ts a n d hamste r s a re insusceptible, b u t 

mice, m u l t i m a m m a t e ra ts a n d G.surdaster a r e all readi ly infected; 

P.v.lentum ( and p r o b a b l y o the r subspecies), is infective to Hybomys 

( L a n d a u et al., 1970). T h u s , a l t hough the infectivity of sporozoites of 

P.vinckei a n d P.chabaudi appea r s to be l imited to fewer species of rodents 

t h a n t h a t of P.berghei or P.yoelii, it is by no means confined to the n a t u r a l 

host. 

T h e abil i ty of m u r i n e m a l a r i a parasi tes to infect a wide r a n g e of 

hosts has been t aken as evidence t h a t the restr ict ion in n a t u r e to only 

a few species of rodents has little re levance to t he evolut ion of subspecies 

(Bafort, 1970). Th i s view was based on the results of inocu la t ing 

infective blood, w h i c h has revealed a n astonishingly long list of hosts 

susceptible to P.berghei (see Cox, 1967; Ki l l ick-Kendr ick , 1975). These 

results, however , h a v e less re levance to t he n a t u r a l d is t r ibut ion t h a n t h e 

observat ions on the infectivity of sporozoites which , nevertheless, reveal 

t h a t the re mus t be m a n y m u r i n e a n d cricet ine rodents in the enzootic 

localities which , a l t hough susceptible, a re never found infected. 

P re sumab ly the exp lana t ion lies in m a r k e d preferences of t h e vectors in 

the selection of the an imals on wh ich they will feed. Th i s mus t surely 

b e considered as a selective pressure since, from the differences in hosts 

in h igh l and a n d lowland localities, i t is clear t h a t t he rodents preferred 

by the vectors in these two areas a re no t t he same. T h e wide r a n g e of 

infectivity of t h e parasi tes can be v iewed as evidence of adap tab i l i t y 

a n d genet ic plast ici ty of t he paras i te , s imilar to t h e morphologica l 

a n d enzymic po lymorph i sm so character is t ic of m u r i n e ma la r i a 

parasi tes . 

b. Invertebrate hosts. T h e only k n o w n vector of m u r i n e m a l a r i a 

parasi tes is A.d.millecampsi, t he inve r t eb ra t e host of P.berghei a n d 

P.v.vinckei in K a t a n g a . Th is rodentophi l ic mosqui to has a d is t r ibut ion 

l imited to t he h igh al t i tudes o f t h a t p a r t of Africa (Figure 3) , a n d is not , 

therefore, t he vector of P.yoelii, P.chabaudi o r the lowland subspecies of 

P.vinckei. 

I n the locality n e a r Brazzavil le, A d a m (in Ki l l ick-Kendr ick , 1971) 

found small n u m b e r s of unusua l ly long sporozoites in the sal ivary 

glands of a single specimen of A.cinctus. J . P . A d a m kindly showed m e 
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Figure 3. T h e geographical distribution of A.d.millecampsi (Gillies and de Meillon, 1968). 

pho tog raphs of four of these sporozoites, a n d po in ted ou t t ha t they bore 

a str iking resemblance to the long sporozoites of P.v.lentum of t h a t 

locality. Evidence inc r imina t ing A.ductus is slightly weakened because 

this species is t h o u g h t to feed on galagos a n d to t r ansmi t a t r ypanosome 

of these pr imi t ive p r ima tes (Frezil a n d A d a m , 1971). T h e vector or 

vectors in t he lowland localities wou ld be expected to feed solely or 

p r e d o m i n a n t l y on thicket rats (see p . 39) . Galagos do , however , share 

the a rborea l h a b i t a t of T.rutilans ( and a re often t aken in t raps set for 

thicket ra ts ) , a n d a mosqui to preferential ly feeding above g r o u n d could 

be in close enough contac t wi th b o t h an imals to be a vector of parasi tes 

of bo th . 

T h r e e species of zoophil ic anophel ines o the r t h a n A.cinctus have been 

recorded in one or o the r of the th ree well known lowland localities, 

name ly A.coustani, A.paludis a n d A.obscurus ( L a n d a u a n d Killick-

Kendr ick , 1966; A d a m et al, 1966; Ki l l ick-Kendr ick et al, 1968). 

Ma t t i ng ly (1973) has no ted t ha t t he few known vectors of ma la r i a 

parasi tes of m a m m a l s o the r t h a n m a n are g rouped in the series 

Neomyzomyia of the subgenus Cellia. O f the mosqui toes listed above , 

only A.cinctus, like A.d.millecampsi, is in this series (both in the ardensis 

section). Moreover , A.cinctus occurs in all the lowland places w h e r e 

m u r i n e ma la r i a parasi tes h a v e been found (Figure 4 ) . I n spite of t h e 

assumpt ion t h a t A.cinctus feeds sufficiently often on galagos to ac t as a 

vector of a t rypanosome, A d a m ' s observat ion a n d t h e closeness 

taxonomical ly of A.cinctus to A.d.millecampsi suggest t h a t this mosqu i to 
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Figure 4. The geographical distribution of A.cinctus (Gillies and de Meillon, 1968). 

could be a vector of P.yoelii, P.chabaudi or P.vinckei in one or m o r e of t he 

lowland localities. T h e r e a re , however , reasons for bel ieving t h a t the 

vector is m o r e likely to be a mosqui to which feeds solely on thicket ra ts 

(see p . 39) . 

As wi th ve r t eb ra t e hosts, it m a y be a rgued t h a t a cons tan t difference 

in inve r t eb ra t e hosts is a powerful selective pressure. Bafort (1970) 

belittles t he possible effect of a n a t u r a l restr ict ion of vectors on sub-

speciat ion, a n d compares t he transmission of m u r i n e ma la r i a parasi tes 

wi th t h a t of the parasi tes of m a n wh ich have m a n y anophe l ine hosts. 

I t is difficult to see t he re levance of this compar i son . M a l a r i a parasi tes 

of m a m m a l s o the r t h a n m a n a re character is t ical ly one m e m b e r of a 

delicately ba l anced biocenose of m a m m a l - p a r a s i t e - m o s q u i t o in 

sylvatic or cavernicolous hab i t a t s marked ly different from t h e typical ly 

per i -domest ic h a b i t a t of t h e parasi tes of m a n . 

T h e r ange of infectivity of m u r i n e m a l a r i a parasi tes to anophe l ine 

mosquitoes is m u c h less t h a n it is to ver tebra tes . M a n y of the species 

of Anopheles established in the l abora to ry a re par t ia l ly or total ly 

refractory to infection (Ki l l ick-Kendrick, 1971) and , even in t he 

mosqui to which is the best exper imenta l vector (A.stephensi), t he 
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compara t ive ly low n u m b e r of sporozoites wh ich i n v ad e the sal ivary 

g lands of the mosqui to (Wéry, 1968) suggests t h a t the condi t ions for 

sporogony in this sur rogate host a re no t ideal . T h e massive infections 

of sporozoites of P.berghei in the sal ivary g lands of A.d.millecampsi, t he 

parasi te ' s n a t u r a l vector (see Yoeli et al., 1965), a re no t seen in o the r 

species of mosqui toes . Th i s inabi l i ty to flourish in mosqui toes which a re 

no t the n a t u r a l vectors suggests t ha t a restr ict ion in n a t u r e to p e r h a p s 

no m o r e t h a n one vector in a n y given p lace has left a m a r k on the 

parasi tes . I t is, therefore, reasonable to suppose t ha t the difference in 

vectors in the h igh land a n d lowland localities has been , a n d still is, one 

of several selective forces in the speciat ion a n d subspeciat ion of the 

m u r i n e ma la r i a parasi tes . U n t i l t he vectors of t he lowland subspecies 

a re discovered, this a r g u m e n t is too speculat ive to app ly to subspecia-

t ion of P.yoelii o r P.chabaudi. 

B. Habits of Hosts 

Bray (1974) developed the concept t h a t t he relat ionships be tween 

inver tebra te a n d ve r t eb ra te hosts, a n d the b io type of wh ich they a re 

pa r t , form a w e b of causat ion ( M a c M a h o n a n d P u g h , 1970) wi th in 

wh ich vec tor -borne parasi tes evolve a n d flourish. T o specula te on the 

origins a n d evolution of t he m u r i n e ma la r i a parasi tes i t is i l lumina t ing 

to look a t the biocenoses in this w a y and , in pa r t i cu la r , to consider w h a t 

is known of the habi ts of the hosts w i th special reference to possible 

points of physical contac t be tween the ve r t eb ra t e a n d inver tebra te . 

W i t h the exception of one of the parasi tes of the C a m e r o u n a n d 

P.berghei of K a t a n g a , the pr inc ipa l a n d p r o b a b l y sole host of m u r i n e 

ma la r i a parasi tes in Africa south of t he S a h a r a is the thicket r a t , 

T.rutilans, the dis t r ibut ion of which is shown in F igure 5. Genest- Vi l l a rd 

(1972) described this roden t as the mode l of a m u r i d h ighly specialized 

for t ropical forest condit ions. Superficially it is a typical r a t in appea r -

ance , wi th a body length of a b o u t 140 m m ; its tail is naked , t i pped wi th 

ha i r a n d longer t h a n the body . As wi th all thicket ra ts , its h ind feet a r e 

longer (about 24 m m ) t h a n most terrestr ial mur ids of the same size 

(Kingdon , 1974; see also Rosevear , 1969) ; this is an a d a p t a t i o n to its 

a rborea l hab i t a t . 

T h e typical h a b i t a t of T.rutilans is thick secondary forest, or forest 

galleries, w i th a b u n d a n t l ianas, small shrubs a n d trees. Genes t -

Vi l la rd ' s (1972) s tudy of the behav iou r of this th icket r a t in its n a t u r a l 
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hab i t a t in the C A R includes m a n y observat ions pe r t i nen t to the role of 

T.rutilans as a host of ma la r i a parasi tes . For tuna te ly , its ecological n iche 

is m u c h more clearly defined t h a n t h a t of most o the r sylvatic African 

rodents . I t is a h ighly a rborea l a n i m a l a n d p r o b a b l y spends no t m o r e 

t h a n one - t en th of its act ive t ime a t g r o u n d level whe re it is very se ldom 

taken in t raps . I ts nest, m a d e of sh redded leaves, is bui l t in bushes or 

trees 2 to 3 m from the g r o u n d (Rosevear , 1969; Ki l l ick-Kendr ick , 

1971 ; Genest -Vi l lard , 1972). T.rutilans is strictly noc tu rna l , a n d passes 

the d a y in a le thargic state wi th in the nest. Except w h e n mothers h a v e 

young , it is a soli tary a n i m a l wi th a defended te r r i to ry ; such behav iou r 

encourages dispersal (Genest-Vil lard , 1972). 

Figure 5. T h e geographical distribution of T.rutilans (Kingdon, 1974). 

T h e n o c t u r n a l act ivi ty of T.rutilans is nicely governed by h u m i d i t y 

a n d a m b i e n t t e m p e r a t u r e , two factors likely to influence the b i t ing 

activity of the u n k n o w n vector . As t he a m b i e n t t e m p e r a t u r e falls after 

sunset, the relat ive h u m i d i t y rises a n d reaches n e a r sa tu ra t ion a t a b o u t 

2100 h. Th i s is the t r igger for T.rutilans to leave the nes t ; occasionally a n 

a n i m a l m a y leave as early as 1800 h, b u t i t t hen ei ther quickly re-enters 

t he nest, or r emains immobi l e on a b r a n c h a m o n g leaves unt i l t he 

h u m i d i t y rises. T h r o u g h o u t the night , unt i l a b o u t 0500 h, the ra t ' s 

act ivi ty is b roken by periods of rest in the nest of 15-30 m i n du ra t i on . 

A t t he low noc tu rna l t e m p e r a t u r e of the h a b i t a t (21°C), T.rutilans is 

unab l e to m a i n t a i n its b o d y t e m p e r a t u r e a n d is forced to w a r m itself 

in the nest a t r egu la r intervals . Whi le ou t of the nest, it has per iods of 

inactivi ty last ing as long as 30 m i n w h e n it r emains immobi le in 

branches of t h e trees a n d shrubs (Genest-Vil lard, 1972). 



36 R. K I L L I C K - K E N D R I C K 

T h e activi ty cycle of T.rutilans c o m p a r e d to t h a t of o the r rodents 

s tudied in similar condit ions is r emarkab l e in several ways w h i c h 

pe rhaps explain why, a l though the re a re a n u m b e r of susceptible 

species of rodents in the same m a c r o h a b i t a t , the thicket r a t is t he only 

one which is c o m m o n l y infected wi th ma la r i a parasi tes . N o tab l e 

features inc lude : 

1. the total per iod of activity is unusual ly long ; 

2. activity is t r iggered by a rise in h u m i d i t y ; 

3. the an imal ' s body t e m p e r a t u r e mus t be m a i n t a i n e d by regu la r 

per iods of w i t h d r a w a l in to the nest ; 

4. when outside the nest, the re a re periods of immobi l i ty which m a y 

last as long as 30 min . 

Since the closely woven nest would no t easily be i nvaded by mos-

qui toes ,* contac t be tween the vector a n d ve r t eb ra t e p r e sumab ly takes 

p lace in condit ions of h igh h u m i d i t y some t ime be tween 2100 h, w h e n the 

ra t ' s noc tu rna l movemen t s begin, a n d 0500 h, w h e n it finally re tu rns to 

the nest unt i l the next evening. T h e vector , a l though u n k n o w n , can be 

assumed to feed on the thicket r a t d u r i n g its per iods of inact iv i ty 

outside the nest. 

F u r t h e r speculat ion on the habi t s of the vector can be m a d e from the 

vert ical d is t r ibut ion of T.rutilans c o m p a r e d wi th t h a t of o the r mur ids in 

the same m a c r o h a b i t a t , examples of wh ich a re shown in F igure 6. T w o 

m a i n factors, he ight a n d ra in , seem to govern selection of the niches. 

If the vector fed ma in ly a t one he ight a n d a t a pa r t i cu la r humid i ty , 

rodents o ther t h a n T.rutilans in the same m a c r o h a b i t a t m igh t never be 

in sufficiently close regu la r con tac t w i th the vec to r—a vi tal t h r e a d in 

Bray 's web of causat ion—for t h e m c o m m o n l y to acqu i re infections. 

T h e i r susceptibili ty to infection would , therefore, be i r re levant . I f t he 

habi t s a n d hab i ta t s of the vector a n d t h e thicket ra ts m a t c h as closely 

as suggested, it is possible t ha t t he mosqui to would develop a degree of 

dependence on this pa r t i cu la r r a t as a source of blood, w h i c h would 

reinforce the association a n d further r educe the chances of o the r species 

of rodents becoming infected. 

I n K a t a n g a , where T.rutilans is absent , a n o t h e r thicket ra t , Gram-

* Killick-Kendrick, Otitoju and Lambo (unpublished observations) collected twelve nests 
of T.rutilans in plastic bags at Ilobi, Nigeria, and searched for mosquitoes resting during the 
day; none was found. 



momys surdaster,* is the p r inc ipa l roden t host of P.berghei. T h e dis t r ibu-

t ion of this r a t a n d its close relatives (Figure 7) is wider t h a n t h a t of 

T.rutilans, w i th wh ich the re is over lap , b u t n o w h e r e except in K a t a n g a 

has it been found infected wi th m a l a r i a parasi tes . Th i s suggests t h a t the 

dis t r ibut ion of P.berghei ( and P.v.vinckei) is restr icted by the l imited 

r ange of t he vector , A.d.millecampsi (F igure 3) . 

A l t h o u g h less is known of the behav iou r of G.surdaster t h a n of 

T.rutilans, t he wider d is t r ibut ion of t he former species a n d its relatives 

of the dolichurus g roup , a n d thei r abil i ty to thr ive in m a n y var ied 

hab i ta t s except h igh forest ind ica te t h a t thicket rats of the dolichurus 

g r o u p ( including G.surdaster) a re less specialized t h a n T.rutilans. Th i s is 

suppor t ed by the few observat ions on its behav iou r discussed by Genest-

Vi l la rd (1972) a n d K i n g d o n (1974). Like T.rutilans, it is ma in ly 

a rborea l , b u t since it is c o m m o n l y t r a p p e d on the g round , its r a n g e of 

m o v e m e n t wi th in t he h a b i t a t is p r e sumab ly wider t h a n t h a t of 

T.rutilans. I t has a g rea te r to le rance to d r y condit ions, a n d tends to 

select a s t r a t u m of forest be low t h a t of T.rutilans (Figure 6) . Nests of 

G.surdaster a re s imilar to those of T.rutilans, b u t it also builds in t ree 

holes or the holes of o the r rodents , or it renovates b i rds ' nests. Un l ike 

T.rutilans, the var iab le t empe ra tu r e s in t he h a b i t a t d o no t m a k e it 

* G.surdaster is called Thamnomys dolicurus or G.dolicurus by some workers (e.g. Genest-
Villard, 1972; Kingdon, 1974). T h e taxonomy of thicket rats is in a state of flux (Rosevear, 
1969) and revision is overdue. I use here the name to which murine malariologists are 
accustomed. 
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Wetter Drier 

Figure 6. The vertical distribution of Thamnomys, Grammomys, Thallomys and Oenomys in their 
forest habitats in relation to rainfall (Kingdon, 1974). 
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Figure 7. T h e geographical distribution of the G.dolicurus group of thicket rats (Kingdon, 
1974), of which G.surdaster is a part. 

necessary for G.surdaster regular ly to w a r m itself in the nest, a n d its 

abil i ty to control its body t e m p e r a t u r e is, therefore, m o r e efficient t h a n 

t h a t of the o the r thicket ra t . 

I n K a t a n g a , the less specialized behav iour of G.surdaster, in com-

par ison wi th t h a t of T.rutilans elsewhere, wou ld p re sumab ly p rov ide a 

wider r ange of oppor tuni t ies for con tac t be tween forest ra ts a n d t h e 

vector of m u r i n e m a l a r i a parasi tes . Th i s looser fit be tween the habi t s 

of t he r a t a n d the mosqui to suggests t ha t in K a t a n g a the whole 

biocenose is less specialized t h a n in the lowland localities. T h e idea is 

suppor ted by the wider r ange of ve r t eb ra te hosts of P.berghei in the 

h igh land locality. O n e r a t o the r t h a n G.surdaster wh ich is no t u n -

c o m m o n l y infected, P.jacksoni, is an unspecial ized highly successful 

roden t which inhabi t s b o t h the floor a n d h igher levels of the forest. I f 

A.d.millecampsi is the only anophe l ine in K a t a n g a which t ransmi t s 

P.berghei, it is clearly no t restr icted to feeding u p o n only one species of 
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rodent , a n d its b i t ing activity wou ld no t necessarily be l imited to one 

level above the g r o u n d . 

Al though too little is known of the biology of thicket rats for thei r 

roles as hosts of ma la r i a parasi tes to be fully unders tood , e n o u g h has 

been revealed to i l lustrate t h a t the re are fundamen ta l differences in the 

physiology, behav iou r a n d hab i t a t s of the two pr inc ipa l hosts in 

lowland a n d h igh land localit ies; the a p p a r e n t similarities of the ecology 

of the hosts of m u r i n e ma la r i a parasi tes in the two kinds of h a b i t a t a re 

clearly no more t h a n superficial. T h e most no tab le differences a r e : 

1. t he h u m i d i t y of the hab i t a t ; 

2. t he selected s t r a t u m of forest; 

3. the responses to noc tu rna l falls in t e m p e r a t u r e ; 

4. t he selection of nest ing sites ; 

5. degrees of specialization to a wood land hab i t a t . 

All these factors great ly affect the activities a n d behav iour of the two 

rats a n d the i r points of con tac t w i th t he sylvatic mosqui toes wh ich a re 

the vectors. F r o m the differences in the behav iou r of the two m a i n 

ve r t ebra te hosts in the two groups of localities, it seems p r o b a b l e t h a t 

the vector in t he lowland places has a restr icted preference for feeding 

on thicket ra ts a lone, b u t in t h e h igh l and locali ty t he vector add i -

t ionally feeds on o ther rodents . 

C. Evolution of Murine Malaria Parasites 

/. Origins 
M o d e r n species of parasi tes can be t h o u g h t of as hav ing arisen in one 

of two pr inc ipa l ways. Some seem to be " h e i r l o o m s " wh ich h a v e 

evolved from parasi tes of the ancestors of the m o d e r n hosts, the evolu-

t ion of wh ich has been a c c o m p a n i e d by speciat ion of the parasi tes . A n 

example is the vivax g r o u p of ma la r i a parasi tes of m a n , apes a n d 

macaques ; the stock from which the present species arose is t h o u g h t to 

have been a paras i te of a c o m m o n p r i m a t e ancestor (Peters et al., 1976). 

O t h e r species a p p e a r to h a v e been acqu i red as "gif ts" from a n o t h e r 

an ima l shar ing the same hab i t a t . O n c e received, t he "gif t" may , for 

ecological or o ther reasons, become separa ted from the stock from which 

it came, a n d then evolve in to a form recognizably different from the 

parasi te from which it or ig ina ted . P.brasilianum, t h e q u a r t a n m a l a r i a 

parasi te of Neot rop ica l monkeys , is a n e x a m p l e ; i t is t h o u g h t to h a v e 

c 
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arisen from P.malariae of m a n taken to the N e w W o r l d d u r i n g the 

E u r o p e a n conquest of La t in Amer ica (Coa tney et al., 1971). 

I t seems more likely t h a t the m u r i n e ma la r i a parasi tes have evolved 

from gifts r a t h e r t h a n from heir looms. T h e pr inc ipa l reason for sup-

posing this is t ha t ma la r i a parasi tes a re u n k n o w n in the Cr ice t idae from 

which the M u r i d a e a re t hough t to have evolved as recent ly as the 

Miocene (Figure 8) . Cricetids themselves p robab ly b r a n c h e d off from 

P a l e o c n 
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Figure 8. Wood's (1959) suggested phylogeny of the families of rodents; families in which one 
or more genera of rodents are known to be hosts of malaria parasites are shown in bold type. 
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ne ighbour ing lines some t ime in t he Eocene , the t ime w h e n it is 

believed t h a t m a m m a l i a n ma la r i a parasi tes first arose (reviewed by 

G a r n h a m , 1966). Since t he only families of rodents o the r t h a n M u r i d a e 

to h a r b o u r m a l a r i a parasi tes (Sciur idae in par t s of Asia, a n d A n o m a -

lu r idae a n d Hys t r ic idae in Africa) a re phylogenet ical ly d is tant from 

M u r i d a e (Figure 8) , the re is n o evidence to suggest t h a t t h e m u r i n e 

ma la r i a parasi tes evolved from " h e i r l o o m s " inher i ted from the 

ancestors of mur ids . 

I f t he m u r i n e parasi tes were indeed acqu i red as one or m o r e "gifts", 

it is possible to suggest several ways by which this migh t h a v e h a p p e n e d 

by looking a t t he plasmodi ids of o the r m a m m a l s . A speculat ive t ree 

showing possible evolu t ionary p a t h w a y s of ma la r i a parasi tes of 

m a m m a l s in re la t ion to thei r m o d e r n dis t r ibut ion a n d the k n o w n or 

p re sumed habi ts of the vectors is shown in F igure 9. T h e subgenus 

Laverania is excluded from the t ree because of its str iking differences in 

several ways from t h e o the r two subgenera of m a m m a l i a n m a l a r i a 

parasi tes, Plasmodium a n d Vinckeia; Laverania, wi th only two species, 

P.falciparum of m a n a n d P.reichenowi of African apes, p r e s u m a b l y arose 

Plasmodium of 
white-toiled deer 

A M E R I C A S 
Plasmodium of 

Neotropical monkeys 

Plasmodium 
bubo/is 

(water buffalo) 

V 
Sw 

Plasmodium 
traguli 

(chevrotain ) 

Plasmodium of 
thicket rats 

\ \ \ 

Plasmodium of J » < 
lemurs \ \ 

Ar I 
/ ι 

Plasmodium ^ 
' anomalures 

Plasmodium /\c 
sandoshami 

(colugo) 

Ar 

' Plasmodium / 
atheruri / 

(Porcupine)^ ' ' 

Plasmodium 
of modern bats 

AFRICA 

Figure 9. Speculative tree of the evolution of malaria parasites of mammals (subgenera 
Plasmodium and Vinckeia only) in relation to (i) the present continental distribution of the 
parasites and (ii) the habitats of the anopheline vectors. G, cavernicolous ; Sy, sylvatic; 
Ac, acrodendrophilic; Ar, arboreal; Sw, swamps. Rodent hosts are shown in bold type. 

Dotted lines indicate three possible evolutionary origins of murine malaria parasites. 
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in Africa relatively recent ly and , since the u l t ras t ruc tu re of its g a m e t o -

cytes appears to be closer to t h a t of av ian r a t h e r t h a n o ther m a m m a l i a n 

plasmodi ids (Sinden et al., 1978), it p e rhaps evolved separate ly from the 

subgenera Plasmodium a n d Vinckeia. 

I n the evolut ionary t ree , bats a re assumed to be the m a m m a l s in 

which the genus Plasmodium first became established. Reasons for this 

a r e : 

1. the compara t i ve an t iqu i ty of bats ; 

2. the m o d e r n diversity of ma la r i a parasi tes sensu lato in ba ts (Plas-

modium, Hepatocystis, Nycteria a n d Polychromophilus; see G a r n h a m , 

1966); 

3. the migra to ry habi t s of bats which could have led to a dispersal 

of ancestra l forms of Plasmodium; 

4. the c o m m o n cavernicolous habi ts of bats which could b r ing t h e m 

in to close contac t wi th specialized mosquitoes (A.caroni a n d 

A.hamoni a re m o d e r n examples) in a closed hab i t a t . 

T h e r e is no evidence to suggest in which cont inen t an ances t ra l 

ma la r i a paras i te could have arisen in bats . However , t he ra r i ty of 

haemopro te ids in N o r t h a n d Sou th Amer i ca suggests t h a t the event took 

place no earl ier t h a n the separa t ion of N o r t h a n d Sou th Amer i ca d u r i n g 

the cont inen ta l drift; the presence of m a n y species of m a m m a l i a n 

m a l a r i a parasi tes in bo th Africa a n d Asia points to the per iod w h e n 

these cont inents formed a more c o m p a c t l and mass t h a n a t present . 

I n t he evolu t ionary tree (Figure 9) the key factors de t e rmin ing the 

relat ive positions of the parasi tes a re the geographica l d is t r ibut ion a n d 

relat ive ages of the m a m m a l i a n hosts, a n d the habi t s of the vectors. E a c h 

set of m a m m a l - p a r a s i t e - m o s q u i t o consti tutes a discrete biocenose 

which is p r e s u m e d to form an evolu t ionary uni t . W h e n the h ab i t a t of 

two m a m m a l s is par t ia l ly shared (e.g. ba ts a n d porcupines or the colugo 

a n d Asian squirrels) , it is easy to imag ine the parasi tes of one ga in ing 

a foothold in the o ther . A n o t h e r means of spread could be by mosquitoes 

wi th unspecial ized hab i ta t s wh ich could, for example , ca r ry a paras i te 

of a n ac rodendroph i l i c* m a m m a l to ano the r wi th a less specialized 

a rborea l hab i t a t . O n c e established in a new ve r t eb ra te host, t r ans -

mission migh t t hen be by a second mosqui to in close con tac t wi th t he 

* Acrodendrophily is a term first used by Garnham et al. (1945) to describe the "tendency 
that is shown by certain sylvan mosquitos for haunting tree-tops". 
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newly infected m a m m a l , a n d a new evolu t ionary uni t wou ld thus be 

formed. 

W i t h these principles in mind , th ree possible routes of evolut ion of 

m u r i n e ma la r i a parasi tes present themselves. These possibilities a r e no t 

mu tua l ly exclusive and , indeed , if more t h a n one h a d occur red it could 

explain the existence of the th ree groups of m o d e r n m a l a r i a parasi tes 

of thicket ra ts . O f the three routes , t h a t from ma la r i a parasi tes of ba ts 

t r ansmi t t ed by cavernicolous mosqui toes seems the least likely. T h e r e 

a re no str iking morphologica l similarities be tween m o d e r n plasmodi ids 

of bats a n d thicket ra ts , a n d a cavernicolous h a b i t a t does no t closely 

over lap an a rborea l one . T h e la t ter po in t is also a n a r g u m e n t against 

the evolution of parasi tes of thicket ra ts from the stock which gave rise 

to P.atheruri of the African brush- ta i led po rcup ine . I n this ins tance , 

however , the re are some no tab le morphologica l similarities be tween 

P.atfaruri w h e n established in mice a n d P.berghei g r o u p parasi tes in the 

same animals . T h e erythrocyt ic stages of b o t h have a predi lect ion for 

i m m a t u r e red cells, a n d the only str iking differences a re in the size of 

m a t u r e schizonts a n d the n u m b e r of merozoites to which they give rise 

(personal observa t ion) . P.atheruri in mice reta ins the small size of 

schizonts a n d low n u m b e r of merozoites so typical ly seen in the blood 

of porcupines . Cross - immuni ty tests, however , po in t to a closer re la t ion-

ship be tween P.atheruri a n d P.chabaudi t h a n be tween P.atheruri a n d the 

o the r m u r i n e m a l a r i a parasi tes . M i c e which h a d recovered from 

infections of P.atheruri were shown to h a v e no pro tec t ion against 

P.berghei. T h e only m u r i n e ma la r i a paras i te conferring i m m u n i t y 

against P.atheruri in mice was P.chabaudi (Cox, 1970). O n morphologica l 

evidence, therefore, it could be c la imed t h a t the P.berghei g r o u p evolved 

from the stock which gave rise to P.atheruri, b u t on immunolog ica l 

g rounds it could be suggested t h a t P.chabaudi arose in this way . Such 

cross- immuni ty studies, however , a re p r o b a b l y of little he lp in deter-

min ing evolu t ionary relat ionships since the i m m u n e response to 

P.chabaudi protects against a wide r ange of in t rae ry throcy t ic parasi tes , 

some of which are clearly no t phylogenet ical ly close to P.chabaudi (see 

C h a p t e r 7). 

T h r e e species of ma la r i a parasi tes are k n o w n in African anomalu res 

(Kil l ick-Kendrick, 1973b), a compara t ive ly old g r o u p of an imals 

which, a l though superficially resembl ing flying squirrels, a re in 

reali ty so different from t h e m t h a t W o o d (1955) r emoved the 

anomalures from the suborder S c i u r o m o r p h a a n d g rouped t h e m in a 
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suborder of their own ( T h e r i d o m y o m o r p h a ) . Anomalu re s a re special-

ized a rborea l rodents which never normal ly come to g r o u n d . T h e vector 

or vectors of their ma la r i a parasi tes a re u n k n o w n bu t , because t he 

ve r t ebra te hosts feed in the forest c anopy a t n ight , t he inve r t eb ra t e 

hosts a re p r e sumab ly anophe l ine mosqui toes wi th noc tu rna l , ac roden-

drophi l ic habi ts . Such mosquitoes migh t well h a v e car r ied ma la r i a 

parasi tes from anomalu res to o ther a rborea l rodents such as thicket 

rats . O n e a n o m a l u r i n e m a l a r i a paras i te , P.landauae, gives rise to a p ink 

flush, b u t no st ippling, of infected erythrocytes (Kil l ick-Kendrick, 

1973b), a r a r e effect otherwise seen only in infections of P.chabaudi. Th i s 

s imilari ty is, however , too slender evidence to pos tu la te t h a t P.chabaudi 

b r a n c h e d off the evolut ionary line of P.landauae. 

T h e th ree possible routes by wh ich the m u r i n e m a l a r i a parasi tes 

migh t h a v e evolved, as shown in F igure 9, a re no m o r e t h a n suggestions 

based on slim, sometimes cont radic tory , evidence. I t m a y become 

possible to m a k e m o r e confident speculat ions w h e n the comple te life 

cycles a n d vectors of the ma la r i a parasi tes of bats , t he brush- ta i led 

po rcup ine a n d anomalu res a re known . Since exoerythrocyt ic schizogony 

is assumed to be a pr imi t ive p a r t of the life cycle of p lasmodi ids 

( G a r n h a m , 1966), compar isons of these tissue stages m a y reveal 

unsuspected affinities be tween the m u r i n e ma la r i a parasi tes a n d o the r 

species from the ancestors of wh ich they m a y have b r a n c h e d . 

For completeness, possible evolut ionary pa thways of Plasmodium 

species of all groups of m a m m a l s a re shown in F igure 9. T h e r e has been 

m u c h speculat ion on the evolut ion of t he m a l a r i a parasi tes of p r imates 

inc lud ing m a n , some believing they arose in Asia, while o the r s—no 

d o u b t influenced by the homino id fossils recent ly discovered in Africa— 

th ink the parasi tes m o r e p r o b a b l y arose in Africa as m a n himself 

evolved. T h e two hypotheses a re discussed by Peters et al. (1976), a n d 

this is no t the p lace to consider t h e m in g rea t detai l . I n the t ree, it is 

assumed t h a t p lasmodi ids of Asian p r imates (notably the un ique ly 

Asian P.pitheci g r o u p parasi tes of apes which are u n k n o w n in Africa) 

were a u g m e n t e d as a result of migra t ions of infected p r imates from Africa 

and , in new habi ta t s , the in t roduced parasi tes u n d e r w e n t an evolu-

t ionary burs t resul t ing in t he richness of species seen in Asia today . I n 

addi t ion , it is he re somewha t a rb i t ra r i ly assumed t h a t the m a l a r i a 

parasi tes of m a n evolved in Africa. 

F r o m the g roup ing of the species of ma la r i a parasi tes of m a m m a l s in 

F igure 9, those a t present classified in the subgenus Vinckeia (all except 
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t h e parasi tes of pr imates) do not fall na tu ra l ly in to places suggesting 

subgener ic affinities. Th is reinforces the wri ter ' s view t h a t Vinckeia is not 

a coherent phylogenet ic t axon (see p . 3) . 

2. Speciation and subspeciation 
T h e r e can be no d o u b t t h a t there are different selective pressures in 

different localities of sufficient force to influence speciat ion a n d sub-

speciation of the m u r i n e ma la r i a parasi tes . 

Morpholog ica l a n d o ther similarities be tween P.berghei a n d P.yoelii 

suppor t the not ion t h a t one evolved from the o ther compara t ive ly 

recently. P.yoelii has by far the g rea te r geographica l r ange , wh ich 

suggests t ha t P.berghei arose from P.yoelii in response to t he selective 

pressures in t he K a t a n g a n hab i t a t wh ich a re clearly different from 

those in the lowland localities. I n t he la t ter places, va ry ing degrees of 

geographica l isolation a p p e a r to have resulted in subspeciat ion of 

P.yoelii. 

F r o m the little t ha t is known of P.v.vinckei of K a t a n g a , only two 

isolations of which have ever been m a d e , there is no evidence to suggest 

t ha t this paras i te should, like its sympat r i c p a r t n e r P.berghei, be con-

sidered as a species separa te from re la ted popula t ions of P.vinckei in the 

lowland localities. P re sumab ly speciat ion of P.vinckei of K a t a n g a has not 

r eached the same poin t as P.berghei, in spite of the clear differences in 

selective pressures be tween the h igh land a n d lowland localities. 

T h e superficial similarities in the morpho logy of the blood stages of 

P.vinckei a n d P.chabaudi could be taken as evidence of a close re la t ionship 

be tween the two, a n d it is possible t ha t one b r a n c h e d off from an 

ancestra l form of the o ther . T h e a p p a r e n t similarity, however , is far 

from as obvious as t h a t which is seen be tween P.berghei a n d P.yoelii, a n d 

the separa te specific status of P.chabaudi a n d P.vinckei is no t in d o u b t . As 

wi th P.yoelii a n d P.vinckei, t he geographica l ly defined popu la t ions of 

P.chabaudi, of wh ich only two are present ly known, are considered to be 

correct ly classified as subspecies. 

IV. SUMMARY AND CONCLUSIONS 

Cricetid rodents , from the stock of wh ich the M u r i d a e a re t h o u g h t to 

have evolved, a p p e a r no t to be na tu ra l ly infected wi th m a l a r i a p a r a -
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sites. I n addi t ion , the m u r i n e rodents wh ich are hosts of m a l a r i a 

parasi tes a re phylogenet ical ly d is tant from all o the r rodents in wh ich 

ma la r i a parasi tes have been recorded . F r o m this it is assumed t h a t the 

four species of ma la r i a parasi tes of m u r i n e rodents south of the S a h a r a 

desert evolved from t h e ancestors of t h e m o d e r n ma la r i a parasi tes of 

African bats , the African brush- ta i led po rcup ine or anomalu res . Ear ly 

m u r i n e rodents p re sumab ly became infected w h e n they c a m e in to 

contac t wi th the vectors of the o the r parasi tes a n d new evolut ionary 

units of ve r t eb ra t e -pa ra s i t e - i nve r t eb ra t e h a v e evolved. 

F r o m the geological history of Africa a n d the present d is t r ibut ion of 

the m u r i n e ma la r i a parasi tes, t he Congo Basin seems the most likely 

place for the precursors of the four m o d e r n species (P.berghei, P.yoelii, 

P.vinckei a n d P.chabaudi) to h a v e arisen. T h e present d is t r ibut ion of 

these parasi tes a t the pe r iphe ry of the Basin m a y h a v e been a conse-

quence of cl imatic events 75 000 to 25 000 years ago, w h e n the cent re 

of t he Basin is believed to h a v e become so a r id t h a t t h e forest dis-

a p p e a r e d . Present localities a re all in refuges in wh ich the sylvatic fauna 

a n d flora survived, a n d from wh ich they spread back to t he cen t re of 

the Basin w h e n changes in c l imate led to reforestation ; t he biocenoses 

of r o d e n t - m a l a r i a pa ras i t e -mosqu i to—as evolut ionary un i t s—appea r , 

however , not to h a v e become re-established in the p lace of the i r 

evolut ion. 

T h e r e a re ecological barr iers of va ry ing i m p o r t a n c e be tween the 

localities in which m u r i n e ma la r i a parasi tes h a v e been discovered. Such 

pa r t i a l or to ta l isolation is t hough t to h a v e led to speciat ion a n d 

subspeciat ion of t he P.berghei g roup , a n d subspeciat ion of P.vinckei a n d 

P.chabaudi. T h e r e a re reasons for supposing t h a t such developments a re 

in response to several known or suspected differences in selective 

pressures in the var ied localities. O f these, t he most clearly unders tood 

a re be tween the h igh land localities (in t he h ighlands of K a t a n g a ) a n d 

the lowland localities (in Wes te rn Niger ia , the Cen t ra l African R e -

publ ic , Brazzaville a n d the Repub l i c of C a m e r o u n ) . I n the lowland 

localities, where the pr inc ipa l ve r t eb ra te host is the shining thicket ra t , 

T.rutilans, t he re is evidence t ha t t he "f i t" be tween the r a t a n d the 

u n k n o w n vector or vectors is r e m a r k a b l y close. I n K a t a n g a , however , 

where t he pr inc ipa l ve r t eb ra te host is ano the r thicket r a t (G.surdaster), 

two o ther rodents a re also known to be infected a n d the re la t ionship 

be tween rodents a n d the vector (A.d.millecampsi) is looser. 

T h e r e a re obvious differences in c l imate be tween the h igh a n d low 
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localities. Rainfal l a n d a m b i e n t t e m p e r a t u r e a re a m o n g the most 

no tab le differences and , since these factors great ly influence the 

hab i ta t s of thicket rats a n d mosqui toes , a n d therefore thei r d is t r ibut ion, 

they a re considered as i m p o r t a n t selective pressures of g rea t influence 

in t h e two kinds of b io tope . I n addi t ion , t e m p e r a t u r e has a profound 

influence on the sporogonic deve lopmen t of ma la r i a parasi tes wh ich has 

resulted in a selection in the h igh lands of K a t a n g a of parasi tes able to 

u n d e r g o sporogony a t unusua l ly low t empera tu re s ( V a n d e r b e r g a n d 

Yoeli, 1964; V a n d e r b e r g et al., 1968). 

I n consider ing the zoogeography a n d evolut ion of the m u r i n e 

ma la r i a parasi tes , it is conc luded t h a t the recent revisions of t he 

t axonomy of t he m u r i n e m a l a r i a parasi tes , in wh ich P.yoelii was 

elevated from a subspecies of P.berghei a n d subspecific recogni t ion was 

given to geographical ly defined popula t ions of P.vinckei a n d P.chabaudi 

( L a n d a u et al, 1970; Ki l l ick-Kendr ick , 1974b, 1975; Ca r t e r a n d 

Wall iker , 1975, 1977), h a v e resulted in a t a x o n o m y which is no t only 

pract ica l , b u t wh ich also reflects the p r e s u m e d relat ionships be tween 

the species a n d subspecies of the parasi tes . 

Finally, it mus t be no ted t h a t the re is m u c h work to be done before 

it is possible satisfactorily to classify the m u r i n e ma la r i a parasi tes in such 

a way t h a t b o t h clear a n d subtle differences can be fully shown. I n 

par t icu la r , i t is h o p e d t ha t widespread surveys will be u n d e r t a k e n in 

Africa in a search for new enzootics, a n d steps will be taken to discover 

the vectors in the lowland localities. A full apprec ia t ion of t he 

epizootiology, zoogeography a n d evolut ion of t he m u r i n e ma la r i a 

parasi tes could well lead to a g rea te r u n d e r s t a n d i n g of o the r ma la r i a 

parasi tes, in pa r t i cu l a r those of m a n . 
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INTRODUCTION 

A. Historical Notes 

Discoveries concern ing the n a t u r e of the life cycles of the m u r i n e 

Plasmodium parasi tes in the l abora to ry h a v e been in t imate ly in te rwoven 

wi th the epidemiological investigations t ha t were be ing carr ied ou t in 

the field. T h e first step was Vincke ' s finding of ma la r i a sporozoites in 

the salivary g lands of Anopheles durent millecampsi in K a t a n g a in 1943. 

Examina t ion of the b loodmeals of these anophel ines showed t h a t most 
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of t h e m h a d fed on rodents . I n 1948 Vincke a n d Lips c a p t u r e d two 

infected Grammomys surdaster n e a r El izabethvi l le , a n d succeeded in 

t ransmi t t ing P.berghei V incke & Lips, 1948 from t h e m to whi te rats a n d 

whi te mice by the inocula t ion of blood. Subsequent ly Vincke m a d e 

n u m e r o u s isolations of the same paras i te from the salivary g lands of 

A.d.millecampsi and , in 1952, a second species, P.vinckei vinckei R o d h a i n , 

1952, was found in a whi te mouse t h a t h a d been inocula ted wi th the 

salivary glands of one of these insects. 

I n 1964 Yoeli et al. ob ta ined the l abora to ry transmission of P.berghei 

t h r o u g h the bite of Anopheles quadrimaculatus. Th i s success was achieved 

in several steps. 

1. Some 2300 A.d.millecampsi were cap tu red in K a t a n g a a n d t rans -

ferred in containers which were m a i n t a i n e d a t the same condi t ions 

of t e m p e r a t u r e (22°C) a n d relat ive h u m i d i t y (90%) as those in 

which the insects were found in N a t u r e . T h e sporozoites from these 

anophel ines were inocula ted in to a var ie ty of rodents . T h e strains 

after isolation were conserved b o t h by syringe passage a n d by 

freezing in l iquid ni t rogen. W i t h the isolates thus ob ta ined Yoeli 

a n d his colleagues were able to ascer tain t h a t t h e i ncuba t ion 

per iod of P.berghei in the roden t lay be tween 72 h a n d 8 

days. 

2. As it was found impossible to raise a colony of A.d.millecampsi in 

the l abora to ry the more readi ly h a n d l e d species A.quadrimaculatus 

was used for further transmission exper iments . A.quadrimaculatus 

were fed on mice tha t h a d been infected 3 days previously by 

sporozoite inocula t ion, a n d were t hen held a t 22°C. I n these 

mosquitoes r ipe oocysts were found on the e ighth d a y after the 

feed, a n d sporozoites were seen in thei r sal ivary glands on the 

th i r t een th day . Yoeli a n d his col laborators t hen succeeded in 

t r ansmi t t ing the infection from A.quadrimaculatus to Grammomys in 

w h i c h p a t e n t pa ras i t aemia was detec ted be tween 4 a n d 7 days 

after infection. However , the n a t u r e of the tissue schizonts of 

P.berghei could no t be de t e rmined on the basis of these first 

exper iments since, while oocysts were readi ly ob ta ined on the 

midguts of A.quadrimaculatus, few sporozoites i nvaded the sal ivary 

glands of the mosquitoes wh ich were held a t a t e m p e r a t u r e 

normal ly found to be sui table for the deve lopment of o the r 

m a m m a l i a n ma la r i a parasi tes . T h u s too few pre -e ry throcy t ic 
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schizonts were p r o d u c e d to be demons t r ab le on examina t ion of 

the roden t livers. 

3. T h e next s tep was only achieved after Yoeli, in the course of a 

visit to K a t a n g a , was s truck by the coolness of the gallery forest 

in wh ich A.d.millecampsi lives. A t t h a t a l t i tude , i.e. be tween 1000 

a n d 1700 m, the t e m p e r a t u r e never exceeds 21 to 22°C in the 

day t ime a n d falls to 18°C at n ight , even in the summer , whereas 

the m e a n d iu rna l t e m p e r a t u r e outs ide t he gal lery forest is in t he 

region of 29°C. Yoeli therefore decreased the t e m p e r a t u r e a t wh ich 

he held his A.quadrimaculatus to be tween 18 a n d 21°C t h r o u g h o u t 

the ent i re d u r a t i o n of sporogony, a n d thus for the first t ime 

succeeded in ob ta in ing massive infections in the sal ivary g lands . 

W h e n these were dissected a n d inocula ted in to l abora to ry rodents 

microscopically de tec tab le n u m b e r s of tissue schizonts developed 

in their livers. T h u s it was found t h a t P.berghei possesses a 

m a m m a l i a n type of pre-ery throcyt ic schizont wh ich develops 

wi th in the liver p a r e n c h y m a l cells, b u t ma tu re s wi th in a r emark -

ably short t ime (average, 50 h ) . 

These unusua l biological characteris t ics led to the belief, wh ich held 

sway for a long t ime , t h a t the K a t a n g a n roden t ma la r i a focus was u n i q u e , 

a n d t ha t these parasi tes could only survive in the very restr icted b io tope 

of the gallery forest, because of the l imitat ions set by the association 

be tween the roden t host a n d a vector species wh ich feeds a lmost 

exclusively on it. 

I n 1964 a n d 1965, in a different b io tope , n a m e l y the fringes of 

p r i m a r y rainforest in the Cen t r a l African R e p u b l i c a t a n a l t i tude of 

600 m a n d a m e a n t e m p e r a t u r e of 25°C, P.chabaudi chabaudi a n d 

P.yoelii yoelii were discovered ( L a n d a u a n d C h a b a u d , 1965). Th i s 

changed the s i tuat ion in t h a t i t could n o w be an t i c ipa ted t h a t t r ans -

mission of roden t ma la r i a could take p lace in condi t ions t h a t would be 

considered as n o r m a l for o the r species of m a m m a l i a n Plasmodium. I t was 

then shown by L a n d a u a n d Ki l l i ck-Kendr ick (1966) t h a t these two 

parasi tes were readily t r ansmi t t ed t h r o u g h mosqui toes a t 25°C, 

a l though the cycles were otherwise in most ways c o m p a r a b l e to t h a t of 

the K a t a n g a n P.berghei. Whi l e in t he K a t a n g a the major i ty of isolates 

were m a d e from wi ld -caught Anopheles, in the Cen t r a l African R e p u b l i c 

they were ob ta ined from the roden t host ( Thamnomys rutilans) in which 

the infection r a t e was found to a p p r o a c h 1 0 0 % . 
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Since t ha t t ime infected Thamnomys have been c a p t u r e d in o ther 

par t s of t ropical Africa, i.e. Congo Brazzavil le at 300 m a l t i tude ( A d a m 

et al., 1966), a n d in Niger ia at 100 m a l t i tude (Kil l ick-Kendrick, 1973). 

I n these cases too it has p roved possible to comple te the life cycle in the 

labora tory , sporogony tak ing place normal ly at 25°C. 

Figure 1. The life cycle of murine malaria (see text for explanation of numbers). 
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B. General Remarks on the Life Cycle 
T h e life cycle of the m u r i n e Plasmodium species is s u m m a r i z e d in 

F igure 1. Gametocy tes (1) a re ingested by the Anopheles mosqui to wi th 

a b loodmeal . I n the m i d g u t of t he mosqui to the mac rogame tocy te 

transforms in to the female (macro-) g a m e t e while the mic rogametocy te 

undergoes exflagellation (2), l ibera t ing ma le (micro-) gametes which 

fertilize the female gametes (3). Fer t i l izat ion is followed by the forma-

t ion of the moti le ookinete (4, 5) which passes t h r o u g h the m i d g u t wall . 

O n the ou te r side of the m i d g u t the ookinete develops in to an oocyst 

which ma tu res over a per iod of 8 to 15 days d e p e n d i n g u p o n the 

env i ronmenta l t e m p e r a t u r e (6 -9 ) . W h e n m a t u r e , the oocyst rup tu res 

(10) l ibera t ing sporozoites which move towards t he salivary g lands (11) 

Figure 2. Sporogony of P.y.yoelii in A.stephensi. (Fresh preparations in physiological saline.) 
(a) Immature four day oocyst, (b) Older developing oocyst, (c) Mature oocyst, (d) Sporozoites 

still attached to the blastophores following mechanical rupture of the oocyst. 
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Figure 3. Sections of tissue schizonts in liver (Carnoy fixation, Giemsa-colophonium staining). 
(a-c) P.y.yoelii rat at 36 h (a), 45 h (b) and mature schizont (c). (d-e) P.c.chabaudi. (d) Almost 
mature schizont in mouse, (e) Schizont in the liver of an albino rat (a host refractory to the 
blood stages but receptive to the tissue stages), (f-g) Plasmodium sp. Delayed schizonts found 

in hepatocytes of Thamnomys 8 months after capture. 

where they a c c u m u l a t e pr ior to be ing inocula ted in to ano the r roden t 

w h e n the mosqui to aga in feeds. 

T h e sporozoite (12) arrives via the b loods t ream to the liver whe re , 

in some so far u n k n o w n m a n n e r , it reaches the in ter ior of a hepa tocy t e 

in which it gives rise to the pre-erythrocyt ic schizont. Th i s schizont 
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matures some 42 to 72 h after the infective bi te (13A-15A) , releasing 

be tween 2000 a n d 20 000 merozoites in to the c i rcula t ion (16A). 

T h e merozoites en te r red b lood cells (17) in wh ich they u n d e r g o 

several cell divisions (18-21) to form schizozoites. These in t u r n i nvade 

further red cells a n d aga in u n d e r g o schizogony. A cer ta in n u m b e r of 

schizozoites develop in to gametocytes (1). Ki l l ick-Kendr ick a n d 

W a r r e n (1968) have shown t h a t merozoites formed in hepa t ic schizonts 

can develop direct ly in to gametocytes (22). 

T h e r e is, finally, a second type of hepa t i c schizont (13B-16B) tha t , 

accord ing to the hypothesis of L a n d a u et al. (1975), m a y be the u n d e r -

lying cause of relapses of pa ras i t aemia of P.yoelii (see p . 79). 

II. METHODS OF STUDY 

I n 1971 Ki l l ick-Kendr ick gave a deta i led accoun t of the majori ty of the 

techniques t h a t a re requ i red for t he isolation of roden t ma la r i a p a r a -

sites, their a d a p t a t i o n to l abora to ry hosts, thei r t ransmission a n d the i r 

s tudy. W e will therefore restrict ourselves to a n u m b e r of points t h a t 

mer i t stressing here . 

I t is often very difficult to define precisely t he o p t i m u m condi t ions 

t ha t will enable one to achieve the n o r m a l biological cycle wi th any 

degree of regular i ty . M a n y factors a re concerned a n d even a single 

strain h a n d l e d in a p p a r e n t l y ident ica l condi t ions in two laborator ies 

m a y behave qu i te differently. 

A. Isolation and Maintenance of Strains in the Laboratory 

Pet ter et al. (1964) descr ibed s imple techniques for b reed ing African 

rodents (in w a r m , h u m i d condi t ions) , wh ich open u p new oppor tuni t ies 

for the isolation, m a i n t e n a n c e a n d s tudy of m u r i n e ma la r i a parasi tes ; 

a t rans la t ion of the i r accoun t is given below. 

T h e rodents are p laced in couples in cages m a d e from a cubic 

metal l ic box, vo lume 11 litres, wh ich acts as thei r " d a y r o o m " , to which 

is a t t ached a cyl indrical con ta iner of 800 cc capaci ty , p laced hor i -

zontally a n d c o m m u n i c a t i n g wi th the m a i n cage via a hole which is 

jus t large enough for the rodents to pass. T h e cyl inder acts as a refuge. 

O n e side of the cage is fitted wi th a sheet of glass wh ich slides from 

bo t tom to top , a n d gives access to the inter ior . T h e b o t t o m is formed 
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by a r emovab le sheet on which food can be p laced on a bed of sawdust . 

T h e back of the cyl inder which is 10 to 11 c m in d i a m e t e r is formed 

of a " C h a u v a n c y " t r a p which serves as a readi ly de t achab le cover. By 

this means the condi t ion of the rodents can be checked at a n y t ime 

wi thou t d is turb ing t h e m , or they m a y be r emoved in o rder to measure 

t h e m . This p a r t of the cage contains wood shavings. 

Figure 4. A breeding cage for tropical rodents (after Petter et al., 1964). 

T h e m i n i m u m exchange of air t h a t is p r o d u c e d by the t ight fit of the 

whole assembly results in ideal condit ions of isolation a n d of relat ive 

humid i t y for the b reed ing of t ropica l rodents . T h e t e m p e r a t u r e of the 

an ima l room should be m a i n t a i n e d be tween 20 a n d 2 5 ° C ; serious 

fluctuations d u e to defects in the hea t ing in win te r or vent i la t ion in 

s u m m e r have not p r o d u c e d a n y a p p a r e n t consequences. A par t icu lar ly 

w a r m , h u m i d microc l imate is m a i n t a i n e d by the rodents in their nest. 

T h e shavings in the nest should normal ly be renewed weekly except 

w h e n the animals have p roduced a litter. T h e sawdust on the floor of 

the d a y r o o m should be rep laced once or twice a week. I t serves b o t h 

to absorb excess condensed h u m i d i t y a n d ur ine a n d acts therefore as a 

humid i t y ba lance . 

A n almost ident ical diet is p rov ided dai ly t h r o u g h o u t the yea r 

consisting of a small sliced app le (certain rodents , in p a r t i c u l a r 
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Lemniscomys, m a y complete ly ignore whole apples) , one or two mouse 

biscuits a n d a he lp ing of ge rmina t ed bar ley grains . I t is sometimes 

useful to a d d a little condensed milk to the diet of l ac ta t ing females. I t 

is unnecessary to provide dr ink ing wate r . 

T h e isolation of strains from wild rodents is m a d e relatively easy 

since the a lb ino mouse has so far p roved receptive to all m u r i n e 

p lasmodia . Pa t en t infections usually a p p e a r in the blood in less t h a n a 

week, b u t the p r é p a i e n t per iod in the first passage of P.v.lentum from 

wild Thamnomys to whi te mice m a y be as long as two weeks. A l though 

the whi te r a t a n d hams te r are na tu ra l ly recept ive only to P.berghei a n d 

P.yoelii, by splenectomizing the an imals Adler a n d Foner (1963) 

adap t ed P.v.vinckei to bo th these rodents . 

Whi le splenectomy is c o m m o n l y employed for a d a p t i n g Plasmodium 

to hosts which are no t na tu ra l ly recept ive, the re is no way of foretelling 

w h a t success m a y follow. A n a p p a r e n t l y close biological re la t ionship 

be tween the var ious roden t species t ha t are be ing used is no t essential 

for success. T h u s , for example , A d a m a n d L a n d a u (1969) a d a p t e d 

P.atheruri of the po rcup ine to Calomys (a Sou th Amer i can cricetid) a n d 

to the whi te mouse . P.berghei can be a d a p t e d to n u m e r o u s m a m m a l i a n 

species (Rodha in , 1953; Vincke et al., 1953; Cox, 1967). 

Β. Cyclical Transmission 

I t is difficult to prescr ibe a specific p rocedu re since paras i te strains vary 

considerably no t only from one l abora to ry to ano ther , bu t even wi th in 

a single l abora tory . Moreover , selection or muta t ions influencing, for 

example , the degree of virulence, or the t endency to p roduce grea ter or 

smaller n u m b e r s of gametocytes m a y appea r , necessitat ing at t imes 

modifications to the exper imenta l condi t ions. T h u s a s train t ha t is 

cyclically t r ansmi t t ed t h r o u g h a pa r t i cu la r vector a n d ve r t eb ra te host 

tends to become a d a p t e d to this system a n d m a y thus become an 

excellent exper imenta l model . O n the o the r h a n d , strains t ransmi t ted 

solely by con t inua l syringe passage eventual ly fail to p roduce g ame to -

cytes, a n d virulence often becomes enhanced . O t h e r procedures m a y 

also affect v i ru lence a n d result in a s train becoming difficult to t r ansmi t 

cyclically. Yoeli et al. (1975) give the example of a line of a normal ly 

avirulent s train of P.yoelii t h a t b e c a m e hyperv i ru len t after cryo-

preservation a n d t h a w i n g to p r o d u c e fu lminat ing infections a n d d e a t h 

of white mice after an infection of only 3 or 4 days . 



Table I 

Optimal conditions to ensure cyclical transmission of rodent Plasmodium 

Best days of 

blood-induced Best Days 

Suitable gametocyte infections for temperatures glands 

carriers other than mosquitoes to Suitable laboratory Unsuitable laboratory for sporogony first 

Parasite natural hosts be fed mosquitoes mosquitoes (°G) invaded 

P.berghei Some strains of white 4-5 A.stephensi A.albimanus 19-21 14 

(Katanga) mice, white rats, A.l.atroparvus Aedes aegypti 

hamsters, muskrats A.annulipes Culex salinarius 

A.gambiae A?B 

A.aztecus 

A. quadrimaculatus 

P.y.yoelii Mice, white rats, 4-5 A.stephensi A.l.atroparvus 24 9 

(GAR) hamsters A.sundaicus A.b.balabacensis 

A. quadrimaculatus 

P.y.killicki Mice, white rats 3-6 A.stephensi 22-24 10 

(Brazzaville) 

P.y.nigeriensis Mice, white rats 3-10 A.stephensi 24 9 

(Nigeria) 

Table I 

Optimal conditions to ensure cyclical transmission of rodent Plasmodium 

Best days of 
blood-induced Best Days 

Suitable gametocyte infections for temperatures glands 
carriers other than mosquitoes to Suitable laboratory Unsuitable laboratory for sporogony first 

Parasite natural hosts be fed mosquitoes mosquitoes (°G) invaded 

P.berghei Some strains of white 4-5 A.stephensi A.albimanus 19-21 14 
(Katanga) mice, white rats, A.Latroparvus Aedes aegypti 

hamsters, muskrats A.annulipes Culex salinarius 
A.gambiae A?B 
A.aztecus 
A. quadrimaculatus 

P.y.yoelii Mice, white rats, 4-5 A.stephensi A.Latroparvus 24 9 
(GAR) hamsters A.sundaicus A.b.balabacensis 

A. quadrimaculatus 
P.y.killicki Mice, white rats 3-6 A.stephensi 22-24 10 
(Brazzaville) 
P.y.nigeriensis Mice, white rats 3-10 A.stephensi 24 9 
(Nigeria) 



P.v.vinckei Splenectomized 4-8 A.stephensi A.gambiae 20-21 13 
(Katanga) or hairless mice A.albimanus 

A. quadrimacula tus 
A.l.atroparvus 

P.v.lentum Hybomys univittatus 5 A.stephensi 24-25 10 
(Brazzaville) 
P.v.brucechwatti Mice, multimammate 10 A.stephensi A.stephensia 24-26 13 
(Nigeria) rats A.l.atroparvus" 

A. quadrimaculatus" 
A.gambiaeb 

P.v.petteri Mice A.stephensi 24-26 11 
(CAR) 
P.c.chabaudi Mice, multimammate 10-18 A.stephensi A.aztecus 26 10 
(CAR) rats A.freeborni 

A.sundaicus 
P.c.adami Mice A.stephensi 24-26 11 
(Brazzaville) 

β At 23-25°C sporozoites which were never infective first invaded the salivary glands of these mosquitoes on the twelfth day of infection 
(Killick-Kendrick, 1970). 

* Insusceptible. 
Modified from Killick-Kendrick (1971). 
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A m o n g the factors influencing cyclical t ransmission the following a re 

the most i m p o r t a n t : 

1. vector species: A.stephensi appears to be the best exper imenta l 

vector for m u r i n e ma la r i a paras i tes ; 

2. op t ima l t e m p e r a t u r e for sporogony: the p r i m a r y i m p o r t a n c e of 

this factor was demons t ra t ed by V a n d e r b e r g a n d Yoeli (1965, 

1966) a n d Yoeli (1965); 

3. con t amina t i ng infections: Eperythrozoon a n d Haemobartonella in the 

ve r t ebra te (Peters, 1963), a n d viruses or microspor id ia in t he 

inver tebra te host tend , in genera l , to inhibi t deve lopment of the 

ma la r i a parasi tes (see C h a p t e r 7) ; 

4. choice of ve r t eb ra t e host : this will depend on the type of s tudy 

requi red , e.g. 

G.surdaster—parasitaemia is rap id ly l e tha l ; 

G.surdaster ( Ippy s t r a in )—the blood infection is m u c h less 

intense a n d m a y last a long t ime (up to 6 months) ; 

Hybomys univittatus ( the one-str iped ra t )—th i s species is very easy 

to breed a n d hand le . T h e level of blood infection is h igh wi th 

the early p roduc t ion of gametocytes t ha t a re readi ly infective 

for mosqui toes ; 

Mastomys natalensis—produces a low g rade pa ras i t aemia bu t 

wi th a h igh p ropor t ion of gametocytes ; 

Ondatra zibethica ( the musk r a t ) — a large a n i m a l t h a t is highly 

receptive to P.berghei (Wellde et al., 1966). 

T a b l e I summar izes the pr inc ipa l factors influencing cyclical 

transmission, inc lud ing the ve r t eb ra te a n d inver teb ra te host pairs t h a t 

best favour transmission. 

C. Differential Criteria for Species and Subspecies 

T h e morphologica l descript ion of the blood stages of roden t Plasmodium 

is often an i n a d e q u a t e means of dist inguishing t h e m . O t h e r stages or 

factors re la ted to the comple te life cycle m a y h a v e to be taken in to 

considerat ion such as : 

1. the ra te of m a t u r a t i o n of exoerythrocyt ic schizonts : L a n d a u a n d 

Ki l l ick-Kendr ick (1966) a n d L a n d a u et al. (1970) used this 

cri terion to distinguish be tween P.y.yoelii a n d P.berghei a n d 

be tween P.v.lentum a n d P.c.chabaudi, respectively (see F igure 5) ; 
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Hours after single intravenous inoculation of sporozoites 

Figure 5. T h e rate of growth of the pre-erythrocytic schizonts of five subspecies of rodent 
plasmodia. 1, P.y.yoelii; 2, P.y.killicki; 3, P.berghei; 4, P.c.chabaudi; 5, P.v.lentum (Landau et al., 

1970, reproduced by permission of the editors, Annals of Tropical Medicine and Parasitology). 

2. op t ima l t e m p e r a t u r e at wh ich infective sporozoites a re o b t a i n e d ; 

3. m e a n d i a m e t e r of m a t u r e oocysts (see T a b l e I I ) ; 

4. m e a n leng th of salivary g land sporozoites (see T a b l e I I ) ; 

5. b iochemical cr i ter ia . 

T h e add i t ion of isoenzyme charac te r iza t ion to the classical cr i ter ia 

has p roved ext remely va luab le in separa t ing a n d identifying var ious 

strains of Plasmodium (see C h a p t e r 5) . 
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III. DIAGNOSES AND LIFE CYCLES OF MURINE 
MALARIA PARASITES 

A. P.berghei—P.yoelii Complex 

T h e species of the berghei complex have the following charac ters : 

1. t rophozoites show a predi lect ion for reticulocytes in the circulat ion ; 

2. t he exoerythrocyt ic cycle is of short d u r a t i o n (under 50 h) ; 

3. sporogony is relatively r ap id (on average 9 days) ; 

Table II 

Comparison between the sizes of mature oocysts and the sporozoites 

of 10 subspecies of rodent plasmodia 

M e a n d i a m e t e r o f 

fresh m a t u r e oocysts 

(μ™) 

M e a n l e n g t h o f 

sporozoi tes in dr ied 

preparat ions 

(μιη) 

P.berghei 37° 11* 

P.y.yoelii 75° 1 4
e 

P.y.killicki 60° 1 4
d 

P.y.nigeriensis 6 0
d 

16-7
d 

P.v.vinckei 4 0
d 

1 5
d 

P.v.lentum 4 7 / 21' 

P.v.petteri 5 0
e 

1 6 - 2
e 

P.v.brucechwatti 5 4 ' 14-7' 

Px.chabaudi 75* 1 3
e 

P.c.adami 51" l l - 6
f t 

a
 See Killick-Kendrick (1974). b
 See Garnham (1966). c
 See Landau and Killick-Kendrick (1966). d
 See Killick-Kendrick (1973). e
 See Carter and Walliker (1975). 
' S e e Landau etat. (1970). 
• See Killick-Kendrick (1975). Λ
 See Carter and Walliker (in press). 
Modified from Landau et at. (1970). 
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4. the r a t a n d hams te r a re na tu ra l ly recept ive to t he b lood stages ; 

5. the isoenzymes have character is t ic e lectrophoret ic mobili t ies. 

T h e two species of the complex , P.berghei a n d P.yoelii, a re indist in-

guishable on the basis of the morpho logy of the blood stages b u t a re 

readi ly separa ted by a n u m b e r of o the r charac te rs such as those of the 

sporogonic a n d exoerythrocyt ic stages, a n d their isoenzymes (Tab le 

I I I , p . 14). 

T h e following descriptions of the m e m b e r s of t he P.berghei-P.yoelii 

complex a re r ep roduced wi th m i n o r modifications from those of 

Ki l l ick-Kendr ick (1974). 

7. P.berghei Vincke 8 Lips, 1948 
a. Sporogonic stages. Exflagellation of microgametes takes 10-15 min a t 

27°C. T h e microgametes measu re a b o u t 15 μπι in length ( G a r n h a m , 

1966). T h e o p t i m u m t e m p e r a t u r e of sporogony is typical ly 1 8 - 2 1 ° C ; a t 

less t h a n 16°C or m o r e t h a n 24°C sporozoites a re e i ther no t formed or 

have a low infectivity ( V a n d e r b e r g a n d Yoeli, 1965, 1966). T h e 

ookinetes are shaped like a t ape r ing b a n a n a wi th one b l u n t end a n d 

measure 10-12 μπι in length ( G a r n h a m , 1966). T h e p i g m e n t in 

3-day-old oocysts is in 1 or 2 curved lines (Yoeli, 1965). T h e m e a n 

d i ame te r of unsquashed m a t u r e oocysts is typically less t h a n 45 μπι 

( R o d h a i n et al., 1955; Yoeli a n d Most , 1960; G a r n h a m , 1966; 

L a n d a u a n d Ki l l ick-Kendr ick , 1966) a n d sporozoites in s ta ined 

p repa ra t ions of salivary g lands of A.d.millecampsi measu re 11-12 μπι 

( G a r n h a m , 1966). I n similar p repa ra t ions from exper imenta l ly infected 

A.stephensi t he m e a n length of sporozoites of l ine R L L of s t ra in SP11 is 

10-90 ± s . e . 0-22 μπι, a n d of A N K A strain, 12-04 ± s . e . 0-16 μπι 

(Ki l l ick-Kendrick, 1973). 

b. Exoerythrocytic stages. I n t h e liver of t he whi te r a t t h e m i n i m u m 

m a t u r a t i o n t ime is typical ly no t less t h a n 50 h (Yoeli, 1965; Wéry , 

1968). T h e m e a n d i ame te r of tissue forms of s train N K 6 5 (from the type 

locality) is 9 μπι a t 30 h, 14 μπι a t 36 h , 24 μπι a t 4 5 \ h a n d 26 μπι 

a t 5 0 \ h ( L a n d a u a n d Ki l l ick-Kendr ick , 1966). Est imates of the 

number s of merozoites p r o d u c e d in t he whi te r a t a re from 4000 ( L a n d a u 

a n d Ki l l ick-Kendr ick , 1966) to 5000-8000 (Yoeli et al., 1966). I n 

G.surdaster the m e a n d i ame te r of m a t u r e forms is la rger (38-57 μπι) a n d 
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t h e es t imated n u m b e r of merozoites is 10 0 0 0 - 1 8 0 0 0 ; in whi te mice 

a n d hamsters the size is 24-27 μηι a n d the merozoi te n u m b e r has been 

es t imated a t 1500-2000 (Yoeli et al., 1966). T h e nuclei of infected 

p a r e n c h y m a l cells a r e no t en larged (Yoeli, 1965). 

c. Blood stages (Garnham, 1966). T h e early infections in whi te ra ts a n d 

mice occur in normocytes , bu t la ter the re is a predi lect ion for i m m a t u r e 

erythrocytes . Polyparasi t ism, often causing h y p e r t r o p h y of the host 

cell, is c o m m o n . R i n g forms occasionally have twin nuclei . T h e 

t rophozoi tes a n d y o u n g schizonts a re compac t , no t amoebo id ; schizonts 

p roduce vary ing n u m b e r s of merozoites accord ing to the host, n a m e l y 

in mice 6 -10 , in rats a n d hamsters 16 ( G a r n h a m , 1966) a n d in 

G.surdaster 16-18 (Yoeli a n d Most , 1960). T h e asexual cycle takes 

22 -25 h. Macrogametocy tes a re 8-9 μηι in d i ame te r a n d fill t he host 

cell; their nuclei a re eccentrically p laced a n d consist of a dark ly 

s ta in ing homogeneous cent re su r rounded by a p ink areola . Mic ro -

gametocytes a re slightly smaller a n d have a larger similar nucleus b u t 

wi th the deeply s ta ining mate r ia l in the form of th reads . T h e p i g m e n t 

is descr ibed as black (Vincke a n d Lips, 1948), d a r k ( G a r n h a m , 1966) 

or golden-yellow (Yoeli a n d Most , 1960). Elec t rophore t ic forms of 

enzymes of five strains (K173 , S P 1 1 — a n d line R L L , see Bafort, 1970— 

N K 6 5 , L U K A a n d A N K A ) a r e : G P I - 1 , 6 P G D - 1 , L D H - 1 , M D H a- 2 , 

A K - 2 , H K - 2 a n d G D H - 3 (Car ter , 1973, 1974). 

2. P.y.yoelii Landau & Killick-Kendrick, 1966 
a. Sporogonic stages. Microgametes a n d ookinetes a re undescr ibed . T h e 

p igmen t in 4-day-old oocysts lies in four or m o r e s t ra ight or curved 

lines g rouped in one p a r t of the oocyst ( L a n d a u a n d Ki l l ick-Kendr ick , 

1966). At 24°C m a t u r e oocysts have a m e a n d i ame te r of 75 μπι 

(60-82 μπι) a n d sporozoites first en ter the salivary g lands of A.stephensi 

on the t en th d a y ( L a n d a u a n d Ki l l ick-Kendr ick, 1966; Wéry , 1966); 

the m e a n length of sporozoites of the s train 17 X in s ta ined smears of 

c rushed salivary glands is 14-72 ± s . e . 0-12 μηι (Ki l l ick-Kendrick, 

1973). T h e o p t i m u m t e m p e r a t u r e of sporogony is 2 4 ° C ; sporozoites 

p r o d u c e d a t 28°C a re no t infective (Wéry, 1966). 

b. Exoerythrocytic stages. I n the liver of whi te rats the m i n i m u m 

m a t u r a t i o n t ime is 43 h a n d the m e a n d i ame te r of schizonts of t he type 

s train is 8 μπι a t 25 h , 14 μηι a t 30 h , 21 μηι a t 36 h , 32 μηι a t 45 h a n d 



Plate 1. Comparative morphology of blood stages of rodent plasmodia in the mouse (Giemsa's 
stain), (a-f) P.y.yoelii, (g-l) P.c.chabaudi, (m-r) P.v.petteri. (a, g, m) early ring stages, 
(b, A, n) young trophozoites, (c, i, o) segmenting late trophozoites, (d,j,p) mature schizonts, 
(e, k, q) microgametocytes, ( / , /, r) macrogametocytes. (P.c.chabaudi and P.v.petteri infections 

originated from cloned material kindly supplied by D. Walliker and R. Carter.) 
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37 μπι a t 50 h . I n the same host, the a p p r o x i m a t e n u m b e r of merozoites 

a t m a t u r i t y is 7500-8000. Nucle i of infected p a r e n c h y m a l cells a r e no t 

en larged ( L a n d a u a n d Ki l l ick-Kendr ick , 1966). A few of the merozoites 

from p r i m a r y exoerythrocyt ic schizonts g row direct ly in to gametocytes 

wi th n o in te rvening schizogony in the blood (Ki l l ick-Kendr ick a n d 

W a r r e n , 1968). 

c. Blood stages. (Plate 1, a- f ) Morphologica l ly indis t inguishable from 

those of P.berghei. T h e g rowth of sexual a n d asexual stages takes 2 2 - 2 4 h 

(Ki l l ick-Kendr ick a n d W a r r e n , 1968). T h e e lectrophoret ic forms of 

enzymes of t he type s t rain (17 X ) a r e : G P I - 1 , 6 P G D - 4 , L D H - 1 , 

M D H a- l , A K - 1 , H K - 1 a n d G D H - 4 ; in 21 o ther strains the only 

va r i an t found was in G P I which is occasionally G P I - 2 (Car ter , 1973, 

1974). 

3. P.y.killicki Landau, Michel & Adam, 1968 
a. Sporogonic stages. Mic rogametes a n d ookinetes are undescr ibed . T h e 

p igment pa t t e rns in y o u n g oocysts a r e the same as those of P.y.yoelii\ 

at 22 -24°C m a t u r e oocysts have a m e a n d i ame te r of a b o u t 60 μπι a n d 

sporozoites first en ter the salivary g lands of A.stephensi on the t en th day . 

T h e m e a n length of sporozoites of the type s train (193L) in s ta ined 

smears of c rushed salivary g lands is 14-32 ± s . e . 0-22 μπι a n d of s t ra in 

194ZZ, 14-9 ± s . e . 0-25 μπι (Ki l l ick-Kendrick, 1973). T h e o p t i m u m 

t e m p e r a t u r e of sporogony is in the r ange 2 2 - 2 6 ° C . 

b. Exoerythrocytic schizogony. I n the liver of whi te rats the m i n i m u m 

m a t u r a t i o n t ime is 46 h a n d t h e m e a n d i ame te r of schizonts is 13 μπι 

a t 30 h, 18 μπι a t 36 h , 32 μπι a t 45 h a n d 35 μπι a t 50 h. A t ma tu r i ty , 

the a p p r o x i m a t e n u m b e r of merozoites is 8000, a n d nuclei of infected 

p a r e n c h y m a l cells become enlarged . 

c. Blood stages. Morphologica l ly indis t inguishable from those of 

P.berghei; e lect rophoret ic forms of enzymes of two strains (193L a n d 

194ZZ) a r e : G P I - 2 , 6 P G D - 4 , L D H - 1 , M D H a- l , A K - 1 , H K - 1 a n d 

G D H - 2 (Car ter , 1973, 1974). 

4. P.y.nigeriensis Killick-Kendrick, 1973 
a. Sporogonic stages. Exflagellation of microgametes takes p lace in 

6-14 min a t 16°C. T h e m e a n length of microgametes is 16-8 ± s . e . 
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0-29 μπι. T h e ookinetes a re leaf like, h a v e p i g m e n t an te r io r to t he 

nucleus a n d measure 11-4 i s . e . 0-27 X 3 -4 μπι. I n 4-day-old oocysts the 

p i g m e n t lies in one place in short b e a d e d lines. Infective sporozoites a re 

p r o d u c e d a t t empera tu re s of 21 -28°C , b u t the o p t i m u m is 24°G; a t this 

t e m p e r a t u r e t he m e a n d i ame te r of m a t u r e oocysts is 60 μπι a n d 

sporozoites first i nvade the salivary g lands of exper imenta l ly infected 

A.stephensi after 9-11 days of infection. T h e m e a n length of sporozoites 

in s tained smears of crushed salivary g lands is 16-72 -J-_s.e. 0-22 μπι. 

b. Exoerythrocytic stages. T h e m i n i m u m m a t u r a t i o n t ime in t he liver of 

the whi te mouse is 4 7 - 4 8 h ; a t 36 h the parasi tes in the liver of whi te 

rats fill the host cell a n d have a m e a n d i ame te r of 2 0 - 2 5 μπ ι ; t h e same 

measu remen t of m a t u r e forms a t 4 9 - 5 0 h in t he same a n i m a l is 4 2 -

50 μπι. T h e nuclei of infected p a r e n c h y m a l cells a re c o m m o n l y 

enlarged. 

c. Blood stages (Killick-Kendrick, 1973). Morphologica l ly indist in-

guishable from those of P.berghei. I n whi te mice the re is usually, b u t no t 

always, a predi lect ion for i m m a t u r e e ry throcytes ; polyparas i t i sm is 

c o m m o n . R i n g forms only occasionally h a v e twin nuc lea r masses. 

Trophozoi tes a re no t amoeboid . T h e m a t u r e schizonts a lmost com-

pletely fill t he host cell, a n d p r o d u c e 8-16 merozoi tes ; p i g m e n t is 

golden or l ight b rown . T h e infected cells a re ne i ther enlarged n o r 

st ippled. T h e electrophoret ic forms of enzymes of t he type s t rain a r e : 

G P I - 2 , 6 P G D - 4 , L D H - 1 , M D H a- l , A K - 1 , H K - 1 a n d G D H - 2 (Car ter , 

1973, 1974). 

B. P.vinckei and Subspecies 

T h e subspecies of the vinckei g r o u p possess the following dist inguishing 
charac ters : 

1. the merozoites have a predi lect ion for m a t u r e e ry throcytes ; 

2. the t rophozoites are no t a m o e b o i d ; 

3. t he erythrocyt ic schizonts typical ly p r o d u c e an average of 8 -10 

( range 6-16) merozoites in whi te mice ; 

4. t he blood stages have a b u n d a n t golden ma la r i a p i g m e n t ; 

5. exoerythrocyt ic schizogony lasts longer t h a n 50 h (usually m o r e 

t h a n 60 h) ; 

6. t he du ra t i on of the sporogonic stages (averaging 11 days) ; 
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7. insusceptibil i ty of the r a t a n d h a m s t e r to t he b lood stages; 

8. character is t ic e lect rophoret ic mobili t ies of t he isoenzymes. 

1. P.v.vinckei Rodhain, 1952 
T h e following descr ipt ion is based on t h a t of Bafort (1969) who , h a v i n g 

isolated a n e w strain, was able for the first t ime to ob ta in the comple te 

life cycle of this species in the l abora to ry . 

a. Sporogonic stages. T h e ookinetes wh ich have a sha rp an te r io r 

a n d a r o u n d e d posterior pole a re a b o u t 8-10 μπι long. T h e 

p igmen t is usual ly concen t ra t ed in a la rge mass, a n d the nucleus 

occupies the poster ior ha l f of the body . A t 20°C the d i ame te r 

of the oocysts is 15 μπι a t 7 days , 40 μπι a t 9 days a n d 5 0 - 5 6 μπι a t 

12 days. T h e o p t i m u m t e m p e r a t u r e for sporogony in A.stephensi is 21°C 

(20-24°C) in wh ich oocysts, m a t u r e in 14 days , m a y measure be tween 

40 a n d 73 μπι (Bafort gives n o m e a n d i ame te r for t h e m ) . A t 21°C 

sporozoites va ry ing from 11-21 μπι first a p p e a r in the sal ivary g lands 

on the th i r t een th d a y of infection. A l though Bafort gave no m e a n va lue 

for the length of the sporozoites, Ki l l ick-Kendr ick (1973) found t h a t 

this was 15 μπι in dr ied p repa ra t ions . 

b. Exoerythrocytic stages. Schizonts m a t u r e d in a m i n i m u m of 53 h in 

the thicket r a t {G.surdaster) a n d 61 h in t h e whi te mouse . I n the liver 

of the th icket r a t t he m e a n d i ame te r of the tissue forms was 11 μπι a t 

30 h , 19 μπι a t 42 h , 24 μπι a t 48 h , 33 μπι a t 52 h a n d 37 μπι a t 54 h . 

By 58 h most of the schizonts h a d d i sappeared b u t t h e m e a n size of 

those t h a t r e m a i n e d was 45 μπι a n d i t was es t imated t h a t the schizonts 

con ta ined approx ima te ly 9000 merozoites . A n u m b e r of schizonts 

persist as long as 74 h ; these a re po lymorph ic , some a p p e a r i n g n o r m a l 

a n d others a typica l w i th smaller n u m b e r s of la rge nuclei . I n t h e whi te 

mouse t he schizonts a re a little smal ler t h a n in Grammomys (average 

24 μπι a t 57 h agains t 27 μπι a t 54 h, respectively) a n d the p r é p a i e n t 

per iod is longer (61 ins tead of 53 h ) . Po lymorph i sm is less a p p a r e n t in 

mice t h a n in thicket ra ts . 

c. Blood stages. T h e parasi tes develop in m a t u r e erythrocytes which , 

in stained b lood films, a re pa le r t h a n uninfected ones. A few ret iculo-

cytes are i nvaded in very heavy infections. Y o u n g r ing forms often have 

two unequa l ly sized nuclei . T h e t rophozoi tes r e m a i n c o m p a c t t h r o u g h -

D 
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out thei r deve lopment . T h e schizonts, which are small , occupy only 

two- th i rds of the host cell, a n d p r o d u c e on average 8 merozoites in t h e 

whi te mouse (from 6 to 10) a n d 12 to 14 in Grammomys. A b u n d a n t 

p igmen t develops early. Macrogametocy tes have a compac t , per i -

phera l ly s i tuated nucleus which is smaller t h a n t h a t of the mic rogameto -

cytes. P igmen t is regular ly d is t r ibuted t h r o u g h o u t the cytoplasm which 

stains l ight b lue wi th R o m a n o w s k y stains. Microgametocy tes fill t he 

host cells which are sometimes enlarged ; they have a diffuse nucleus a n d 

rose-staining cytoplasm wi th a b u n d a n t a n d regular ly dispersed pig-

men t . T h e e lectrophoret ic types of the enzymes of two strains (V52 a n d 

V 6 7 from K a m e n a ) a re G P I - 7 , 6 P G D - 3 , L D H - 6 a n d (in V 6 7 only) 

G D H - 6 (Car ter , 1973, 1974). 

2. P.v.petteri Carter θ Walliker, 1975 
a. Sporogonic stages. Ca r t e r a n d Wal l iker found t h a t the oocysts in 

A.stephensi ma in t a ined at 24 -26°C measure u p to 50 μπι in d i ame te r on 

the n i n t h d a y of infection, a n d t h a t sporozoites measur ing 16-2 μπι 

(s.d. ± 2 - 2 μπι in s tained smears) a p p e a r in the salivary g lands on the 

e leventh day . 

b. Exoerythrocytic stages. No t yet described. 

c. Blood stages. (Plate 3, m - r ) Except in late infections the y o u n g r ing 

forms invade m a t u r e erythrocytes in which they grow to occupy u p to 

one- th i rd of the d iamete r , polyparas i t i sm being ra re . T h e r ing forms 

usually have a single nucleus , a l though two c h r o m a t i n dots a re com-

monly observed. T h e pa le b lue cy toplasm forms a th in circle su r round-

ing a cent ra l vacuole . T h e cytoplasm remains pa le in the t rophozoi te 

a n d is speckled t h r o u g h o u t wi th go lden-brown, dense p igmen t . U p to 

3 small vacuoles m a y be present . Trophozoi tes a n d y o u n g schizonts 

become somewha t condensed a n d deeply s tained, t he p igmen t forming 

a single cent ra l mass. M a t u r e schizonts possess on the average 10 

merozoites (8 to 16), t he m a x i m u m n u m b e r s be ing seen a r o u n d 

midn igh t a n d the asexual cycle occupying 24 h. Gametocytes a p p e a r in 

small n u m b e r s occupying the whole ery throcyte b u t causing n o host 

cell en la rgement . T h e macrogametocytes which stain pa le b lue h a v e a 

small nucleus which is often e longated a n d frequently contains a c lear 

vacuole . Microgametocytes have a deep p ink cytoplasm a n d nucleus , 
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the large a rea occupied by the la t ter be ing dist inguished ma in ly by the 

absence of p i g m e n t over it. T h e e lect rophoret ic enzyme types of 4 lines 

are as follows: G P I - 5 , 6 P G D - 5 , L D H - 7 . 

3. P.v.lentum Landau, Michel, Adam θ Boulard, 1970 
T h e descript ion of the sporogonic a n d exoerythrocyt ic stages is based 

on the work of L a n d a u et al. (1970), a n d t h a t of the blood stages a n d 

enzyme charac te rs on t h a t of Ca r t e r a n d Wal l iker (1977). 

a. Sporogonic stages. T h e comple te sporogonic cycle was achieved in 

A.stephensi gorged on the fifth d a y of infection on a splenectomized 

Hybomys univittatus a n d m a i n t a i n e d a t 23 -25°C , few gametocytes be ing 

p r o d u c e d in the whi te mouse . Oocysts measu red 9 μπι on t he fourth, 

12-5 μπι on the fifth, 19-5 μπι on t he sixth, 21-5 μπι on the seventh a n d 

44 μπι on t h e e leventh day . Sporozoites were first visible in t h e oocysts 

on the e ighth day . W h e n m a t u r e , t he oocysts measured on the average 

44 μπι (up to 56 μπι ) . Sporozoites first a p p e a r e d in the sal ivary g lands 

on the t en th day , measur ing , in s ta ined smears , a n average of 21 μπι 

(18-25 μπι r ange ) . 

b. Exoerythrocytic stages. Liver schizonts seen a t 28 h after infection 

measured 7 μπι in d i a m e t e r ; o lder stages measured a m e a n of 11 μπι 

a t 42 h, 18 μπι a t 50 h a n d 20 μπι a t 53 h . T h e y conta ined no vacuoles 

a n d the host cell nuclei were unmodif ied . By 62 h , the schizonts 

measured a n average 39-9 X 33-5 μπι ( range 46-5 to 32-5 X 40-3 to 26-3 

μπι) . T h e cytoplasm sta ined pa le b lue a n d con ta ined n u m e r o u s , small 

a n d evenly d is t r ibuted nuclei . I n cont ras t to P.y.yoelii a n d P.c.chabaudi, 

no cytomeres were seen. Merozoi tes a p p e a r e d in the c i rcula t ion after 

72 h, a n d by 73 h almost all t he schizonts h a d burs t a n d were seen to 

have become invaded by mac rophages . A few a b n o r m a l forms were 

present con ta in ing lightly s ta ining cytoplasm a n d scanty, large pyknot ic 

nuclei . 

c. Blood stages. T h e blood forms show a m a r k e d preference for m a t u r e 

erythrocytes , a n d mul t ip le infections a re r a r e . R i n g forms consist of a 

th in circle of b lue cy toplasm a r o u n d a cen t ra l vacuole , a n d have nuclei 

conta in ing a single- o r a doub le -ch roma t in dot . T h e m a t u r e t r o p h o -

zoites a re c o m p a c t a n d no t amoebo id . T h e y occupy u p to th ree-

quar te rs of t he vo lume of the host cell, t he m e m b r a n e of which 
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frequently appears c rena ted . M a t u r e schizonts possess 6 -16 merozoites 

(average 10), the host cell m e m b r a n e usually b reak ing down . T h e 

asexual cycle takes 24 h wi th a m a x i m u m n u m b e r of schizonts a p p e a r -

ing a t midn igh t . Infections a re no t usually le thal . Macrogametocy tes , 

which m a y be difficult to dist inguish from large t rophozoi tes , conta in 

pa le b lue cytoplasm wi th a b u n d a n t p igmen t granules , a n d have a small 

slightly e longate nucleus lying in a clear region of the cytoplasm. T h e 

microgametocytes stain p ink a n d conta in conspicuous p igmen t in the 

cytoplasm (the large nuc lea r region be ing recognizable by an absence 

of p igmen t over i t ) . Ca r t e r a n d Wal l iker (1977) examined the enzymes 

of lines or ig ina t ing from four isolates of P.v.lentum. E a c h was cha rac -

terized by 6 P G D - 5 a n d G D H - 6 . T h r e e lines possessed G P I - 6 a n d 

L D H - 7 , while the fourth (derived from isolate 408 X Z ) con ta ined 

G P I - 1 1 a n d L D H - 9 . 

4. P.v.brucechwatti Killick-Kendrick, 1975 
a. Sporogonic stages. T h e o p t i m u m t e m p e r a t u r e for sporogony is 2 5 ° C ; 

Ki l l ick-Kendr ick (1975) described the p igmen t in 3-day oocysts as 

a b u n d a n t a n d lying in short lines t h a t are sometimes fan shaped . T h e 

m e a n oocyst d i ame te r was 9-5 μπι ( range 8-2-10-8 μηι) . By the fifth 

day , the d i ame te r of the oocysts h a d increased to 16 μηι (11-19 μηι) a n d 

on the e ighth d a y to 32 μηι (24-43 μηι) . T h e m e a n d i ame te r of m a t u r e 

oocysts was 54 μπι (40-70 μηι) , the extremes rare ly being encounte red , 

a n d the n o r m a l r ange being 50 -60 μηι. Sporozoites a p p e a r e d in the 

salivary glands of a few mosquitoes on the twelfth day , b u t in the 

major i ty invasion took place on the th i r t een th day . T h e m e a n length 

of sporozoites in a s tained smear of the salivary g lands of A.stephensi was 

14-7 μηι (10-0-24-0 μηι) . Sporozoites from A.quadrimaculatus a n d 

A.l.atroparvus were no t infective a n d from A.stephensi ra re ly so. 

b. Exoerythrocytic stages. Accord ing to Bafort (1971) the exoerythro-

cytic stages in the liver of whi te mice showed m a t u r e forms at 61 h wi th 

a m e a n d i ame te r of 43 μηι. Merozoi tes i nvaded the blood from 61 to 

65 h after the inocula t ion of sporozoites. 

c. Blood stages. T h e r e is no predi lect ion for i m m a t u r e erythrocytes no r 

en la rgemen t or s t ippling of the host cell. R i n g forms c o m m o n l y h a v e 

doub le nuclei a n d an accessory do t is occasionally present . T h e y o u n g 

t rophozoi tes are vacuola ted , old ones be ing c o m p a c t a n d not a m o e b o i d . 
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A t the t ime of the first division of t he nucleus , t he d i a m e t e r of t h e 

schizonts is a t least one-half t h a t of the e ry throcyte . T h e schizont nuclei 

a re i r regular in shape wi th one deeply s ta ined p a r t ; t he schizonts a lmost 

fill the host cell a n d p r o d u c e 12 (8-14) merozoites in mice or 8-12 in 

na tu ra l ly infected thicket ra ts . Gametocy tes a re d imorph ic , fill the host 

cell a n d measure 6 -7 μπι in d iamete r . T h e i r nuclei a re a lways per i -

phe ra l . Yellow p i g m e n t appea r s ear ly a n d is ma in ly a t t he pe r iphery . 

I n t he schizonts, p i g m e n t c lumps in to a mass before t he merozoites a re 

fully fo rmed; Car te r ' s charac te r iza t ion of t h e enzymes of strains N 4 8 

a n d 1/69 is : G P I - 6 , 6 P G D - 6 , L D H - 9 a n d G D H - 6 . 

C. P.chabaudi and Subspecies 

W e h a v e classified the P.chabaudi complex as a separa te g r o u p on the 

basis of differences in t he morpho logy of the b lood stages a n d the 

electrophoret ic mobili t ies of the i r enzymes as c o m p a r e d wi th those of 

the vinckei g r o u p . O n the o the r h a n d , t he geographica l d is t r ibut ion of 

the chabaudi g r o u p m a y be as wide as t h a t of the o the r g roups since, in 

addi t ion to the Cen t r a l African Repub l i c , Ca r t e r a n d Wal l iker (1977) 

have also found i t in Congo Brazzavil le . I n o u r opin ion the concept of 

paras i te pairs compris ing m e m b e r s of the berghei a n d vinckei g roups m a y 

have to be rep laced by t h a t of t r iple associations be tween P.berghei (or 

P.yoelii), P.vinckei a n d P.chabaudi. 

T h e subspecies of P.chabaudi possess t he following dis t inguishing 

charac ters : 

1. t he merozoites h a v e a predi lect ion for m a t u r e e ry throcytes ; 

2. t he t rophozoi tes a re amoebo id a n d m a y cause r e d d e n i n g of the 

host cell ; 

3. the ery throcyt ic schizonts a re small and , in whi te mice, typical ly 

p r o d u c e a n average of 6 ( range 4 -10) merozoi tes ; 

4. p i g m e n t in t rophozoi tes is no t ab ly fine; 

5. rats a n d hamsters a re insuscept ib le ; 

6. exoerythrocyt ic schizogony takes longer t h a n 50 h . 

1. P.cxhabaudi Landau, 1965 partim Carter & Walliker, 
1975 
I n her original descript ion L a n d a u failed to detect t h a t he r specimens 

contained a mix tu re of the two parasi tes , P.cxhabaudi a n d P.v.petteri, a n d 
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she described the two as a single species. I n the course of thei r survey 

of the isoenzymes of n u m e r o u s strains isolated from wild c a u g h t 

Thamnomys from the Cen t ra l African R e p u b l i c Ca r t e r a n d Wal l iker 

(1975) were able to ob ta in p u r e infections of each species a n d re-

describe t h e m separately . A l t h o u g h the Cen t ra l African R e p u b l i c 

strains were often mixtures of P.vinckei a n d P.c.chabaudi, s t rain 54 X 

util ized by L a n d a u a n d Ki l l ick-Kendr ick (1966) in their exper imenta l 

s tudy of P.chabaudi d id in fact conta in only a single species. W e have 

very carefully re -examined the blood films m a d e from the mouse t h a t 

was used to feed A.stephensi for this s tudy a n d the re is no th ing to suggest 

the presence of a Plasmodium of the P.v.petteri type . I t is therefore 

believed t ha t the descriptions given by these workers of the sporogonic 

a n d exoerythrocyt ic stages a re indeed those of P.c.chabaudi. 

a. Sporogonic stages. T h e 4-day-old oocysts in A.stephensi held a t 25°C 

measure 8-12 μπι a n d conta in p i g m e n t in large, near ly black grains 

which t end to lie in loose c lumps , or form short lines t ha t cross each 

o ther . A wide r a n g e of oocyst sizes from 45 to 74 μπι was recorded on 

the t en th d a y of infection. T h e m a t u r e oocysts measure u p to 80 μπι on 

the e leventh day . O n the e leventh day , sporozoites measur ing 15 μπι in 

saline p repa ra t ions or 13-2 μπι in s ta ined smears ( range 10-15-5 μπι) 

a p p e a r in the salivary g lands . 

b. Exoerythrocytic stages. I n the liver of whi te mice the m i n i m u m 

p r i m a r y schizont m a t u r a t i o n t ime is 52 -53 h. T h e m e a n d i ame te r of 

tissue forms is 9 μπι a t 28 h, 2 3 x 1 1 μπι ( 2 6 - 1 9 x 1 9 - 1 0 μπι) a t 

42 h , 3 6 - 2 x 2 3 - 7 μπι (43-7-26-2 Χ 31-2-18-7 μπι) a t 50 h a n d 

4 4 - 2 x 2 9 - 7 μπι (53-5-33-7 χ 33-7-24-5 μπι) a t 53 h. T h e es t imated 

n u m b e r of merozoites is 18 000 to 20 000. R u p t u r i n g schizonts a re very 

quickly invaded b y leucocytes, a n d the cel lular response of the host is 

t he same as t h a t seen in infections of P.berghei (Yoeli a n d Most , 1965) 

a n d P.y.yoelii. Hydrolysis revealed two types of nuc lea r pa t t e rns . 

Firstly, in large i m m a t u r e schizonts appa ren t l y in the final nuc lea r 

division, the nuclei a re large, t r i angu la r or i r regu la r in shape , a n d a re 

a r r anged in rosettes a n d secondly, w h e n the last nuc lea r division is 

comple te the nuclei a p p e a r as small , oval o r r o u n d dots a r r a n g e d in 

circles or tubes a n d t end to form a pal isade a t t he pe r iphe ry of t h e 

schizont. 

c. Blood stages (Plate 1, g-1). Accord ing to C a r t e r a n d Wal l ike r 

(1975), the r ing forms a re seen in m a t u r e erythrocytes , pa r t i cu l a r ly 
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d u r i n g early infections w h e n single infections of the host cells p r e d o m i -

na te . I n late infections mul t ip le infections occur . Both single- a n d 

doub le -ch romat in nuc lea r masses a re seen. Trophozoi tes increase in 

n u m b e r d u r i n g the morn ing , a n d p r e d o m i n a t e over the r ing forms by 

late af ternoon. T h e p i g m e n t is inconspicuous. T h e t rophozoi tes do no t 

become very large, t end to be amoebo id , a n d seldom exceed one-half 

the host cell d iamete r . R e d d e n i n g of the infected e ry throcyte m a y be 

seen as the t rophozoi tes m a t u r e . T h e schizonts, w i th a d i a m e t e r 

approx ima te ly one-half t h a t of the red cell, no rmal ly p roduce only 4 - 8 

merozoites (average 6) , a l t hough large n u m b e r s (up to 16) h a v e been 

seen. T h e host cell m e m b r a n e m a y become ragged as the schizont 

ma tu res , b u t it usually remains in tac t as the merozoites separa te . I n 

mice a n d thicket ra ts infections a r e synchronous , wi th a per iodici ty of 

24 h. Schizogony commences a r o u n d midn igh t , a n d cont inues in to the 

early m o r n i n g hours . Infections a re often fatal ; gametocytes become 

more frequent after the peak of infection, approx ima te ly 10 days after 

the inocula t ion of blood forms. T h e y are similar morphologica l ly to t he 

gametocytes of P.v.petteri. T h e macrogametocy tes normal ly have a pa l e 

blue cytoplasm wi th a n oval nucleus . T h e microgametocytes h a v e a 

typically d e e p p ink cytoplasm a n d a large nucleus . Fifteen strains of 

P.cxhabaudi isolated from ind iv idua l wi ld -caugh t thicket rats , were 

examined for i soenzyme types. O n l y one form of G P I ( G P I - 4 ) , two 

forms of 6 P G D (6PGD-2 a n d -3) a n d four forms of L D H ( L D H - 2 , - 3 , 

-4 a n d -5) were found. All b u t one of the eight possible combina t ions 

of forms of G P I , 6 P G D a n d L D H were found a m o n g t h e fifteen lines 

examined , suggesting t h a t all t he lines be longed to a single in ter-

b reed ing popu la t ion . 

2. P.c.adami Carter 8 Walliker, 1977 
a. Sporogonic stages. I n A.stephensi m a i n t a i n e d a t 2 4 -2 6 °C m a t u r e 

oocysts first a p p e a r e d on the n i n t h d a y wi th an average d i a m e t e r of 

51 μπι ( range 4 5 - 6 4 μπι ) . Sporozoites which first a p p e a r e d in the 

salivary glands on the e leventh day , h a d a n average length in fresh 

p repara t ions (p repared from m a t u r e oocysts) of 13 μπι (s.d. ± 1 - 8 μπι) 

and 11*6 μπι (s.d. ± 1 · 6 μπι) in fixed a n d s ta ined smears . 

b. Exoerythrocytic stages. N o t yet descr ibed. 

c. Blood stages. T h e early infection occurs in m a t u r e erythrocytes , b u t 
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i m m a t u r e cells m a y also b e invaded . Occasional ly r e d d e n i n g of t h e 

infected cell is seen as t rophozoi tes m a t u r e . T h e host cells do no t 

enlarge . I n r ing forms b o t h single- a n d doub le -ch roma t in dots a re seen. 

T h e t rophozoi tes a re amoebo id wi th a ragged out l ine a n d con ta in 

inconspicuous p igmen t . F ine granules a re laid d o w n in older a n d 

m a t u r e forms. T h e schizonts p r o d u c e 4 - 1 0 merozoites (average 6) . 

Infections in mice a n d thicket rats a re synchronous , wi th a per iodici ty 

of 24 h a n d t h e m a x i m u m n u m b e r of schizonts appears a r o u n d mid -

night . O f the two paras i te lines s tudied, one (408 X Z ) gives rise to 

v i ru lent infections in mice wh ich die , whi le the o the r (556 K A ) produces 

a mi ld infection wi th n o dea ths . Gametocy tes a re present t h r o u g h o u t 

t he infection, b u t a re par t i cu la r ly n u m e r o u s after the p e a k of p a r a -

s i taemia. T h e y occupy the ent i re vo lume of t he host cell wh ich does no t 

become enlarged . I n t he macrogametocy tes , t he cytoplasm is very pa le 

b lue a n d contains n u m e r o u s go lden-brown p i g m e n t granules . T h e 

nucleus is small a n d sometimes e longated, a n d it usual ly lies in a small 

region of clear cytoplasm. T h e microgametocytes possess p ink cy toplasm 

wi th a b u n d a n t p i g m e n t granules . T h e large nuc lea r region is distin-

guished from t h e cytoplasm by a n absence of p igmen t . Both lines a re 

charac te r ized b y the enzyme forms G P I - 8 ; 6 P G D - 2 a n d G D H - 5 . T h e 

L D H for 556 K A is L D H - 8 a n d for 408 X Z is L D H - 1 0 . 

D. P. aegyptensis Abd-el-Aziz, Landau & Miltgen, 1975 

This new species was descr ibed on the basis of a single b lood film m a d e 

from an Arvicanthis niloticus wh ich was one of m a n y rodents c a p t u r e d by 

Abd-el-Aziz a t Assiut in Egyp t be tween 1972 a n d 1973. However , t he 

t rue origin of this paras i te remains a mystery. N u m e r o u s Arvicanthis have 

been examined previously in Egyp t by var ious exper ienced workers w h o 

have never repor ted the presence of a Plasmodium. Moreove r Mi l tgen 

unde r took a field s tudy a t Assiut in Apr i l 1975 w h e r e h e found n o 

paras i taemias in 25 Arvicanthis t h a t were c a p t u r e d a n d subsequent ly 

splenectomized. Accidenta l con t amina t ion of an Arvicanthis he ld in t he 

l abora to ry by P.berghei has also been e l iminated . T h e morpho logy of 

P.berghei in this host, in fact, d iners considerably from t h a t of 

P.aegyptensis. P.vinckei has never been m a i n t a i n e d in the l abo ra to ry a t 

Assiut. 

I f the eventua l rediscovery of Ρ .aegyptensis confirms the d a t a on its 

origin, this paras i te will assume grea t interest in t h a t it will ex tend t h e 



LIFE C Y C L E S A N D M O R P H O L O G Y 79 

host spec t rum a n d geographica l d is t r ibut ion of t he Plasmodium of 

m u r i n e rodents far beyond those t h a t we cur ren t ly accept . 

a. Sporogonic stages. N o t yet described. 

b. Exoerythrocytic stages. N o t yet descr ibed. 

c. Blood stages. T h e paras i te develops in erythrocytes t h a t themselves 

a re unmodif ied unless they con ta in several parasi tes . A few ret iculocytes 

have been observed t h a t a re en la rged a n d con ta in a n u m b e r of y o u n g 

parasi tes mostly devoid of p igmen t . T h e y o u n g r ing form is c o m p a c t 

wi th a single, r o u n d nucleus , b r igh t b lue cytoplasm a n d a t iny vacuole . 

Yel low-brown p i g m e n t appea r s very ear ly ; i t is a t first uniformly 

dis t r ibuted b u t t hen tends to occupy l imited areas a n d to cong lomera te 

in two or th ree c o m p a c t masses of r a t h e r coarse granules . T h e t r o p h o -

zoite is c o m p a c t a n d r o u n d e d wi th only a slight t endency to become 

amoeboid . T h e schizont usual ly conta ins 6 merozoites (from 4 to 8) 

which a re r o u n d e d or slightly e longated, a n d the p i g m e n t forms a 

single well defined black mass. T h e i m m a t u r e gametocytes occupy one 

pole of the red cell, t he ou te r m e m b r a n e of which d isappears as the 

gametocy te ma tu re s to a size grea te r t h a n t h a t of unparas i t i zed 

erythrocytes . T h e mac rogame tocy t e has a r o u n d e d nucleus wi th fine 

granules s i tuated in the cen t re of a r a t h e r large a n d clearly defined 

clear zone . T h e cytoplasm stains bluish-grey a n d the fine, yellowish 

p i g m e n t leaves several m o r e or less extensive areas uncovered a t the 

edges of the clear zone . N o m a t u r e microgametocytes have been seen. 

T h e isoenzyme characteris t ics a re u n k n o w n . 

IV. THE PROBLEM OF RELAPSES AND CHRONIC 
INFECTIONS 

Studies b o t h in N a t u r e a n d in the l abo ra to ry have shown t h a t m a l a r i a 

in wild Thamnomys p roduces a chron ic infection of long du ra t i on . All t h e 

adu l t Thamnomys c a p t u r e d in the Cen t r a l African R e p u b l i c have been 

found to h a v e ma la r i a , a n d the infection has persisted t h r o u g h o u t the i r 

lives. I n P.yoelii t h e pa ras i t aemia fluctuates, sub inocula t ion of b lood 

from wild Thamnomys i n to whi te mice showing t h a t t he blood is a l ter-

nate ly positive a n d negat ive . O n the o the r h a n d , strains of P.chabaudi 

or P.vinckei c a n be isolated a t each subinocula t ion even u p to 2 or 3 

years following the c a p t u r e of t he or iginal hosts. Th i s chronic condi t ion 

of na tu r a l infections contrasts wi th the labil i ty of exper imenta l infections 
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which are always l imited to u n d e r 6 m o n t h s ( L a n d a u et al., 1975) 

irrespective of thei r m o d e of origin (e.g. sporozoite inocula t ion or b lood 

passage) . 

As in the case of the p r i m a t e Plasmodium, it is necessary to consider 

t h a t t he relapses m a y be d u e to t he presence of l a ten t tissue forms t h a t 

a re capab le of reseeding the pe r iphera l c i rculat ion. I n wild Thamnomys 

of the Cen t ra l African Repub l i c schizonts wi th a very distinctive 

a p p e a r a n c e a n d slow evolut ion a re found in the l iver (Figure 3 , f -g) . 

I n serial biopsies a n d autopsies of Thamnomys L a n d a u et al. (1968) found 

t h a t the morpho logy of these schizonts was as follows. 

Smal le r t h a n n o r m a l pre-ery throcyt ic schizonts, the schizonts stain 

l ightly a n d have only a small n u m b e r of nuclei (30-300) . M a n y of the 

nuclei h a v e a very special a p p e a r a n c e wi th bead ing of the c h r o m a t i n 

a r o u n d the nucleolus. Th is forms a sort of c rown of granules su r round -

ing a bluish-violet s ta ining cent ra l mass which is as well defined as the 

nucleolus. T h e small a m o u n t of cytoplasm stains l ightly. T h e schizonts 

a re su r rounded by a l imit ing m e m b r a n e . As followed in serial biopsies, 

they a p p e a r to develop slowly. A l though the major i ty d i sappear a t the 

end of 2 or 3 mon ths , in one Thamnomys t hey were n u m e r o u s a t au topsy 

3J mon ths a n d in a n o t h e r 8 m o n t h s after c ap tu r e . 

I n the labora tory , however , u n d e r the usual condi t ions used for 

transmission only r ap id schizogony is ob ta ined in the liver a n d the 

schizonts d i sappear in less t h a n 3 days . N o "ch ron ic schizonts" h a v e 

been found. Paras i t aemia is cont inuous unt i l self-cure by the sixth m o n t h . 

A n u m b e r of a t t empts have been m a d e in t he l abora to ry in o rde r to 

establish w h e t h e r there is a re la t ionship be tween chronic liver schizonts 

a n d paras i t aemic relapses by t ry ing to r ep roduce chronic liver a n d 

blood infections. L a n d a u et al. (1975) proposed tha t , in the course of the 

n a t u r a l life cycle, cer ta in ecological condit ions exist t ha t favour the 

deve lopment of chronic parasi t ism, or t h a t lead to a modification of the 

paras i te metabol i sm (e.g. cooling, d ie ta ry in take) . L a n d a u a n d Miche l 

(1970) a n d Yoeli et al. (1975) demons t r a t ed t h a t cold can i nduce a slow 

g rowth of exoerythrocyt ic schizonts which morphological ly resemble 

the forms seen in chronic infections in N a t u r e . However , in spite of 

be ing associated wi th a slight de lay in the a p p e a r a n c e of pa ras i t aemia , 

these r e t a rded schizonts d i sappear relatively rap id ly (in less t h a n a 

week) a n d the overall pa ras i t aemia seems little modified. D u n n et al. 

(1972) were able to inh ib i t t he hepa t i c deve lopment of P.berghei in wh i t e 

rats by dosing t h e m du r ing the pre-ery throcyt ic phase wi th e th ion in . 
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Life cycle of Ryoêlii In Thamnomys 

Naturally acquired infection L * ^ L * Experimental observations on relapses 

under influence 
ionine 

Further 
relapse relapses 

D 

Figure 6. A n hypothetical explanation for relapses in murine malaria. A. T h e majority of 
liver schizonts mature and rupture in 50 h. B. Delayed liver schizonts may remain latent for 
several months. When they rupture merozoites are liberated to invade erythrocytes and 
initiate relapses of parasitaemia. C. Infection of Thamnomys by sporozoites in the laboratory 
invariably leads only to the first phase of the cycle, and all the schizonts undergo a rapid 
development. T h e rodent host does not undergo relapses and tends towards spontaneous 
cure. D . T h e maturation of a proportion of the liver schizonts is delayed. Their morphology 
is identical to that of those delayed liver schizonts that have been found in naturally acquired 
infections. T h e Thamnomys treated with ethionine show relapses of parasitaemia up to 

nine months after sporozoite inoculation. 

L a n d a u et al. (1975), by using lower doses given over a longer per iod , 

ob ta ined schizonts in Thamnomys t h a t were ident ica l to those observed 

in wi ld-caught Thamnomys, a n d a pa ras i t aemia t ha t fluctuated wi th 

a l t e rna t ing periods of positivity a n d negat iv i ty for 9 mon ths following 

sporozoite inocula t ion . 

I t has no t been shown t h a t the mechan i sm of relapse is t he same in 

o ther m a m m a l i a n species of Plasmodium. For example Shu te et al. (1976) 

believe t h a t the re a re two types of sporozoites of P.vivax, one developing 

quickly a n d the o the r slowly; the la t te r m a y exist as la ten t in t race l lu lar 

parasi tes wi th in the host. 

W h a t e v e r the mechan i sm of relapse is in P.vivax, P.cynomolgi, o r the 

Plasmodium species of t he M u r i d a e , the fact is t h a t exoerythrocyt ic 

schizonts of roden t p lasmodia h a v e been found in the liver several 

months after every possibility of con t amina t i on has been ru led ou t . 



82 I. L A N D A U A N D Y . B O U L A R D 

I n conclusion, the s tudy of exper imenta l models such as the m u r i n e 

Plasmodium has led to considerable advances in our knowledge of ma la r i a 

parasi tes of m a m m a l s from m a n y points of view, inc lud ing the i r u l t ra -

s t ructure , immunology , enzymic charac te r iza t ion a n d c h e m o t h e r a p y . 

Some of the studies have begun to shed light on t w o of the major 

problems posed by the t rue biological cycle of Plasmodium, n a m e l y the 

basis for relapses a n d the origin of gametocy tes ; these quest ions, 

however , r ema in far from be ing finally answered. 
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I. INTRODUCTION 

I n 1942 E m m e l et al. publ i shed the first descript ion of the u l t ras t ruc tu re 

of ma la r i a parasi tes, a s tudy of sporozoites of Plasmodium falciparum a n d 

P.vivax; b lood forms were similarly examined in the same year (Wolpers , 

1942). Since then advances in microscope technology a n d p repa ra t i ve 

techniques have led to new insights in to the organiza t ion of all stages 

of deve lopment of the ma la r i a parasi tes . Several excellent reviews of the 
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progress m a d e have been p r o d u c e d by G a r n h a m (1967), Rudz inska a n d 

V i c k e r m a n (1968) a n d Rudz inska (1969) a n d Aikawa (1971). I n the 

last decade the roden t ma la r i a parasi tes , pa r t i cu la r ly P.berghei, P.vinckei 

a n d P.yoelii, have con t r ibu ted most to ou r u n d e r s t a n d i n g of this diverse 

g r o u p of organisms. 

A l though most of the more fundamen ta l aspects of t he fine s t ruc ture 

of ma la r i a parasi tes have been k n o w n for a n u m b e r of years , their 

functional o rganiza t ion is less well unders tood . G a r n h a m (1966b) 

c o m m e n t e d " T h e in te rpre ta t ion a n d functions of some organelles are 

still doubtful , a n d will r e m a i n so unt i l cy tochemica l techniques have 

been allied to electron microscopy of this g r o u p of o rgan i sms" . Li t t le 

advance in this field h a d been m a d e by 1971 w h e n A ikawa stated 

" U n d e r s t a n d i n g of the function will m a k e it possible to achieve a 

meaningful a n d d y n a m i c analysis of the paras i te m o r p h o l o g y " . H a p p i l y 

considerable advances have been m a d e in t he appl ica t ion of histo-

chemica l techniques to studies on the fine s t ruc ture of m u r i n e ma la r i a 

parasi tes . This has led to a new u n d e r s t a n d i n g of the mac romolecu la r 

organiza t ion of Plasmodium. 

I n spite of t he u n i q u e n a t u r e of each of the deve lopmen ta l stages in 

the life cycle of ma la r i a parasi tes , the r e m a r k a b l y conservat ive o rgan iza -

t ion of Plasmodium is impressive. Th is conservat ism is pa r t i cu la r ly 

str iking w h e n the fine s t ruc ture of t he vegetat ive stages ( the p re -

erythrocyt ic schizont, erythrocyt ic schizont a n d oocyst) is c o m p a r e d 

wi th t h a t of t he invasive stages ( the merozoi te , ookinete a n d sporozoite) , 

"les germes infect ieux" of Po rche t -Hene ré a n d Vivier (1971). D e -

pa r tu res from the basic or c o m m o n organiza t ion can be viewed as 

special adap ta t ions to the u n i q u e mic roenv i ronments of t he differing 

host tissues. Sexual deve lopmen t a lone in te r rup t s t he repet i t ive cycle of 

vegetat ive g rowth a n d tissue invasion. I t is p e r h a p s wi th in this focal 

po in t of the life cycle t h a t the roden t m a l a r i a parasi tes con t inue to 

p rov ide a n u n i q u e insight in to t h e subcel lular o rgan iza t ion of Plas-

modium species. 

II. METHODS 

I n electron microscopy the m e t h o d of p r e p a r a t i o n selects the informa-

t ion ga the red . Cur ren t ly four combined a l d e h y d e - o s m i u m fixatives a r e 

rout inely appl ied in transmission electron microscope ( T E M ) studies of 

ma la r i a parasi tes . These a re the g l u t a r a l d e h y d e - o s m i u m techniques of 
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Aikawa (1971) for erythrocyt ic stages, a n d of Ster l ing et al. (1973) for 

the sporogonic stages ; t he g l u t a r a l d e h y d e - o s m i u m - u r a n i u m fixative of 

Terzakis (1968) for the sporogonic stage a n d a modified Karnovsky 

fixative ( f o r m a l d e h y d e - g l u t a r a l d e h y d e - o s m i u m - u r a n i u m ) of S inden 

et al. (1976) for all stages (with t he except ion of unc lo t ted b lood 

suspensions). 

For scanning electron microscopy ( S E M ) a wide var ie ty of fixatives 

has aga in been used. Arno ld et al. (1971) eva lua ted n u m e r o u s tech-

niques a n d conc luded t h a t a five-step fixative was desirable for p r e p a r a -

tions of blood cells. Mos t workers , however , use a single g lu t a r a ldehyde 

fixation (S t rome a n d Beaudoin , 1974; S inden , 1975a, b ; B o d a m m e r a n d 

Bahr , 1973). I n S E M studies the use of cri t ical po in t d ry ing techniques 

to avoid shr inkage artefacts is as i m p o r t a n t as t h e choice of fixative 

(Sinden, 1975a). I n compar i son wi th T E M investigations, S E M 

studies a re in the i r infancy a n d considerable cau t ion still has to be 

exercised in the in te rp re ta t ion of S E M m i c r o g r a p h s ; the identif icat ion 

of technical artefacts mus t be vigorously pur sued . 

H i g h vol tage electron microscopy ( H V E M ) has been used to s tudy 

the three-d imens ional relat ionships of var ious organelles of the paras i te 

(Aikawa, 1972; S inden , unpub l i shed ) , a n d is of special va lue w h e n 

looking a t long tor tuous s t ructures wh ich m a y be difficult to examine 

in th in sections, e.g. microgametes (Aikawa a n d Sterl ing, 1974b) or 

sporozoites (Sinden, unpub l i shed ) . 

III. FINE STRUCTURE 

A. The Zygote and Ookinete 

T h e zygote is the fertilized female g a m e t e lying in t he b loodmea l in the 

m i d g u t of t he mosqui to vector (Figures 1 a n d 2) . A t t he m o m e n t of 

fertilization t he p l a s m a l e m m a s of the two gametes fuse a n d the con-

densed mic rogamete nucleus a n d a x o n e m e en te r the m a c r o g a m e t e 

cytoplasm. W i t h i n 15 m i n the nucleus of t he mic rogamete becomes 

enlarged a n d the c h r o m a t i n decondensed (Figures 64 a n d 65) . Conse-

quent ly nuc lea r fusion, so readi ly recognized in Haemoproteus by the 

jo in ing of t he small d a r k ma le nucleus wi th the large pa le female 

nucleus (Gallucci , 1974a), has no t been recorded a t the u l t r as t ruc tu ra l 

level. O n light microscope evidence G a r n h a m (1965) suggests nuc lea r 
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fusion m a y be delayed in some cases for 47J to 48J h. T h e axoneme of 

the mic rogamete a n d its kinetosome are rap id ly depolymer ized a n d 

c a n n o t be detec ted wi th in the ookinete 12-24 h la ter ( C a n n i n g a n d 

Sinden, 1973; Davies, 1974a). 

T h e pellicle of the zygote is composed of a single un i t m e m b r a n e 

b e n e a t h which lies a p a t c h y ne twork of flattened sacs of endoplasmic 

re t icu lum. N o micropore has been found in the pellicle. T h e endo-

plasmic re t i cu lum (ER) is largely confined to a single p a r t of the 

cytoplasm, a n d is associated wi th n u m e r o u s r ibosomes which are 

synthesizing proteins . T h e proteins a re detected as a m o r p h o u s dense 

mate r i a l wi th in the e x p a n d e d cysternae of the E R . A newly developed 

expanse of smooth m e m b r a n e d vesicles is associated wi th the E R ; it m a y 

occupy u p to one-half of the cross-sectional a rea of the paras i te (Davies, 

1974a). Electron-dense part icles 2 0 - 3 5 n m in d i ame te r a re interspersed 

be tween these vesicles (Cann ing a n d Sinden, 1973; Davies, 1974a). 

These part icles (Figures 1 a n d 2) rap id ly increase in n u m b e r a n d 

become the character is t ic crystalloid (Figures 7 a n d 10). A similar 

sequence of crystalloid format ion has been described in Haemoproteus 

(Gallucci , 1974b) b u t Trefiak a n d Desser (1973) suggest t ha t crystalloid 

mate r ia l m a y a l ready be present in the m a t u r e mac rogame tocy te of 

Leucocytezoon. T h e exact function a n d composi t ion of this organel le has 

been the subject of m u c h specula t ion ; G a r n h a m (1966b) suggested it 

was a precursor of the oocyst wa l l ; V i c k e r m a n a n d Cox (1967b) 

believed it to be crystalline r ibosomes, whereas Terzakis (1969), Davies 

et al. (1971), Davies a n d Howells (1973) a n d Terzakis et al. (1976) 

considered the organel le to be a viral infection. However , Trefiak a n d 

Desser (1973) demons t r a t ed t ha t t he crystalloid of several haemospor ina 

is composed of l ipoprotein a n d m a y therefore act as a store of energy. 

D u r i n g deve lopment of the zygote, m a r k e d changes occur in mi to-

chondr ia l organiza t ion , name ly the g r a d u a l t ransi t ion from a p re -

dominan t ly acristate state in the y o u n g zygote to a total ly cristate state 

wi thin the young oocyst. This t ransformat ion accounts for the var ied 

descriptions of cristate ( G a r n h a m et al., 1962), acr is tate a n d par t ia l ly 

cristate forms in the ookinete (Figure 7) (Cann ing a n d Sinden, 1973; 

Davies, 1974a). T h e t ransi t ion in mi tochondr ia l morpho logy is accom-

pan ied by the r eappea rance of succinic dehydrogenase activity in t h e 

oocyst (Howells, 1970a). 

T h e zygote nucleus is l imited by a d o u b l e - m e m b r a n e d nuc lea r 

envelope in which there are numerous nuc lea r pores (Davies, 1974a). 
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This large (2 μπι d iamete r ) eccentr ic organel le conta ins a diffuse 

nuc leoplasm wi th n u m e r o u s scat tered groups of la rge part icles (18 n m 

d iameter ) in a fibrous ma t r ix . Occas ional ly t h e large part icles , wh ich 

readi ly incorpora te
 3

H - a d e n o s i n e , a re aggrega ted in nuclei of b o t h 

zygote a n d ookinete a n d form a nucleolus-like s t ruc ture (Figures 2 a n d 

6) ; this is no t unexpec ted in view of the r ap id expansion in the r ibosome 

popu la t ion wi th in the ookinete a n d oocyst. Division of the nucleus of 

the zygote has been seen bo th in parasi tes still wi th in the b loodmea l 

(Davies, 1974a) a n d in ookinetes t ravers ing the m i d g u t wall (Figure 3) 

(Cann ing a n d Sinden, 1973). Th i s division, wh ich is t h o u g h t to be a 

one step meiot ic division (Bano, 1968; C a n n i n g a n d A n w a r , 1968; 

C a n n i n g a n d S inden , 1973; S inden a n d C a n n i n g , 1973), is m a r k e d by 

the a p p e a r a n c e of spindle poles 2-2-5 μπι a p a r t on t he flattened or 

slightly invag ina ted nuc lea r envelope. I n th in sections there a re 2 to 5 

electron-dense kinetochores (see T a b l e I on p . 154) on the short spindle 

micro tubules wh ich r ad ia t e from a n electron dense cent r io lar p l a q u e 

s i tuated in a single enlarged nuc lea r po re . C o n t r a r y to the suggestions 

of G a r n h a m et al. (1969a) a n d Bafort (1971), the re is no evidence for 

the presence of a cent r io lar p inwhee l on t he cytoplasmic side of the 

centr iolar p l a q u e . 

Whi le still in the b loodmeal , t he spher ical zygote t ransforms to the 

b a n a n a - or leaf-shaped m a t u r e ookinete (Figures 4 a n d 5) . Th i s 

t ransformat ion is p receded by the r ap id a p p e a r a n c e of t he subpel l icular 

organelles a n d the apical complex . O n the basis of the l ight microscope 

studies a n d by ana logy wi th Haemoproteus (Gallucci , 1974b) a n d 

Leucocytozoon (Trefiak a n d Desser, 1973), this pel l icular synthesis migh t 

itself be expected to p recede the b u d d i n g of t he an te r io r region so 

frequently found in the " r e to r t f o rm" ookinete . Gal lucci (1974b) has 

demons t r a t ed the origins of the apica l complex of Leucocytozoon in a n 

electron-dense mass found on the cytoplasmic face of the centr io lar 

p l a q u e of a nuc lea r spindle wh ich marks t he first division of the zygote 

genome . Th i s conoidal an läge , wh ich bears a str iking resemblance to 

the mic rogametocy te M T O C of Plasmodium (see p . 145), migra tes 

towards the p l a s m a l e m m a a n d gives rise to the po la r rings a n d conoid. 

T h e subpel l icular micro tubules a re der ived from fibrous ma te r i a l 

benea th the conoidal canopy . As wi th the format ion of the merozoi te 

and sporozoite, t he posit ion of t he format ion of the apical complex in 

the cell is de t e rmined by the i n t r anuc lea r spindle . I n P.yoelii, synthesis 

of the inner pel l icular m e m b r a n e s begins wi th the deposi t ion of short 
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segments of m e m b r a n e 14-20 n m thick b e n e a t h the p l a s m a l e m m a 

(8-10 n m thick) of the zygote (Figure 1) ( C a n n i n g a n d Sinden , 1973; 

Davies, 1974a). These segments u l t imate ly fuse to form an a p p a r e n t l y 

cont inuous inne r doub le t m e m b r a n e (Figure 2) . These inne r layers a re 

synthesized before the subpel l icular micro tubules (Davies, 1974a). T h e 

Figure 4. The invasive stages, (a) The ookinete, (b) T h e sporozoite. (c) The erythrocytic 
merozoite. Abbreviations. A R , apical ring; C, collar; Cr, crystalloid; I M , inner pellicle 
membrane; M, mitochondrion; M L O , multilamellate organelle; M n , microneme; N , 
nucleus; N u , nucleolus; O M , outer pellicle membrane; P, pigment; PR, polar ring; 
R, electron dense ring; Rh, rhoptry; SB, spherical body; SPMt, subpellicular microtubules. 
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flexibility of this pel l icular complex (Figure 7 insert) is d rama t i ca l ly 

emphas ized by the c inepho tograph ic studies of Freyvogel (1965) a n d 

the u l t ras t ruc tu ra l studies of G a r n h a m et al. (1969a) . T h e function of 

the inne r pel l icular m e m b r a n e s m a y be to p rov ide a s t ruc tura l suppor t 

for the m o v e m e n t of t h e 5 5 - 6 5 subpel l icular micro tubules . Ne i the r 

these m e m b r a n e s , no r the subpel l icular micro tubules a p p e a r to ex tend 

over the whole surface of the ookinete . T h e poster ior th i rd of the cell 

is possibly covered only by a single p l a s m a l e m m a , which would accoun t 

for the a p p a r e n t "f ragi l i ty" of this region seen in S E M prepa ra t ions 

(Figure 5) (Speer et al, 1974; S inden, 1975a). 

Figure 8. Reconstruction of the anterior portion of ookinete (from Canning and Sinden, 
1973). 

I n the m a t u r e ookinete the apical complex comprises four s t ructures 

(Figure 8) : the po la r r i n g ; a collar cont inuous wi th the inne r pellicle 

m e m b r a n e s ; a n electron-dense r ing, 90 n m thick, to wh ich the sub-

pel l icular micro tubules a re a t t a c h e d a n d the r h o p t r y - m i c r o n e m e 

complex (Figures 8 -11) . T h e collar ( = po la r cavi ty of G a r n h a m et al., 

1969 a n d Davies, 1974a) covers the an te r io r conical project ion, is 46 n m 

deep a t its an te r io r bo rde r a n d tapers to no th ing over the " shou lde r s " 

of the ookinete . T h e unusua l a p p e a r a n c e of this organel le in ob l ique 

section led G a r n h a m et al. (1962) to describe a shark-l ike slit for a 

m o u t h , a misnomer corrected in thei r la ter pub l ica t ion ( G a r n h a m 

et al., 1969a). T h e apical complex appea r s to be ex tendab le a n d 

re t rac tab le on the subpel l icular micro tubules ( G a r n h a m et al., 1969a; 

Speer et al., 1974). A similar r e t rac tab le s t ruc ture has been described 

in the ookinete of Parakaemoproteus (Desser, 1972). I t is possible this 

apical complex is used m u c h in the same w a y as the conoid of sporo-

zoites or the intest inal coccidia in bo r ing in to the host tissues. T h e 

rhoptries a n d micronemes lie b e n e a t h the pel l icular componen t s of the 
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apical complex . These electron-dense organelles a re l imited by a single 

un i t m e m b r a n e a n d ex tend as ductules t h r o u g h the po la r r ing to the 

p l a s m a l e m m a . T h e i nne r pel l icular m e m b r a n e s do not ex tend over the 

po la r r ing b u t t e rmina t e in the electron-dense collar. 

T h e function of the r h o p t r y - m i c r o n e m e complex has always been 

r ega rded as secretory ( G a r n h a m et al., 1961), p r e sumab ly to facilitate 

pene t ra t ion of the m i d g u t wall ( C a n n i n g a n d Sinden, 1973) ; however , 

in contras t to the observat ions of J e n s e n a n d E d g a r (1976b) on the 

sporozoite of Eimeria magna d u r i n g pene t ra t ion of cu l tu red cells, the re 

is little loss of electron densi ty or change in d is t r ibut ion of these 

organelles after pene t ra t ion of the gu t wall (Figure 9) . I t is no t k n o w n 

if the rhoptr ies a re responsible for the p roduc t ion of the viscous th reads 

recorded in in vitro studies ( G a r n h a m , 1965). 

Locomot ion of the ookinete, wh ich in its m a t u r e form varies from 7 

to 18 μπι in length a n d is 2*4 μπι in d iamete r , has been described as a 

l inear gl iding mot ion (Freyvogel, 1965) or as a snakelike wriggl ing or 

gl iding m o v e m e n t (Rosales-Ronqui l lo a n d Si lverman, 1974), b u t is 

clearly ro ta t iona l a n d is a t its most efficient w h e n the ookinete is in a 

cellular env i ronment . Speer et al. (1975) have suggested the ookinete 

m a y move against a subst ra te secreted by the rhoptr ies , a m e c h a n i s m 

reminiscent o f t h a t described in the gregar ines . Speer et al. (1974), in 

a n S E M study, i l lustrate t h a t the ookinete is often helically coiled a n d 

described spiral waves in the pellicle. I t is no t known if the m o v e m e n t 

of the rigid subpel l icular micro tubules against the i nne r pel l icular 

m e m b r a n e s or t he activity of membrane-assoc ia ted microfi laments is 

responsible for these waves. 

T h e ookinete is capab le of p e n e t r a t i n g the newly formed, b u t no t t he 

th ickened a n d h a r d e n e d , per i t rophic m e m b r a n e (Freyvogel, 1965); 

failure to cross this ba r r i e r results in the enzymic des t ruct ion of the 

paras i te (Gass, 1977). If successful, t he ookinete subsequent ly brushes 

aside the microvi l lar bo rde r of the m i d g u t ep i the l ium a n d pene t ra tes 

the epithel ial cells. 

G a r n h a m et al. (1962) describe the ookinete as t ravers ing the m i d g u t 

ep i the l ium intracel lular ly , b u t C a n n i n g a n d S inden (1973) suggested 

t h a t an intercel lular rou te should no t be d iscounted. However , a n 

in t race l lu lar rou te (Figure 6) is most f requent ly seen in u l t r a s t ruc tu ra l 

investigations. T h e ookinete is c o m m o n l y found b e n e a t h t h e b a s e m e n t 

cell m e m b r a n e wi th t he apica l complex pressed firmly agains t a n 

ex tended basal l a m i n a of t he m i d g u t wall (Figures 7 a n d 9) . Clear ly a n y 
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secretion from the r h o p t r y - m i c r o n e m e complex is i ncapab le of d isrupt-

ing this fibrous s t ruc ture (Rosales-Ronqui l lo a n d Si lverman, 1974, have 

demons t r a t ed h o w a freely suspended ookinete in vitro is capab le of 

invag ina t ing an e ry throcyte which strongly suggests t h a t the function 

of the rhoptr ies a n d micronemes is similar in b o t h merozoi te a n d 

ookinete—see p . 141). Subsequent ly the ookinete usually differentiates 

in to an oocyst extracel lular ly be tween the basemen t cell m e m b r a n e a n d 

the basal l a m i n a of the mosqui to m i d g u t wall (Figures 10-19) . H o w -

ever, in t race l lu lar deve lopment of oocysts has been described in 

P.vinckei (Bafort, 1971) a n d P.berghei (Beaudoin et al., 1974). 

B. The Oocyst 

Redifferent iat ion of the ookinete to t he oocyst (Figures 10-14) is 

p r e d o m i n a n t l y extracel lular (Rudzinska , 1969; Howells a n d Davies , 

1971 ; S inden, 1975a), b u t occasionally occurs wi th in the m i d g u t 

epithelial cell ( V a n d e r b e r g et al., 1967; Bafort, 1971 ; Beaudoin et al., 

1974). Wea the r sby (1960), however , demons t r a t ed t h a t contac t be -

tween the ookinete a n d the m i d g u t ep i the l ium is no t essential for oocyst 

deve lopment . Bafort (1971) suggested t h a t the in t race l lu la r forms 

become progressively extracel lular as they enlarge a n d thei r de layed 

deve lopment m a y p roduce a second b rood of sporozoites. 

T h e ookinete usually comes to rest b e n e a t h the basal l a m i n a 18-22 h 

after the b loodmea l was taken . H e r e the paras i te rap id ly rounds u p 

(Figure 10) a n d the apical complex is resorbed in to the oocyst cy toplasm 

(Figures 11-13) . T h e subpel l icular micro tubules a n d electron-dense 

collar become progressively de t ached from the inne r pellicle m e m -

branes , d e t a c h m e n t beg inn ing a t the "pos t e r io r " edge of the collar. 

Eventua l ly the whole complex together wi th a r educed crystalloid lies 

free in the oocyst cytoplasm (Figure 12) where it m a y be detec ted for 

u p to three days ( G a r n h a m et al., 1969a; C a n n i n g a n d Sinden, 1973). 

T h e inner pellicle m e m b r a n e s r e m a i n a t t a ched to the oocyst p lasma-

l e m m a ( G a r n h a m et al., 1969a) b u t a re b roken in to small f ragments 

which are slowly resorbed in to the cytoplasm ( C a n n i n g a n d Sinden, 

1973). T h e y o u n g oocyst (1 -2 days) is enveloped by a single 7-5 n m 

thick p l a s m a l e m m a , wh ich on the haemocoe lomic surface is covered by 

the "z ipper - l ike" fibrous basal l a m i n a (Figure 14) ( V a n d e r b e r g et al., 

1967). Th is cover ing is clearly revealed in S E M studies (Figure 20) 

(Strome a n d Beaudoin , 1974; S inden , 1975a). T h e basal l a m i n a itself 
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Figure 13. (not to scale) Oocyst development and sporozoite formation. Abbreviations. AG, 
apical complex; BL, basal lamina of midgut; C, capsule; ER, endoplasmic reticulum; 
I M , inner pellicular membrane; M , mitochondrion; N , nucleus; R, rhoptry; SPMt, sub-

pellicular microtubules ; V , vacuole. 

has been described as be ing covered by an add i t iona l th in m e m b r a n e 

( G a r n h a m et al., 1969a). 

As the oocysts enlarge they lift t he basal l a m i n a away from the m i d g u t 

epithel ial cells a n d a re themselves displaced by the muscle basket 

a r o u n d the gu t (Figure 15). W i t h increasing m a t u r i t y the e x p a n d i n g 

oocysts m a y b reak d o w n the dis tended basal l amina (Figure 20) w h i c h 

would then prov ide little obstacle to the emerg ing sporozoites (S inden , 

1974, 1975a). 
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Oocysts from the second d a y onwards a re covered by a capsule the 

thickness of wh ich has been variously descr ibed as 0-1-0-2 μπι (Vande r -

berg et al., 1967), 0-35-0-49 μπι (Sinden, 1975a) or 1 μπι (Aikawa, 

1971). T h e capsule is for the most p a r t a m o r p h o u s , b u t occasionally 

long fibrous molecules m a y be found. Terzakis et al. (1976) have 

descr ibed virus-like part icles in the oocyst wall wh ich they suggest a re 

der ived from the crystalloid present in the ookinete a n d y o u n g oocyst. 

I n the m a t u r e oocyst the capsule , wh ich becomes r educed to a thickness 

of app rox ima te ly 0-1 μπι, is no longer seen as a cont inuous smooth layer 

(Figure 18) b u t is a s t re tched th in fibrous ne twork deformed by the 

con ta ined sporozoites (Figure 33) . T h e r e is controversy a b o u t the 

origin of t he oocyst capsule . Rudz inska (1969) suggests the capsule is 

of paras i te origin, whereas Bafort (1971) argues t h a t the capsule of 

extracel lular oocysts is der ived from host connect ive tissue a n d t h a t of 

in t race l lu lar oocysts from host cell cy toplasm. Bafort (1971) also 

discusses t he possible role of a host i m m u n e response in capsule forma-

t ion. I n scanning electron mic rographs S t rome a n d Beaudoin (1974) 

have i l lustrated haemocytes a t t ached to the basal l a m i n a cover ing 

oocysts, a n a p p e a r a n c e wh ich m a y , however , be coincidenta l . T h e 

constancy of t he oocyst capsule irrespective of the site of deve lopmen t 

surely indicates a parasi t ic origin. 

As t he oocyst ma tu re s the p l a s m a l e m m a is not iceably evagina ted 

in to t he capsule as microvilli (Figure 16) ( V a n d e r b e r g et al., 1967; 

Rudz inska , 1969; Bafort, 1971) wh ich m a y enhance u p t a k e of nu t r ien t s 

in to the oocyst. Bafort (1971) provides dub ious evidence for surface 

p h a g o t r o p h y in the oocyst. Even t h o u g h the presence of digestive 

vacuoles or lysosomes in the oocyst is ind ica ted by the demons t ra t ion 

of aryl su lphatase act ivi ty (Davies, 1974b), o the r lysosomal enzymes 

(e.g. acid phospha tase a n d ß-glucouronidase) were no t de tec ted in the 

same s tudy. A very r ap id u p t a k e of nu t r ien t s in to the oocyst has been 

demons t r a t ed ( V a n d e r b e r g et al., 1967). Davies a n d Howells (1975) 

s tudied t he u p t a k e a n d incorpora t ion of
 3

H - a d e n o s i n e a n d conc luded 

there was no permeabi l i ty b a r r i e r ; they showed t h a t the oocyst, like t he 

erythrocyt ic stages, does no t incorpora te
 3

H - t h y m i d i n e . 

As t he oocyst ma tu re s , t he cytoplasm contrac ts a w a y from the 

capsule leaving vacuo la r extracel lu lar spaces a r o u n d the pe r iphe ry of 

the cyst (Figures 13 a n d 18). I n t h e S E M this c h a n g e m a y be recognized 

by the a p p e a r a n c e of wr inkled oocysts wh ich are p r e sumab ly less r igid 

t h a n the m o r e i m m a t u r e solid oocyst (Figure 20) . Wr ink led oocysts 
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might , however , be artefacts of p r e p a r a t i o n or degenera t ion . P ro -

gressive cytoplasmic re t rac t ion results in the coalescence of the per i -

phe ra l vacuoles a n d the format ion of clefts be tween the developing 

bands of sporoblast cytoplasm. T h e vacuo la r space becomes filled wi th 

a fibrous a n d vesicular mate r ia l (Figure 22) which is almost cer ta in ly 

der ived from the oocyst wall . A nut r i t ive role proposed for the ext ra-

cellular vesicular mate r ia l (Aikawa, 1971), wh ich is p r e sumab ly 

secreted by the oocyst, is most unlikely. 

Nuc lea r division in t he oocyst has been subdivided by Howells a n d 

Davies (1971) in to th ree distinct phases : proliferation (Figures 16, 18 

a n d 19) ; nuc lea r fission (Figure 22) a n d finally division in to the b u d d i n g 

sporozoites (Figure 24) . However , Schrevel etal. (1977) suggest t h a t t he 

final two phases in fact occur s imultaneously. 

A y o u n g (9 μπι d iameter ) oocyst (Figure 14) conta ins a nucleus 

5-6 μπι in d iameter , which is su r rounded by a doub le nuc lea r envelope 

80 n m wide, the ou te r surface of which is usual ly devoid of r ibosomes 

(Bafort, 1971). Fa i lure to de tec t a nuc lea r envelope in some y o u n g 

oocysts ( G a r n h a m et al., 1969a) was correct ly a t t r i bu ted to i n a d e q u a t e 

fixation. O n l y once has a classical in te rphase nucleus been descr ibed in 

a y o u n g oocyst ( C a n n i n g a n d Sinden, 1971, 1973). A nucleolus has 

never been detec ted in a n o r m a l oocyst nucleus . W i t h i n two days the 

oocyst nucleus becomes enlarged a n d i r regular ly lobed (Figures 16 a n d 

19) ; inside each nuc lea r lobe n u m e r o u s short (0-5 μπι) spindles a re 

formed (Figure 19). 

Mitosis is synchronized t h roughou t the nuc lea r syncyt ium ( C a n n i n g 

a n d Sinden, 1973a). T h e spindle micro tubules extend be tween cha rac -

teristic 0-5 μπι d i ame te r gastrula-l ike invaginat ions of the nuc lea r 

envelope. W i t h i n these invaginat ions , which a re excellently preserved 

in p e r m a n g a n a t e fixed mater ia l , the re a re n u m e r o u s large polyr ibo-

somes (Vande rbe rg et al., 1967; G a r n h a m et al., 1969a; Bafort, 1971 ; 

Howells a n d Davies, 1971 ; C a n n i n g a n d Sinden, 1973). However , the 

suggestion of G a r n h a m et al. (1969a) a n d Bafort (1971) t h a t a centr iole 

is present in the adjacent cytoplasm remains unsubs tan t ia ted . As 

mitot ic spindle format ion begins wi th the a p p e a r a n c e of a single 

hemispindle , 2 0 - 2 5 micro tubules or ig inate in a single large cent r io lar 

p l a q u e s i tuated in a nuc lea r pore . T h e b ipo la r spindle is formed by t h e 

fission of the centr io lar p l a q u e a n d the apposi t ion of the two d a u g h t e r 

p laques by the expansion of the in te rvening nuc lea r envelope (Fouche t 

a n d Schrevel quo ted by Vivier a n d V icke rman , 1974; Schrevel et al., 
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1977). Th is nuc lea r division is classified as c ryptomi to t ic (Hol lande , 

1972). In t e rzona l micro tubules , wh ich ex tend from pole to pole 

( C a n n i n g a n d Sinden, 1973), a re p r e sumab ly polymer ized only after 

apposi t ion is comple te . T h e 5-10 kinetochores are 5 0 - 5 5 n m wide a n d 

4 8 - 8 5 n m long a n d are composed of 3 electron-dense bars , t he outer -

most be ing connec ted e i ther to the spindle mic ro tubu le ( inner d i ame te r 

10-13 n m , ou te r d i ame te r 18-23 n m ) or to the ch romosome (Figure 19). 

T h e kinetochores h a v e been confused wi th chromosomes (Aikawa a n d 

Beaudoin , 1968) or chromosome-l ike bodies (Howells a n d Davies , 

1971). However , t he chromosomes , a t best visible as a vague electron-

dense condensa t ion a r o u n d the k inetochore (Howells a n d Davies, 1971), 

a re m o r e usually unde tec t ab le ei ther morphological ly , by D N A a s e 

extract ion or by au to rad iog raph ic localizat ion of
 3

H - a d e n o s i n e 

(Cann ing a n d S inden , unpub l i shed ) . I t mus t be assumed t h a t the 

ch romosome condensa t ion cycle in mitosis of ma la r i a parasi tes is 

a b n o r m a l , m u c h as it is in Aggregata (Grell , 1973). C h r o m o s o m e 

separa t ion is achieved by the extension of the in te rzona l micro tubules 

a n d a re t rac t ion or resorpt ion of the k inetochore micro tubules ( C a n n i n g 

a n d Sinden, 1973). I t is clear t h a t the n u m e r o u s small spindles 

m a i n t a i n a hap lo id organiza t ion wi th in the polyploid endomi to t ic 

nucleus. 

A t the t ime of sporoblastoid format ion, mitot ic act ivi ty is r educed a n d 

the a t t e n t u a t e d nuc lea r lobes m a y separa te in to n u m e r o u s small nuclei 

(with a d i a m e t e r of 1 μπι) wh ich mig ra t e to the surface of the sporo-

blastoid (Howells a n d Davies , 1971). However , from m y observat ions, 

I th ink t h a t a t t e n u a t e d nuc lea r lobes m a y persist t h r o u g h o u t the 

deve lopmen t of the oocyst (Figure 22) . 

T h e final nuc lea r division is in t ima te ly associated w i th the a p p e a r -

ance of the b u d d i n g sporozoite a t t he p l a s m a l e m m a of the sporoblast 

( V a n d e r b e r g a n d R h o d i n , 1967; V a n d e r b e r g et al, 1967). F la t t ened 

nuclei a p p r o a c h wi th in 160 n m of the p l a s m a l e m m a . T h e subpel l icular 

s t ructures of the sporozoite develop immed ia t e ly above a single 

nuc lea r spindle pole of each nucleus (Figure 22) (Howells a n d Davies , 

1971). V a n d e r b e r g a n d R h o d i n (1967) a n d Schrevel et al (1977) 

h a v e demons t r a t ed n u m e r o u s spindle poles wi th in such nuclei . As 

the sporozoite evaginates , t he nucleus is d r a w n spindle first in to t he b u d 

(Figures 22 a n d 24) . T h e spindle becomes unusua l ly long (1-5-2-5 μπι) 

as the nucleus extends in to the sporozoite. After separa t ion of t he 

sporozoite nucleus from the r e s iduum, t h e c h r o m a t i n very r ap id ly 
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becomes condensed as he t e roch roma t in on the nuc lea r envelope, whe re 

it is readi ly de tec ted by D N A a s e digestion (cf Figures 28 a n d 29) 

( C a n n i n g a n d Sinden, unpub l i shed ) . T h e residual body of the oocyst 

invar iab ly contains some Feulgen positive D N A which V a n d e r b e r g 

et aL (1967) in te rpre t as a n overproduc t ion of nucleic acid by the 

oocyst. A ikawa (1971) has suggested t h a t nuc lea r division in the oocyst 

a n d erythrocyt ic schizont is similar. A l though the accelerated endo-

mitotis of the nuclei of the oocyst differs from the classical mi tot ic 

division so frequently described in erythrocyt ic schizonts, m o r e deta i led 

u l t ras t ruc tu ra l studies of erythrocyt ic schizogony m a y yet subs tant ia te 

Aikawa ' s suggestion. 

T h e cytoplasm of the oocyst contains a h igh densi ty of r ibosomes, 

wh ich explains bo th its s t rong basophi l ia a n d sensitivity to R N A a s e 

(Vande rbe rg et aL, 1967). I n the y o u n g oocyst r ibosomes a r e associated 

wi th a single region of endoplasmic re t i cu lum (Figure 10), bu t , as t he 

oocyst ma tu res , n u m e r o u s pe r iphe ra l islands of endoplasmic re t i cu lum 

develop (Figure 16). These regions have been t e r m e d Golgi bodies by 

Bafort (1971). T h e same a u t h o r has demons t r a t ed cont inu i ty be tween 

the endoplasmic re t i cu lum a n d the nuc lea r envelope a n d , most 

surprisingly, suggests a similar cont inui ty wi th the ou te r mi tochondr i a l 

m e m b r a n e s . Th is m a r k e d expansion of endoplasmic re t i cu lum shows 

there is considerable synthesis of secreted proteins which p r o b a b l y form 

the cyst wall . 

After the t ransi t ion of the mi tochondr i a in the ookinete from a 

subcris tate to a cristate state, t he re is a m a r k e d increase in n u m b e r , size 

a n d electron densi ty of the mi tochondr i a in t he oocyst (Figures 16 a n d 

18), some of which become as long as 3 μπι ( V a n d e r b e r g et aL, 1967). 

Bafort (1971) describes aggregates of organelles l imi ted by two un i t 

m e m b r a n e s , strikingly similar to t he spherical body found in the 

merozoi te , wh ich he suggests m a y be involved in mitochondr iogenesis . 

W i t h i n t he oocyst t he mi tochondr i a a re frequently found lying adjacent 

to t he nuc lea r envelope and , d u r i n g sporozoite evaginat ion , they 

closely follow the nucleus in to t he b u d d i n g sporozoite . 

O t h e r cytoplasmic organelles descr ibed a re few, b u t i n c l u d e : the 

mul t i l amel la te organel le ( V a n d e r b e r g et aL, 1967) wh ich is usual ly 

a t t a ched to o the r m e m b r a n e systems; toxonemes (rhoptr ies a n d 

micronemes) (Rudzinska , 1969); p igmen t crystals wi th in single 

m e m b r a n e - b o u n d vesicles (Bafort, 1971 ; C a n n i n g a n d S inden , 1973a) ; 

a n d dense spherules (Figure 18), wh ich w h e n examined by energy 
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dispersive X - r a y analysis a re found to be devoid of i ron a n d are 

therefore dist inguished from p i g m e n t crystals (Figure 17). 

Sporozoi te format ion occurs synchronously over the whole surface of 

the sporoblastoids. Ini t ia l ly n a r r o w (2 μπι) d i ame te r plates composed 

of 2 t ight ly appressed un i t m e m b r a n e s appea r , closely appl ied to the 

p l a s m a l e m m a above the nuc lea r spindles. Benea th these inne r pel l icular 

m e m b r a n e s the subpel l icular micro tubules rap id ly develop. As the 

sporozoite begins to evaginate (Figures 23 a n d 24) , the 2 or 3 apical 

r ings form at t he apex, a n d the short subpel l icular micro tubules a t t a c h 

to the posterior r ing a n d r ad ia t e from it over t he sporoblastoid surface. 

Extension of the inne r pellicle m e m b r a n e s , a n d the subpel l icular 

microtubules , is strictly confined to the j u n c t i o n be tween the sporozoite 

b u d a n d the sporoblastoid p l a s m a l e m m a ; ne i ther organel le extends 

in to the sporoblastoid cytoplasm. I n m a r k e d contras t to o ther species 

of Plasmodium, a mic ropore (cytostome) has never been de tec ted in the 

sporozoites of m u r i n e ma la r i a parasi tes . A n i m m a t u r e sporozoite 

(Figure 24) is a r igid vase-shaped s t ruc ture wi th a smooth p l a sma-

l e m m a . T h e distal (apical) pole is flattened a n d incl ined a t a n angle to 

the longi tudina l axis of t he cell (Figures 30-32) (Sinden, 1975a). T h e 

1-3 rhoptr ies are first recognized as clear m e m b r a n e - b o u n d spheres 

lying immedia t e ly an te r io r to the nucleus in the sporozoite b u d 

(Figure 23) . These spheres become progressively more electron dense 

a n d e longate as sporozoite format ion proceeds (Figures 24 a n d 31) . 

Ductu les finally develop a n d extend anter ior ly to t he p l a s m a l e m m a 

t h r o u g h the aper tu res of t he apical r ings (Bafort, 1971 ; S inden a n d 

G a r n h a m , 1973). T h e r e a re 2 - 5 rhoptr ies , 0-1 μπι in d iamete r , in fully 

g rown sporozoites in oocysts (Figures 25 a n d 26) . R h o p t r y m o r p h o -

genesis cont inues unt i l t he sporozoite enters the salivary glands , t he 

organelles becoming b r a n c h e d (Sinden a n d G a r n h a m , 1973) or sub-

div ided in to b e a d e d s t rands (Figure 30) ; this morphogenesis t ransforms 

the rhoptr ies in to n u m e r o u s micronemes . After t he incorpora t ion of the 

mitot ic nucleus , 1 or 2 mi tochondr i a mig ra t e in to t he sporozoite 

(Vande rbe rg et al., 1967; Bafort, 1971 ; Howells a n d Davies, 1971 ; 

S inden a n d G a r n h a m , 1973). Final ly endoplasmic re t i cu lum is incor-

p o r a t e d beh ind the severed nucleus . Sporozoi te format ion m a y be 

accompan ied by a vacuol izat ion of t he residual body ( V a n d e r b e r g 

etal, 1967). 

Oocyst degenera t ion , which is sometimes associated wi th heavy 

labora tory infections in u n n a t u r a l vectors, usual ly takes one of four 
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forms: viral infections (Davies et al., 1971 ; Davies a n d Howells , 1971) ; 

vacuol izat ion of the cytoplasm a n d its m e m b r a n o u s organel les ; 

condensa t ion of the nucleic acids wi th in the nuc leus ; a n d the format ion 

of Ross ' b lack spores (Bafort, 1971 ; S inden a n d G a r n h a m , 1973). Ross ' 

b lack spore format ion is no t a cellular response by the haemocytes , b u t 

is a h u m o r a l response. T h e oocyst capsule a n d m e m b r a n e adjacent to 

the haemocoele first be ing " m e l a n i z e d " , this react ion subsequent ly 

ex tending in to the oocyst a long its in te rna l m e m b r a n e s (Sinden a n d 

G a r n h a m , unpub l i shed) . 

C. The Sporozoite 
T h e overal l dimensions of the m a t u r e sporozoites of r o d en t m a l a r i a 

parasi tes differ be tween species (see C h a p t e r 2) a n d the type of p r e p a r a -

t ion examined . Giemsa-s ta ined salivary g l and sporozoites of P.yoelii 

nigeriensis a re 16-72 ±1*56 n m long (Ki l l ick-Kendrick, 1973), whereas 

scanning microscopy studies on sporozoites released from oocysts showed 

smaller sporozoites 9-12 μπι in length a n d 0-5 μπι in d i ame te r (Sinden, 

1975a). A b n o r m a l sporozoites of P.yoelii nigeriensis wh ich m a y h a v e 

vacuola ted cytoplasm a n d condensed nuclei var ied from 0-4 to 2-7 μπι 

in d i ame te r a n d m a y be u p to 40 μπι long (Hulls , 1972; S inden a n d 

G a r n h a m , 1973; Sinden, 1975a). 

T h e n o r m a l sporozoite viewed in the S E M (Figure 34) is devoid of 

a n y p e r m a n e n t surface a rch i tec ture such as the mic ro tubu l a r ridges of 

the merozoi te of Sarcocystis ( M e h l h o r n a n d Scholtyseck, 1974), or the 

micropores of Eimeria (Vet ter l ing et aL, 1971). T h e absence or ex t reme 

rar i ty of a micropore in the sporozoites of roden t p lasmodia contrasts 

wi th the p r i m a t e a n d avian ma la r i a parasi tes a n d has been r ega rded as 

an indica t ion of incomple te deve lopment which m a y be re la ted to the 

relatively poor infectivity of the sporozoites of m u r i n e ma la r i a parasi tes 

( G a r n h a m , 1972; S inden a n d G a r n h a m , 1973). Th i s highly mobi le a n d 

flexible cell is usually curved or coiled in a single t u r n of a helix, a n d 

contrasts marked ly wi th the s t ra ight i m m a t u r e form. V a n d e r b e r g 

(1975) describes the m o v e m e n t of sporozoites from the oocyst as flexing, 

a l t e rna te end thrus t ing , a n d rare ly c i rcular gl iding, a n d makes an 

interest ing dist inction be tween this a n d the m o v e m e n t of the salivary 

g land sporozoite which he described as l imited to c i rcular gl iding a n d 

a t t ached waving . However , Yoeli 's descript ion (1964) of m o v e m e n t of 

salivary g land sporozoites is very similar to t ha t of V a n d e r b e r g ' s oocyst 

form, suggesting t h a t the mobi l i ty of the sporozoite m a y differ q u a n t i -
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ta t ively r a t h e r t h a n qual i ta t ively be tween the two forms. W e have 

always t h o u g h t t h a t the sporozoite from the oocyst was more " a c t i v e " 

a n d flexible t h a n the form from salivary g lands . V a n d e r b e r g (1975a) 

also makes the fascinating observat ion t h a t the sporozoite moves wi th 

the rhop t ry mic roneme complex t ra i l ing. T h e polar i ty of the sporozoite 

is revealed by a localizat ion of the c i rcum sporozoite prec ip i ta te to t he 

r h o p t r y complex end of the cell. Th i s " b a c k w a r d " m o v e m e n t he 

suggests m a y be re la ted to secretions from the r h o p t r y - m i c r o n e m e 

complex, bo th he a n d S c h a u d i n n (1903) hav ing observed droplets 

released from the t ra i l ing pole of the sporozoite. However , in contras t 

to V a n d e r b e r g ' s observat ions C o c h r a n e et al. (1976) have shown the 

c i rcum sporozoite prec ip i ta te forms a b o u t the posterior end of the 

sporozoite. V a n d e r b e r g ' s results therefore show the sporozoite to move 

wi th the r h o p t r y - m i c r o n e m e complex foremost, as do the ookinete a n d 

the merozoi te . V a n d e r b e r g (1975a) also suggests t h a t the c i rcular 

gl iding of t h e sporozoite is in one di rect ion only, showing t h a t the 

sporozoite has a do r sa l -ven t ra l polar i ty . T h e morphologica l basis for 

this m a y well be the a symmet ry of the apical complex which is 

incl ined to the longi tud ina l axis of the sporozoite. 

Despi te the widely va ry ing env i ronments to be to lera ted a n d the 

numerous cellular barr iers to be crossed, the basic morpho logy of the 

sporozoite (Figure 4b) does no t differ r e m a r k a b l y from t h a t of the 

ookinete o r merozoi te (Figures 4a a n d 4c) , the migra t ions of which are , 

by compar i son , tr ivial . T h e sporozoite is covered by a single un i t 

m e m b r a n e p l a s m a l e m m a 7-5 n m thick, the ou te r surface of which is 

covered b y a disperse fibrous ma te r i a l wh ich is p robab ly der ived from 

the cystic fluid. Occas iona l blebs in the m e m b r a n e are visible by bo th 

T E M a n d S E M (Figures 25 a n d 34) . Benea th the p l a s m a l e m m a lie the 

two cont inuous un i t m e m b r a n e s of the i nne r pellicle, the thickness a n d 

dup lex s t ruc ture of wh ich is clearly revealed by some fixatives b u t no t 

others (cf. Figures 25-27) (Terzakis , 1968). These m e m b r a n e s ex tend 

over the whole cell surface wi th the except ion of an apical pore , a n d 

possibly a s imilar region a t the poster ior pole . T h e inner m e m b r a n e s 

often have invaginat ions , wh ich h a v e erroneously been described as 

micropores ( V a n d e r b e r g et al., 1967). W h e n examined by negat ive 

staining techniques , t he pellicle of the sporozoite appea r s re t icula ted . 

This suggests t he wal l of the sporozoite has a l abyr in th ine s t ruc ture 

similar to t h a t of the merozoi te (Cochrane et al., 1976). T h e inner 

pellicle m e m b r a n e s of the sporozoite a re , however , cont inuous a n d no t 
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l abyr in th ine as in the merozoi te . T h e segmented p a t t e r n seen using the 

negat ive s ta ining t echn ique m a y therefore be p r o d u c e d ei ther by t he 

t opog raphy of the sporozoite p l a s m a l e m m a , or by the negat ive s ta ining 

of the i n n u m e r a b l e under ly ing micronemes (Figure 35) . T h e inne r 

m e m b r a n e is recurved a t the an te r ior pole ; in the recurved region lies 

a r ing of electron-dense mate r i a l ( the poster ior " ap ica l r ing" ) to wh ich 

the subpel l icular micro tubules a re a t t ached (Figure 31). Ante r io r to the 

electron-dense r ing lies ano the r apical r ing of smaller d i ame te r which , 

con t ra ry to the suggestion of Scholtyseck et al. (1970), is no t cont inuous 

wi th the inne r pellicle layers. T h e subpel l icular micro tubules a re spaced 

2 - 4 n m from the inner pel l icular m e m b r a n e s by regu la r pa i r ed 

electron-dense linkages ana lagous to the dyne in a rms of flagellar 

mic ro tubu le double ts (Figure 25) . T h e micro tubules c o m m o n l y lie in 

e lectron- lucent regions of cytoplasm, p r e sumab ly the m o v e m e n t of the 

tubu le hav ing pushed mate r ia l from this zone . E a c h tubu le has a n 

externa l d i ame te r of 25 n m wi th a wall thickness of 8-5 n m ( V a n d e r b e r g 

et aL, 1967). T h e dis t r ibut ion of these tubules , a l though symmetr ica l in 

the an ter ior th i rd of the sporozoite, assumes a typical a symmet ry in t he 

region immedia te ly an te r ior to the nucleus . H e r e all the tubules b u t one 

are equal ly spaced a r o u n d two-thi rds of the circumference, the r e m a i n -

ing tubu le occupying the o ther one- th i rd (Figures 26 a n d 27) . E m m e l 

et aL (1942) suggest this t ubu le is on the " o u t s i d e " of the sporozoite 

coil. T h e n u m b e r of tubules m a y va ry be tween species or subspecies, 

e.g. 16 in P.v.vinckei (Bafort, 1971), 16-17 in P.berghei ( V a n d e r b e r g 

et aL, 1967; A ikawa a n d Sterl ing, 1974), 14 in P.yoelii a n d 15 in 

P.chabaudi (Sinden a n d G a r n h a m , 1973). A b e r r a n t sporozoites m a y 

conta in as m a n y as 32 micro tubules . Posterior to the nucleus t he 

microtubules decl ine in n u m b e r suggesting they are of var iab le length , 

a n d t h a t there is n o c o m m o n posterior anchor ing organel le . 

T h e rhoptr ies found in sporozoites from t h e oocyst t ransform to 

micronemes in the salivary g l and form (Figure 35) (Sinden a n d 

G a r n h a m , 1973). A similar t ransi t ion in r h o p t r y organ iza t ion has been 

recorded in sporozoites of Leucocytozoon ( W o n g a n d Desser, 1976) a n d 

the merozoites of Sarcocystis ( M e h l h o r n et al., 1975), Toxoplasma (Vivier 

a n d Pet i tprez , 1972) a n d Eimeria (Heller , 1972). T h e function of these 

organelles, which occupy most of the cytoplasm an te r io r to the nucleus , 

is u n k n o w n b u t by analogy wi th the rhoptr ies of Eimeria ( Jensen a n d 

Edgar , 1976b), they p r o b a b l y aid pene t ra t ion of a t least some of t h e 

cell barr iers crossed by the sporozoite. 
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T h e sporozoite nucleus is 2 - 3 μπι long a n d 0-3-0-7 μπι in d iamete r , 

a n d is central ly s i tuated in the cell. T h e nuc lea r envelope in which 

there a re few c o m p o u n d nuc lea r pores m a y ex tend for a considerable 

dis tance t o w a r d the an te r io r pole . A concent r ic m e m b r a n e d organel le 

m a y occasionally be de tec ted cont inuous wi th the nuc lea r envelope. A 

DNAase-sensit ive layer of he t e roch roma t in u p to 0-15 μπι deep is 

appl ied to the inne r surface of t he nuc lea r envelope. T h e r e m a i n d e r of 

the nucleus conta ins a fibrous m a t r i x wi th interspersed part icles 

16-25 n m in d iamete r . T h e r e is n o nucleolus in the sporozoite nucleus . 

O t h e r cytoplasmic s t ructures i nc lude : n u m e r o u s small m e m b r a n e -

b o u n d vesicles, t e r m e d Golgi bodies by V a n d e r b e r g et al. (1967) ; dense 

spherules (0-16 μπι d iamete r ) similar to those described in gametocytes 

of av ian parasi tes (Sterl ing a n d Aikawa , 1973); a single e longate 

cristate mi tochondr ion (a second electron-dense mi tochondr ion , see 

F igure 27, has been described in P.chabaudi—Sinden a n d G a r n h a m , 

1973—which m a y be ana lagous wi th the spherical b o d y of t he mero -

zoite, see F igure 46) a n d one or two large cisternae of r ough endo-

plasmic re t i cu lum posterior to the nucleus . 

T h e passage of the m a t u r e sporozoite from the salivary g l and to its 

eventua l site of deve lopmen t in the liver p a r e n c h y m a l cell is t he most 

r emarkab l e aspect of the whole of the life cycle of the m a l a r i a paras i te . 

Unfor tuna te ly it is this phase of deve lopmen t wh ich is the least u n d e r -

stood w h e n considering the fine s t ruc ture of m u r i n e ma la r i a parasi tes . 

Escape of the highly moti le sporozoite from the oocyst has long been 

considered a passive event , the th in oocyst wal l p r e sumab ly be ing 

r u p t u r e d by the act ivi ty of the gu t muscu la tu re ( G a r n h a m , 1966a). 

However , S inden (1974, 1975a) has suggested t he sporozoites m a y 

actively pa r t i c ipa te in the b r e a k d o w n of the fibrous oocyst wall . S E M 

studies revealed the oocyst wal l p e p p e r e d by small 0-25-0-65 μπι 

d i ame te r holes t h r o u g h which sporozoites p r o t r u d e d (Figure 33) . I n 

n o r m a l oocysts the n u m e r o u s holes wou ld weaken the oocyst wal l so 

drast ical ly t h a t the oocyst could be to rn a p a r t by externa l mechan ica l 

forces. La rge openings in the oocyst wall have been seen in the S E M 

studies of S inden (1974, 1975a) a n d S t rome a n d Beaudo in (1974). 

Whi le all au thors a re a w a r e of the possible artefact p r o d u c e d by 

p repara t ive techniques , these openings m a y well b e involved in the 

b reakdown of the oocyst wall in vivo. I n degene ra t e oocysts, a few active 

sporozoites could emerge singly t h r o u g h scat tered pores w i thou t caus ing 

a total b r e a k d o w n in t he cyst wall . A l t h o u g h it was suggested t h a t the 

£ 
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sporozoite activity was directed t oward the haemocoelomic surface of 

t he oocyst (Sinden, 1974), it is this surface wh ich has the least 

mechan ica l suppor t a n d is therefore the more l iable to d is rupt ion . 

Studies on the release of sporozoites from oocysts freely suspended in 

cu l tu re would pe rhaps m o r e clearly reveal h o w they escape. T h e basal 

l a m i n a of the m i d g u t is so sh redded by the expansion of the growing 

oocyst t h a t it offers no bar r ie r to sporozoite migra t ion . I ndeed , were it 

no t r u p t u r e d it would be as impene t r ab l e to the sporozoite as it o b -

viously is to the ookinete—unless t he rhoptr ies secrete different sub-

stances a t each stage of deve lopment . Sporozoites in c o m m o n wi th t he 

ookinete a re clearly capab le of migra t ing t h r o u g h the m i d g u t epi-

the l ium. Beaudoin et al. (1974), in thei r s tudy on the ectopic develop-

m e n t of P.berghei oocysts, found infective sporozoites a n d oocysts in the 

l u m e n of the gut . W i t h i n the m i d g u t epi thel ial cells the sporozoite, like 

the in t raery throcyt ic merozoi te , was in a paras i tophorous vacuole 

l imited by host cell m e m b r a n e . Th is is in m a r k e d contras t to the 

ookinete wh ich is in t racytoplasmic . W e h a v e m a d e similar observat ions 

on the sporozoites of t he p r i m a t e paras i te P.vivax (Sinden a n d G a r n h a m , 

unpub l i shed) . T h e excysted sporozoite has to avoid the activity of t he 

mosqui to ' s phagocytes a n d h u m o r a l responses, " a task in wh ich i t 

invar iab ly succeeds" (Weathersby , 1975). However , we have observed a 

most unusua l concent ra t ion of sporozoites of P.vivax inside a cell, 

tenta t ively identified as a haemocy te , in t he m i d g u t ep i the l ium of 

A.atroparvus which suggests t ha t no t all sporozoites successfully reach the 

haemocoelomic fluid. I t is appa ren t ly u n k n o w n w h e t h e r the sporozoites 

actively mig ra t e t o w a r d the sal ivary g lands , a surpris ing omission in t he 

studies of sporozoite physiology. However , they mus t actively pene t r a t e 

the basemen t m e m b r a n e of the salivary g land cell, a pene t ra t ion 

achieved wi th except ional rap id i ty for it has never been recorded in 

u l t ras t ruc tu ra l studies ( G a r n h a m et aL, 1960, 1961 ; S inden a n d 

G a r n h a m , 1973; Sterl ing et aL, 1973). T h e basement m e m b r a n e s of 

some distal salivary g land cells a re d is rupted in to small vesicles a n d 

vacuoles by the en t ry of n u m e r o u s sporozoites (Sterl ing et aL, 1973). 

O t h e r d a m a g e p r o d u c e d by the migra t ion of sporozoites t h r o u g h the 

cells (Figure 35) includes an increase in the n u m b e r of r a n d o m micro-

tubules a n d vesiculation of the secretory cavities. 

Wi th in the salivary glands the sporozoites a ccumula t e in t he distal 

cells of bo th m e d i a n and , to a lesser extent , la tera l lobes—possibly a 

behav ioura l adap t a t i on to the sporozoites inabi l i ty to p e n e t r a t e the 
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thick chi t inous l in ing of the secretory d u c t found in t he p rox ima l cells. 

Sporozoites a re found packed in para l le l bundles wi th in the secretory 

ma t r ix . T h e y en te r the l u m e n of the d u c t in t he distal cells where the 

duc t wall is no t chi t inized, a n d a re subsequent ly found in p rox ima l 

regions (Figure 36) . T h e duc t na r rows d o w n to 1-25 μπι in places 

(Sterl ing et ai, 1973), bare ly wide e n o u g h to al low passage of the 

sporozoite. R e m a r k a b l y few signs of degenera t ion h a v e been no ted in 

sporozoites from salivary g lands beyond surface b lebb ing a n d the 

presence of a few g ian t sporozoites (Sinden a n d G a r n h a m , 1973). This 

contrasts m a r k e d l y wi th the sporozoites seen in oocysts a n d suggests 

t h a t the degenera te forms fail to mig ra t e to, or pene t ra t e , the sal ivary 

glands . I n m a r k e d contras t to the merozoi te , after pene t ra t ion of the 

host cell (salivary g land) the rhoptr ies , micronemes a n d the apical 

complex of the sporozoite a re u n c h a n g e d . I t mus t be assumed, therefore, 

e i ther t ha t they function solely d u r i n g infection of the ve r t eb ra t e host 

or t ha t they aid pene t ra t ion of several barr iers . 

T h e sporozoites from the oocyst which conta in rhoptr ies also h a v e an 

i m m a t u r e (10 day) an t igen which is released from the apical pole a n d 

m a y be involved in sal ivary g l and pene t ra t ion . I n contras t , the sal ivary 

g land forms, which con ta in micronemes , possess a different (18 day) 

ant igen which is similarly released a n d m a y be involved in pene t r a t ion 

in the ve r t ebra te host ( V a n d e r b e r g et al., 1972). However , t he re is a t 

present no morphologica l exp lana t ion for the increased ant igenic i ty of 

the salivary g land sporozoite over t h a t of the oocyst form. T h e d r a m a t i c 

increase in infectivity of the sporozoite popu la t ion from the sal ivary 

glands (Vande rbe rg , 1975b) is pe rhaps expla ined by the failure of 

degenera te a n d non-infective parasi tes to r each this site. O f t he sporo-

zoites in the g lands , V a n d e r b e r g (1977) has shown t h a t in t h e case of 

A.stephensi infected wi th P.berghei be tween 0-1 a n d 17-8% are injected 

d u r i n g a single feed of the mosqui to a n d subsequent ly develop in to 

exoerythrocyt ic parasi tes . T h e exact p ropor t ion inocula ted , he suggests, 

is d e p e n d a n t u p o n specific host skin factors. 

I n a s tudy of the morpho logy of var ious ant igenic p repa ra t ions of 

salivary g land sporozoites Jaks tys et al. (1974) found little change 

induced by gent le homogeniza t ion ; cytoplasmic a n d nuc lea r floccula-

tion induced by hea t inac t iva t ion a n d severe leaching p r o d u c e d by 

freeze t h a w i n g techniques . 

T h e major omission in u l t r a s t ruc tu ra l studies of all ma l a r i a parasi tes 

is the total absence of informat ion on the process of infection of t he 
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ver t eb ra te host a n d the subsequent deve lopmen t of the in t race l lu lar 

pa ras i t e—prob lems so elegantly s tudied in the E imer idae by Robe r t s 

etal. (1971) a n d J e n s e n a n d H a m m o n d (1975). H e p l e r etal. (1966) a n d 

Aikawa et aL (1968) have , however , s tudied the early deve lopmen t of 

the pre-ery throcyt ic schizont of av ian p lasmodia in vitro. 

D. The Pre-eyrthrocytic Schizont 

Since electron microscope studies on the pre-ery throcyt ic schizont of 

m u r i n e Plasmodia h a v e been confined to the m a t u r e schizont, i.e. 

42 -52 h following infection, the interest ing phases of sporozoite 

redifferentiation have yet to be examined . 

T h e 48 h schizont of P.berghei a n d the 52 h schizont of P.vinckei 

vinckei (Figure 37) a re con ta ined wi th in a m e m b r a n e - l i m i t e d paras i to -

phorous vacuole wi th in a liver p a r e n c h y m a cell (Bafort a n d Howells , 

1970; Bafort, 1971). T h e host cell has a r educed densi ty (Bafort, 1971) 

a n d its nucleus is displaced (Desser et aL, 1972). A system of vesicles 

be tween the paras i te p l a s m a l e m m a a n d the paras i tophorous vacuole 

m e m b r a n e (Bafort, 1971) has no t been confirmed by ei ther Desser et al. 

(1972) or G a r n h a m et al. (1967b, 1969b). Desser et al. (1972) suggest 

the u p t a k e of nu t r ien ts is by surface phagocytosis a n d Beaudoin a n d 

S t rome (1972) have clearly demons t r a t ed surface p h a g o t r o p h y t h r o u g h 

a micropore in the av ian paras i te P.lophurae. N o micropore has been 

detected in the m u r i n e parasi tes , ne i ther have food vacuoles been 

identified wi th in the cytoplasm. Clearly diffusion of nu t r ien ts mus t p lay 

a significant role in the nu t r i t ion of the pre-ery throcyt ic schizont. 

Wi th in the i m m a t u r e schizont the endoplasmic re t i cu lum proliferates 

r ap id ly forming large whorls in the m a t u r e schizont. T h e h igh r ibosome 

densi ty also reflects the active p ro te in synthesis by this rap id ly growing 

cell. T h e n u m e r o u s mi tochondr i a have been variously descr ibed as 

be ing acris tate (Bafort, 1971 ; Bafort a n d Howells , 1970), cristate 

(Terzakis et aL, 1974) or as smooth m e m b r a n e d organelles ( G a r n h a m 

et aL, 1969b; Desser et aL, 1972). Terzakis et al. (1974) suggest t h a t it 

is in the pre-erythrocyt ic schizont t ha t the mi tochondr ion rap id ly 

regresses from the cristate form of the sporozoite to an acristate con-

di t ion. I ndeed , a l though his tochemical analysis revealed cy toch rome 

oxidase, G 6 P D a n d 6 G P D activities in this stage, succinic d e h y d r o -

genase activity was no t demons t rab le (Howells a n d Bafort, 1970). 

Nuc lea r division in t he pre-erythrocyt ic schizont has been poor ly 
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s tudied. T h e nuclei in a 48 h schizont a re discrete r o u n d e d bodies 

su r rounded by a doub le nuc lea r envelope, poor ly endowed wi th nuc lea r 

pores . Ne i the r mi tot ic no r in te rphase nuclei wi th condensed he te ro-

ch roma t in have been described. 

T h e only o ther cytoplasmic s t ructures of no te are : l ipid droplets a n d 

a virus body (Bafort, 1971) ident ica l to t h a t described in the oocyst of 

Plasmodium by workers from the same laborator ies (Davies et al., 1971). 

Pseudocytomere format ion begins wi th the a p p e a r a n c e of vacuoles 

be tween the m e m b r a n e of the host cell a n d the cytoplasm of t he 

paras i te . Subsequen t cytoplasmic cont rac t ion a n d cleft format ion is 

less m a r k e d t h a n in the oocyst (Bafort, 1971). T h e vacuo la r space is 

filled wi th fibrous a n d g r a n u l a r mater ia ls . Desser et al. (1972) suggest 

t ha t pseudocy tomere format ion increases the surface a rea for the 

absorpt ion of nu t r ien ts , b u t this is surely unlikely as cytoplasmic 

re t rac t ion is occur r ing a t this stage. However , pseudocy tomere forma-

tion does allow the deve lopment of a vastly increased n u m b e r of 

merozoites wi th in the schizont (Figure 37). Merozo i t e format ion as 

described by G a r n h a m et al. (1967b, 1969b), Bafort (1971) a n d Desser 

et al. (1972) is ident ica l to t ha t descr ibed in the erythrocyt ic schizont. 

Points of no te a re t h a t subpel l icular micro tubules , wh ich a re r a r e in the 

erythrocyt ic merozoi te , have not been detec ted in the exoerythrocyt ic 

form. However , a micropore has once been described in the exo-

erythrocyt ic merozoi te ( G a r n h a m et al., 1969b), b u t has no t been 

repor ted in the erythrocyt ic form. T h e merozoi te p l a s m a l e m m a is 

coated wi th a layer of microfibrillae which , in surface view, show a 

cross-hatched dis t r ibut ion. Th is coat ing, wh ich mus t be homologous 

wi th t h a t of the erythrocyt ic form (Bannister et al., 1975), was denser 

t h a n its erythrocyt ic coun te rpa r t , as was the conten t of the paras i to-

phorous vacuole . T h e subpel l icular l abyr in th ine m e m b r a n e has been 

described as a single thick m e m b r a n e ( G a r n h a m et al., 1969b; Desser 

et al., 1972). F u r t h e r studies wi th o the r fixation techniques a re r equ i red 

to clarify the exact n a t u r e of this s t ruc ture , which is p r o b a b l y composed 

of two closely appl ied uni t m e m b r a n e s . 

T h e m a t u r e merozoi te , wh ich frequent ly has bo th rhoptr ies a n d 

micronemes , is highly moti le (Huff et al., 1960), a n d m a y therefore 

cont r ibu te to the r u p t u r e of m a t u r e schizonts. As merozoites of tissue 

schizonts a re shed in to sinusoids of the liver, they quickly invade 

erythrocytes. A t the t ime of m a t u r a t i o n of the schizonts, paras i t ized 

erythrocytes a re readi ly de tec ted in the b lood of the liver ( G a r n h a m 
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et al., 1969b). Redifferent ia t ion of the in t race l lu lar merozoi te occurs as 

r ap id ly as t h a t of its e rythrocyt ic coun te rpa r t . 

E. The Trophozoite 

T h e t rophozoi te a n d in t rae ry throcy t ic schizont a re t he most extensively 

s tudied stages of deve lopment , p r imar i ly because of thei r pa thologica l 

significance, b u t no t least for the ease wi th wh ich they a re ob ta ined 

(Rudzinska , 1969). However , n u m e r o u s subjects of controversy r ema in , 

inc lud ing the mechan i sm of u p t a k e of nu t r ien t s a n d the functions of 

n u m e r o u s ill-defined s t ructures . 

T h e t rophozoi te (Figure 38) differentiates from the merozoi te 

following invasion of t he e ry throcyte . In i t ia l redifferentiat ion results in 

the sequent ia l loss of t he r h o p t r y - m i c r o n e m e complex , apica l r ings, 

i nne r l abyr in th ine m e m b r a n e a n d subpel l icular micro tubules . Th is 

process differs from t h a t of the saur ian paras i te P.mexicanum where the 

subpel l icular organelles persist in to schizogony (Moore a n d Sinden, 

1974). B lackburn a n d Vini jchaikul (1970) a re a lone in suggesting t ha t 

resorpt ion of t he rhoptr ies is de layed in the m u r i n e parasi tes . T h e fate 

of these apical organelles is u n k n o w n ; t he micro tubules a re p r e s u m a b l y 

depolymer ized a n d the inne r pel l icular m e m b r a n e s m a y be resorbed 

in to the cytoplasmic m e m b r a n e systems to form the mul t i l amel la te 

organel le . T h e i r loss, however , allows t h e t rophozoi te to become 

amoebo id ( L a d d a , 1969). T h e paras i t e lies in a vacuole the l imit ing 

m e m b r a n e of which is evagina ted from the e ry throcyte p l a s m a l e m m a 

d u r i n g merozoi te invasion ( L a d d a et aL, 1969). Th i s un i t m e m b r a n e , 

wh ich was no t recognized in t h e p ioneer s tudy of Fu l ton a n d Flewit t 

(1951), is 5-0-7-5 n m thick a n d has a n i r regula r surface. W h e n 

examined by freeze-fracture techniques , i t differs from the p l a sma-

l e m m a of bo th paras i te a n d ery throcyte , in be ing devoid of part icles on 

ei ther in te rna l face of the un i t m e m b r a n e ( M ä z e n et aL, 1975; Sterl ing, 

unpub l i shed ) , a l t hough L a d d a a n d Steere (1969), in a similar freeze-

fracture s tudy, were u n a b l e to de tec t such differences. Ster l ing (un-

publ ished) fur ther suggests t h a t the extrinsic membrane-assoc ia ted 

p ro t e in—spec t r i n—may also be absent from the pa ras i tophorous 

vacuole m e m b r a n e . W e i d e k a m m et al. (1973) found a specific d e g r a d a -

t ion of 3 ou t of 9 e ry throcyte p l a s m a l e m m a prote ins in infected cells, 

wh ich they suggest m a y result in a changed flux of N a
2 +

 , K
2+

 a n d 

a m i n o acids across t he m e m b r a n e s . 
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T h e paras i te p l a s m a l e m m a is 5-0-7-5 n m thick d e p e n d i n g on the 

fixation t echn ique . I ts surface is r o u g h e n e d ( L a d d a a n d Steere, 1969; 

M a n d a h a r a n d v a n Dyke , 1975) wi th a n a p p e a r a n c e descr ibed as 

"br ick- l ike" in freeze-fractured specimens (Seed et al., 1973b), a n d 

"cog- l ike" in T E M specimens (Blackburn a n d Vini jchaikul , 1970). T h e 

la t te r au thors suggest t he in te rd ig i ta t ion of the host a n d paras i te 

m e m b r a n e s p roduces " h o l d fast" regions which m a y represent special-

ized regions for hos t -pa ras i t e exchange . Seed et al. (1973a) show t h a t 

the surface i r regular i ty is p r o d u c e d by t h e i n t r a m e m b r a n o u s p ro te in 

part icles each 2 5 - 3 5 n m in d iamete r , a n d contras t t he paras i te m e m -

b r a n e s t ruc ture wi th t h a t of t he e ry th rocy te in wh ich the in t r a -

m e m b r a n o u s part icles a re 8-5 n m in d i ame te r . Seed a n d Kre ie r (1976), 

using e lectrophoret ic a n d lec t in-b inding techniques , we re able to show 

t h e paras i te p l a s m a l e m m a has a ne t negat ive surface cha rge wi th a n 

isoelectric po in t of app rox ima te ly 3-0, a n d a surface charac te r ized b y 

a scarcity of lec t in-b inding receptors a n d sialic acid residues, wi th a cor-

respondingly h igh lipid con t r ibu t ion to t he surface cha rge proper t ies . 

T h e vacuo la r space is from 6 to 17 n m in w i d t h (Rudz inska a n d 

T rage r , 1959) d e p e n d e n t u p o n t h e fixative used (Blackburn a n d 

Vini jchaikul , 1970). T h e p l a s m a l e m m a of the amoebo id t rophozoi te is 

often invag ina ted . Rudz inska a n d T r a g e r (1959), in a s tudy of P.berghei, 

suggested such invaginat ions were phagocyt ic vacuoles. Similarly, 

Ki l lby a n d S i lverman (1969a) describe a single large food vacuole in 

t he r ing stage a n d 2 - 7 such vacuoles in la rger parasi tes . These a n d 

o the r au thors (Theaks ton et al., 1968a) suggest t h a t secondary vacuoles, 

l imi ted by only a single m e m b r a n e , b u d off from this invag ina t ion 

(which is l imited by two un i t m e m b r a n e s ) . Cox a n d V i c k e r m a n (1966) 

propose t h a t the large invag ina t ion s imply increases the surface a rea of 

the paras i te u p o n wh ich the pinocytot ic vesicles m a y form. I n m a r k e d 

contras t cy tos tomal feeding is the n o r m a l mechan i sm of food in take in 

av ian m a l a r i a parasi tes (Aikawa et al., 1966a, b ; L a n g r e t h , 1976). 

Cytos tomal feeding also occurs in m u r i n e parasi tes (Figure 42) (Sinden 

a n d G a r n h a m , 1973; Howells et al., 1968b). A ikawa a n d T h o m p s o n 

(1971) have readi ly demons t r a t ed the lysosomal enzyme acid phospha -

tase in small food vacuoles of bo th av ian a n d m u r i n e parasi tes , b u t were 

unab l e to de tec t such act ivi ty on the p l a s m a l e m m a invagina t ions . 

T r a g e r (1966) contested Aikawa ' s hypothesis on two points , firstly, 

invaginat ions of t he p l a s m a l e m m a persisted following release of t he 

parasi te from the e ry throcyte a n d a re no t therefore amoebo id in tuckings 
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(as suggested by Aikawa) a n d secondly, the hypothesis did no t explain 

the observed connect ion be tween the small food vacuole a n d the 

p l a s m a l e m m a . A compromise suggested by Scalzi a n d Bahr (1968) is 

t h a t p inocytot ic feeding occurs in the small t rophozoi te b u t cytos tomal 

feeding occurs in the larger asexual parasi tes . A l t h o u g h surface p h a g o -

t rophy (or pinocytosis) m a y be a m e t h o d of nu t r i en t up t ake in m u r i n e 

parasi tes , as it is in Babesia microti (Langre th , 1976), its role is in all 

p robabi l i ty secondary to cytos tomal feeding combined wi th active 

t r anspor t a n d diffusion of mater ia ls across the p l a s m a l e m m a . T h e 

suggestion t h a t the p l a s m a l e m m a m a y secrete enzymes induc ing 

external food vacuoles ( Je rusa lem a n d He inen , 1965) has received 

little suppor t from o ther studies. However , Rudz inska (1976) has 

suggested t h a t the mul t i lamel la te organel le of B.microti m a y similarly 

secrete digestive enzymes in to the host cell. 

T h e t rophozoi te normal ly has a single cytostome, b u t 2 have been 

recorded (Theaks ton et aL, 1968a). A l though usually r ega rded as a 

p e r m a n e n t organel le (Theaks ton et aL, 1968a), L a d d a (1969) has 

suggested it m a y a p p e a r de novo b e n e a t h the t rophozoi te p l a s m a l e m m a . 

Th i s organel le (Figure 42) is recognized as two concentr ic electron-

dense rings lying approx ima te ly 16 n m b e n e a t h the p l a s m a l e m m a , wi th 

an in te rna l d i ame te r of 5 0 - 8 0 n m a n d an ex terna l d i a m e t e r of 

100-220 n m . Both paras i te p l a s m a l e m m a a n d paras i tophorous vacuole 

m e m b r a n e a re d r a w n t h r o u g h this s t ruc ture d u r i n g ingestion. L a d d a 

(1969), Ster l ing a n d Aikawa (1973) a n d Aikawa a n d Sterl ing (1974) 

suggest t h a t a Golgi complex a t t a ched to the endoplasmic re t i cu lum 

produces electron-dense spherules (p r imary lysosomes) which fuse wi th 

the food vacuole (phagolysosome). Acid phospha tase , a lysosomal 

enzyme, has been detected in the cisternae of the endoplasmic re t icu lum 

(Theaks ton et aL, 1968b; A ikawa a n d T h o m p s o n , 1971). Howells et aL 

(1968b) have recorded the cont inui ty of vesicles wi th t he cytostomal 

vacuole , b u t suggested t he vesicles were secondary food vacuoles 

b u d d i n g from the vacuole a n d no t lysosomes fusing wi th the vacuole . 

Fol lowing digestion of the ingested haemoglob in , m a l a r i a p igmen t is 

formed (Figure 41) . A l though widely assumed to be a simple ca tabol ic 

p roduc t , M o o r e a n d Boothroyd (1974) suggest p i g m e n t or h a e m a t i n 

m a y be a synthesized excretory substance . C o n t r a r y to the observat ion 

of B lackburn a n d Vini jchaikul (1970), m a l a r i a p i g m e n t is read i ly 

recognized in section as single or mul t ip le crystall ine rods lying wi th in 

a un i t membrane - l imi t ed vacuole . T h e crystals wh ich a re 190-200 
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X 30 -90 n m (Rudz inska a n d T r a g e r , 1959; A ikawa a n d An tonovych , 

1964) have a crystal lat t ice of 1-05-1-10 n m (Moore a n d Boothroyd, 

1974). P igmen t crystals a re la rger in P.vinckei t h a n P.berghei (Cox a n d 

V i c k e r m a n , 1966), in wh ich the crystals h a v e been described as be ing 

below the resolut ion of l ight microscopy w h e n per iphera l ly d is t r ibuted 

in the y o u n g t rophozoi te (Rudz inska a n d T r a g e r , 1959). As the t r o p h o -

zoite ma tu re s t he p i g m e n t becomes centra l ized a n d u l t imate ly the 

p i g m e n t vesicles fuse (Cox a n d V i c k e r m a n , 1966; Theaks ton et al., 

1968a; L a d d a , 1969). T h e incorpora t ion of var ious radioact ive sub-

stances in to p i g m e n t has been s tudied by h igh resolution au to rad io -

g r a p h y ; listed in o rde r of increasing specificity these are leucine, 

glycine, δ-aminolaevul inic acid a n d
 5 5

F e (Theaks ton a n d Fletcher , 

1968; Theaks ton et al, 1968b, 1970a). 

Exposure of t rophozoi tes to ch lo roqu ine significantly alters the 

format ion of food vacuoles a n d p igmen t . Peters et al. (1965) a n d Howells 

et al. (1968a) suggest t h a t food vacuoles a re m o r e n u m e r o u s in the Ρ a n d 

R C strains of P.berghei t h a n in drug-sensit ive strains, a l t hough the 

la t ter au thors quest ion w h e t h e r the t rophozoi te has s imply become m o r e 

amoeboid . Peters et al. (1965) a n d Howells et al (1968b, 1969) no ted 

t h a t in a chloroquine-res is tant l ine of P.berghei the h igh preva lence of 

vacuoles persisted even in the absence of d r u g pressure. I r respect ive of 

w h e t h e r or no t food vacuoles increase in n u m b e r , there is a m a r k e d 

increase in vacuole size. A ikawa (1972) found vacuoles increased from 

0-4 to 1-0 μπι, whereas Howells et al. (1968b) saw vacuoles 0-1-1-0 μπι 

d i ame te r in i m m a t u r e t rophozoi tes . Us ing E M au to rad iog raphy , 

Aikawa (1972) demons t r a t ed the b ind ing of
 3

H - c h l o r o q u i n e to the 

m e m b r a n e of a food vacuo le ; W a r h u r s t (1973), however , suggests t h a t 

the m e m b r a n e b ind ing i l lustrated involved an au tophag ic vacuole . This 

m e m b r a n e re ta ined b o u n d label for 24 h d u r i n g wh ich per iod it 

represented the major b ind ing site of the d rug . Th is s tudy d id no t 

describe an ini t ial b ind ing to the lysosomes (dense spherules) as 

proposed by W a r h u r s t a n d Hockley (1967), a n d the results were 

inconsistent w i th the hypothesis of M a c o m b e r et al. (1967) t h a t 

h a e m a t i n format ion concent ra tes the d r u g wi th in the paras i te . T h e 

suggestion t h a t the re was a r educed p i g m e n t p roduc t i on in a chloro-

qu ine resistance R C line of P.berghei, despite a n observed increase in the 

n u m b e r of food vacuoles (Peters et al, 1965), has been ques t ioned b y 

Howells et al. (1968a, b) w h o corre la ted the decl ine in p i g m e n t forma-

tion wi th t he preference of the R C st ra in for i m m a t u r e red cells. I n 



Unless otherwise stated all figures are of P.yoelii nigeriensis. 

Figure 1. Autoradiograph of zygote within 24 h bloodmeal in mosquito gut. Labelled with 3
H-adenosine. Crystalloid, inner pellicular membranes and subpellicular microtubules are 

being formed ( X 14 700). 

Figure 2. Autoradiograph of 24 h zygote in mosquito gut bloodmeal. Inner pellicular 
membrane fully formed. Intense peripheral labelling of nucleus suggests transcription is in 

progress (Fakan, 1976). Nucleolus (Nu) ( X 18 000). 

Figure 3. Intranuclear spindle within nucleus of ookinete fixed while traversing midgut 
epithelium (x61 600). 

Figure 5. S E M micrograph of ookinete from bloodmeal, specimen taken from Giemsa-
stained bloodfilm. Apical complex arrowed (x5120). 

Figure 6. Autoradiograph of
 3

H-adenosine labelled ookinete passing through midgut 
epithelium. Nucleolus (Nu) is heavily labelled ( x 20 100). 

Figure 7. Ookinete closely applied to basal lamina following penetration of midgut. 
Crystalloid (C), acristate mitochondria (M) nucleus (N) ( x l 3 100). Inset. Pellicular folds 

( x 3 8 500). 

Figure 9. Autoradiograph of ookinete following penetration of midgut wall, illustrating the 
persistence of the rhoptry-microneme complex ( Χ 13 600). 

Figure 10. Ookinete undergoing transition to oocyst between basal lamina (B) and basement 
cell membrane (BM) of midgut epithelium ( x 2 2 700). 

Figure 11. Apical complex (A) becoming detached from pellicle in young (18 h) oocyst 
containing partially cristate mitochondria (M) ( x23 100). 

Figure 12. Young oocyst showing totally resorbed but persistent apical complex (A) 
( x 2 0 000). 

Figure 14. Young (18 h) extracellular oocyst covered by "zipper-like" basal lamina. T h e 
inner pellicle membrane of the ookinete is broken (arrows) and the nucleus is undergoing 

mitosis (SP) ( X 14 500). 

Figure 15. S E M micrograph of 4-day oocyst infection. Oocysts can be seen concentrated 
on posterior midgut where they develop between the muscle bands, and beneath the 

tracheoles (x300). 
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Figure 16. Sterographic pair of high voltage (650 keV) micrographs of 1 μιη thick section of 
mosquito gut bearing normal and degenerate 9-day oocysts, and spores of the microsporidian 

Nosema algerae ( X 1300). 

Figure 17. Energy dispersive X-ray analysis of electron-dense spherules, the absence of a peak 
of emission at the location of iron (arrow) shows these are not haemoglobin residues. 

Cytoplasm dotted plot, dense spherule barred plot. 

Figure 18. Nine-day oocysts at earliest stage of peripheral vacuolization. Numerous nuclear 
lobes present with mitotic configurations and nuclear envelope invaginations. Abundant 

cristate electron-dense mitochondria. Dense spherules (DS) ( x 11 200). 

Figure 19. Mitotic spindle extending between centriolar plaques in nuclear envelope 
invaginations (NEI) . Paired kinetochores (K) not associated with condensed chromatin 

(X36 600). 

Figure 20. S E M micrograph of 6-day oocysts showing varied topography. Basal lamina torn 
by expansion of forest of oocysts ( X610) . 

Figure 21. S E M micrograph of 11-day infection showing some liberated sporozoites ( X 360). 

Figure 22. Sporozoites forming on surface of sporoblast. Attenuated nuclei peripherally 
situated with hemispindles leading into budding sporozoite. Newly formed inner pellicular 

membrane confined to sporozoite buds ( X 9300). 

Figure 23. Budding sporozoites showing sequential elongation and darkening of rhoptries. 
(R, R', R") ( x l l 600). 

Figure 24. Budding sporozoites showing rhoptry development, inclusion of mitotic nucleus 
and parallel incorporation of a mitochondrion ( X 11 000). 

Figure 25. T S of sporozoites in 9-day oocyst, showing numerous rhoptries and asymmetrically 
distributed subpellicular microtubules attached to paired inner pellicular membranes by 

double electron-dense linkages (arrows). Fixation : Karnovsky's solution ( X 36 300). 

Figure 26. T S of sporozoites fixed in 2·4% glutaraldehyde, followed by 1% osmium 
tetroxide in phosphate buffer ( χ 27 900). 

Figure 27. T S of sporozoites oî P.cxhabaudi. Note mitochondrion and second electron-dense 
"mitochondrion" running parallel to nucleus. Fixation: 2-4% glutaraldehyde, followed by 

1 % osmium tetroxide in phosphate buffer ( χ 30 600). 

Figure 28. T S of sporozoites in 8-day oocyst. Thin section incubated in DNAase (Aikawa 
et al., 1972) which has removed peripheral condensed heterochromatin in nucleus ( X 31 900). 

Figure 29. Control section to Figure 28, incubated in RNAase ( x26 300). 
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Figure 30. H V E M (650 meV) stereomicrographs of 1 μηι thick section of distal portion of 
sporozoites in 13-day oocyst. Note inclined flattened end within which lies the apical ring on 
which the subpellicular microtubules converge. Electron-dense rhoptries now have a 

markedly "beaded" structure (x31 300). 

Figure 31. T E M of thin section sporozoites as for Figure 30. Anterior thickening of inner 
pellicle membranes forming apical ring, at which point subpellicular microtubules attach. 

Rhoptries run through apical ring to pellicle ( X 34 900) . 

Figure 32. S E M micrograph of sporozoites as for Figures 30 and 31 emphasizing asymmetry 
of anterior pole ( χ 33 700). 

Figure 33. S E M micrograph of contorted sporozoites emerging through holes produced in 
stretched fibrous wall of 11-day oocyst (scale interval 1 μπι) ( χ 11 000) . 

Figure 34. S E M micrograph of haemocoelomic form of free sporozoite. Note spiral shape and 
increasing diameter at position of nucleus (Ν) ( X 11 900). 

Figure 35. Sporozoite in cells of distal lobe of salivary gland. Sporozoite is distending a 
membrane with the anterior end which contains numerous micronemes. Gland tissue is 

grossly distorted ( X9200) . 

Figure 36. T S of sporozoites in proximal region of salivary gland duct which has a thin 
cuticular lining ( χ 9100). 

Figure 37. Mature pre-erythrocytic schizont of P.berghei berghei in liver of experimentally 
infected mouse (from Garnham et al., 1969b) ( X 1600). 

Figure 38. Thin section of intraerythrocytic trophozoite. Multilamellate organelle (MLO) 
associated with pellicle; nucleus ( N ) ; endoplasmic reticulum (ER) ( χ 30 000). 

Figure 39. S E M micrograph of small intraerythrocytic parasites (? trophozoites) ( χ 6000). 

Figure 40. Trophozoite with "metabolic window" (arrow) beneath which lie the multi-
lamellate organelle (MLO) and nucleus ( χ 12 540). 

Figure 41 . Crystal of malarial pigment in membrane limited vacuole ( x80 000) . 

Figure 42 . Active cytostome in young trophozoite ( X 71 800) . 
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Figure 43. Erythrocyte with probable multiple parasitaemia. Young schizont (S) with 
intranuclear spindle (arrow) and large acristate mitochondria (Μ) ( χ 20 800). 

Figure 44. Detail of schizont mitotic spindle. Microtubules seated in electron-dense centriolar 
plaque in nuclear pore, short microtubules bear electron-dense kinetochores, longer radiating 
or interzonal microtubules without kinetochores. Chromosomes are not condensed about 

kinetochores ( X 60 200). 

Figure 45. Erythrocyte containing two schizonts, left—presegmenting, right—segmenting. 
Inner pellicle membrane (IM) laid down above peripheral nucleus, developing rhoptry (R) 
contains partially condensed matrix. Budding merozoite (right) contains large nucleus and 

electron-dense rhoptries ( χ 18 900). 

Figure 46. LS of mature intraerythrocytic merozoite tenuously attached to residual body. 
Rhoptries and micronemes extend through gap in labyrinthine membrane ( IM) and apical 

rings. Pellicle covered in light amorphous coat ( X 38 500). 

Figure 47. Near spherical merozoites released from ruptured schizont, showing paucity of 
subpellicular microtubules (arrows) ( χ 26 200). 

Figure 48. T S of mature intraerythrocytic merozoite showing prominent apical rings (arrow) 
and the close association of mitochondrion (M) and spherical body (SB) ( χ 31 200). 

Figure 49. Merozoite ingested by macrophage ( X 31 600). 

Figure 50. Mature intraerythrocytic macrogametocyte with numerous peripheral acristate 
mitochondria, dense monosome population, extensive smooth endoplasmic reticulum and 
small nucleus. Pellicle contains a single parasite unit membrane. Food vacuole? (FV), 

osmiophilic bodies (OB), pigment (Ρ) ( χ 12 300). 

Figure 51. Mature intraerythrocytic microgametocyte devoid of mitochondria, with sparse 
ribosome distribution and large nucleus. Numerous osmiophilic bodies (OB) and pigment 
vesicles (P). Parasite pellicle predominantly a single membrane but with segments of double 

inner membrane present (arrows) ( X 10 900). 

Figure 52. Microtubule organizing centre ( M T O C ) in diverticulum of nuclear envelope of 
microgametocyte, closely applied to electron-dense intranuclear body (INB) ( x80 600). 

Figure 54. M T O C in microgametocyte 1 min after activation, showing newly formed 
orthogonal tetrad of kinetosomes ( X 75 400). 

Figure 55. LS of first endomitotic division of microgametocyte nucleus 1 min after activation. 
Spindle enters electron-dense centriolar plaque in nuclear pore attached to the cytoplasmic 

side of which are the kinetosomes and axonemes (arrows) ( X 42 500). 
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Figure 56. Second microgametic nuclear division, showing poles of two spindles (arrows). 
Numerous sections of fully and partially formed axonemes present in the cytoplasm of the 

still intracellular parasite ( X 16 100). 

Figure 57. Section of a single pole of third division spindle of microgametocyte. Kinetosome 
has developed a juxtakinetosomal sphere and granule. The basket tubules have extended from 
their subpellicular location to surround the kinetosomal organelles. Chromatin is seen 

condensing on the nucleoplasmic face of the kinetochores ( Χ 78 400) . 

Figure 58. S E M micrograph illustrating the axoneme organization about both poles of a 
single third division spindle ( X 49 800). 

Figure 59. Microgamete nucleus budding from the parental nucleus. Chromosomes are seen 
as electron-dense strands with attached fine loops ( χ 52 800). 

Figure 60. Exflagellation, the kinetosomal pole of the gamete axoneme is forced through the 
basket tubules and drags the nuclear spindle into the gamete. The plasmalemma and 

persistent host membranes are distended by the emergent gamete ( X 68 400). 

Figure 61. S E M micrograph of exflagellating microgametocyte, the distal pole of the 
microgametes containing the juxtakinetosomal sphere and granule are clearly rounded. T h e 
contained nucleus (N) is seen as a swelling on the side of the axoneme. The terminal 
expansion (t) is aberrant and probably contains fragments of gametocyte cytoplasm ( X 7400). 

Figure 62. S E M micrograph of anucleate microgamete showing the structural polarity of the 
gamete with rounded emergent pole and tapered "trailing" pole ( X 10 700). 

Figure 64. Recently fertilized extracellular macrogamete with electron-dense microgamete 
nucleus still associated with the intracellular axoneme. Note large female nucleus, and the 

absence of the osmiophilic bodies ( X 7000). 

Figure 65. Fertilized macrogamete, male nucleus now seen to be decondensing prior to fusion 
with macrogamete nucleus ( X 9300). 
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parasi tes inside normocytes the size of the p i g m e n t gra ins was r educed 

in the R C c o m p a r e d to the drug-sensit ive s t rain. Conversely, in a 

p r imaquine- res i s tan t l ine the size of the p igmen t grains was increased 

(Howells et aL, 1968b). Ne i the r p r i m a q u i n e nor ch loroquine a l tered 

the dis t r ibut ion of cy tochrome oxidase activity (Howells et aL, 1969). 

O n e of the most interest ing modifications of the t rophozoi te p lasma-

l e m m a is the "me tabo l i c w i n d o w " (Figure 40) . Th is s t ruc ture is often 

s i tuated a t the b o t t o m of a deep plate-l ike depression in the ery throcyte , 

0-5-1-0 μπι in d iamete r , where the paras i te is over layed by a 30 -60 n m 

deep layer of dense ery throcyte cytoplasm t h r o u g h which the paras i te 

p l a s m a l e m m a is evagina ted (Arnold et aL, 1971 ; B o d a m m e r a n d Bahr , 

1973). Wi th in this m e m b r a n o u s evaginat ion a re n u m e r o u s vesicles or 

concentr ic m e m b r a n o u s whorls which m a y be cont inuous wi th the 

nuc lea r enve lope—which is frequently found in close apposi t ion to the 

"me tabo l i c w i n d o w " . B o d a m m e r a n d Bahr (1973) speculate t h a t this 

th in m e m b r a n o u s expansion m a y be involved in ei ther the t r anspor t of 

nucleot ides in to the paras i te or the release of ant igens , cytotoxin or 

h u m o r a l agents . Similar ly Arno ld et aL (1971) assume t r anspor t is the 

m a i n function of the organel le a n d further suggest t h a t the paras i t ized 

red cell m a y become a t t ached to re t iculoendothel ia l cells a t this po in t . 

R i n e h a r t et aL (1971) described a similar surface s t ruc ture a n d have 

demons t r a t ed by means of la tex labelled ant ibodies t h a t paras i te 

an t igen is found over the whole of the ery throcyte p l a s m a l e m m a 

inc lud ing the "me tabo l i c w i n d o w " . I n a s tudy of the feeding mechan i sm 

of B.microti, Rudz inska (1976) concludes t h a t a m e m b r a n o u s organel le , 

homologous wi th the "me tabo l i c w i n d o w " of Plasmodium, is responsible 

for e i ther the digestion of host cell cy toplasm or the excret ion of waste 

p roduc t s . Similar ly L a n g r e t h (1976) proposes t h a t the mul t i l amel la te 

organel le (see below) is ex t ruded d u r i n g excret ion, this process forming 

the "me tabo l i c w i n d o w " . However , the s t ruc ture a n d role of this 

organel le d u r i n g the n o r m a l deve lopmen t of Plasmodium should be 

examined wi th considerable care since it is known t h a t : the osmotic 

fragility of malar ia- infected erythrocytes is increased a n d t ha t exposure 

to p r i m a q u i n e can induce the extrusion of the mul t i lamel la te organel le . 

T h e mul t i l amel la te organel le (Figure 38) (Rudzinska a n d T r a g e r , 

1959), also t e rmed the mul t i l amel la te body ( B o d a m m e r a n d Bahr , 

1970); whor led m e m b r a n e ( L a d d a a n d Steere, 1969), myel in forms 

(Cox a n d V i c k e r m a n , 1966) or concent r ic m e m b r a n e d organel le 

(Theakston et aL, 1968a; A ikawa a n d Antonovych , 1964), varies 
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great ly in size a n d posit ion. I t is most often connec ted to an o th e r 

m e m b r a n o u s system of the paras i te , e.g. t he p l a s m a l e m m a or " m e t a -

bolic w i n d o w " (Aikawa a n d Antonovych , 1964; Howells et al., 1968b; 

L a d d a , 1969; B o d a m m e r a n d Bahr , 1970); t he nuc lea r envelope 

(Howells et al., 1968b; L a d d a , 1969) ; a food vacuole (Cox a n d Vicker-

m a n , 1966); the in te rna l m e m b r a n e system of the mi tochondr ion 

( L a d d a , 1969; Theaks ton et al., 1969) or the po in t of apposi t ion of 

adjacent parasi tes (Kil lby a n d Si lverman, 1969a). T h e mul t i lamel la te 

organel le has been associated wi th cy tochrome oxidase activity 

(Theaks ton et al., 1969; Howells et al., 1968c, 1969), N A D H -

a n d N A D P H - dehydrogenase activity (Theaks ton et al., 1967b, 1970b) 

a n d 6 P G D activity (Theaks ton a n d Fle tcher , 1973a, b ) . C y t o c h r o m e 

oxidase is considered a specific m a r k e r for mi tochondr i a (Wal lach a n d 

Lin , 1973) which thus suggests a mi tochondr ia l function for t he 

mul t i lamel la te organel le as proposed by Rudz inska a n d T r a g e r (1959). 

However , the s imul taneous localization of m a n y of these enzyme 

activities to n u m e r o u s o ther paras i te m e m b r a n e s , such as the nuc lea r 

envelope a n d p l a s m a l e m m a , casts d o u b t on the specificity of the 

cytochemical techniques used. A possible ar tefactual (Cox a n d Vicker-

m a n , 1966) or degenera t ive origin of the mul t i l amel la te organel le is 

suggested by an increased preva lence of the s t ruc ture in cells exposed 

to ch loroquine ( M a c o m b e r et al., 1967; Howells et al., 1969), a n d by 

their occasional i n t r ami tochondr i a l locat ion whe re myel in figures a re 

induced by oxygen depr iva t ion or change on pos t -mor tem examina t ion 

(Rhod in , 1974). I n a s tudy on the morpho logy of P.gallinaceum in the 

a b n o r m a l env i ronmen t of the embryon ic chick, L u s h a b a u g h et al. 

(1976) suggest t ha t cer ta in changes ( including mul t i lamel la te organel le 

formation) in these parasi tes could be a genera l response to less t h a n 

op t ima l g rowth condit ions. No twi ths t and ing the suggestion t h a t the 

mul t i lamel la te organel le is an excretory organel le or lysosome (Lan-

gre th , 1976; Rudz inska , 1976) it is difficult to exclude the possibility 

t h a t in the t rophozoi te the mul t i l amel la te organel le is formed from 

quant i t ies of labile phosphol ip id which m a y be deposi ted locally d u r i n g 

the fixation process. 

T h e mi tochondr ion (Figure 43) , variously t e r m e d the doub le 

concentr ic m e m b r a n e d organel le (Rudz inska a n d Trage r , 1959) ; 

Rudz inska ' s organel le ( Je rusa lem a n d He inen , 1965) ; doub le m e m -

b r a n e d organel le (Theaks ton et al., 1968) ; sausage-shaped vesicle 

(Kil lby a n d Si lverman, 1968); a n d m e m b r a n e d organel le (Ki l lby a n d 



C E L L B I O L O G Y 133 

Si lverman, 1968, 1969a; Scalzi a n d Bahr , 1968), was original ly 

described as cristate (Ful ton a n d Flewit t , 1956) b u t subsequent ly found 

to be acristate or par t ia l ly cristate ( L a d d a , 1966, 1969; B lackburn a n d 

Vini jchaikul , 1970). T h e suggested der iva t ion of the mi tochondr ion 

from the p l a s m a l e m m a ( L a d d a , 1969) a n d speculat ions on its possible 

role as a n osmotic regula tor (Theaks ton et aL, 1968a) a re no longer 

believed. T h e th reads of D N A which m a k e u p the mi tochondr i a l 

genome have been described by Blackburn a n d Vini jchaikul (1970). 

E n z y m e activities localized to the mi tochondr ion inc lude cy tochrome 

oxidase (Howells et aL, 1968c; Theaks ton et aL, 1969) a n d 6-phospho-

g lucona te dehydrogenase (Theaks ton a n d Fletcher , 1973a, b ) . T h e 

la t ter is, however , no rmal ly r ega rded as an ex t rami tochondr ia l enzyme . 

Enzymes no t found in the mi tochondr ion inc lude succinic dehydro -

genase (Howells, 1970) a n d glucose-6-phosphate dehydrogenase 

(Theaks ton a n d Fletcher , 1973a, b , c ) ; this absence suggests a cyclical 

deve lopment of mi tochondr ia l activity in the inver teb ra te stages a n d 

inact ivi ty in t h e ve r t eb ra te phase (Howells , 1970). If S D H is coded for 

by the nuc lea r genome , as in Saccharomyces (C la rk-Walker a n d L i n a n e , 

1967), this cyclical activity is u n d e r nuc lea r control a n d would no t 

reflect the ind iv idua l response of each mi tochondr ia l genome . 

T h r o u g h o u t the cytoplasm there a re n u m e r o u s small vesicles wh ich 

p r o b a b l y represent diffuse Golgi bodies, p r i m a r y lysosomes a n d smooth 

endoplasmic re t i cu lum ( L a d d a a n d Steere, 1969). T h e r e is no a p p a r e n t 

polysacchar ide reserve in the erythrocyt ic stages of Plasmodium 

(Schrevel, 1971). T h e y o u n g t rophozoi te contains a l imited endoplasmic 

re t i cu lum to which few of the n u m e r o u s r ibosomes a re a t t ached . T h e 

r ibosomes are typical ly eukaryot ic , i.e. 80 S comprised of 60 S a n d 40 S 

subuni ts (Sherwin et aL, 1975), the monosome measur ing 3 6 x 2 5 n m 

a n d the subuni ts 23 X 18 n m a n d 1 1 x 1 8 n m , respectively (Aikawa a n d 

Cooke, 1971). Ribosomes are seen bo th in their inact ive (monosome) 

a n d active (polysome) forms. Polysomes dissociate rap id ly in parasi tes 

exposed to ch loroquine ( M a c o m b e r et aL, 1967; L a d d a , 1966; L a d d a 

a n d Arno ld , 1965). Th is is p r e s u m a b l y re la ted to the inhib i t ion of 

u p t a k e of a m i n o acids, e.g. me th ion ine (Theaks ton et aL, 1971, 1972), 

a n d results in the format ion of condensed r ibonucleopro te in ( R N P ) 

chains. 

T h e nucleus of the growing t rophozoi te enlarges rap id ly ( L a d d a , 

1969) suggesting an increase in the rates of nucleic acid a n d pro te in 

synthesis (Lewin, 1974). T h e r e is n o c o m p a c t nucleolus present , 
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r ibosome synthesis occur r ing t h r o u g h o u t the nucleus . L a d d a (1966) a n d 

L a d d a a n d Arno ld (1965) showed t h a t the drugs sontoquine a n d 

ch loroquine i nduced condensat ion of nuc lear R N P in to a nucleolus-like 

s t ruc ture which Arno ld et al. (1969) suggested h a d the ant igenic 

characterist ics of a nucleolus. Howells et al. (1969) were u n a b l e to show 

these nuc lea r changes w h e n p r i m a q u i n e a n d chloroquine-resis tant lines 

of P.berghei were exposed to ch loroquine . P r i m a q u i n e did , however , 

i nduce nucleolar-l ike aggregates in the chloroquine-res is tant l ine. T h e 

diffuse nucleolar organiza t ion m a y inhibi t the cytochemical detect ion 

of nuc lea r R N A (Cuica et al., 1963). D N A a n d histones, by contrast , 

a re readi ly detected by the Feulgen react ion a n d alkal ine fast green 

react ions respectively (Bahr, 1965). T h e u l t ras t ruc tura l o rgan iza t ion of 

the nucleus has been extensively s tudied by Aikawa et al. (1972). Loose 

c lumps of 4 n m electron-dense part icles are interspersed a r o u n d the 

pe r iphery of the nucleus wi th less dense zones conta in ing 18-22 n m 

granules a n d scat tered pe r i ch romat in fibrils. W i t h nuc lea r en la rgement 

the 4 n m particles become evenly dis t r ibuted b e n e a t h the nuc lea r 

envelope. D N A a s e digestion removed these particles a n d o ther dense 

ma te r i a l from the he te rochromat ic regions. I n the euch romat i c regions, 

D N A a s e extract ion revealed the 18-22 n m part icles to be l inked by fine 

fibrils, which p r o b a b l y represent the sites of t ranscr ip t ion . Py r ime tha -

mine r educed the density of 18-22 n m part icles, fine fibrils, a n d the size 

of the euchromat i c regions of the nucleus, a n d s imultaneously induced 

small DNAase-sensit ive regions wi th in the nucleus . L a d d a (1965) 

demons t ra t ed t ha t a n u m b e r of drugs inc lud ing a m o d i a q u i n e , qu ina -

cr ine a n d acr idine o range all i nduced var ied nuc lea r changes , as d id 

ac t inomycin D ( L a d d a a n d Arnold , 1965). I n a series of au to rad io -

g raph ic studies, Theaks ton a n d Fle tcher (1968, 1970a) revealed the 

incorpora t ion of
 3

H - l e u c i n e , -glycine a n d -8 aminolaevul in ic acid in to 

nuc lea r proteins . Theaks ton et al. (1971, 1972) demons t r a t ed a r educ -

t ion of incorpora t ion of
 3
H - a d e n o s i n e in to the paras i te nucleus following 

ch loroquine t r e a t m e n t ; cytoplasmic incorpora t ion of
 3
H - a d e n o s i n e , a n d 

the overall incorpora t ion of
 3

H - u r i d i n e was, however , una l t e red . T h e y 

in te rpre t these results to m e a n t h a t the nuc lea r envelope a n d p lasma-

l e m m a have different susceptibilities to ch loroquine . Such t r e a t m e n t 

results in the expansion of the per inuc lear space ( L a d d a a n d Arno ld , 

1965), which clearly reveals the few nuc lea r pores. Freeze-fracture 

studies have elegantly demons t r a t ed the pauc i ty of nuc lea r pores 

( L a d d a a n d Steere, 1969). T h e nuc lea r pores a re of the complex type 
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(Scalzi a n d Bahr , 1968) a n d con ta in a hol low electron-dense cyl inder 

wi th in the walls of which lie 8 small tubules (Vivier, 1967). 

Observa t ions on extracel lu lar t rophozoi tes a re confined to those on 

artificially released parasi tes a n d o n a b e r r a n t forms na tu ra l l y escaping 

from the e ry throcyte . T rophozo i t e migra t ion has been recorded in vivo 

(Ferguson, 1958) a n d in u l t r a s t ruc tu ra l studies (Peters, 1963; L a d d a 

et aL, 1965; J e r u s a l e m a n d He inen , 1968). T h e emergen t t rophozoi te 

is invar iab ly invested by the m e m b r a n e of the pa ras i tophorous vacuole 

a n d occasionally by a layer of e ry throcyte cytoplasm, mic rographs of 

which m a y bea r a str iking resemblance to the "me tabo l i c w i n d o w " 

described on p . 131. Whi le the significance of this b r e a k d o w n of 

pa ras i t e -e ry th rocy te organiza t ion is no t yet unders tood , L a d d a et aL 

(1965) d r a w a t t en t ion to the possible artefacts involved. 

Artificially released m u r i n e ma la r i a parasi tes have been examined by 

L a d d a (1969), Ki l lby a n d S i lverman (1969b) , Schne ider (1970), Seed 

etaL (1973a, b) a n d Seeded aL (1974). L a d d a , a n d Ki l lby a n d S i lverman, 

found t h a t saponin lysis of the e ry throcyte was m o r e efficient t h a n 

i m m u n e lysis, a l t hough ne i the r m e t h o d complete ly r emoved the 

enveloping host m e m b r a n e s . T h e parasi tes , whi le largely u n d a m a g e d , 

conta ined swollen mi tochondr i a a n d mul t i l amel la te organelles. F r e n c h 

press a n d dist i l led-water lysis were considered the least satisfactory 

isolation techniques , b o t h resul t ing in considerable d is rupt ion of the 

parasi tes . 

F. The Intraerythrocytic Schizont 

I n the growing t rophozoi te the endoplasmic r e t i cu lum becomes 

marked ly e x p a n d e d a n d the cis ternae fill w i th a dense ma t r ix . T h e 

cy toplasm becomes not iceably denser , in p a r t d u e to an increased 

r ibosome densi ty. T h e single mi tochondr ion becomes en larged a n d buds 

d a u g h t e r organelles (Aikawa, 1971 ; B lackburn a n d Vini jchaikul , 1970). 

T h e first sign of schizogony, however , is the a p p e a r a n c e of an in t ra -

nuc lea r mitot ic spindle (Figures 43 a n d 44) b e n e a t h the persistent 

nuc lea r envelope (Vickerman a n d Cox, 1967a; Scalzi a n d Bahr , 1968). 

E a c h spindle pole is based in a n electron-dense cent r io lar p l a q u e 

si tuated in a nuc lea r pore . T h e p l a q u e m a y ex tend 0-2 μπι in to the 

cytoplasm where , in face view, A ikawa et aL (1972) descr ibe a c i rcular 

organizat ion. I t is n o w clear t h a t the re is no cytoplasmic mic ro tubu le 

organizing cent re ( M T O C ) , i.e. a centr iole , as described in the schizont 

F 
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of Eimeria (Dubremetz , 1971). T h e spindle microtubules which r ad ia t e 

from the centr io lar p l aque are approx ima te ly 10 in n u m b e r , u p to 

0-75 μπι long a n d 19-22 n m in external a n d 11-13 n m in in t e rna l 

d iamete r . Mos t micro tubules a p p e a r to be of the k inetochore type , 

a l though in te rzonal tubules have been recorded (Scalzi a n d Bahr , 

1968). U p to 4 kinetochores are seen in ind iv idua l sections as t r iple 

electron-dense bars 75 n m long a n d 74 n m wide . Condensed D N A is 

no t visible a r o u n d the kinetochore , a l though D N A a s e digestion does 

r educe the electron densi ty of the adjacent nuc leoplasm (Aikawa et al., 

1972). Interest ingly, Aikawa (1971) notes the a p p e a r a n c e of more t h a n 

one spindle in a single nucleus. However , A ikawa et al. (1972) suggest 

t h a t a t te lophase the nucleus is a t t enua t ed a n d separates in to d a u g h t e r 

nuclei wh ich subsequent ly divide. Whi le the major i ty of publ i shed 

studies suppor t the la t ter hypothesis , the observat ion of mul t ip le 

spindles in schizont nuclei , together wi th the established syncytial 

n a t u r e of the oocyst nucleus suggest t ha t a similar nuc lea r organiza t ion 

(i.e. an accelera ted mitosis) migh t occur wi th in the schizont, nuc lea r 

fission be ing delayed unt i l segmenta t ion ( Y a m a d a et al., 1972). 

W i t h i n the segment ing schizont (Figure 45) small discs of cont inuous 

doub le m e m b r a n e develop b e n e a t h t he p l a s m a l e m m a . Benea th these 

m e m b r a n e s a re r ad ia t ing subpel l icular micro tubules . I n t u rn , b e n e a t h 

the micro tubules lies a single m e m b r a n e - b o u n d vesicle approx ima te ly 

0-3 μπι in d i ame te r wi th a fibrous electron-dense m a t r i x ; this is the first 

s tage in the deve lopment of the r h o p t r y - m i c r o n e m e complex of the 

merozoi te (Scalzi a n d Bahr , 1968). I t must be assumed tha t bo th the 

l abyr in th ine m e m b r a n e a n d the rhop t ry vesicle a re derived from the 

n u m e r o u s Golgi vesicles of the schizont as described in Eimeria by 

D u b r e m e t z (1975). As in format ion of sporozoites a n d ookinetes, 

merozoi te organogenesis is spatial ly de t e rmined by the location of a 

nuc lea r spindle, wi th in a nuc lea r bud , b e n e a t h the p l a s m a l e m m a of the 

schizont (Figure 45) . Subsequent ly the edges of t h e l abyr in th ine 

m e m b r a n e become re t rac ted in to the schizont cytoplasm, a l though 

Y a m a d a et al. (1972) suggest t ha t the merozoi te is actively ex t ruded . I n 

the an te r ior p a r t of the merozoi te bud , the rhoptr ies rap id ly become 

electron dense a n d lobed. Ductules develop ex tend ing t h r o u g h the 

newly differentiated apical rings unt i l , in the m a t u r e merozoi te , r h o p t r y 

proliferation progresses to the poin t where micronemes are formed 

(Figure 46) . After the incorpora t ion of the nucleus in to the merozo i te , 

a mi tochondr ion a n d its associated spherical body are enclosed in the 
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b u d . T h e precise m a n n e r by wh ich some organelles a re incorpora ted 

in to the merozoi te a n d others a re excluded is no t unders tood . Those 

organelles excluded which form the res idual body , inc lude p i g m e n t 

conta in ing vacuoles, m e m b r a n o u s vesicles, endoplasmic re t i cu lum a n d 

ribosomes. 

Whils t still inside the e x p a n d e d pa ras i tophorous vacuole the mero -

zoite p l a s m a l e m m a becomes coa ted in a fibrous ma te r i a l (Mil ler et aL, 

1974; Bannister , 1977) which is ou twa rd ly similar in a p p e a r a n c e to 

mate r i a l found in t he vacuole (Figure 46) . T h e surface of the in t ra -

erythrocyt ic merozoi te released by sonicat ion has two distinct pa t t e rns : 

a fine s t ippl ing similar to t h a t of the t rophozoi te p l a s m a l e m m a (Seed 

et aL, 1973a, b ) , descr ibed as " o r a n g e peel l i ke" (Prior a n d Kre ie r , 1972) 

a n d a hexagona l " t ab l e - l a ce" p a t t e r n each r ing of wh ich is 0-25-0-3 μπι 

long a n d 0-15-0-17 μπι wide (Seed et aL, 1973). T h e hexagona l p a t t e r n -

ing is pe rhaps p r o d u c e d by the under ly ing l abyr in th ine ne twork 

or m a y be a technical artefact. T h e surface of the p lasma-

l e m m a is composed of a p a t c h w o r k of h y d r o p h o b i c lipid p laques 

interspersed wi th acid mucopolysacchar ide wh ich conta ins a low 

density of sialic acid g roups—a molecu la r o rgan iza t ion which wou ld 

enhance the adhesive proper t ies of the paras i te (Seed et aL, 1974). 

Following a n asynchronous schizogony ( L a d d a , 1969), merozoites 

pene t r a t e the res t ra in ing e ry throcyte a n d most a re l ibera ted in to t he 

p l a sma (Figure 48) , a l though Howells (1970b) has suggested t h a t a 

" p a r e n t a l " e ry throcyte m a y occasionally become paras i t ized aga in . 

R u p t u r e of schizonts is a ccompan ied by localized vesiculat ion of the 

ery throcyte p l a s m a l e m m a a n d a 2 0 % increase in e ry throcyte vo lume , 

events similar to those recorded in e ry throcyte invasion (Dvorak et aL, 

1975) suggesting t ha t a c o m m o n mechan i sm is used to en te r a n d leave 

erythrocytes . Bannis ter (1977), however , has suggested t he e ry throcyte 

is r u p t u r e d by osmotic forces caused by the release of osmotically act ive 

molecules in to t he pa ras i tophorous vacuole . Free merozoites m a y 

become ingested by cells of the re t iculoendothel ia l system (Figure 49) . 

Similar ly the residual body a n d its p i g m e n t is readi ly phagocytosed by 

the re t iculoendothel ia l system. P i g m e n t ingested by Küppfe r cells 

wi th in the liver is t ransferred by endocytosis to lysosomes. L a t e r in an 

infection, however , t he lysosomes become enlarged a n d p i g m e n t 

r emains ; this suggests t he lysosome is u n a b l e to b reak d o w n the 

haemat in (Aikawa a n d Antonovych , 1964; M i w a a n d T a n i k a w a , 1965). 

Pathological changes descr ibed in t he k idney inc lude h y p e r t r o p h y 
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a n d microvil lar extension of the endothel ia l cells, a n d cytoplasmic 

extension of mesangia l cells associated wi th mala r i a l an t igen a n d l g M , 

I g G i , I g A a n d C 3 in the g lomerulus (Suzuki , 1974; George et al., 1976). 

Weise et al. (1975) found subendothe l ia l a n d mesangia l deposits a n d 

spli t t ing of the basement m e m b r a n e which they in te rp re t as evidence 

for a t rans ient i m m u n o c o m p l e x g lomerulonephr i t i s . 

Recen t ly Yoeli (1976) m a d e an u l t ras t ruc tura l examina t ion of the 

b ra in of mice infected wi th a v i ru lent l ine of P.y.yoelii. H e described 

large schizonts complete ly occ luding t e rmina l capillaries a n d the 

choroid plexus. Th is occlusion was no t a ccompan ied by pla te le t 

aggregat ion or fibrin p roduc t ion , bu t swelling of t he astrocyte processes 

p r o b a b l y resulted in a reduc t ion in the cross-section of the vessels. Smal l 

haemor rhages t h o u g h present in the cerebra l cor tex before d e a t h were 

more p r o n o u n c e d on pos t -mor tem examina t ion . 

G. The Merozoite 

T h e merozoi te is almost spherical a n d measures approx ima te ly 1-5 μπι 

in length a n d 1-0 μπι in d i ame te r (Figures 47 a n d 48) . I n the ex t ra -

cellular form the sparse surface coa t becomes a 30 n m thick h o m o -

geneous layer over the paras i te (Miller et al., 1975). This g r a n u l a r coat 

( L a d d a , 1969) is no t b o u n d by C a
2+

 ions a n d contains g a m m a -

globulins a n d little sialic acid. T h e coat , wh ich is i nduced by contac t 

wi th the p lasma, is considerably thicker w h e n merozoites a re exposed 

to i m m u n e se rum (Miller et al., 1975). These au thors suggest t ha t the 

coat ing inhibi ts re-invasion (but no t e ry throcyte recognit ion) by 

agglu t ina t ion of the merozoites, b u t it is difficult to unde r s t and h o w the 

receptor molecules in the merozoi te coat a re capab le of recognizing the 

e ry throcyte t h r o u g h the add i t iona l thick surface layers unless, as 

suggested by Brown (1976), ant ibodies against these molecules are of 

such low avidi ty t h a t they m a y be compet i t ively displaced by e ry th ro-

cyte receptors . T h e work of Bannis ter et al. (1975) a n d Bannis ter et al. 

(1976) on P.knowlesi a n d P.yoelii suggests t h a t t he merozoi te p lasma-

l e m m a is covered by T- shaped pegs 20 n m high a n d 4 n m in d iamete r , 

the extensible a rms of which are p ro te in a n d are responsible for the 

non-specific b ind ing of merozoites to o the r cells. Specific b ind ing , they 

suggest, is achieved by anionic polysacchar ide groups ex tend ing 

lateral ly from the s tem of the peg. I n contrast , L a d d a et al. (1969) 

suggest there a re no specific receptor sites a n d S h e r m a n (1966) found 
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t h a t t rypsin, chymot ryps in a n d neu ramin idase digestion of erythrocytes 

fail to inhib i t invasion by merozoites . However , the work of Mi l le r et aL 

(1975) has clearly established t h a t specific b ind ing sites associated wi th 

the Duffy g r o u p an t igen exist for P.knowlesi. T h e tenuous a t t a c h m e n t 

of the surface coat to the p l a s m a l e m m a is b roken as the coat is s loughed 

off d u r i n g invasion of the e ry throcyte ( L a d d a et aL, 1969; Bannis ter 

et aL, 1975). Th i s ac t ion wou ld remove a n y ant ibodies a t t a ched to the 

merozoi te wh ich migh t inhib i t subsequent deve lopment of the t r opho-

zoite. 

Benea th the p l a s m a l e m m a lies t he l abyr in th ine inne r m e m b r a n e . 

These m e m b r a n e s cover the whole of the surface of the paras i te except 

for the ap ica l region, a n d possibly a region a t the poster ior end of t he 

cell. T h e function of this m e m b r a n e — f o u n d in all the invasive stages 

of deve lopmen t—mus t be considered as s t ruc tura l , e i ther as preserving 

the shape of the paras i te in env i ronments of differing osmotic potent ia ls 

(Seed et aL, 1973) or ac t ing as a skeletal system u p o n which the 

ind iv idua l subpel l icular micro tubules or a system of microfi laments m a y 

move. W o n g a n d Desser (1976) have suggested t h a t such an in te rac t ion 

between the subpel l icular micro tubules a n d inne r pel l icular m e m b r a n e s 

m a y be responsible for m o v e m e n t of sporozoites in Leucocytozoon. I n 

contras t to the p r o m i n e n t a n d n u m e r o u s (26) subpel l icular micro-

tubules of merozoites of avian , saur ian a n d p r i m a t e m a l a r i a parasi tes , 

the re is scant evidence for such a m i c r o t u b u l a r system in m u r i n e 

ma la r i a parasi tes . Whi le some au thors briefly men t ion the presence of 

tubules (Scalzi a n d Bahr , 1968; L a d d a , 1969) others fail to record the i r 

presence ( G a r n h a m et aL, 1969; Theaks ton et aL, 1968a; Ki l lby a n d 

Si lverman, 1969a; Y a m a d a et aL, 1972). I n m y exper ience only a few 

micro tubules a re ever present , i rrespective of the fixative used (Figure 

47) . G a r n h a m et aL (1969) descr ibed a system of subpel l icular micro-

filaments which migh t be involved in movemen t s of the merozoi te . T h e 

activity of microfi laments in the merozoi te d u r i n g invasion could be 

invest igated by means of metabol ic inhibi tors , e.g. cytochalas in Β 

(Jensen a n d Edga r , 1976a) or the ac t in like proper t ies of the micro-

filaments could be d e m o n s t r a t e d cytochemical ly . Observa t ions of Huf f 

(quoted by G a r n h a m , 1966b) t h a t the merozoi te d raws itself a long a 

p rob ing an te r io r filament a re r e m a r k a b l y similar to observat ions on the 

ookinete, b u t r e m a i n unsubs tan t i a t ed . 

T h e concentr ic apical r ings lie a t t he an te r io r marg ins of the i nne r 

pellicular m e m b r a n e s (Figure 48) . These rings were erroneously t e r m e d 
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t h e conoid in early studies (Aikawa, 1967; H e p l e r et al., 1966; L a d d a 

et al., 1965; G a r n h a m et al., 1969; Y a m a d a et al., 1972), b u t a t rue 

conoid is no t found in the genera Plasmodium, Babesia a n d Theileria 

(Scholtyseck et al, 1970). 

T h e ducts of the rhoptr ies a n d micronemes pass t h r o u g h the apica l 

r ings (Figure 46) . T h e rhoptr ies a re flask shaped , approx ima te ly 0-5 μπι 

in length a n d 0-12 μπι in d iamete r , e lectron dense a n d m e m b r a n e 

l imited. T h e smaller micronemes a re in te rconnec ted to the rhoptr ies by 

pore-like s t ructures (Sterl ing et al., 1972). Some au thors have suggested 

t h a t micronemes a re precursors to the rhoptr ies ( L a d d a et al., 1969; 

Rudz inska a n d V i c k e r m a n , 1968) b u t the opposi te is t r ue (see p . 136). 

G a r n h a m et al. (1969) suggest these two s t ructures represent different 

act ivi ty states of t he same organel le . Un l ike t he observat ions on the 

sporozoite, the re is no evidence for this. All workers are agreed t h a t the 

rhoptr ies a n d micronemes a re involved in pene t ra t ion of t he e ry th ro -

cyte, since they rap id ly d i sappear after invasion. If the e ry throcyte 

con ta in ing the schizont is r u p t u r e d by the same activi ty as t h a t used 

d u r i n g re-invasion of the e ry throcyte (Howells, 1970b; D v o r a k et al., 

1975), t he rhoptr ies of some merozoites wou ld d i sappear d u r i n g escape 

a n d such merozoites would be u n a b l e to i nvade n e w erythrocytes . Such 

altruistic behav iou r has no t been described. T h e chemica l basis of 

r hop t ry a n d mic roneme act ivi ty has been the subject of bo th consider-

able speculat ion and , recent ly, interest ing exper iment . Un l ike the 

micronemes of Toxoplasma, wh ich a re k n o w n to conta in mucopoly-

saccharides a n d acid phospha tase (Vivier a n d Pet i tprez , 1972), this 

enzyme is no t present in t he apical organelles of m a l a r i a parasi tes 

(Aikawa, 1971). Howells (1970b) was u n a b l e to demons t r a t e pro tease 

or lipase act ivi ty in the rhoptr ies , b u t suggested t h a t they conta ined 

mucopro te ins . Whi le m a n y au thors assumed these s t ructures secreted 

proteolyt ic enzymes ( G a r n h a m et al., 1961 ; Aikawa, 1967; Theaks ton 

et al., 1968a), others po in t ou t t h a t t h e merozoi te invaginates the 

e ry throcyte m e m b r a n e a n d does no t therefore requ i re hydrolyt ic 

enzymes ( L a d d a , 1969; Aikawa a n d Sterl ing, 1974; Bannis ter et al., 

1975), b u t secretes a surface active c o m p o u n d . Bannis ter et al. (1976), 

us ing negat ive-s ta ining techniques , showed t h a t t h e rhoptr ies con ta ined 

a g r a n u l a r substance which , u p o n lysis of the organel le , could be 

released as a mul t i l amel la r mate r ia l . Bannis ter (1977) suggests t h a t this 

phosphol ip id or amphiph i l i c subs tance is incorpora ted in to t he m e m -

b r a n e of t he paras i tophorous vacuole (which is k n o w n to differ in 
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s t ruc ture from the e ry throcyte p l a s m a l e m m a ; p . 108). U n q u e s t i o n a b l y 

the most tell ing results to da te , suggesting t h a t t he rhoptr ies secrete a 

surfactant c o m p o u n d , a re those of Kilej ian (1976, 1977). She d e m o n -

strates the localization of a hist idine-rich acidic p ro te in i n these 

organelles which , u p o n isolation, is capab le of p r o d u c i n g la rge invag ina-

tions in erythrocytes exact ly as t he merozoi te does u p o n contac t wi th 

the red blood cell (Dvorak et aL, 1975). 

Ly ing be tween the rhoptr ies a n d the nucleus a re n u m e r o u s Golgi-like 

vesicles which Ster l ing et aL (1972) assume a re p a r t of the r h o p t r y -

mic roneme complex . T h e organ iza t ion of the nucleus of t h e merozoi te 

is very similar to t h a t of the sporozoite . Inac t ive he t e roch roma t in is 

condensed against t he nuc lea r envelope, there is no nucleolus a n d the 

nuc lear envelope is perforated by few nuc lea r pores. T h e cytoplasmic 

face of the ou te r nuc lea r m e m b r a n e is s tudded wi th r ibosomes. 

Occasional ly a mul t i l amel la te organel le is found in t he nuc lea r 

envelope. T h e acris tate mi tochondr ion a n d t h e closely associated 

spherical b o d y lie posterior to the nucleus . A ikawa (1970) pos tu la ted 

tha t the spherical body m a y p rov ide energy for merozoi te m o v e m e n t . 

However , the prokaryot ic o rgan iza t ion of this organel le suggests it m a y 

simply represent one stage of mitochondriogenesis . 

After an extracel lular life of less t h a n 30 m i n (Dennis et aL, 1975), 

t he merozoi te re- invades an ery throcyte , a l though platelets m a y rare ly 

be invaded by merozoites of P.berghei (Fa jardo , 1973, 1974; Fa ja rdo a n d 

Ta i len t , 1974). Ery th rocy te invasion has been s tudied in vivo by the 

l ight microscope (Dvorak et aL, 1975) a n d a t t he u l t r a s t ruc tu ra l level 

(Ladda , 1969; L a d d a et aL, 1969; Bannis ter et aL, 1975). I m m e d i a t e l y 

after a t t a c h m e n t of the merozoi te to a n ery throcyte , a large depression 

forms in the p l a s m a l e m m a . Subsequent ly the small pa ras i tophorous 

vacuole forms over a per iod of 10-20 sec. T h e merozoi te m a y b e seen 

ro ta t ing wi th in t he vacuole . T h e funct ional significance of this sp inn ing 

activity is difficult to unde r s t and . D v o r a k et al. (1975) suggest t h a t a 

flow of m e d i u m t h r o u g h the vacuole in to t he swelling ery throcyte , 

i nduced by m e m b r a n e disorganizat ion, causes t he merozoi te to sp in ; 

however , it migh t well result from the asymmetr ica l forces exer ted u p o n 

the paras i te b y t h e surface-active substances secreted b y the paras i t e 

following its contac t wi th the e ry throcyte . T h e v i r tua l absence of 

locomotory organelles wi th in t he merozoi te makes a n endogenous 

origin of such m o v e m e n t most unlikely. U l t r a s t ruc tu ra l studies reveal 

t ha t the merozoi te m a y a t t a c h initially in a r a n d o m m a n n e r , b u t 
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subsequent ly becomes re-or ien ta ted wi th t he apical complex appl ied to 

the e ry throcyte p l a s m a l e m m a . G a r n h a m (1966b) d id no t consider 

reor ienta t ion a locomotory response of the paras i te a n d , if this is so, t he 

an te r ior end of the merozoi te p r e sumab ly has a h igher affinity t h a n 

o ther regions of the merozoi te 's surface for b ind ing sites on the e ry th ro -

cyte p l a s m a l e m m a (Bannister et al., 1975; L a d d a et al., 1969). Paras i to-

phorous vacuole format ion is clearly induced by the p roduc t s of the 

r h o p t r y - m i c r o n e m e complex. T h e merozoi te which is a t t ached to the 

m e m b r a n e is d r a w n in to the vacuole as t he invag ina t ing m e m b r a n e 

proliferates. T h e t ight constr ict ion of t he e ry throcyte p l a s m a l e m m a 

rubs the surface coat from the i nvad ing merozoi te , a n d p re sumab ly the 

m e m b r a n e s fuse together beh ind the n o w in t rae ry throcy t ic paras i te . 

T h e paras i tophorous vacuole is r ap id ly r educed in vo lume resul t ing in 

the close apposi t ion of host a n d paras i te m e m b r a n e s . T h e r e is no 

evidence t h a t m u r i n e ma la r i a parasi tes have the vacuole e labora t ion 

associated wi th t he act ivi ty of dense microspheres in t he merozoi te of 

P.knowlesi (Bannister et al., 1975). Th i s could explain the relat ive 

scarcity of in t raery throcyt ic m e m b r a n o u s clefts in cells infected wi th 

roden t ma la r i a parasi tes (Kil lby a n d Si lverman, 1969a; A ikawa a n d 

T h o m p s o n , 1971). T h e only o the r r epo r t ed changes in host cell 

s t ruc ture is the induc t ion of vacuoles con ta in ing ferritin in the 

e ry throcyte cy toplasm (Rudzinska , 1969). 

H. The Gametocytes 

T h e merozoi te w h e n invad ing a n e ry throcyte m a y develop in one of 

th ree ways : it m a y form an asexual schizont ; a mac rogame tocy te or a 

mic rogametocy te . T h e exact t iming of t he c o m m i t m e n t to a n y one 

deve lopmenta l p a t h w a y is u n k n o w n in Plasmodium, a l t hough consider-

ing the results of Kl imes et al. (1972) on sexual differentiation of 

merozoites of Eimeria tenella, it would no t be surpris ing to find the 

merozoites, or even the p reced ing schizonts, a l ready de t e rmined as to the 

sex of the gametocy te t h a t will be p r o d u c e d u p o n re-invasion. However , 

L a d d a (1969) a n d Ki l lby a n d Si lverman (1971) assume t h a t g a m e t o -

cytes develop from trophozoi tes , i.e. differentiation of gametocytes a n d 

schizonts does no t occur unt i l after the merozoi te has c o m m e n c e d 

feeding. Unfor tuna te ly the n a t u r e of the n a t u r a l " t r i g g e r " t o w a r d 

sexual deve lopment still r emains a comple te mystery. 

U l t r a s t ruc tu ra l details of the differentiation of a merozo i te i n t o 
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gametocytes a re poor ly unders tood in the P lasmodi idae for two 

reasons. Firstly, in those parasi tes w h e r e m a t u r a t i o n of gametocytes is 

recognizable , e.g. P.falciparum this differentiation occurs in inaccessible 

tissues (a l though the recent ly developed abil i ty to cu l tu re gametocytes 

of this species from asexual stages in vitro (Smalley, 1976) m a y soon 

c i rcumvent this p rob lem) a n d secondly, whe re m a t u r a t i o n occurs in the 

pe r iphera l c i rculat ion as wi th the m u r i n e ma la r i a parasi tes , infections 

are , in exper imenta l condi t ions, usually asynchronous m a k i n g ident i -

fication of parasi tes difficult. Studies on the H a e m o p r o t e i d a e , however , 

provide some insight on the ear ly deve lopmen t of gametocytes in vivo 

(Bradbury a n d Rober t s , 1970; C a n n i n g et aL, 1976). A ikawa et aL 

(1969) proposed t h a t the gametocy te of Plasmodium was der ived from a 

merozoi te wh ich h a d "fa i led" to u n d e r g o dissolution of subpel l icular 

organelles, a l t hough it has been a rgued t h a t gametocy te format ion 

should pe rhaps be r ega rded as the n o r m a l rou te of deve lopmen t a n d 

t h a t differentiation of t rophozoi te a n d schizont represent the unusua l 

p a t t e r n of morphogenesis (Ki l l ick-Kendrick, 1973). L a d d a (1969) 

suggests gametocytogenesis begins wi th the proliferat ion of the endo-

plasmic re t i cu lum a n d the accumula t ion of electron-dense ma te r i a l 

wi th in its ma t r ix . T h e ma te r i a l t hen becomes condensed in to smal l 

m e m b r a n o u s vesicles, the osmiophil ic bodies, which b u d off from the 

re t icu lum. T h e osmiophil ic bodies (Figures 50 a n d 51) a re 75 X 250 n m 

in d i ame te r a n d are u n i q u e to the gametocytes . T h e y become r a n d o m l y 

dis t r ibuted t h r o u g h o u t the cytoplasm a n d a re rare ly a t t ached to the 

p l a s m a l e m m a . These organelles b e a r a superficial resemblance to t he 

r h o p t r y - m i c r o n e m e complex a n d , like t h e m , a re functional d u r i n g 

" m i g r a t i o n " of the paras i te (see p . 140). 

O t h e r cytoplasmic organelles c o m m o n to b o t h ma le a n d female 

gametocytes a re n u m e r o u s r a n d o m l y d is t r ibuted m e m b r a n e - b o u n d 

p igmen t granules , wh ich in P.v.vinckei a re found as doub le t or t r iplet 

crystals in each vesicle (Bafort, 1971). N o cytostome has yet been 

described in the m a t u r e gametocytes , a l t hough double m e m b r a n e -

b o u n d profiles which enclose host cell cytoplasm, a n d m a y therefore be 

food vacuoles, a re c o m m o n ; a l ternat ively these profiles represent 

digi ta te in tuckings of p l a s m a l e m m a . I n contras t to the gametocytes of 

ma la r i a parasi tes of birds (Aikawa a n d Sterl ing, 1973), ne i ther Golgi 

body no r lysosomes (dense spherules) have been found in the m a t u r e 

gametocytes of m u r i n e m a l a r i a parasi tes . 

L a d d a (1969) believes t he first unequ ivoca l sign of gametocy to -
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genesis is an en la rgement of the nucleus in t he y o u n g cell. Such 

en la rgemen t wou ld be expected d u r i n g genome repl icat ion (Lewin, 

1974), b u t it is only in the mic rogametocy te t h a t such repl ica t ion 

occurs, t he m a t u r e mic rogametocy te be ing octaploid . T h e m a c r o -

gametocy te , like the merozoi te , is p robab ly hap lo id (Sinden etal.9 1976). 

L a d d a (1969) describes the i m m a t u r e gametocy te nucleus as hav ing a 

g r a n u l a r a n d fibrous nucleoplasm wi th large aggregates a t one pole. 

Ki l lby a n d Si lverman (1971) describe the i m m a t u r e gametocy te as 

hav ing a dense cytoplasm a n d c o m p a c t nucleus , b u t recognize tha t this 

a p p e a r a n c e m a y be a result of degenera t ive changes . Similar ly S inden 

et al. (1976) conclude c o m p a c t a n d dense m a t u r e gametocytes are 

a b e r r a n t forms. 

T h e m a t u r e gametocyte fills t he enveloping ery throcyte . T h e 

m e m b r a n e of the paras i tophorous vacuole m a y be involu ted in to 

flattened vesicles or clefts, a n d is closely appl ied to the p l a s m a l e m m a 

of the paras i te (Figure 51) . Benea th the p l a s m a l e m m a are discont inuous 

flattened vesicular expansions of smooth endoplasmic re t i cu lum forming 

the inne r pel l icular layers (Bafort, 1971 ; S inden et al., 1976). T h e inne r 

m e m b r a n e layers of the pellicle a re far less p r o n o u n c e d t h a n those of 

av ian or rept i l ian ma la r i a parasi tes (Aikawa et al., 1969; Ster l ing a n d 

Aikawa, 1973) a n d m a y va ry in dis t r ibut ion d u r i n g gametocytogenesis 

(Kil lby a n d Si lverman, 1971). T u b u l e s 18-31 n m in d i ame te r (basket 

tubules) a re occasionally found scat tered b e n e a t h the pellicle. 

T h e m a t u r e macrogametocy te (Figure 50) a n d microgametocy te 

(Figure 51) are readi ly differentiated. T h e cytoplasm of the female cell 

is packed wi th monor ibosomes a n d has a well developed endoplasmic 

re t i cu lum the cisternae of which a re d i la ted by a n electron-dense ma t r ix 

a n d character is t ical ly stacked against t he nucleus . N u m e r o u s par t ia l ly 

cristate mi tochondr i a a re d is t r ibuted t h r o u g h o u t the cytoplasm. T h e 

nucleus of the female is small c o m p a r e d to t h a t of the male gametocy te . 

By contras t the microgametocy te contains few ribosomes in polysome 

c lumps , is devoid of mi tochondr ia , has a l imited E R , a n d the large 

nucleus is frequently lobed. A l though ne i ther ma le nor female g ame to -

cytes conta in a condensed nucleolus, by analogy wi th av ian forms 

(Sterling a n d Aikawa, 1973) a diffuse nucleolus would be expected in 

the macrogametocy te , b u t no t in the microgametocy te whe re a decl ine 

in density of cytoplasmic r ibosomes d u r i n g m a t u r a t i o n is para l le led b y 

nucleolor a t rophy . T h e nuclei of b o t h gametocytes a r e Feu lgen 

negat ive suggesting t ha t t he D N A has become masked a n d inac t iva ted 
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possibly b y histones ( C a n n i n g a n d S inden , 1975). However , T o y é 

(unpubl ished) has been u n a b l e to demons t r a t e the presence of histones 

in gametocytes , using b r o m o p h e n o l b lue or alkal ine fast g reen tech-

niques, suggesting the D N A in gametocytes is masked by someth ing 

o ther t h a n histones. T h e m a t u r e mic rogametocy te is clearly a t e rmina l 

cell (Sterl ing a n d Aikawa , 1973; S inden et aL, 1976) in wh ich all 

essential processes of t ranscr ip t ion a n d t rans la t ion a re r educed to the 

ba re m i n i m u m for survival , a n d the lifespan of which will largely 

d e p e n d on the life of its c o m p o n e n t macromolecules . D u r i n g micro-

gametogenesis there is some evidence for a l imited a m o u n t of de novo 

prote in synthesis (Toyé et aL, 1977). By contras t , the mac rogametocy te , 

a l though t empora r i ly inac t iva ted , is clearly p r e p a r e d for r enewed 

synthet ic act ivi ty as the zygote after fertilization. 

T h e nuclei of bo th micro- a n d macrogametocy tes con ta in a diffuse 

electron-dense core wh ich is D N A a s e sensitive. I n the mic rogametocy te , 

a n electron-dense i n t r anuc l ea r body (INB) (Figure 52) measur ing 

0 · 5 χ 0 · 2 μπι lies against the nuc lea r envelope, wh ich conta ins b o t h 

simple a n d complex nuc lea r pores . W i t h i n the I N B a re n u m e r o u s 

pa i red electron-dense bars wh ich Ster l ing a n d Aikawa (1973) equa t e 

wi th kinetochores, a l t hough the i r es t imated n u m b e r (20-40) is below 

t h a t expected of 8 η chromosomes (i.e. 64-80) ; this suggests they m a y 

be present as double ts (Schrevel et aL, 1977) which will separa te a t t he 

first gamet ic division. T h e nuc lea r envelope adjacent to the I N B is 

e x p a n d e d as a d iver t i cu lum (Figure 52) wh ich is cont inuous wi th a 

cytoplasmic electron-dense s t ruc ture , the mic ro tubu le organiz ingcent re 

( M T O C ) . I n the av ian paras i te P.gallinaceum a n d the che lonian 

haemopro t e id Haemoproteus metchnikovi a centr io lar p inwhee l is found 

e m b e d d e d in the electron-dense M T O C (Sterl ing a n d Aikawa , 1973). 

A centr io lar p inwhee l is no t present in the M T O C of m u r i n e ma la r i a 

parasi tes . E i the r this represents a f undamen ta l difference be tween these 

parasi tes , or fixation of the n o n - m u r i n e parasi tes was de layed long 

enough (60 sec) to al low gametogenesis a n d kinetosome deve lopment to 

begin before immobi l iza t ion of the tissues occur red . 

I. Gametogenesis 
T h e n a t u r e of t h e physiological t r igger for gametogenesis has a t t r ac t ed 

considerable a t t en t ion for m a n y years a n d has been reviewed a t l eng th 

by Bishop a n d M c C o n n a c h i e (1956, 1960). Fac tors impl ica ted inc lude 
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Figure 53. (not to scale) Gametogenesis and fertilization. Abbreviations. H C , Host cell; H C M , 
Host cell membrane; I M , inner pellicular membrane; INB, intranuclear body; K, kineto-
some; M, mitochondria; M S , membranous spheres; M T O C , microtubule organizing centre; 

OB, osmiophilic bodies; S, intranuclear spindle. 
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p H , loss of CO2. b i ca rbona te ions a n d p l a sma factors. Recen t ly C a r t e r 

a n d Ni jhout (1976) have demons t r a t ed tha t , in t he presence of N a C l 

a n d glucose, a n in ter re la t ionship be tween sod ium b i ca rbona t e concen-

t ra t ion (15-100 m M ) a n d p H (7-8-8-2) is one s t imulus to exflagellation. 

T h e role of add i t iona l factors such as t e m p e r a t u r e , wh ich in P.y.nigeri-

ensis mus t d r o p to , or below, 30°C (Sinden a n d Croll , 1974) a n d 

mosqui to factors (Micks et al., 1948), clearly suggests t h a t all the above 

factors a re s imply env i ronmen ta l s t imuli wh ich in te rac t e i ther direct ly 

or indirect ly wi th a single class of recep tor p r o b a b l y b o u n d to the 

p l a s m a l e m m a of the gametocy te . I t is this receptor/effector mechan i sm 

which still requires identif ication. 

T h e u l t r as t ruc tu ra l events of gametogenesis (Figure 53) has been 

s tudied in vitro in two m u r i n e m a l a r i a parasi tes , P.berghei ( G a r n h a m 

et al., 1967a) a n d P.y.nigeriensis (Sinden a n d Croll , 1974; C a n n i n g a n d 

Sinden, 1975; S inden , 1975b; S inden et al., 1976). S inden a n d Croll 

(1974) subdivided gametogenesis in to th ree distinct phases ; m a t u r a t i o n 

(subsequent ly t e r m e d act ivat ion, S inden et al., 1976), exflagellation a n d 

finally dispersal lead ing to fertilization. 

A t 20°C act iva t ion lasts app rox ima te ly 7 m i n a n d involves the r o u n d -

ing u p of b o t h gametocytes , escape from the host cells, a n d subdivision 

of t he microgametocyte ' s genome . Dis rup t ion of the host cell is p r o b a b l y 

med ia t ed by the fusion of the osmiophil ic bodies wi th the p l a s m a l e m m a 

of the gametocy te . T h e secreted p roduc t s disorganize the host e ry th ro -

cyte which frequent ly rup tu res releasing the spherical g a m e t e . Al te rna-

tively the osmiophil ic bodies become ac t iva ted wi th in the cy toplasm 

causing the imbib i t ion of fluids which swell the gametocy te the reby 

r u p t u r i n g the e ry throcyte (Sinden et al., 1976). Fa i lure to b reak d o w n 

the e ry throcyte is f requent , a n d the gametes p r o d u c e d by the im-

pr isoned paras i te , despite the i r vigorous activity, fail to escape in to the 

b loodmeal . However , after the successful lysis of the e ry throcyte the 

extracel lular gametocy te , wh ich m a y be par t ia l ly covered by m e m -

branous spheres a n d o the r fragments of e ry throcyte p l a s m a l e m m a , is 

exposed to the immunolog ica l response of the ve r t ebra te host, even 

wi th in t he b loodmea l of the mosqui to . Th is response occurs b o t h in vivo 

a n d in vitro (Sinden a n d Smalley, 1976) a l though it is most m a r k e d 

in vitro where the phagocyt ic cells readi ly locate a n d ingest the ext ra-

cellular parasi tes . Th is act ivi ty persists in vivo b u t is marked ly r educed 

as the phagocyt ic cells themselves a re killed by the digestive enzymes 

of the mosqui to midgu t . T h e effect of h u m o r a l ant ibodies d i rec ted 
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against microgametes , however , has a d r a m a t i c effect in l imi t ing the 

transmission of the paras i te to the mosqui to in vivo (Car t e r a n d C h e n , 

1976), p r o b a b l y by the inact iva t ion a n d agglu t ina t ion of the mic ro -

gametes (Gwadz , 1976). 

Nuc lea r division in the microgametocy te begins wi th incredib le 

rap id i ty , i.e. 60 sec after w i t h d r a w a l of b lood from the mouse . Th i s fact 

a lone precludes the possibility t h a t g e n o m e repl icat ion can have 

occur red d u r i n g gametogenesis . Th is conclusion is suppor ted by the 

failure of the D N A repl icat ion inhibi tors , mi tomyc in C a n d ch loroquine , 

to p reven t exflagellation (Toyé et aL, 1977). S imul taneously wi th the 

onset of genome segregation the D N A is reorganized a n d becomes 

Feulgen positive ( C a n n i n g a n d Sinden, 1975). T h e significance of this 

unmask ing of the D N A is u n k n o w n b u t m a y signal the r enewa l of 

t ranscr ip t ion for a similar change occurs in the m a c r o g a m e t e whe re 

nuc lea r division does no t occur . D u r i n g the 7 m i n of ac t ivat ion the 

microgametocy te genome undergoes three successive divisions whilst 

su r rounded by a persistent nuc lea r envelope, seen wi th the l ight 

microscope as a pe r iphera l redis t r ibut ion of masses of densely s ta ining 

ch roma t in . At the u l t ras t ruc tura l level, nuc lea r division is achieved by 

the most fascinating cha in of events, whe reby genome segregat ion a n d 

axoneme synthesis a n d dis t r ibut ion are physically l inked. Ini t ia l ly 

kinetosomes, composed of 9 single A tubules a r o u n d a single cen t ra l 

tubu le , a p p e a r as or thogonal ly a r r a n g e d p l a n a r te t rads (Figure 54) 

wi th in the M T O C . I t is assumed t h a t genome segregat ion is basically 

similar to t ha t of the oocyst a n d t ha t two te t rads arise from the single 

M T O C ; then division a n d apposi t ion of the M T O C a n d the associated 

I N B give rise to the first comple te i n t r anuc l ea r spindle (Figure 55) 

(cryptomitosis of Ho l l ande , 1972). Th i s spindle is a b o u t 1-35 μπι long, 

contains approx imate ly 30 micro tubules which are e m b e d d e d in 

electron-dense centr io lar p laques s i tuated in e x p a n d e d nuc lea r pores. 

T h e kinetosome te t rads , a r r a n g e d tangent ia l ly to the nuc lea r envelope, 

a re jo ined to the centr io lar p l a q u e by electron-dense mater ia l . A t the 

second genome division each of the 2 spindle poles splits a n d the 

resul t ing spindles ex tend 3 μπι across pe r iphe ra l pockets in the nuc lea r 

envelope (Figure 56). E a c h spindle n o w has 15-30 micro tubules a n d 

two kinetosomes a t each pole. Kine tochores are clearly present on these 

spindles, b u t condensed chromosomes a re no t found. A t the th i rd a n d 

final segregation each of the 4 short (1-6 μπι) spindles contains 6 -12 

microtubules , the major i ty of which b e a r kinetochores . A t this division, 
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however , long fine th reads s u r r o u n d e d by electron-dense ma te r i a l 

aggregate on the " n u c l e a r " face of the k ine tochore (Figure 57) . As the 

spindle is d r a w n further in to the nuc lea r pocket (Figure 59) , this 

ch romosomal condensa t ion becomes m a r k e d unt i l each pocket is filled 

wi th condensed c h r o m a t i n . Th i s unequ ivoca l ch romosomal condensa-

t ion illustrates the unusua l p a t t e r n of ch romosomal o rgan iza t ion in 

ma la r i a parasi tes , n a m e l y the absence of condensa t ion t h r o u g h o u t the 

division of vegetat ive stages. T h e absence of condensa t ion of ind iv idua l 

chromosomes precludes the es t imat ion of ch romosome n u m b e r s by 

l ight microscopy (Wolcot t , 1954, 1957; C a n n i n g a n d A n w a r , 1968). 

C o n c u r r e n t w i th the ch romosome segregat ion, d r a m a t i c changes in 

kinetosome organiza t ion occur . E a c h short 0-3 μπι kinetosome extends 

in to a comple te 14 μπι long axoneme by the con t inued assembly of the 

A tubules a n d po lymer iza t ion of Β tubules u p o n these. T h e rap id i ty of 

axoneme synthesis c o m m o n l y p roduces configurations o the r t h a n the 

n o r m a l 9 double ts a n d 2 cen t ra l micro tubules , e.g. ( 1 - 9 ) + 0 , ( 0 - 9 ) + 1 

a n d ( 0 - 9 ) + 2 . A ikawa et al. (1970) similarly recorded a series of 

a b e r r a n t forms ( 0 - 9 ) + 2 in Leucocytozoon b u t conc luded t h a t they 

represented a novel sequence of axoneme assembly. A t the final 

division each single kinetosome is s i tuated be tween the nuc lea r envelope 

a n d the p l a s m a l e m m a a n d is a t t a ched to a comple ted axoneme which 

is w r a p p e d a r o u n d the nucleus . A t this po in t the b r a n c h e d subpel l icular 

basket tubules , wh ich have rap id ly proliferated, ex tend d o w n from the 

surface a n d envelope each kinetosome in a helical basket (Figures 57 

a n d 58) inside of which develop a n electron-dense jux tak ine tosomal 

sphere a n d g ranu le (Figure 58) . A t this m o m e n t exflagellation begins. 

Exflagellation lasts 15-45 sec, d u r i n g which the axonemes a re fully 

ex tended t h r o u g h the gametocy te p l a s m a l e m m a , a n d a nuc lea r b u d is 

incorpora ted in to each g a m e t e (Figures 60 a n d 61) . T h e axonemes , 

wh ich have been complete ly inact ive d u r i n g synthesis, explode in to 

act ion. T h e kinetosomal end is he ld against the p l a s m a l e m m a by the 

basket tubules a n d the kinetosome wi th the electron-dense sphere is 

forced t h r o u g h the basket a n d distends the p l a s m a l e m m a . T h e un i -

di rect ional m o v e m e n t of the a x o n e m e is p r o b a b l y achieved b y the 

inter locking of the axoneme micro tubules a n d the basket tubules . T h e 

sphere a t the distal end of the emerg ing g a m e t e produces a typical 

r o u n d e d end to the cell (Figures 61 a n d 62) . T h e kinetosome, which is 

still a t t ached to the nuc lea r spindle pole drags the hap lo id genome in to 

the gamete , a l though the violence of this process frequently breaks this 
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liaison a n d results in the format ion of anuc lea te "s te r i le" gametes 

(Figure 62) which m a y represent u p to 6 0 % of the to ta l popu la t ion . T h e 

t ra i l ing end of the game te is t o rn a w a y from the p l a s m a l e m m a by the 

incessant activity of the flagellar axoneme , this resul t ing in a t ape red 

a p p e a r a n c e to the pole of the g a m e t e (Figure 62) . T h e r e m a i n i n g 

microgametocy te r e s iduum contains a large nucleus wi th Feulgen 

positive ch roma t in , a n d all the gametocy te cytoplasm. 

T h e n o r m a l mic rogamete w h e n measu red in the scanning microscope 

is 14 μπι ± 3 μπι long a n d 0-21 ± 0 - 0 2 μπι in d i ame te r (Sinden, 1975b), 

(a l though in Giemsa-s ta ined p repa ra t ions gametes measu red 16-8 

± 0 - 2 9 μπι in l eng th—Kil l ick-Kendr ick , 1973b), a n d conta ins a single 

axoneme . T h e Feulgen positive nucleus wh ich is long a n d cigar shaped 

(Figure 62) expands the game te to 0-4 μπι d i a m e t e r ; it conta ins a 

nuc leoplasm occupied wholly by condensed ch roma t in a n d is enveloped 

by a d o u b l e - m e m b r a n e d nuc lea r envelope. T h e r e is no mi tochondr ion 

in the mic rogamete , a n d no significant cy toplasm except where pockets 

of the gametocy te have accidental ly been incorpora ted (Figure 62) . 

A b n o r m a l gametes m a y have more t h a n the n o r m a l single axoneme , no 

nucleus a t all, mul t ip le nuc lea r f ragments or a nucleus in wh ich 

c h r o m a t i n condensa t ion has been only par t ia l ly achieved. T h e mic ro -

game te is init ially highly a n d constant ly active, a n act ivi ty wh ich 

declines cont inuously over a per iod of 40 m i n (at 20°C) after wh ich it 

is immobi le . T h e sinusoidal waves passing d o w n the g a m e t e a re 

a l te rnate ly fast (10 waves s e c
- 1

) a n d slow (1 wave s e c
- 1

) (Figure 63) 

a n d m a y pass a long the g a m e t e in ei ther direct ion. T h e resul t ing 

p a t t e r n of mic rogamete m o v e m e n t is er ra t ic . S inden a n d Croll (1974) 

were u n a b l e to detect any di rected m o v e m e n t of the mic rogamete 

toward the m a c r o g a m e t e . However , t he presence of recognizable 

gradients a r o u n d the female cell is clearly demons t r a t ed by the 

purposeful migra t ion of phagocytes to the ext racel lu lar parasi tes 

(Sinden a n d Smalley, 1976). T h e source of the considerable energy 

expended by the mic rogamete is en igmat ic for, unl ike microgametes of 

the E imer idae , there is n o mi tochondr ion in the mic rogamete of 

Plasmodium (Scholtyseck et aL, 1972). Whi le it is possible t ha t the energy 

is der ived from the su r round ing m e d i u m , a n intr insic supply is 

suggested by the u n c h a n g e d activity of the naked mic rogamete a x o n e m e 

wi th in the m a c r o g a m e t e cytoplasm (see p . 151). 

T h e m a c r o g a m e t e of m u r i n e ma la r i a parasi tes is the ext racel lu lar 

macrogametocy te . Unl ike the av ian paras i te H.columbae (Gal lucci , 
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Figure 63. Microgamete activity: showing the duration of rapid, slow and immobile periods 
for all gametes (in the first 15 min period) and a single retained gamete for the remaining 
period (in which slow periods are not illustrated for clarity). O, rapid movement; φ, slow 

movement; 3> immobility (from Sinden and Groll, 1975). 

1974a) there is no evidence of nuc lea r division d u r i n g gametogenesis of 

the female cell a n d the mac rogame tocy t e is therefore hap lo id . 

Following con tac t of the micro- a n d macrogametes , t he ma le cell 

slides gent ly back a n d forth over the surface of the m a c r o g a m e t e . 

D u r i n g this process the a m o r p h o u s layer cover ing the p l a s m a l e m m a of 

each g a m e t e become cont inuous . T h e mic rogamete t hen or ientates 

itself pe rpend icu la r ly to the surface of the female a n d the p l a s m a l e m m a s 

of the two gametes fuse. T h e n wi th a character is t ic burs t of fast 

v ib ra to ry waves last ing 14-45 sec the axoneme a n d the a t t a ched 

nucleus move in to the cytoplasm of the female cell. Unfor tuna te ly it is 

no t known if the kinetosomal end of the mic rogamete is responsible for 

t he fusion of the g a m e t e m e m b r a n e s , t he reby equa t i ng the j ux t ak ine to -

somal sphere a n d g ranu le wi th the per fora to r ium of the Eimer i ine 

mic rogamete a n d the acrosome of m a m m a l i a n sperm. T h e axoneme 

cont inues to exhibi t the character is t ic mic rogamete act ivi ty p a t t e r n of 

a l t e rna te fast a n d slow movemen t , considerably agi ta t ing the m a c r o -

game te cytoplasm, b u t act ivi ty rap id ly declines a n d ceases wi th in 

approx ima te ly 5 min . T h e cessation of act ivi ty in all p robab i l i ty results 

from the depolymer iza t ion of the axoneme . T h e mic rogamete nucleus 

is readi ly recognized in the fertilized m a c r o g a m e t e by its small 

profile, dense nuc leoplasm a n d close association wi th the a x o n e m e 

(Figure 64) . Th is nucleus rap id ly becomes separa ted from the a x o n e m e 
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a n d increases in vo lume, the nuc leoplasm becoming less condensed 

(Figure 65) . Nuc lea r fusion a n d zygote format ion have not been 

detected in Plasmodium b u t a re p r e sumab ly similar to t ha t of the av ian 

haemopro t e id H.columbae (Gallucci , 1974a). 

IV. CYTOGENETICS 

A. Karyotype 

Nuclea r organiza t ion of ma la r i a parasi tes has been s tudied in living 

specimens by phase microscopy (Wolcot t , 1954, 1955, 1957) a n d in 

fixed, s tained p repara t ions of oocysts (Bano, 1959; Dasgup ta , 1954; 

C a n n i n g a n d A n w a r , 1966, 1968, 1969) a n d gametes ( M a c D o u g a l , 

1947). These studies suggested t h a t the merozoites a n d gametes 

con ta ined two chromosomes a n d t h a t the zygote (young oocyst) h a d a 

diploid complemen t of 4 which was reduced to 2 in a zygotic reduc t ion 

division. Recen t electron microscope studies, however , ind ica te the 

above work was in fact descr ibing the dis t r ibut ion of cytoplasmic 

organelles (rhoptries) a n d lobes of the d ig i ta te oocyst nucleus . 

I n the absence of " n o r m a l " condensed chromosomes (see p . 153) 

th ree methods r ema in to de te rmine the n u m b e r of chromosomes in 

ma la r i a parasi tes . First to calcula te the n u m b e r of l inkage groups by 

genet ic analysis, second to coun t the n u m b e r of kinetochores (each of 

which is a t t ached to a diffuse chromosome) on a mitot ic hemispindle 

in th in sections (Tab le I) or on the in tac t spindle in thick sections by 

H V E M (Sinden, unpubl i shed) or th i rd to coun t the n u m b e r s of 

k ine tochore micro tubules in serial sections of spindles (Peterson a n d 

Ris, 1976). T h e l imited cytological d a t a collected to da t e suggest a 

hap lo id n u m b e r of 10 chromosomes, Schrevel et al. (1977) favouring the 

es t imate of 8. T h e r e are no sex chromosomes in Plasmodium since bo th 

mac ro - a n d microgametocytes m a y be ob ta ined from cloned haplo id 

blood stages. 

B. Mitosis 

Mitosis occurs d u r i n g erythrocyt ic a n d exoerythrocyt ic schizogony, 

sporogony a n d microgametogenesis . I n the last two cases nuc lea r fission 

does not occur unt i l the sporozoite a n d mic rogamete a re b u d d e d off the 
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p a r e n t cell, the in te rven ing nucleus con ta in ing n u m e r o u s spindles in a 

single polyploid nucleus . I n contras t d u r i n g erythrocyt ic a n d exo-

erythrocyt ic schizogony a n o r m a l mitot ic sequence of genome segrega-

t ion a n d nuc lea r fission is assumed to occur . Th i s interest ing difference 

in nuc lea r o rganiza t ion is i nadequa t e ly examined a n d is wor thy of 

clarification. 

T h e most comple te descr ipt ion of mitosis is t h a t found d u r i n g 

sporogony. Schrevel et al. (1976) show t h a t each spindle originates in 

a single cent r io lar p l a q u e , wh ich fills a n e x p a n d e d nuc lea r pore . N o 

centr iole is present a t a n y stage in t he life cycle of P.y.nigeriensis 

a l though , no t unexpectedly , kinetosomes associated wi th mic rogamete 

axoneme p roduc t ion a re found in a " c e n t r i o l a r " s i tuat ion d u r i n g 

microgametogenesis (Sinden et al., 1976). Approx ima te ly 30 spindle 

microtubules t e rmina t e in the cent r io lar p l a q u e , of which , theoret ical ly 

16-20 a re a t t ached to the kinetochores . S imul taneous ly the cent r io lar 

p l aque , kinetochores a n d ch romat ids d ivide a n d the resul t ing hemi -

spindles separa te . T h e separa t ion is achieved ei ther by the expansion of 

the nuc lea r envelope, or by the e longat ion of a n electron-dense " c o u c h e 

fibrillaire" be tween the centr io lar p laques . Fol lowing apposi t ion of the 

spindle poles the couche fibrillaire d isappears , a n d the in te rzona l 

microtubules , wh ich a re cont inuous be tween poles, a re formed. I n t he 

oocyst the nuc lea r envelope is involu ted in to character is t ic gastrula-l ike 

invaginat ions a t each spindle p o l e ; these invagina t ions a re , however , 

no t found in a n y o ther stage of the life cycle. K ine tochore a n d c h r o m o -

some separa t ion a r e p r o b a b l y achieved by shor ten ing a n d depoly-

mer iza t ion of the spindle micro tubules since kinetochores have been 

found in a n a n a p h a s e posit ion touch ing the cent r io lar p l a q u e ( C a n n i n g 

a n d Sinden, 1973). 

T h e absence of condensed c h r o m a t i n except d u r i n g te lophase of the 

final microgamet ic division (Sinden et al., 1976) is s imilar to t he 

ch romosome condensa t ion cycle descr ibed in Aggregata (Belar, 1926) 

where the chromosomes are in l ep tomena l form unt i l they condense 

d u r i n g te lophase. Plasmodium differs from Aggregata only in t ha t d u r i n g 

the accelerated mitosis even the condensa t ion a t te lophase is omi t ted , 

a l though w h y ch romosomal condensa t ion should occur d u r i n g the final 

microgamet ic division, b u t no t the final nuc lea r divisions of sporogony 

a n d schizogony (merogony) , is no t known . 



154 R. E. S I N D E N 

C. Meiosis 
T h e position of meiosis in the life cycle of the p ro tozoa is h ighly 

var iab le . T h e r e is a gamet ic reduc t ion in the Hel iozoa, Ciliates, 

O p a l i n i n a a n d some Polymas t igophora ; an i n t e rmed ia t e reduc t ion in 

the Foramini fera a n d a zygotic reduc t ion in some Polymas t igophora , 

the P h y t o m o n a d i n a , Gregar ines a n d intest inal Coccidia (Grell , 1973). 

Meiosis in t he Eucoccidia is r e m a r k a b l e in t h a t in those suborders 

s tudied (i.e. Adele ina a n d Eimer i ina) there is b o t h morphologica l 

(Grell , 1973) a n d quan t i t a t ive cytochemical evidence ( C a n n i n g a n d 

M o r g a n , 1975) t h a t meiosis is a one-step division a n d t h a t n o ch ia sma ta 

are formed be tween chromosomes. 

Table I 

Kinetochore counts on single thin sections of intranuclear spindles 

Nuclear Division 
Number of kinetochores in a 

single thin section of one 
hemispindle 

Ookinete (first zygotic division) 3-22 ± s . d . 1-20 
Oocyst 3-85 ± s . d . 1-79 
Budding sporozoite 3-00 ± s . d . 1-73 
Budding merozoite (haploid) 2-73 ± s . d . 0-65 
Budding microgamete (haploid) 2-56 ± s . d . 1-08 

It is estimated there are three thin sections cut within each hemispindle. The haploid 
chromosome number is therefore about 10. 

T h e posit ion of meiosis in the life cycle of Haemosporina r emains 

u n k n o w n for a var ie ty of reasons, i nc lud ing : the inabi l i ty to coun t 

chromosomes as a result of the unusua l c h r o m a t i n condensa t ion cycle ; 

t he nuclei a re too small to measure quan t i t a t ive cytochemical s ta ining 

to the accuracy requ i red ; the var iabi l i ty of s ta ining of the gametocy te 

nuclei wi th Feulgen stain raises d o u b t as to the reproducibi l i ty of 

cytochemical techniques a n d the p robab l e absence of ch iasmata a n d 

therefore synap t inemal complexes precludes the positive u l t r a s t ruc tu ra l 

identification of meiosis. However , should the zygote (ookinete) d iv ide 

mitot ical ly it would be expected t h a t 2 η kinetochores would be presen t 

on each hemispindle , whereas if it divides meiotical ly only η k ine to-

chores would be expected. T h e d a t a avai lable (Tab le I) suggest t h a t t he 

n u m b e r of kinetochores is cons tant t h r o u g h o u t the life cycle a n d t h a t 
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meiosis is a zygotic division. Proof will only be ob t a ined by a m o r e 

intensive cytological s tudy or the genet ic analysis of r ecombinan t s 

der ived from single oocyst infections ( C a n n i n g a n d S inden , 1973). 

Should Plasmodium like o ther Coccidia u n d e r g o a one-step zygotic 

reduc t ion division, crossing over wou ld no t be expected a n d genet ic 

r ecombina t ion will be l imited to ch romosome reassor tment or the r a r e 

event of t rans locat ion of b roken chromosomes wi th in the zygote. 

V. FUTURE DEVELOPMENTS IN ULTRASTRUCTURAL 
STUDIES 

T h e fine s t ruc ture of m u r i n e m a l a r i a parasi tes has been extensively 

s tudied t h r o u g h o u t most of the i r complex life cycles. T h e r e r ema in , 

however , th ree phases of deve lopmen t wh ich a re i nadequa t e ly u n d e r -

stood. First the t ransi t ion of a newly i nvaded in t rae ry throcy t ic m e r o -

zoite in to a m a t u r e m a c r o - or mic rogametocy te . I n this pe r iod one 

ant ic ipates t h a t the re a re u n i q u e p r e d e t e r m i n e d per iods of g e n o m e 

repl icat ion a n d pro te in synthesis, processes wh ich a re t hen inhib i ted , 

awai t ing the ac t ivat ion of a n u n k n o w n tr igger to in i t ia te the violent 

activities of gametogenesis . Second, details of t he organiza t ion of t h e 

pre-ery throcyt ic schizont a re sadly lacking. Final ly , t he greatest single 

omission is a to ta l absence of knowledge as to the fate of the sporozoite 

following its injection in to the ve r t eb ra t e host. Whi ls t i t is s imple to 

assume t h a t t he sporozoite actively pene t ra tes t he liver p a r e n c h y m a l 

cell directly, we have no evidence for this. Pe rhaps we should reconsider 

the possible in te rven t ion of cells of the re t iculoendothel ia l system pr io r 

to liver invasion a n d the possible passive ingestion of t h e sporozoite b y 

such cells. T h e answer to this quest ion is clearly r equ i r ed before the 

process of infection can be b r o u g h t in to t r u e perspect ive. 

Even in t he phases of deve lopmen t w h e r e t he morpho logy has been 

extensively described, t he re r emains a n embar rass ing wea l th of 

organelles t he functions of wh ich r e m a i n the subject of con t inued 

speculat ion. I t is to be h o p e d t h a t t he r a p i d proliferat ion in histo-

chemica l a n d cytochemical t echniques appl ied to studies on m a l a r i a 

parasites over t he pas t decade will con t inue , a n d t h a t t he activities of 

these s t ructures will t he reby b e expla ined. T h e most significant 

technological advance in e lectron microscopy in this field is t h a t of 

energy dispersive X - r a y analysis. T h e abi l i ty of this t e chn ique to 
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localize small concent ra t ions of ind iv idua l e lements in b o t h th in 

sections a n d scanning microscope p repa ra t ions m a y c o m p l e m e n t a n d 

enhance more convent ional cytochemical investigations. 

Whi le the p ro tozoa are r e n o w n e d for their diverse a n d complex 

nuc lear organiza t ion , m u r i n e ma la r i a parasi tes present an u n u s u a l 

combina t ion of var ia t ions inc lud ing the absence of a discrete nucleolus ; 

a mitot ic cycle which does no t usually involve chromosome condensa-

t ion a n d a u n i q u e cycle of genome repl icat ion, repression a n d re-

act ivat ion d u r i n g gametocy te a n d game te format ion. These p rob lems 

are rap id ly mov ing in to the a r ena of the biochemist , b u t thei r solution 

will be of i m p o r t a n c e to cell biologists a n d geneticists alike. 

All workers on ma la r i a have , a t some t ime, been in t r igued by the 

weaving m o v e m e n t of t he ookinete, the sp inning of the merozoi te , the 

gent le gl iding of the sporozoite or the violent lashing of the micro-

gamete . Unfor tuna te ly the u l t ras t ruc tura l foundat ion for the observed 

activity has only been for thcoming for the mic rogamete . I n the mero -

zoite, ookinete a n d sporozoite it has been specula ted here t ha t t he 

subpel l icular micro tubules in te rac t wi th the pel l icular m e m b r a n e s , or 

t ha t the activity of a subpel l icular microf i lament a r r ay cause the 

paras i te to change in shape a n d therefore move . Such speculat ions, 

however , only expose ou r ignorance of the t rue mechan isms involved, 

a n d hopefully m a y therefore s t imula te studies in these areas . O t h e r 

in t r iguing prob lems directly re la ted to m o v e m e n t a re the n a t u r e of the 

tacti le responses of the parasi tes to thei r ta rge t cells. T h e specific 

receptor sites for the merozoi te a re demons t rab le on the ery throcyte , 

a n d gradients a re found a r o u n d the macrogametes , b u t the tact i le 

behav iour of t he ookinete a n d sporozoite r e m a i n uns tud ied . T h e 

identification of specific b ind ing sites or tact i le gradients for a n y of the 

invasive stages would subsequent ly allow the life cycle to be i n t e r rup ted 

a t these vu lnerab le phases. 

If m u r i n e ma la r i a parasi tes a re to con t inue to be useful models for 

studies on the u l t ras t ruc tura l o rganiza t ion of h u m a n ma la r i a parasi tes 

we can no longer afford to ask the simple q u e s t i o n — " W h a t is t he 

subcel lular morpho logy of the p a r a s i t e ? " W e mus t ask the m o r e 

fundamen ta l q u e s t i o n s — " W h a t processes a re t ak ing p lace a t each s tage 

of deve lopment , a n d h o w a re these processes o r g a n i z e d ? " 
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I. INTRODUCTION 

Since the discovery of Plasmodium berghei V incke & Lips, 1948, m a n y 

papers h a v e been publ ished on the biochemist ry of this a n d o the r 

m u r i n e ma la r i a parasi tes . Almost all of these papers repor t investiga-

tions on the in t raery throcy t ic stages, a n d it m igh t therefore be expected 

tha t these stages at least would be unders tood in some detai l . However , 

after more t h a n a q u a r t e r of a cen tu ry of research, ne i ther the bio-

chemist ry of the paras i te no r the n a t u r e of its dependence on the host 

red cell is more t h a n sketchily unders tood . T h e r e are m a n y reasons for 

this, b u t the m a i n one is the frequent failure to dist inguish be tween the 

metabol ic processes of the paras i te a n d those of the host, w i th the 

consequence t ha t m a n y of the so-called " fac t s" of paras i te b iochemis t ry 

are of doubtful va lue . 

I t is often assumed t h a t to investigate a pa r t i cu la r b iochemical 

activity of parasi tes , it is only necessary to c o m p a r e t h a t activity in 

n o r m a l a n d infected blood. However , as well as parasi tes , paras i t ized 

blood contains p lasma, platelets, whi te cells a n d red cells, each of which 

m a y change in n u m b e r or metabol i sm du r ing the infection. Before an 

enzyme or metabol ic process can be a t t r i bu ted to t he paras i te , the re 

must be a clear a n d precise demons t ra t ion t h a t it does no t or ig inate in 

one of these a l tered host systems. 

If p l a sma is no t removed , the al terat ions in several of its enzyme 

activities d u r i n g the infection (Sadun et al., 1966) mus t be considered. 

Platelets are usually ignored, b u t since their metabol ic activities a re 

more complex t h a n those of erythrocytes (Marcus a n d Zucker , 1965), 

a rise in the platelet count would correspondingly al ter the metabol ic 

activities of the blood. For tuna te ly , in the case of P.berghei in the whi te 

mouse a t least, their n u m b e r s fall d u r i n g the infection (Fab ian i et al., 

1958). 

A. Interference by White Cells 

I t is surprising t h a t whi te cells too a re sometimes ignored, a l though 

their n u m b e r s in the blood s t ream rise marked ly d u r i n g the infection 

(Broun, 1961 ; Kre t s chmar , 1961 ; \Yhitfeld, 1953). Leucocytes con ta in 

m a n y enzymes which are no t present in m a t u r e erythrocytes ( compare 

Cline, 1965 wi th Brewer, 1974), so t h a t if leucocytes a re no t r emoved , 

thei r metabol ic activities could easily be a t t r ibu ted to the paras i tes . 

file:///Yhitfeld
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Invest igators w h o choose no t to r emove whi te cells from paras i te 

p repa ra t ions mus t therefore demons t r a t e conclusively t h a t they do no t 

interfere a t all in the exper iments they describe. If they fail to do this, 

t hen the results c anno t be accepted as evidence of t he b iochemica l 

activities of t he paras i te . 

Even a s t a tement t h a t whi te cells have been removed from paras i t ized 

blood mus t be t rea ted wi th cau t ion , since some of the me thods used a re 

r e m a r k a b l y inefficient ( H o m e w o o d a n d N e a m e , 1976). T h e only 

m e t h o d which has been shown to r emove almost all of the whi te cells 

from P.berghei-infected b lood (Will iams a n d R icha rds , 1973; H o m e -

wood a n d N e a m e , 1976) is passage of the blood t h r o u g h a co lumn of 

cellulose p o w d e r (Ful ton a n d G r a n t , 1956). Before a n y o the r m e t h o d 

can be accepted , it mus t be thorough ly tested u n d e r the exper imenta l 

condit ions to be used, t h a t is, leucocytes a n d paras i t ized red cells mus t 

be coun ted by s t a n d a r d me thods before a n d after t r e a tmen t . V a g u e 

s ta tements such as "mos t of the whi te cells were r e m o v e d " are no t 

acceptab le . N o r can it s imply be assumed wi thou t test ing t h a t a m e t h o d 

shown to r emove whi te cells from the blood of o the r species will be jus t 

as effective for the blood of rodents infected wi th m a l a r i a parasi tes . As 

stressed by Carson a n d T a r l o v (1962) in connect ion wi th investigations 

on h u m a n ery throcytes : " . . . con t amina t ion of red cell p repa ra t ions 

wi th even a few nuc lea ted cells, especially leucocytes, can give false 

resul ts ." 

B. Interference by Immature Red Cells 

I m m a t u r e red cells also differ metabol ica l ly from the m a t u r e e ry th ro-

cyte (Lowenstein, 1959; R a p o p o r t , 1961 ; Bunn , 1972), b u t the i r effects 

in paras i t ized blood a re m o r e difficult to eva lua te a n d overcome. Some 

strains of P.berghei in the whi te mouse have a r e q u i r e m e n t for ret iculo-

cytes ( L a d d a a n d Lall i , 1966; O t t , 1968) so t h a t the pa ras i t aemia a n d 

the ret iculocyte coun t will rise together . However , wi th some o the r 

strains of P.berghei the pe rcen tage of i m m a t u r e red cells, as j u d g e d by 

histological s taining, does no t rise a t all (Hanson a n d T h o m p s o n , 1972) 

or no t unt i l la te in the infection (Tel ia a n d M a e g r a i t h , 1965; Kre ie r 

et al., 1972), in spite of the obvious a n a e m i a of the infected a n i m a l 

(Broun, 1961 ; Te l ia a n d M a e g r a i t h , 1965; Wel lde et al., 1966). 

Nevertheless, it c a n n o t be assumed t h a t d u r i n g infection wi th these 

strains there is n o change in the proper t ies of the red cell popu la t ion . 

T h e r e is little d i rec t corre la t ion be tween the levels of enzymes c h a r a c -
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teristic of i m m a t u r e red cells a n d the pe rcen tage of ret iculocytes 

de tec ted histologically (Goetze a n d R a p o p o r t , 1954; Schröter et al., 

1967). O n l y biochemical , no t histological, tests can give informat ion on 

metabol ic changes in t he red cell popu la t ion . For example , such 

b iochemical tests show t h a t a n isoenzyme of ma la t e dehydrogenase 

which is character is t ic of ret iculocytes can be detec ted in the red cells 

of mice infected wi th a s t ra in of P.berghei wh ich causes h igh p a r a -

si taemias w i thou t a c c o m p a n y i n g reticulocytosis ( M o m e n et al., 1975). 

I n addi t ion , w h e n animals previously m a d e a n a e m i c wi th pheny l -

hydraz ine were infected wi th this s train, it increased the activity of the 

isocitrate dehydrogenase of the ret iculocytes (Howells a n d Maxwe l l , 

1973a). 

Even the p r e p a r a t i o n of free parasi tes from a mix tu re of paras i t ized 

cells a n d leucocytes m a y n o t separa te the metabol ic processes of 

paras i te a n d host . T h e serious extent to which free parasi tes a re 

c o n t a m i n a t e d wi th host m e m b r a n e s a n d o the r ma te r i a l has been 

demons t r a t ed by electron microscopy (Kil lby a n d Si lverman, 1969; 

A ikawa a n d Cook, 1972; Seed et al., 1973), a n d host enzymes m a y also 

be present (Tsukamoto , 1974). T h e effects on whi te cells of the var ious 

me thods of p r e p a r i n g free parasi tes h a v e no t been invest igated, b u t 

p r e sumab ly fragments of these cells as well as of m a t u r e a n d i m m a t u r e 

red cells c o n t a m i n a t e the supposedly " f ree" parasi tes . I n addi t ion , the 

free parasi tes a re usually collected by centr ifugation and , unless g rea t 

care is taken , a n y unlysed subcel lular s t ructures of host origin, such as 

mi tochondr i a a n d nuclei , will be collected wi th the parasi tes . A 

surpris ing n u m b e r of enzymes h a v e been found in association wi th 

isolated nuclei (Allfrey a n d Mirsky, 1959; R o o d y n , 1959, 1963), 

mi tochondr i a (Hesselbach a n d DuBuy , 1953) a n d m e m b r a n e s (Schrier, 

1963; Green et al., 1965), as well as those no rma l ly considered to be 

character is t ic of such organelles. Some of the enzymes can be released 

mere ly by chang ing the buffer in wh ich the part icles a re suspended 

(Green et al., 1965), a n d could thus b e released, for example , d u r i n g 

electrophoresis. 

C. Precautions in Investigations of Intraerythrocytic Stages 

Invest igat ion of the metabol i sm of the in t rae ry throcy t ic stages of r o d e n t 

ma la r i a parasi tes is thus considerably m o r e difficult t h a n m i g h t 

init ially be supposed. By far t he greatest difficulty lies in m a k i n g a c lear 
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dist inction be tween the metabol ic activities of the paras i te a n d those of 

the host, t he i m p o r t a n c e of wh ich has been stressed m a n y t imes, most 

recent ly by Fle tcher a n d M a e g r a i t h (1972) a n d by Oelshlegel a n d 

Brewer (1975). W i t h o u t such dist inction, i t is obvious t h a t the bio-

chemistry of the parasi tes will never satisfactorily be unders tood . 

I n conclusion, it is clear t ha t all investigations in to the metabo l i sm 

of the in t rae ry th rocy t ic stages of roden t ma la r i a parasi tes should fulfil 

t he following condi t ions : 

1. the blood cells should be washed free of p l a sma or the changes in 

the p l a sma enzymes should be d e t e r m i n e d ; 

2. e i ther whi te cells should be r emoved by a m e t h o d shown to be 

effective by s t a n d a r d me thods of cell coun t ing or i t should be 

clearly shown t h a t there is no possibility of confusion be tween the 

metabol i sm of parasi tes a n d whi te cells ; 

3. it should be shown t h a t the activity measured could no t be d u e 

to metabol ic changes in the red cell popu la t ion . 

T h e results of exper iments in wh ich these condit ions were no t 

observed mus t be t r ea ted wi th cau t ion if no t d is t rus t ; a l t hough t h e 

metabol ic act ivi ty a t t r i bu t ed to the parasi tes m a y b e of paras i te origin, 

some or all of it m a y or iginate in c o n t a m i n a t i n g host mate r ia l . I n cases 

of doub t , it is safer to d isregard the results of such exper iments on the 

in t raery throcy t ic stages of roden t ma la r i a parasi tes . 

Li t t le is k n o w n of the b iochemis t ry of t he o the r stages of t he life cycle 

of the parasi tes . Mos t of the informat ion which is avai lable has been 

ob ta ined by his tochemical me thods , wh ich have the a d v a n t a g e of 

identifying enzymes in t he paras i te itself; nevertheless, these me thods 

too can give mis leading results if a d e q u a t e controls a re no t used. 

Because of t he m a n y possibilities of e r ro r in s tudy ing t h e metabo l i sm 

of ma la r i a parasi tes , only papers which give comple te exper imenta l 

details will be reviewed. Abstracts , communica t ions a t meet ings , a n d 

l abora to ry demons t ra t ions will therefore no t be inc luded .* 

* In the following pages certain names are abbreviated as follows: A D P , adenosine 
diphosphate; A M P , adenosine monophosphate; A T P , adenosine triphosphate; D N A , 
deoxyribonucleic acid; F M N , flavin mononucleotide; I M P , inosine monophosphate; N A D , 
nicotinamide adenine dinucleotide; N A D H , reduced nicotinamide adenine dinucleotide ; 
N A D P , nicotinamide adenine dinucleotide phosphate; PABA, para-aminobenzoic acid; 
Ρ AG A, para-aminobenzoylglutamic acid; R N A , ribonucleic acid. 
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II. CARBOHYDRATE METABOLISM 

Table I 

Utilization of glucose and production of lactate by intraerythrocytic 
stages of murine malaria parasites 

Cell type White cells Glucose used 
present? 10

9
 cells~i h"i) 

Conversion 
to lactate 

(%) 

Reference 

Infected cells 
P.c.chabaudi Few 85 Coombs and 
in rat cells Gutteridge (1975) 
P.berghei ? - 7 0 Fulton and 
in rat cells Spooner (1956) 
P.berghei Yes 898 Genedella and 
in rat cells Saxe (1971) 
P.berghei Yes 1954 83 Cenedella et al. 
in rat cells (1970) 
P.berghei No 1640-18194 41 Bowman et al. 
in mouse cells (1960, 1961) 
P.berghei Yes 2112 83 Cenedella and 
in mouse cells Jarrell (1970) 
P.berghei Yes 145 Cenedella (1968) 
in mouse cells 

Free parasites 
P.berghei 1067-1170 59-73 Bowman et al. 

(1960, 1961) 
P.berghei 936 88 Cenedella and 

Jarrell (1970) 
P.berghei 62 Cenedella (1968) 
P.berghei 930 94 Cenedella et al. 

(1970) 

A. Glycolysis 
T h e in t raery throcyt ic stages of roden t ma la r i a parasi tes do no t store 

glycogen or o ther polysaccharides (Sen G u p t a et al., 1955; C iucä et al., 

1963). T h e a m o u n t of glucose used h
- 1

 by 10
9
 paras i t ized cells in vitro 

varies from 145 μg to over 18 000 μg, a n d by 10
9
 free parasi tes from 

a b o u t 60 μg to near ly 1200 μg (Tab le I ) , a l t hough p a r t of the g rea t 

differences in the a m o u n t of glucose used m a y be simply a consequence 

of differences in exper imenta l condi t ions. For example , t he ut i l izat ion 

of glucose by a relatively dense suspension of cells decreases w i t h t i m e 
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(Ful ton a n d Spooner , 1956; B o w m a n et aL, I960) , p r o b a b l y d u e to 

r educ t ion in t he p H of the m e d i u m or to shor tage of glucose. Also, the 

a m o u n t of glucose used m a y d e p e n d on its concen t ra t ion in the m e d i u m , 

as it does wi th P.knowlesi (Scheibel a n d Mil ler , 1969). 

T h e a m o u n t of glucose used by free parasi tes of P.berghei is less t h a n 

t h a t used by the same n u m b e r of paras i t ized cells in the same condi t ions , 

e i ther because of inevi table d a m a g e sustained by the parasi tes d u r i n g 

the process of freeing t h e m from the red cell or because lysis of the red 

cells reduces t h e extent of interfering metabol i sm. M a t u r e erythrocytes 

use very little glucose, b u t i m m a t u r e red cells general ly have a m u c h 

h igher r a t e of glycolysis (Bernstein, 1959; R a p o p o r t , 1961). 

T h e repor ted extent to which the glucose used by parasi tes is con-

ver ted to lac ta te varies from a b o u t 40 to 9 0 % . P robab ly one of the most 

reasonable figures is t h a t of 8 5 % repor t ed by Coombs a n d Gut t e r idge 

(1975), as in this case glucose ut i l izat ion a n d lac ta te p roduc t ion were 

l inear for 18-19 h of i ncuba t ion of b lood of low pa ras i t aemia (less t h a n 

12%) taken from a r a t infected less t h a n 24 h previously wi th 

P.c.chabaudi, a l t hough the glucose used by the red cells would be a 

relatively h igh p ropor t ion of the tota l . 

O t h e r t h a n lac ta te , n o significant a m o u n t s of a n y end p roduc t s of the 

metabol i sm of glucose by P.berghei have been identified. Fu l ton a n d 

Spooner (1956) showed t h a t the small a m o u n t s of ace ta te a n d succinate 

found were p r o b a b l y p r o d u c e d by host cells. Bryan t et al. (1964) found 

t ha t over 7 0 % of the glucose used by P.berghei in mouse cells was lost 

as volati le compounds , b u t these were no t invest igated further. N o 

volatile c o m p o u n d s were p r o d u c e d by free parasi tes . N o r can the 

d iscrepancy be tween glucose ut i l izat ion a n d lac ta te p roduc t ion be 

accounted for by p roduc t ion of 2 ,3-diphosphoglycerate , as Ali a n d 

Fle tcher (1974) showed t h a t this c o m p o u n d falls in infected blood. 

O n the whole , it wou ld seem t h a t in the in t rae ry throcy t ic stages 

roden t ma la r i a parasi tes metabol ize glucose by glycolysis, conver t ing 

most b u t no t all of it to lac ta te . T h e enzymes involved have no t been 

well s tudied. T h e increased activity of hexokinase measured in P.berghei-

infected blood by Fraser a n d K e r m a c k (1957) m a y have been pa r t ly d u e 

to the whi te cells present a n d to i m m a t u r e red cells, wh ich con ta in 

higher activities of this enzyme t h a n do m a t u r e red cells ( H u t t o n , 1972). 

T h e electrophoret ic investigations of Ca r t e r (1970, 1973) on var ious 

strains of P.berghei a n d P.vinckei d id no t inc lude controls for whi te cells 

a n d i m m a t u r e red cells, b u t one of the b a n d s of act ivi ty d u e to hexo-



176 C . A . H O M E W O O D 

kinase h a d an electrophoret ic mobil i ty wh ich d e p e n d e d on the s train of 

paras i te ; the same was t rue of g lucosephosphate isomerase, a n d these 

two enzymes were therefore present in the paras i te as well as in the 

host cell. 

A n o t h e r enzyme of the glycolytic sequence, py ruva t e kinase, was 

invest igated by Oelshlegel et al. (1975). W h i t e cells were r emoved by 

a m e t h o d which is i n a d e q u a t e for separa t ing leucocytes from parasi t ized 

mouse cells ( H o m e w o o d a n d N e a m e , 1976), a n d i m m a t u r e red cells 

were no t inc luded as controls. T h e isoenzyme of py ruva t e kinase which 

was detected in parasi t ized b u t no t in n o r m a l blood canno t w i thou t 

further evidence be a t t r ibu ted to the paras i te , as it has been r epor t ed 

t h a t py ruva t e kinase of h u m a n leucocytes has a different e lect rophoret ic 

mobil i ty from tha t of red cells (Koler et al., 1964). 

T h e presence of lac ta te dehydrogenase in P.berghei was repor ted by 

S h e r m a n (1962), b u t as whi te cells a n d i m m a t u r e red cells were no t 

considered, the enzyme detected electrophoret ical ly canno t wi th 

cer ta in ty be a t t r ibu ted to the paras i te . Ca r t e r (1973) showed t h a t 

lac ta te dehydrogenases of several strains of P.berghei a n d P.vinckei h a d 

different e lectrophoret ic mobilit ies, a n d T s u k a m o t o (1974) de tec ted all 

the possible isoenzymes of mouse lac ta te dehydrogenase plus an 

addi t iona l isoenzyme in roden t ma la r i a parasi tes . A n earl ier r epor t 

(Ph i sphumvidh i a n d Langer , 1969) c la imed t h a t the lac ta te d e h y d r o -

genase of P.berghei h a d a m u c h h igher affinity for py ruva t e t h a n d id 

t h a t of the host cell. T h e enzyme a t t r ibu ted to the paras i te m a y have 

been par t ly of host origin, b u t in a n y case, its a p p a r e n t l y h igher affinity 

for py ruva t e is based on an a r i thmet ica l e r ror r a t h e r t h a n on a t rue 

difference be tween the enzymes of free parasi tes a n d erythrocytes . T h e 

Km for py ruva t e of the enzyme ob ta ined from free parasi tes was 0-36 

o f t h a t of the host enzyme, no t 1/36 as s ta ted. Even if there h a d been 

a significant difference in Km, it is difficult to see h o w P.berghei could 

benefit from py ruva t e acqu i red from the host. 

B. Pentose Phosphate Pathway 

Invest igat ions of the pentose phospha t e p a t h w a y in ma la r i a parasi tes 

a re compl ica ted by the fact t h a t m u c h h igher glucose-6-phosphate 

dehydrogenase activity is present in reticulocytes t h a n in m a t u r e 

erythrocytes ( H u t t o n , 1972; Rozenszajn et al., 1972). I t has been 

repor ted also t ha t the enzymes of i m m a t u r e a n d m a t u r e red cells b e h a v e 
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differently on electrophoresis (Wal te r et aL, 1965). T h e pentose 

phospha t e p a t h w a y is also present in leucocytes (Beck, 1958). I t appea r s 

to be little used by m a l a r i a parasi tes , as B o w m a n et aL (1961) found 

t h a t less t h a n 2 % of the glucose used by free parasi tes of P.berghei o r by 

paras i t ized mouse cells was metabol ized by this p a t h w a y , a n d Bryan t 

et aL (1964) could detect no radioact iv i ty in 6-phosphogluconate after 

i ncuba t ion of free parasi tes wi th label led glucose. 

Elec t rophore t ic studies of g lucose-6-phosphate dehydrogenase have 

given conflicting results. Ca r t e r (1973) found the same add i t iona l 

enzyme in several strains of P.berghei b u t as whi te cells were no t r emoved 

nor ret iculocyte controls used, it is possible t h a t this isoenzyme was of 

host origin ; this d o u b t was la ter raised by C a r t e r himself (see footnote, 

Ki l l ick-Kendr ick, 1974). L a n g e r et al. (1967) similarly de tec ted in free 

parasi tes of P.berghei a n isoenzyme of glucose-6-phosphate d e h y d r o -

genase which was dist inct from t h a t of n o r m a l r ed cells; most b u t no t 

all of the whi te cells were r emoved b u t ret iculocyte controls were no t 

used. T s u k a m o t o (1974) could no t de tec t this enzyme in P.berghei. 

J u n g et aL (1975) a n d P i c a r d - M a u r e a u et al. (1975) showed t h a t 

du r ing g rowth of P.vinckei in the red cell, t he act ivi ty of the glucose-6-

phospha te dehydrogenase of infected cells d id no t rise as wou ld be 

expected of a const i tuent of the paras i te , b u t decreased, as wou ld be 

expected of a const i tuent of t he red cell u n d e r g o i n g des t ruct ion d u r i n g 

the g rowth of the paras i te . T h e different stages were separa ted from 

whole b lood on a densi ty g rad ien t , wi th the possibility t h a t whi te cells 

migh t h a v e confused the results by becoming concen t ra ted in some 

fractions, b u t the au thors r epor t ed t h a t this d id no t h a p p e n . 

Theaks ton a n d Fle tcher (1971, 1972), in a n electron microscopical 

s tudy, de tec ted glucose-6-phosphate dehydrogenase in mouse red cells 

b u t no t in P.berghei, except in the so-called "food vacuo le " , n o w 

considered to be an extension of t he r ed cell cy toplasm wi th in the 

paras i te (Howells etal., 1968; L a d d a , 1969). I n contras t , Theaks ton a n d 

Fle tcher (1973) showed act ivi ty d u e to phosphog lucona te dehyd ro -

genase in P.berghei as well as in the red cell. I n addi t ion , C a r t e r (1973, 

less convincingly in 1970) found isoenzymes of phosphog lucona te 

dehydrogenase which h a d different e lect rophoret ic mobili t ies in 

different strains of P.berghei a n d P.vinckei. L a n g e r et al. (1967) r epor ted 

the presence of this a n d o the r enzymes of the pentose phospha t e 

p a t h w a y in free parasi tes of P.berghei, b u t the extent of con t amina t ion 

wi th host ma te r i a l is difficult to de t e rmine . 
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S h e r m a n (1965) conc luded t h a t a n y decrease in the glucose-6-

phospha t e dehydrogenase activity of the paras i t ized cell was no t 

sufficient to cause a fall in the a m o u n t of r educed g lu ta th ione . However , 

the test used was designed for the relat ively s imple system of n o r m a l red 

cells, a n d it m a y be more difficult to in te rp re t the results ob ta ined wi th 

a mix tu re of n o r m a l a n d i m m a t u r e red cells, parasi tes a n d whi te cells. 

P i c a r d - M a u r e a u et al. (1975) r epor ted t h a t the r educed g lu ta th ione 

con ten t of paras i t ized cells increased marked ly d u r i n g the in t ra -

erythrocyt ic cycle of P.vinckei. F le tcher a n d M a e g r a i t h (1970) also 

detec ted a rise in the level of r educed g lu ta th ione towards the end of 

a n infection wi th P.berghei, b u t whi te cells were no t r emoved , a n d the i r 

g lu ta th ione content , which is a b o u t seven t imes t h a t of red cells ( H a r d i n 

et al., 1954), m a y have con t r ibu ted to the increase. 

Pollack et al. (1966) showed t h a t P.berghei, like the glucose-6-

phospha t e dehydrogenase-deficient red cell, is sensitive to oxidat ive 

agents , suggesting a similar deficiency of this enzyme in t he paras i te . 

However , since the oxidat ive agents used also h a v e o the r actions, the i r 

effect on the g rowth of P.berghei, a l t hough suggestive, c a n n o t be t aken 

as proof of pentose phospha te p a t h w a y activi ty in the paras i te . 

C. Citric Acid Cycle 

T h e in t raery throcyt ic stages of the roden t m a l a r i a parasi tes do no t 

possess a funct ioning citric acid cycle. Infected mouse cells or free 

parasi tes of P.berghei conver ted only 0 -3-0-4% of t he metabol ized 

6-
1 4

C-glucose to labelled ca rbon dioxide (Bowman et al., 1961), a n d 

a l though Bryant et al. (1964) felt t h a t P.berghei wi th in the red cell (bu t 

no t free parasites) metabol ized glucose by means of the citric acid 

cycle, the end p roduc t s of the metabo l i sm were no t identified no r was 

the extent of host cell interference de te rmined . 

Addi t iona l isoenzymes of m a l a t e dehydrogenase a p p e a r in mouse 

blood on infection wi th P.berghei, b u t the presence of this enzyme does 

no t indica te activity of the citric acid cycle, as it is present in the m a t u r e 

e ry throcyte which lacks most of the enzymes of t he cycle (Brewer, 1974). 

T h e invest igat ion of ma l a t e dehydrogenase in paras i t ized cells is 

compl ica ted by its presence in whi te cells (Borel et al., 1959) a n d by the 

presence in i m m a t u r e red cells of an isoenzyme wi th an e lect rophoret ic 

mobi l i ty different from tha t of m a t u r e erythrocytes ( M o m e n et al., 

1975). S h e r m a n (1966) showed t h a t a new isoenzyme of m a l a t e 
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dehydrogenase a p p e a r e d in free parasi tes of P.berghei, b u t whi te cells 

were no t r emoved a n d ret iculocyte controls were no t used. T h e same 

enzyme was r epor t ed by T s u k a m o t o (1974) w h o removed whi te cells, 

b u t aga in the enzyme of i m m a t u r e red cells was no t invest igated. C a r t e r 

(1970, 1973) a t t r i bu t ed to P.berghei a n isoenzyme of ma la t e dehyd ro -

genase which was la ter shown by M o m e n et al. (1975) to or ig inate in 

i m m a t u r e red cells. A n o t h e r isoenzyme was considered by bo th C a r t e r 

(1970, 1973) a n d M o m e n et al. (1975) to be of paras i te origin. M o m e n 

et al. (1975) could no t de tec t m a l a t e dehydrogenase in some strains of 

P.berghei, b u t this d id no t p rove it was absent . 

N a g a r a j a n (1968a) de tec ted ma la t e dehydrogenase a n d fumarase in 

free parasi tes of P.berghei, a l t hough ret iculocyte s t roma also showed 

m a l a t e dehydrogenase activi ty. Several o the r enzymes of the cycle, 

inc lud ing succinate dehydrogenase , could no t be de tec ted in free 

parasi tes , a l t hough succinate s t imula ted thei r respira t ion. Howells 

(1970b) could no t de tec t succinate dehydrogenase by electron micro-

scopy in in t rae ry throcy t ic P.berghei, no r could Howells a n d Maxwel l 

(1973b) detect isocitrate dehydrogenase after electrophoresis of extracts 

of P.berghei. 

D. Carbon Dioxide Fixation 

N a g a r a j a n (1968c) r epor ted t h a t P.berghei, e i ther free or wi th in the r a t 

ret iculocyte, could fix labelled c a r b o n dioxide in to organic acids, 

ma in ly ma la t e , b u t some of the radioact iv i ty was also found in 

g l u t a m a t e a n d aspar ta te . T h e results could only be expla ined by the 

opera t ion of the citric acid cycle, a l t hough the enzymes of this cycle 

could no t b e de tec ted (Nagara jan , 1968a). T h e low activities of the 

enzymes which mus t have been present were qu i te possibly d u e to host 

cell con tamina t ion , a l t hough fixation of ca rbon dioxide in to ma l a t e or 

oxaloace ta te m a y have been car r ied ou t by the paras i te . 

Ne i the r T s u k a m o t o (1974) no r N a g a r a j a n (1968a) could detect mal ic 

enzyme in free parasi tes of P.berghei, b u t Siu (1967), Forres ter a n d Siu 

(1971) a n d M c D a n i e l a n d Siu (1972) demons t r a t ed the presence of 

phosphoeno lpy ruva te carboxylase . This enzyme is widely d is t r ibuted in 

plants a n d bac ter ia , b u t has never been found in a n i m a l tissues (Lane 

et al., 1969). Siu (1967) also found phosphoeno lpyruva te carboxykinase 

in P.berghei', this enzyme is found in mi tochondr i a of a n i m a l cells, 

a l though it is no t k n o w n if it is present in whi te cells or ret iculocytes. 
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T h e in t raery throcy t ic stages of m u r i n e m a l a r i a parasi tes thus 

metabol ize glucose almost ent irely to lac ta te by the E m b d e n - M e y e r h o f 

p a t h w a y , w i th p e r h a p s a small a m o u n t of c a rbon dioxide fixation, 

while the con t r ibu t ion of the pentose p h o s p h a t e p a t h w a y is very small 

a n d t h a t of the citric acid cycle is v i r tua l ly non-exis tent . 

E. Non-erythrocytic Stages 

T h e biochemist ry of the o ther stages of the paras i te has ha rd ly been 

s tudied a t all. T h e mi tochondr i a of pre-ery throcyt ic P.berghei h a v e been 

described as bo th cristate (Terzakis et al., 1974) a n d acris tate (Desser 

et al., 1972) (see C h a p t e r 3) , b u t wha teve r the i r morphology , they do 

no t con ta in de tec tab le succinate dehydrogenase act ivi ty (Howells a n d 

Bafort, 1970). F r o m this slight evidence, i t would a p p e a r t h a t the 

pre-ery throcyt ic stages of P.berghei resemble the erythrocyt ic ones in 

lacking a funct ional citric acid cycle, b u t differ from t h e m in possessing 

glucose-6-phosphate dehydrogenase . 

M a t u r e gametocytes of P.berghei have cristate mi tochondr i a b u t n o 

succinate dehydrogenase act ivi ty could be de tec ted in t h e m (Howells , 

1970b). T h e oocyst a n d sporozoites, on t h e o the r h a n d , h a v e b o t h 

cristate mi tochondr i a a n d demons t r ab le succinate dehydrogenase 

act ivi ty (Howells, 1970b). I n addi t ion , N A D - a n d N A D P - d e p e n d e n t 

isocitrate dehydrogenase activities of paras i te origin were de tec ted after 

electrophoresis of infected mosqu i to s tomachs (Howells a n d Maxwel l , 

1973b). I t is therefore possible, b u t by n o means p roved , t h a t the oocyst 

a n d the sporozoites, unl ike the o the r stages of P.berghei, have a 

functional citric acid cycle. 

IN. RESPIRATION AND ELECTRON TRANSPORT 

As the in t rae ry throcy t ic stages of roden t ma la r i a parasi tes lack a 

functional citric acid cycle, it m igh t be expected t h a t mi tochondr i a l 

electron t r anspor t wou ld also be absent . These stages of P.berghei d o 

have mi tochondr ia , as shown by s ta in ing wi th J a n u s Green (Sen G u p t a 

et al., 1955), b u t wi th very few cristae ( L a d d a , 1969; Howells , 1970b). 

I t is, however , possible for mi tochondr i a w i thou t cristae to h a v e a 

comple te set of cy tochromes (Ri t te r a n d A n d r é , 1975), a n d there h a v e 

been some indicat ions t h a t t h e in t rae ry throcy t ic stages of r o d e n t 
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mala r i a parasi tes d o have a funct ioning electron t r anspor t cha in . T h u s 

it has been repor ted t h a t P.berghei uses oxygen, conta ins cy tochrome 

oxidase, N A D H dehydrogenase a n d coenzyme Q,, a n d t h a t energy 

p roduc t ion by the paras i te is r educed by recognized inhibi tors of 

electron t r anspor t (see T a b l e I I for references). 

Table II 

Reports of electron transport mechanisms in intraerythrocytic stages 
of P.berghei 

Oxygen utilization Jones etal. (1951) 
Fulton and Spooner (1956) 
Bowman etal. (1960) 
Cho and Aviado (1968) 
Nagarajan (1968a) 

Cytochrome oxidase Nagarajan (1968a) 
Howells etal. (1969) 
Scheibel and Miller (1969) 
Theakston et al. (1969) 

Coenzyme Q, Skelton etal. (1970) 
N A D H dehydrogenase Theakston etal. (1970a) 
Sensitivity to inhibitors Nagarajan (1968b) 
of electron transport Homewood et al. (1972b) 

A. Oxygen Utilization 
Measuremen t s of oxygen ut i l izat ion by paras i t ized cells from which 

whi te cells h a v e no t been complete ly a n d cer ta inly r emoved c a n n o t 

give informat ion on the respi ra t ion of parasi tes (see Cline, 1965, for 

references on oxygen ut i l izat ion by whi te cells). Even w h e n whi te cells 

have been removed , i m m a t u r e red cells wi th thei r h igh respi ra tory 

activity (Jones et al., 1953; Fu l ton a n d Spooner , 1956; Lowenste in , 

1959) m a y r ema in . T h e p r e p a r a t i o n of free parasi tes does no t necessarily 

overcome the interference by host cells unless it is shown t h a t the 

mi tochondr i a of such cells d o no t c o n t a m i n a t e the paras i te p r e pa ra t i on . 

I n a lmost all t he recorded cases of oxygen ut i l izat ion by P.berghei, 

interference by host ma te r i a l was no t ru led out , a n d in these cases it 

c anno t be assumed t h a t the paras i t e itself used oxygen. I n d e e d J o n e s 

et al. (1951) showed t h a t m a x i m u m ut i l izat ion of oxygen by infected r a t 

cells was ob ta ined w h e n t h e a n i m a l was recover ing from infection wi th 

P.berghei a n d the n u m b e r of parasi tes was so low t h a t they could h a v e 
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used only a n insignificant a m o u n t of oxygen. T h e one case in which the 

paras i te itself a p p e a r e d to use oxygen was r epor t ed by N a g a r a j a n 

(1968a) . W h i t e cells were r emoved a n d ret iculocyte s t roma were shown 

no t to use oxygen, b u t free parasi tes of P.berghei still respired. Succ ina te 

was the only effective subst ra te , b u t succinate dehydrogenase could no t 

be de tec ted ; t he mechan i sm of the respira t ion therefore remains a 

mystery. 

B. Electron Transport Chain 

Cytoch rome oxidase was demons t r a t ed in P.berghei by a cy tochemical 

t echn ique which does no t a p p e a r to be complete ly specific, as it d id not 

detect cy tochrome oxidase in the mi tochondr i a of r a t liver, b u t d id 

detect a g rea t deal of activity a t o ther , cytoplasmic, sites (Sel igman 

et al., 1967). Both this ex t rami tochondr ia l act ivi ty a n d the act ivi ty 

de tec ted in P.berghei were inh ib i ted by cyanide a t a concen t ra t ion of 

1 0 "
2
M , which is far too h igh to be specific for cy tochrome oxidase 

(Dixon a n d W e b b , 1964). T h e r e is thus a cer ta in a m o u n t of d o u b t t h a t 

the activity de tec ted cytochemical ly in P.berghei was d u e to cy tochrome 

oxidase. 

T h e careful exper iments of Scheibel a n d Mil ler (1969) seem to 

demons t r a t e by b iochemical means t h a t free parasi tes of P.berghei 

conta in cy tochrome oxidase. Platelets as well as whi te cells were 

removed , b u t it is possible t ha t p a r t of the act ivi ty was d u e to i m m a t u r e 

red cells. R a b b i t reticulocytes conta in mi tochondr i a (Gasko a n d 

D a n o n , 1972) and , in addi t ion , a n enzyme a p p a r e n t l y or ig ina t ing in 

host-cell mi tochondr i a has been found in P.berghei-inkcted mouse cells 

( M o m e n et al., 1975). T h e free parasi tes of P.berghei p r e p a r e d by 

N a g a r a j a n (1968a) were able to transfer electrons from ascorbic acid to 

oxygen ind ica t ing cy tochrome oxidase activity. 

T h e N A D H dehydrogenase de tec ted cytochemical ly in P.berghei 

(Theaks ton et al., 1970a) could no t be de tec ted in free parasi tes 

(Nagara jan , 1968a). T h e presence of this enzyme would no t necessarily 

imply t ha t an electron t ranspor t cha in is also present . 

Blood from n o r m a l mice as well as t h a t from mice infected wi th 

P.berghei contains coenzymes Qj, Qg a n d Q 9 , a n d the changes in the i r 

relat ive propor t ions on infection could be caused by changes in the host 

cells. 

Inh ib i to rs of electron t r anspor t also inh ib i t ch lo roqu ine- induced 

p igmen t c lumping , wh ich is an energy-requi r ing process as synthesis of 
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prote in a n d nucleic acids is involved ( W a r h u r s t et aL, 1971). However , 

the complicat ions i n t roduced by the use of ch loroquine , a d r u g whose 

m o d e of act ion is far from clear, as well as the h igh concent ra t ions of 

inhibi tors used, m e a n t h a t cau t ion mus t be used in in te rp re t ing this 

observat ion. N a g a r a j a n (1968b) showed t h a t the incorpora t ion of 
3 2

P - p h o s p h a t e by free parasi tes of P.berghei was complete ly inh ib i ted by 

d in i t rophenol a n d by sod ium azide , a l t hough he was u n a b l e to d e m o n -

strate the synthesis of A T P . Ca r t e r et aL (1972) measu red the incorpora -

t ion of adenosine in to A T P , b u t d id no t test t he effects of inhibi tors . 

A l t h o u g h there a re several in t r igu ing hints t h a t P.berghei has a n 

electron t r anspor t cha in w h i c h possibly uses oxygen as the final 

acceptor , this has yet to be p roved conclusively. A t least one energy-

requ i r ing process, t ha t of ch lo roqu ine- induced p i g m e n t c lumping , can 

take p lace in t he absence of oxygen ( H o m e w o o d et aL, 1972b) . 

Cy toch rome oxidase act ivi ty was also de tec ted cytochemical ly in the 

oocyst of P.berghei (Howells , 1970a), b u t the same doub t s app ly to this 

as to the cy tochrome oxidase of the in t rae ry throcy t ic stage. 

IV. AMINO ACID AND PROTEIN METABOLISM 

A. Protein Digestion 

In t r ae ry th rocy t i c P.berghei degrades t he haemog lob in of the mouse 

ery throcyte , i ncorpora t ing a m i n o acids in to its o w n pro te in a n d leaving 

t h e unused h a e m in p i g m e n t (Theaks ton et aL, 1970b). I t is possible 

t h a t in ob ta in ing sufficient quant i t ies of the least c o m m o n a m i n o acids 

of haemoglob in , t he paras i te will ob t a in m o r e of t he plentiful ones t h a n 

it c an use. I t has been repor t ed t h a t t h e concen t ra t ion of free a m i n o 

acids rises d u r i n g incuba t ion of paras i t ized r a t ret iculocytes (Cenedel la 

et aL, 1968), b u t the p H at the end of 2 - 4 h i ncuba t ion of a r a t h e r dense 

suspension of cells was no t recorded , a n d whi te cells, wi th the i r 

proteolyt ic enzymes (see Cline, 1965), were no t r emoved . 

T h e proteolyt ic enzymes wh ich the paras i te mus t use to digest 

haemog lob in were invest igated b y Cook et aL (1961) in extracts of 

P.berghei released from mouse red cells. W h i t e cells were p r o b a b l y 

removed, b u t i m m a t u r e red cells, wh ich con ta in h igher levels of 

protease act ivi ty t h a n do m a t u r e erythrocytes (Goetze a n d R a p o p o r t , 

1954; Ellis et aL, 1956) were no t considered. Ext rac ts h a d two p H 
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o p t i m a for the digestion of haemoglob in , one a t a p H of a b o u t 4, a n d the 

o ther at a p H of a b o u t 8. Cook et al. (1969) la ter showed tha t the m e t h o d 

used for assay of proteolyt ic activity (increase in opt ical density at 280 

nm) could be unre l iab le in cer ta in c i rcumstances , par t icu lar ly in c rude 

extracts in which nuclease activity could be mis taken for proteolyt ic 

activity (perhaps accoun t ing for the a p p a r e n t preference for ret iculocyte 

cy toplasm of the alkal ine protease of extracts of P.berghei). 

C h a n a n d Lee (1974) repor ted t ha t the alkal ine protease of P.berghei-

infected mouse cells could be ch romatograph ica l ly separa ted in to three 

fractions, two of which were active against mouse , b u t no t h u m a n , 

haemoglob in , while the th i rd acted equal ly well on bo th types of 

haemoglob in . N o r m a l mouse red cells h a d low proteolyt ic activity b u t 

i m m a t u r e red cells were no t invest igated, a n d whi te cells were r emoved 

by a m e t h o d tested only on n o r m a l chicken a n d h u m a n blood, so t ha t 

it is difficult to de te rmine which of the proteases or ig inated in the 

paras i te . 

O t h e r investigators have been more interested in the acid proteases 

of the paras i te , on the assumpt ion t ha t the paras i te digestive vacuole is 

analogous to a lysosome a n d therefore contains proteolyt ic enzymes 

which have acid p H op t ima . T r u e lysosomes conta in acid phospha tase 

(De Duve , 1963), which is also found in the digestive vacuoles of m a n y 

pro tozoa (Mül ler et al., 1963; M a g u a d d a a n d Pennisi , 1969), a l though 

its function is u n k n o w n . Sen G u p t a et al. (1955) a n d Aikawa a n d 

T h o m p s o n (1971) found acid phospha tase in the digestive vacuoles of 

P.berghei, b u t it could no t be detected in the paras i te by Scorza et al. 

(1972) w h o did detect aryl sulphatase , ano the r enzyme usually found 

in lysosomes. Acid phospha tase appears to be absent from the sporo-

gonic stages of P.berghei, a l though aryl sulphatase is present (Davies, 

1974). 

Levy a n d C h o u (1973) showed t ha t red cells from mice infected wi th 

P.berghei h a d two to three t imes more activity of a cathepsin D-like 

protease t h a n did cells from n o r m a l mice . W h i t e cells were r emoved by 

a m e t h o d which was inefficient in o ther hands ( H o m e w o o d a n d N e a m e , 

1976), b u t acid phospha tase , which should have increased if whi te cells 

or reticulocytes h a d been present , showed little increase over the levels 

of n o r m a l blood, even after 8-9 days of infection. F u r t h e r studies (Levy 

a n d Chou , 1974) showed t ha t the enzymes from n o r m a l a n d parasi t ized 

blood were similar wi th respect to molecular weight , Km for h a e m o -

globin a n d sensitivity to inhibi tors , b u t the p H o p t i m a were slightly 
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different. Both enzymes could be inh ib i ted by peps ta t in (an inh ib i to r 

of carboxyl proteases, such as cathepsins D a n d E ) , chymos ta t in (an 

inh ib i to r of chymotryps in) a n d an t ipa in a n d leupep t in (both inhibi tors 

of ca thepsin B) . I t is unusua l for one enzyme to be affected by all these 

inhibi tors , wh ich are usually considered to be specific, b u t a mix tu re of 

different enzymes is appa ren t l y ru led ou t as each inh ib i to r was able to 

inhib i t t he proteolyt ic act ivi ty complete ly . I n addi t ion , peps ta t in , 

chymosta t in a n d p h e n y l m e t h a n e su lphonyl fluoride (which inhibi ts 

serine proteases) all r educed the incorpora t ion of isoleucine in to pro te in 

by parasi t ized mouse cells (Levy a n d Chou , 1975). T h e abil i ty of 

peps ta t in , a pen t apep t i de , to r each the paras i te suggests a drast ic 

a l tera t ion in the m e m b r a n e of the paras i t ized cell, as this is the only 

m e m b r a n e wh ich the inh ib i to r has been shown to cross (Dean , 1975). 

B. Malaria Pigment 

T h e e n d - p r o d u c t of the digestion of haemog lob in by ma la r i a parasi tes 

is p igment . Ear ly studies on several species inc lud ing P.berghei (Ful ton 

a n d R i m i n g t o n , 1953) suggested t h a t this p i g m e n t was mere ly h a e m i n 

or h a e m a t i n , b u t t he me thods used to ext rac t a n d analyse it were ha rsh . 

Deegan a n d M a e g r a i t h (1956) suggested t h a t the p i g m e n t of p r i m a t e 

malar ias d id indeed con ta in h a e m a t i n b u t t h a t this was co mb in ed wi th 

some other , p r o b a b l y n i t rogenous , subs tance . S h e r m a n et al. (1965) 

repor ted t h a t the n i t rogenous p a r t of the p igmen t of P.berghei was 

pro te in , p r o d u c e d by the pa r t i a l digestion of haemoglob in , b u t as 

po in ted ou t by H o m e w o o d et al. (1972a) , t he p i g m e n t p repa ra t ions 

analysed were c o n t a m i n a t e d wi th cell m e m b r a n e s . Nevertheless, as only 

a b o u t 1 0 % of it appea r s to be h a e m i n ( H o m e w o o d etal., 1975), p i g m e n t 

mus t conta in some pro te in or o the r subs tance . T h e au to rad iog raph ic 

studies of Theaks ton et al. (1970b, 1972) showed leucine b u t no t 

me th ion ine associated wi th p i g m e n t wi th in the digestive vacuole . I t is 

doubtful t h a t the h igh molecular weight r epor t ed for p i g m e n t ( H o m e -

wood et al., 1972a) is meaningful , as sod ium hydrox ide solution was 

used as solvent. I n fact, the size of the p i g m e n t " m o l e c u l e " m a y well 

vary , as the ind iv idua l gra ins of p i g m e n t in a paras i te have different 

absorpt ion spectra , p e r h a p s represent ing different t ransi t ion states 

between haemog lob in a n d the final end -p roduc t (Morsel t et al., 1973). 
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C. Amino Acid Metabolism 
L a n g e r a n d Ph i sphumvidh i (1971) de tec ted in P.berghei an L - amino 

acid oxidase which used F M N as cofactor. N o D - a m i n o acid oxidase 

was found. I t is no t known whe the r whi te cells conta in a m i n o acid 

oxidases. 

T h e g l u t a m a t e dehydrogenase purified by W a l t e r et al. (1974) from 

P.chabaudi resembled a microbia l enzyme in be ing specific for N A D P ; 

no NAD-specific enzyme was found. T h e g l u t a m a t e dehydrogenase 

detected by T s u k a m o t o (1974) after electrophoresis of extracts of 

P.berghei was similarly NADP-specif ic , b u t L a n g e r et al. (1970) a n d 

P i c a r d - M a u r e a u et al. (1975) found t ha t g l u t a m a t e dehydrogenase of 

P.berghei a n d P.vinckei h a d a b o u t one th i rd the activity wi th N A D as 

cofactor t h a t it h a d wi th N A D P . L a n g e r et al. (1970) found n o effect 

of A D P or A T P on the activity of the enzyme w h e n N A D P was the 

cofactor, suggesting t h a t it was therefore no t of a n i m a l origin, b u t p a r t 

of the N A D - d e p e n d e n t act ivi ty m a y have been d u e to whi te cells. 

P i c a r d - M a u r e a u et al. (1975) found t h a t the act ivi ty of g l u t a m a t e 

dehydrogenase increased d u r i n g the in t raery throcyt ic cycle of the 

paras i te , suggesting t h a t it or ig inated in the paras i te itself. 

T h e addi t iona l isoenzymes of a spa r t a t e aminotransferase t h a t 

T s u k a m o t o (1974) found w h e n he c o m p a r e d free parasi tes of P.berghei 

with n o r m a l mouse blood m a y have been of paras i te origin, b u t h u m a n 

reticulocytes conta in an isoenzyme of a spa r ta te aminotransferase which 

is no t present in m a t u r e erythrocytes (Fiorelli et al., 1969). 

Some ma la r i a parasi tes a re d e p e n d e n t on exogenous supplies of 

a m i n o acids (Polet a n d C o n r a d , 1969), b u t it is no t known to w h a t 

extent this is t rue of t he roden t ma la r i a parasi tes . I t has been suggested 

(Langer et al., 1969) t ha t P.berghei will need a cons tant supply of 

me th ion ine from the host, no t only for pro te in synthesis b u t also as a 

source of me thy l groups , as the paras i te is u n a b l e to form a reserve of 

these groups in phosphat idylchol ine . I n addi t ion , even if suppl ied wi th 

chol ine (or beta ine) it c anno t transfer the me thy l groups to h o m o -

cysteine to form meth ion ine , the d o n o r of me thy l groups in most 

react ions. As little meth ion ine is present in mouse haemoglob in (Rifkin 

et al., 1966), t he paras i te m a y need to ob ta in this a m i n o acid from t h e 

p lasma . P.berghei can , however , synthesize me th ion ine by a d d i n g a 

me thy l g r o u p der ived from serine to homocyste ine . 

T h e incorpora t ion of a m i n o acids such as leucine (R icha rds a n d 
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Will iams, 1973; Coombs a n d Gut t e r idge , 1975) in to paras i te p ro te in 

has sometimes been used as a n ind ica t ion of paras i te g r o w t h in vitro. I n 

this type of exper iment , interference by relatively small n u m b e r s of 

whi te cells or i m m a t u r e red cells can be grea t , as b o t h these cells 

synthesize pro te in (Will iams a n d R icha rds , 1973). Au to rad iog raph i c 

studies can dist inguish be tween incorpora t ion by parasi tes a n d by host 

cells, b u t the results a re no t as easily q u a n t i t a t e d . I t has been shown by 

this means t h a t in t raery throcyt ic P.berghei incorpora tes exogenous 

lysine a n d leucine (Büngener a n d Nielsen, 1967), a n d me th ion ine a n d 

leucine (Theaks ton et al., 1970b, 1972). 

T h e above discussion suggests t h a t r e m a r k a b l y little is known of the 

means by which in t raery throcy t ic stages of roden t ma la r i a parasi tes 

ob ta in a m i n o acids, e i ther from haemoglob in or from p lasma , or of the 

mechan i sm of format ion a n d s t ruc ture of p i g m e n t a n d the synthesis of 

prote ins . 

V. LIPID METABOLISM 

Wallace et al. (1965) examined the lipids of P.berghei freed from ra t 

cells by saponin , a n d showed the presence of phosphol ip id ( the class of 

l ipid present in largest a m o u n t s , as in most cells), sterols, tr iglycerides, 

sterol esters a n d free fatty acids. I t is difficult to know h o w m u c h the 

lipids of the m e m b r a n e s of the host cells con t r ibu ted to these analyses, 

since whi te cells were no t r emoved , a n d reticulocytes con ta in 4 - 5 t imes 

as m u c h lipid as do m a t u r e erythrocytes (Van D e e n e n a n d de Gier , 

1964). 

Lawrence a n d Cenedel la (1969) a n d R a o et al. (1970) found no t only 

t h a t r a t ret iculocytes con ta ined m o r e l ipid t h a n d id m a t u r e e ry th ro -

cytes, b u t t h a t the l ipid con ten t of P.berghei-infected cells was even 

higher . Both au thors found t h a t phospha t idy l e thano lamine levels rose 

in infected cells a n d those of sphyngomyel ins a n d lysolecithins fell. R a o 

et al. (1970) calcula ted, however , t h a t the lipids of the parasi tes were 

less t h a n 6 % of t he to ta l lipids of infected cells. 

T h e synthesis of lipids by m a l a r i a parasi tes m a y also be difficult to 

separa te from t h a t of ret iculocytes (Marks et al., 1960; Sloviter a n d 

T a n a k a , 1967; Ballas a n d Burka , 1974) a n d of whi te cells (see Cline, 

1965) if they a re no t r emoved . Cenedel la (1968) found t ha t cells from 

mice infected wi th P.berghei i nco rpora ted m o r e glucose ca rbon in to 

lipid t h a n d id cells from n o r m a l mice, b u t n o a l lowance was m a d e for 
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incorpora t ion by whi te cells or by i m m a t u r e red cells. Nea r ly all of the 

incorpora ted glucose ca rbon ( 0 - 5 % of the glucose used) was found in 

phosphol ipids . Th is is also t r ue of whi te cells (Sbar ra a n d Karnovsky , 

1960) a n d reticulocytes (Sloviter a n d T a n a k a , 1967), b u t the same type 

of incorpora t ion was also found wi th free parasi tes . 

After infusion of
 1 4

C- l abe l l ed glucose in to P.berghei-inkcted ra ts 

(Cenedel la et aL, 1969a), t he lipids of free parasi tes were labelled mostly 

in lecithins, wi th smaller a m o u n t s in phospha t idy le thano lamines , 

phospha t id ic acid a n d polyglycerolphosphat ides . Inco rpora t ion of oleic 

acid followed a similar pa t t e rn , suggesting t h a t P.berghei could ob ta in 

a t least p a r t of its fatty acids from the p lasma, b u t the abil i ty of whi te 

cells to incorpora te fatty acids in to lipids (Elsbach, 1959, 1962) m a y 

accoun t for a n u n k n o w n propor t ion of the incorpora t ion of oleic acid. 

I t has been repor ted t h a t P.berghei also cont r ibutes fatty acids to t he 

p lasma by b r eakdown of host lipids (Cenedel la , 1968; Cenedel la et aL, 

1969b). Some of the commen t s m a d e earl ier wi th r ega rd to the p r o -

duc t ion of a m i n o acids by the parasi tes m a y apply here , a l t hough in the 

absence of glucose (and p re sumab ly therefore a less drast ic reduc t ion in 

p H ) , the p roduc t ion of fatty acids was reduced by only a b o u t 2 0 % . Free 

parasi tes con ta ined phosphol ipase A activity, wh ich could no t b e 

detected in the s t roma of reticulocytes, a l t hough whi te cells (which 

conta in l ipases—Elsbach a n d Rizack, 1963) were no t tested. 

I t can be seen t h a t little is known of the composi t ion or synthesis of 

the lipids of m u r i n e ma la r i a parasi tes . A very small pa r t , if any , of the 

glucose used by the parasi tes is used to synthesize lipid, b u t the paras i te 

m a y ob ta in fatty acids b o t h from the p lasma of the host a n d by 

b reakdown of host lipids. 

VI. NUCLEIC ACIDS 

A. DNA and RNA 

P.berghei, in c o m m o n withTother organisms, contains D N A , R N A a n d 

D N A - b o u n d histones (Sen G u p t a et aL, 1955; Ciucä et aL, 1963; Bahr , 

1966). By electron microscopy, Bahr (1966) es t imated t h a t an in t ra -

erythrocyt ic schizont contains a b o u t 1 0 "
13

 g of D N A , while Whitfeld 

(1952, 1953) by direct m e a s u r e m e n t of ex t rac ted nucleic acids found 

a b o u t 5 x l 0 ~
8
 g of D N A t r o p h o z o i t e

- 1
. T h e difference of several 
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orders of m a g n i t u d e be tween these two est imations canno t be entirely 

d u e to whi te cells in Whitfeld 's p repa ra t ions (a h u m a n whi te cell 

contains a b o u t 1 0 ~
n
 g of D N A — D a v i d s o n et al., 1951) nor to g rowth 

of the paras i te . T h e est imate of Bah r (1966), a l though it is difficult to 

see h o w it was ob ta ined , compares m o r e closely wi th the D N A conten t 

of P.knowlesi (Gut te r idge a n d Tr igg , 1972), a n d wi th t h a t of o ther 

organisms, which conta in be tween a b o u t 1 0 ~
13

 a n d 1 0 ~
10

 g of D N A 

c e l l "
1
 (Davidson, 1972). 

T h e con ten t of guan ine plus cytosine (G + C content ) of the D N A 

p r e p a r e d by Whitfeld (1953) was a b o u t 4 0 % , which is the same as t h a t 

found for mouse D N A by Gu t t e r idge et al. (1971). T h e la t ter au thors 

found t ha t the G + C conten t of the D N A of P.vinckei a n d three strains 

of P.berghei was 2 4 % , reinforcing the suggestion of Wolco t t (1957) t h a t 

P.berghei is more closely re la ted to the av ian malar ias ( G + C conten t 

a b o u t 2 0 % ) t h a n to the p r i m a t e ones ( G + C con ten t 3 7 % ) . T h e d a t a of 

Gut t e r idge et al. (1971) further showed t h a t the D N A of ma la r i a 

parasi tes is doub le - s t r anded a n d likely to be l inear r a t h e r t h a n circular . 

T h e R N A of P.berghei has been little invest igated. T h e 40S r ibosomal 

subuni t was found to con ta in 15S R N A , while the 60S subun i t 

conta ined 25S R N A (Tokuyasu et al., 1969) a n d was thus in t e rmed ia t e 

be tween the bacter ia l va lue of 23S a n d the m a m m a l i a n one of 28S 

(Davidson, 1972). T h e smaller r ibosomal subun i t was easily labelled 

wi th radioac t ive orotic acid or
 3 2

P - p h o s p h a t e , b u t n o significant 

label l ing was found in the larger subuni t , leaving its origin a mystery. 

I t was suggested ( I lan et al., 1969) t ha t the lack of specificity of the 

paras i te a m i n o a c y l - t R N A synthetases migh t enable it to use host 

r ibosomes. 

T h e synthesis of D N A a n d R N A was shown to be discont inuous in 

P.vinckei by J u n g et al. (1975). T h e different in t rae ry throcy t ic stages 

were separa ted on a Ficoll g rad ien t , a n d a l though whi te cells were no t 

removed , their metabol ic activities were no t de tec ted in the paras i te 

fractions. Both D N A a n d R N A synthesis were highest in old r ing forms 

a n d y o u n g t rophozoi tes . A l though the ra te of thymidy la t e synthetase 

activity r ema ined h igh in the schizont (Wal te r a n d Königk , 1971a), t he 

r a t e of D N A synthesis fell ( J u n g et al., 1975). 

M a t u r e red cells a n d reticulocytes conta in little or n o D N A , a n d 

a l though reticulocytes conta in R N A (Lowenstein, 1959) they canno t 

synthesize it from exogenous u r id ine (Borsook, 1964) or adenosine 

(Van Dyke et al, 1969). 
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W h i t e cells conta in bo th R N A a n d D N A a n d these can be synthesized 

from exogenous p u r i n e a n d py r imid ine bases a n d nucleosides (see 

Cline, 1965). Büngener a n d Nielsen (1967) d id not , as f requent ly 

s tated, r epor t t h a t adenosine is no t incorpora ted by leucocytes, b u t they 

d id show au torad iograph ica l ly t h a t for every five silver grains found in 

a cell of P.berghei after i ncuba t ion wi th
 3

H - a d e n o s i n e , th ree were found 

in each whi te cell. I f this is an accu ra t e indica t ion of the relat ive 

capacit ies of the two types of cells for the incorpora t ion of adenosine , 

then the tota l up t ake by the whi te cells in infected blood would be a 

very small fraction of t h a t incorpora ted by the parasi tes which out -

n u m b e r whi te cells by a b o u t a t housand t imes (e.g. Whitfeld, 1953; 

H o m e w o o d a n d N e a m e , 1976). Th i s does, however , seem a r a t h e r 

insecure foundat ion on which to base exper iments involving the 

incorpora t ion of adenosine a n d o ther pur ines in to the nucleic acids of 

parasi tes . 

B. Metabolism of Purines 

In t r ae ry th rocy t i c stages of roden t ma la r i a parasi tes can use exogenous 

pur ines for nucleic acid synthesis (Büngener a n d Nielsen, 1967, 1968, 

1969; V a n Dyke a n d Szustkiewicz, 1969; V a n Dyke et al., 1969, 1970a, 

b ; L u k o w et al., 1973; Theaks ton et al., 1972; N e a m e et al., 1974; V a n 

Dyke , 1975). I n cells which synthesize pur ines de novo, t he p h o s p h a t e 

a n d ribose por t ions of t he molecule a re a l ready present w h e n the p u r i n e 

is formed. Cells which can use exogenous pur ines for nucleic acid 

synthesis mus t a d d t h e ribose a n d p h o s p h a t e moieties to t he preformed 

pur ine , a n d to do this mus t possess the enzymes of the "salvage 

p a t h w a y " to form A M P from aden ine or adenosine (Figure 1). 

Several of these enzymes a re present in h u m a n erythrocytes a n d 

lymphocytes (see Parks et al., 1975) b u t species differences occur . For 

example , red cells of h u m a n s canno t conver t I M P to A M P (Lowy 

etal., 1962) b u t those of rabbi t s (Lowy et al., 1961) a n d mice (Miyazaki 

a n d Minak i , 1972) can do so. 

All the enzymes listed above have been detec ted in P.chabaudi freed 

from mouse red cells after r emova l of leucocytes (Lukow et al., 1973). 

F u r t h e r purif ication of the paras i te adenosine deaminase (3) by Schmid t 

et al. (1974), a n d of hypoxan th ine -guan ine phosphoribosyltransferase 

(5) a n d aden ine phosphoribosyltransferase (1) by W a l t e r a n d K ö n i g k 

(1974a) showed t h a t these enzymes h a d similar characteris t ics to those 

from m a m m a l i a n sources. Büngener (1967) found t h a t mouse cells 
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infected wi th P.berghei or P.vinckei con ta ined isoenzymes of adenosine 

deaminase (3) which h a d different e lectrophoret ic mobilit ies in the two 

species of pa ras i t e ; the same was t rue of p u r i n e nucleoside Phos-

phorylase (4). I t seems therefore t h a t m u r i n e ma la r i a parasi tes possess 

enzymes of the salvage p a t h w a y for pur ines . T h e y also possess adeny la te 

kinase (Car ter , 1973). 

Adenosine -

Inosine 

• AMP- - Adenine 

Adenylosuccinate 

6 

IMP Hypo xanthine 

Figure 1. T h e salvage pathway for purines ; 1 : adenine phosphoribosyltransferase, 2 : adeno-
sine kinase, 3: adenosine deaminase, 4: inosine Phosphorylase, 5: hypoxanthine-guanine 
phosphoribosyltransferase, 6: adenylosuccinate synthetase, 7: adenylosuccinase, IMP: inosine 

monophosphate. 

Parasi tes can use the pur ines of the red cell pool , as shown by 

al lowing P.berghei to infect red cells previously loaded wi th radioact ive 

adenosine (Büngener a n d Nielsen, 1969). Mouse erythrocytes suppl ied 

wi th adenos ine in vitro phosphory la te p a r t of i t to the nucleot ides a n d 

d e a m i n a t e p a r t of it to inosine, some of which leaves the cell. P a r t of the 

h y p o x a n t h i n e formed from the inosine also leaves the red cell, b u t some 

of it is conver ted to aden ine nucleot ides (Miyazaki a n d Minak i , 1972). 

I t wou ld therefore be an a d v a n t a g e for an in t raery throcy t ic paras i te to 

be able to use a var ie ty of pur ines a n d thei r derivat ives. L a n t z et al. 

(1971) found t h a t P.berghei, free or wi th in the ery throcyte , i ncorpora ted 

m o r e label from radioact ive A M P t h a n from adenosine . I t was no t 

suggested t h a t the paras i te used A M P directly, b u t t h a t it took u p 

adenosine released by Phosphorylase in the se rum of the incuba t ion 

m e d i u m ; less a d d e d adenosine was incorpora ted because it was rap id ly 

d e a m i n a t e d to inosine. I t was la ter shown by M a n a n d h a r a n d V a n 

Dyke (1975) t h a t after i ncuba t ion of free parasi tes wi th labelled 

adenosine, radioact iv i ty outside the parasi tes was found in adenosine 

itself a n d also in inosine a n d hypoxan th ine , while inside t he parasi tes , 
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radioact iv i ty was main ly in the phosphory la ted derivatives I M P , A M P , 

A D P a n d A T P . Add i t ion to the m e d i u m no t only of un labe l led 

adenosine b u t also of unlabel led h y p o x a n t h i n e a n d inosine r educed the 

a m o u n t of radioact iv i ty found in the parasi tes . T h e au thors suggested 

t h a t metabol i sm of adenosine to h y p o x a n t h i n e via inosine took place on 

the outside of the paras i te ; hypoxan th ine then entered the cell a n d was 

conver ted to I M P a n d hence to A M P a n d the o the r adenosine phos-

pha tes . However , before the extracel lular conversion of adenosine to 

h y p o x a n t h i n e could be a t t r ibu ted entirely to the paras i te , it would be 

necessary to ensure t h a t host enzymes were no t involved, as the 

necessary enzymes are present in mouse erythrocytes (Miyazak i a n d 

Minak i , 1972), a n d h u m a n lymphocytes (Parks et al., 1975). W h i t e 

cells were no t r emoved a n d t h e concen t ra t ion of saponin used in t h e 

p r epa ra t i on of free parasi tes was a b o u t one- ten th of t ha t needed for 

comple te dis integrat ion of t he red cell m e m b r a n e (Dourmashk in et al., 

1962), while whi te cells, wi th a lower cholesterol con ten t (Rouser et al., 

1968) would be even less susceptible to saponin lysis. I n addi t ion , free 

parasi tes were appa ren t l y no t washed thorough ly to remove host 

enzymes. A scanning electron mic rog raph showed little host m e m b r a n e , 

b u t sections would be be t te r indicators of con tamina t ion . 

However , t he paras i te can use hypoxan th ine . V a n D y k e (1975) 

showed t ha t the a m o u n t of radioact iv i ty in t he nucleic acids of 

parasi t ized red cells was h igher after i ncuba t ion wi th labelled hypoxan -

th ine t h a n wi th adenosine or inosine, a l though wi th free parasi tes , 

hypoxan th ine a n d adenosine were incorpora ted to near ly the same 

extent . Aden ine was more poor ly incorpora ted by bo th free parasi tes 

a n d parasi t ized red cells. 

Addi t iona l suppor t for the suggestion t ha t h y p o x a n t h i n e is the p u r i n e 

most readi ly taken u p by ma la r i a parasi tes was p rov ided by Büngener 

(1974a, b) w h o showed t ha t t r ea t ing infected mice wi th a l lopur inol 

increased the g rowth ra te of P.berghei. Al lopur inol also increased 

slightly the incorpora t ion of radioact ivi ty in to the nucleic acids of free 

parasi tes w h e n the labelled precursor was adenosine , aden ine or 

h y p o x a n t h i n e (Van Dyke , 1975). Al lopur inol inhibi ts x a n t h i n e oxidase, 

the enzyme which degrades h y p o x a n t h i n e to x a n t h i n e a n d thence to 

uric ac id ; it was assumed tha t this inhibi t ion would raise the concen-

t ra t ion of hypoxan th ine in the red cell. However , p reven t ing loss of 

pur ines from the pool via hypoxan th ine m a y raise the levels of o the r 

pur ines as well as hypoxan th ine . 



B I O C H E M I S T R Y 193 

C. Metabolism of Pyrimidines 

Pyrimidines , wh ich are incorpora ted in to the nucleic acids of whi te 

cells (see Cline, 1965), a re no t used by roden t ma la r i a parasi tes , as 

shown au to rad iograph ica l ly for t hymid ine (Büngener a n d Nielsen, 

1967 ; W a l t e r et aL, 1970) a n d for u r id ine (Büngener a n d Nielsen, 1967). 

Theaks ton et aL (1972) confirmed the lack of incorpora t ion of t hymi -

d ine , b u t found t h a t P.berghei d id incorpora te ur id ine . T h e absence of 

radioact iv i ty in nucleic acids ext rac ted from P.berghei after i ncuba t ion 

wi th labelled pyr imid ine bases or nucleosides was shown by V a n Dyke 

et aL (1970b) a n d N e a m e et al. (1974). 

I t has been suggested t h a t pyr imidines are no t incorpora ted in to t he 

nucleic acid of the paras i te because they are u n a b l e to cross the red cell 

m e m b r a n e (Gut te r idge a n d Tr igg , 1970; Oelshlegel a n d Brewer, 1975). 

However , free parasi tes a re also u n a b l e to use exogenous t hymid ine 

(Wal te r et aL, 1970), a n d in fact, pyr imidines cross the m e m b r a n e s of 

h u m a n red cells (Lieu et aL, 1971 ; Ol iver a n d Paterson, 1971), a n d 

thymid ine can enter i m m a t u r e red cells of mice (Büngener a n d Nielsen, 

1967). I n addi t ion , cytosine a n d thymid ine enter no t only the red cells 

of n o r m a l mice b u t also of those infected wi th P.berghei ( N e a m e et aL, 

1974). 

V a n Dyke et al. (1970b) felt t h a t it was the m e m b r a n e of the paras i te , 

no t of the e ry throcyte , which was i m p e r m e a b l e to pyr imidines , as 

radioact iv i ty could be detected in free parasi tes of P.berghei after 

i ncuba t ion wi th labelled adenosine b u t no t wi th labelled t hymid ine . 

However , if b o t h pur ines a n d pyr imidines en tered the parasi tes b u t only 

pur ines were phosphory la ted , t he non-phosphory la ted a n d therefore 

freely diffusible pyr imidines would be m o r e easily lost d u r i n g washing 

of t h e cells. As the r a t h e r lengthy washing procedures of V a n Dyke 

et al. (1970b) were no t checked for such losses, the suggestion t h a t the 

paras i te m e m b r a n e is i m p e r m e a b l e to pyr imidines is no t complete ly 

p roved . I ndeed , P.chabaudi is u n a b l e to phosphory la te t hymid ine as it 

lacks the necessary kinase (Wal te r et aL, 1970). W h e t h e r the paras i te 

lacks a salvage p a t h w a y for pyr imidines or w h e t h e r its m e m b r a n e is 

i m p e r m e a b l e to t h e m , the result would be the same, t h a t is, t h e 

parasi tes would fail to incorpora te exogenous pyr imidines in to thei r 

nucleic acids. 

If m u r i n e ma la r i a parasi tes c a n n o t use pyr imidines suppl ied by the 

host, they mus t have t he necessary enzymes to synthesize thei r own . 
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Aspar t a t e t ranscarbamylase was found to increase wi th increasing 

pa ras i t aemia in whole blood of rats infected wi th P.berghei ( V a n Dyke 

et al., 1970b). As the au thors noted , this enzyme is found in ret iculocytes, 

a n d it is also found in the pa r t i cu la te fraction of h u m a n whi te cells 

(Smi th a n d Baker, 1959). If the same is t rue of r a t whi te cells (which 

were appa ren t l y not r emoved) , the host enzyme could become concen-

t r a t ed in free paras i te p repara t ions . D ihydrooro ta t e dehydrogenase h a d 

a m u c h h igher activity in red cells infected wi th P.berghei or P.vinckei, 

a n d in free parasi tes, t h a n in uninfected erythrocytes (Kroo th et al., 

1969). Again , the presence of this enzyme in r abb i t ret iculocytes (Lötz 

a n d Smi th , 1962) a n d in whi te cells (Smith a n d Baker, 1959) compl i -

cates the in te rpre ta t ion of these results, especially as d ihydroo ro t a t e 

dehydrogenase was found to be associated wi th t he pa r t i cu la te fraction 

of whi te cells. 

T h e final step in the synthesis of t hymid ine (as the monophospha t e ) 

is the transfer of a methy l g r o u p from methy lene te t rahydrofola te to 

deoxyur id ine m o n o p h o s p h a t e . T h e enzyme which catalyses this 

react ion, t hymidy la t e synthetase, was invest igated in P.chabaudi by 

W a l t e r et al. (1970). W h i t e cells were appa ren t l y no t r emoved , b u t this 

enzyme canno t be detected in h u m a n leucocytes (Silber et al., 1963) 

a l though it is present in mouse reticulocytes (Reid a n d Fr iedkin , 1973a). 

However , the activity measured in P.chabaudi was of paras i te origin 

because its activity was h igher in younger t h a n in older i n t r ae ry th ro -

cytic stages, rising steeply d u e to new synthesis of enzyme, in the la ter 

p a r t of the cycle, jus t before the first nuc lea r division (Wal te r a n d 

Königk , 1971a). T h y m i d y l a t e synthetase has also been detec ted in 

P.berghei, a n d in this case the enzymes of parasi tes a n d host could be 

dist inguished on the basis of molecular weight . T h e paras i te enzyme h a d 

a n a p p a r e n t molecular weight of m o r e t h a n 100 000, whi le t h e 

molecular weight of the enzyme from mouse reticulocytes was only 

a b o u t 68 000 (Reid a n d Fr iedkin , 1973a). 

I n s u m m a r y , the in t raery throcyt ic stages of roden t ma la r i a parasi tes 

a re u n a b l e to use pyr imidines suppl ied by the host, e i ther because they 

do not cross the paras i te m e m b r a n e or because the paras i te does no t 

have a salvage p a t h w a y for t hem. O n l y one of the enzymes involved in 

the synthesis of pyr imidines by the paras i te has been detec ted wi th 

cer ta in ty in spite of thei r i m p o r t a n t role in the metabo l i sm of t he 

paras i te . I n contras t to the pyr imidines , the paras i te incorpora tes 

exogenous pur ines in to its nucleic acids a n d several enzymes of t h e 
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p u r i n e salvage p a t h w a y h a v e been detec ted in the paras i te . T h e p u r i n e 

most readi ly t aken u p by the paras i te m a y be hypoxan th ine , wh ich m a y 

also be the form in which pur ines a re suppl ied to the red cell (P r i t chard 

etal, 1970). 

VII. FOLATE METABOLISM 

T h e inhib i t ion of the g rowth of P.berghei caused by feeding the host on 

milk ( M a e g r a i t h et al., 1952) was la ter shown to be d u e to a lack of 

pa ra -aminobenzo ic acid (PABA) in the diet (Hawking , 1954). Su lpho-

namides , known antagonis ts of PABA in bac ter ia l systems, also inh ib i t 

t he g rowth of the paras i te , a n d this inhib i t ion is overcome m o r e 

effectively by PABA t h a n by folic acid (Thurs ton , 1954; Rol lo , 1955). 

I n addi t ion , p y r i m e t h a m i n e , a po ten t an t imala r i a l , inhibi ts the 

synthesis of folate cofactors in bac ter ia l cells (Hi tchings a n d Burchal l , 

1965). These observat ions suggest t h a t P.berghei, unl ike its m a m m a l i a n 

host, mus t synthesize folate cofactors de novo. 

T h e react ions involved in the synthesis of te t rahydrofola te a re shown 

in F igure 2. 

Fe rone (1973) demons t r a t ed t h a t P.berghei was capab l e of ca r ry ing 

ou t all t he react ions from 2-amino-4-hydroxy-6-methyl -7 ,8-d ihydrop-

ter id ine to dihydrofolate , by ei ther p a t h w a y . T h e activities of hydroxy-

methy ld ihydrop te r id ine py rophospha t e kinase (1) a n d of d i h y d r o p -

te roa te synthetase (2) were located in two different proteins as they a re 

in bac te r ia (Richey a n d Brown, 1969; Shio ta et al., 1969), r a t h e r t h a n 

in the same one as in pea seedlings (Ok inaka a n d Iwa i , 1970a, b ) . T h e 

molecu la r weights of bo th paras i te enzymes were in the r ange 200 0 0 0 -

250 000, m u c h h igher t h a n those previously repor ted for bac te r ia l 

enzymes (see Ferone , 1973), a l though no a t t e m p t was m a d e to deter -

m i n e w h e t h e r these were t rue molecu la r weights or associations of 

molecules. T h e enzymic synthesis of dihydrofolate by the p lasmodia l 

enzyme was inh ib i ted by several su lphonamides , wi th 5 0 % inhibi t ion 

be ing caused by concent ra t ions r ang ing from 1 0 "
5
 to 10~

3
M wi th 

different su lphonamides . I n P.chabaudi, however , the two activities were 

found in two different enzymes, a l though the d ihydrop te roa te syn-

thetase of P.chabaudi, like t h a t of P.berghei, h a d a h igh molecular weight 

(Wal ter a n d Königk , 1974b). T h e enzyme of P.berghei was also com-

petitively inh ib i ted by su lphan i l amide a n d su lphaguan id ine (Wal te r 
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7 , 8 - Oihydropteroate 

Dihydrofolate-« - Folate 

4 

Tetra hydrofolate 

Figure 2. The synthesis of tetrahydrofolate; 1: hydroxymethyldihydropteridine pyrophos-
phate kinase, 2 : dihydropteroate synthetase, 3 : folate reductase, 4 : dihydrofolate reductase, 

PAG A : para-aminobenzoylglutamic acid. 

a n d Königk , 1971b), a n d by dapsone a n d su lphadiaz ine (McCul lough 

a n d M a r e n , 1974). 

T h e enzymes discussed above are clearly of paras i te origin because 

m a m m a l s do not possess t hem. M a m m a l s do , however , possess d ihydro -

folate reductase (4), b u t in this case confusion be tween enzymes of host 

a n d paras i te can be avoided because of the grea t differences in thei r 

molecular weights . Dihydrofolate reduc tase from almost all m a m m a l i a n 

a n d bacter ia l sources has a molecular weight of a b o u t 20 000, while 

t ha t of P.berghei has a molecular weight a b o u t ten t imes higher , in the 

region of 190 000 (Ferone et al., 1969). I n some respects, such as the Km 

for dihydrofolate a n d s t imula t ion of act ivi ty by salts a n d u rea , t h e 

mala r ia l enzyme resembled the m a m m a l i a n one , b u t it differed 

marked ly in its sensitivity to cer ta in inhibi tors . T h e concen t ra t ion of 

A T P 

+ 

2 - A m i n o - 4 - hydroxy-6- methyl-7,8-dihydropteridine 

1 1
 f 

2 - A m i n o - 4 - h y d r o x y - 6 -methy l -7 ,8 -dehydropteridine pyrophosphate 
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p y r i m e t h a m i n e needed for 5 0 % inhib i t ion of dihydrofolate reduc tase 

from mouse cells was a b o u t 10 ~
6
M , whi le the p lasmodia l enzyme was 

5 0 % inhib i ted a t a concent ra t ion of a b o u t 5 X 1 0 ~
1 0

M . 

T h e synthesis of dihydrofolate reductase by P.chabaudi was investi-

ga ted by W a l t e r a n d Kön igk (1971a) . N o a t t e m p t was m a d e to 

separa te host a n d paras i te enzymes, b u t the enzyme was found to 

increase its specific act ivi ty d u r i n g the cell cycle, the rise in act ivi ty 

occur r ing a t t he same t ime as the increase in thymidy la t e synthetase 

men t ioned earlier, t h a t is, jus t before the first nuc lea r division. 

Dihydrofola te reduc tase has also been detec ted cytochemical ly in 

P.berghei (Gerzeli a n d Polver, 1969). 

P lasmodia l synthesis of folate cofactors from dihydrofolate was shown 

by Ferone a n d Hi tch ings (1966). Extrac ts of free parasi tes were able to 

p roduce folinic acid (substances p r o m o t i n g the g rowth of Pediococcus 

cerevisiae, a n d p re sumab ly consisting of cofactor forms of t e t r ahydro -

folate) from a d d e d dihydrofolate , b u t the very small p roduc t ion of 

dihydrofolate from folate (perhaps d u e to c o n t a m i n a t i n g host mater ia l ) 

suggests t h a t the parasi tes lack a folate reduc tase (3). T h e p roduc t i on 

of folinic acid from dihydrofolate was great ly r educed by py r ime tha -

mine a t a concent ra t ion of 7-5 X 10~
6
M , a l t hough the au thors po in t ou t 

t h a t this is a b o u t 100 t imes the es t imated se rum concen t ra t ion in 

h u m a n s after t he m i n i m u m effective dose. I n m a n y bac ter ia , d ihydro -

folate reductase can also reduce folate (see Brown, 1970, for discussion) 

b u t this does no t seem to be the case wi th the enzyme of P.berghei, whose 

lack of a folate reduc tase helps to explain w h y folate is less effective t h a n 

PABA in overcoming paras i te g rowth by su lphonamides . T h e level of 

folate cofactors in mouse blood was shown to increase d u r i n g infection 

wi th P.berghei, a l t hough there was m o r e change in the form of folate 

cofactors t h a n in the tota l a m o u n t (Reid a n d Fr iedkin , 1973b). 

T h e enzymes involved in the further metabol i sm of te t rahydrofola te 

have no t been invest igated in the roden t ma la r i a parasi tes . P resumably , 

in c o m m o n wi th P.lophurae (Platzer , 1970), they can conver t t e t ra -

hydrofolate to 5 ,10-methylenete t rahydrofola te , t he cofactor used by 

thymidy la t e synthetase for the p roduc t ion of t hymid ine monophos -

p h a t e . Inh ib i t ion of dihydrofolate reductase would p reven t the re-

genera t ion of this cofactor, a n d therefore would stop nucleic acid 

synthesis. R e d u c t i o n of D N A synthesis by P.berghei after t r e a t m e n t wi th 

p y r i m e t h a m i n e has been observed (Schel lenberg a n d Coatney , 1961). 

T h e folate cofactors used in the synthesis of pur ines h a v e no t been 
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invest igated, b u t it would be expected t h a t such factors a re no t 

p roduced by m u r i n e ma la r i a parasi tes . 

VIII. DISCUSSION 

This review reveals how little is k n o w n wi th cer ta in ty of t he bio-

chemist ry of the m u r i n e ma la r i a parasi tes . T o a large extent , w h a t is 

k n o w n is s imply whe the r or no t a n enzyme can be detected in t h e 

paras i te ; only a few of the enzymes h a v e been s tudied in detai l , a n d 

vir tual ly no th ing is known of the control of any metabol ic processes. 

T h e in t raery throcyt ic stages of the parasi tes a p p e a r to rely on 

glycolysis for energy produc t ion , b u t the enzymes of the glycolytic 

sequence have been little s tudied, in spite of thei r i m p o r t a n c e to the 

paras i te . I t is possible t h a t the paras i te also uses some form of electron 

t ranspor t , b u t further invest igation is r equ i red before this can be 

accepted . T h e pentose phospha te p a t h w a y , if present a t all, is used to 

metabol ize only a small p ropor t ion of the glucose. However , t he 

parasi t ized cell utilizes so m u c h glucose t h a t even a small p a r t of it 

would be sufficient to p roduce the pentose sugars needed for nucleic 

acid synthesis. Lack ing glucose-6-phosphate dehydrogenase , the 

paras i te could pe rhaps rely on the pentose p h o s p h a t e p a t h w a y of the 

host cell, as suggested by Motulsky (1964), or it could pe rhaps p r o d u c e 

ribose from fructose-6-phosphate by means of t ransketolase a n d 

t ransaldolase, as the absence of glucose-6-phosphate dehydrogenase 

does no t necessarily imply the absence of the o the r enzymes of t he 

p a t h w a y . For example , Tetrahymena pyriformis possesses several enzymes 

of the pentose phospha te p a t h w a y , inc lud ing transketolase a n d t rans-

aldolase, a l though glucose-6-phosphate dehydrogenase canno t be 

detected (E ldan a n d Blum, 1975). M a l a r i a parasi tes wou ld p re sumab ly 

no t need as m u c h reduced N A D P as most g rowing cells, as they a r e ab le 

to ob ta in m a n y precursors r eady formed from ei ther the red cell or the 

p lasma. I n o rder to ob ta in these substances from the p lasma, however , 

t he paras i te mus t change the permeabi l i ty of the red cell, as suggested 

by H e r m a n et al. (1966). N o r m a l erythrocytes of mice a n d several o the r 

an imals a re surprisingly i m p e r m e a b l e even to glucose (Ulr ich, 1934), 

b u t the m e m b r a n e of the parasi t ized cell is freely p e r m e a b l e to this 

sugar (Homewood a n d N e a m e , 1974; N e a m e a n d H o m e w o o d , 1975) 

a n d p re sumab ly to o ther molecules. T h e m e m b r a n e of the red cell m u s t 
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therefore be considerably a l tered by the paras i te . Differences be tween 

the prote ins of blood cells from n o r m a l a n d infected mice h a v e been 

demons t ra t ed ( W e i d e k a m m et aL, 1973) b u t it was no t shown w h e t h e r 

these differences were d u e to specific changes in the m e m b r a n e s of the 

red cells caused by the parasi tes , o r were d u e to t he presence of 

m e m b r a n e s of whi te cells, i m m a t u r e red cells p r o d u c e d as a response 

to anaemia , or even parasi tes themselves. If it could no t c h a n g e t h e 

permeabi l i ty of the mouse e ry throcyte to glucose, the in t rae ry throcy t ic 

paras i te could no t survive, b u t i t is no t k n o w n h o w the c h a n g e is 

p roduced , n o r w h e t h e r s imilar changes a r e caused in t h e h u m a n 

ery throcyte which is a l ready p e r m e a b l e to glucose. 

As well as the enzymes p r o d u c i n g folate cofactors, t he enzymes 

involved in the synthesis of nucleic acids seem to p rov ide possible points 

of chemothe rapeu t i c a t tack, as some of t h e m h a v e been shown to differ 

from those of t he host, sometimes hav ing proper t ies in c o m m o n wi th 

those of bo th m a m m a l s a n d bac te r ia . T h e paras i te ' s inabi l i ty to use 

exogenous pyr imidines is well d o c u m e n t e d , b u t little is k n o w n of t he 

enzymes involved in the i r synthesis. T h e paras i te is ab le to use 

exogenous pur ines , a l t hough it is no t cer ta in t h a t it is u n a b l e to 

synthesize t h e m . As the red cells a re used to t r anspor t pur ines from the 

liver to o ther tissues of t he body (Pr i t chard et aL, 1970), a plentiful 

supply of these precursors will a lways be avai lable to t he i n t r ae ry th ro -

cytic paras i te and , unfor tunate ly , t he enzymes of the p lasmodia l 

salvage p a t h w a y seem on the whole to be similar in the i r proper t ies to 

those of m a m m a l s . 

T h e biochemist ry of the o ther stages of m a l a r i a parasi tes is even m o r e 

difficult to s tudy t h a n t h a t of t he in t rae ry th rocy t ic stages. O n e indica-

t ion of a change in metabol i sm which takes p lace on transfer from the 

m a m m a l i a n to the insect host is t he a p p e a r a n c e of enzymes of the 

citric acid cycle, suggesting a "me tabo l i c swi t ch" similar to t h a t 

descr ibed in t he African t rypanosomes (Vickerman , 1965). T h e citric 

acid cycle m a y be necessary in the sporogonic stages to allow m o r e 

efficient use of the avai lable c a rbohyd ra t e , or it m a y pe rmi t the 

paras i te to use a m i n o acids wh ich are present in h igh concent ra t ion in 

insect h a e m o l y m p h as a source of energy. T h e stages of the m u r i n e 

ma la r i a parasi tes wh ich a r e most easily invest igated biochemical ly a re 

the in t raery throcyt ic stages bu t , even here , t he difficulties a re grea t . 

Because of these difficulties, exper iments on ma la r i a parasi tes should be 

performed a n d in te rp re ted wi th even m o r e care t h a n exper iments on 

H 
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o the r organisms. M a n y of t he criticisms m a d e in this review have been 

severe, in some cases pe rhaps over-severe, b u t t he present s tate of 

confusion will cont inue unt i l the biochemist ry of ma la r i a parasi tes is 

invest igated in such a way t h a t such criticisms can no longer be m a d e . 
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I. INTRODUCTION 

Genet ic studies are likely to yield m u c h informat ion concern ing the 

basic biology of ma la r i a parasi tes . I t can be expected t h a t some 

features of t he life cycle which are only par t ia l ly unders tood , such as 

fertilization a n d meiosis, will be clarified, a n d m a n y aspects previously 

totally obscure will be i l lumina ted , e.g. the abil i ty of clones of hap lo id 
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organisms to p roduce bo th ma le a n d female gametocytes , a n d the 

relat ive frequencies of self- a n d cross-fertilization. I n a m o r e genera l 

way, confi rmat ion could be ob ta ined t h a t ma la r i a parasi tes u n d e r g o a 

regular eukaryot ic life cycle, wi th typical regu la r sexual processes, as 

dist inct from the more i r regular processes of genet ic exchange in 

prokaryotes . 

Genet ic analysis also makes possible a firm demarca t i on of the 

var ious t axonomic categories (species, subspecies, etc.) which a re often 

difficult to establish in micro-organisms showing relatively little 

morphologica l var ia t ion . Use of precise genet ic markers is par t i cu la r ly 

i m p o r t a n t , as will be demons t r a t ed from results wi th enzyme var ia t ion . 

I n addi t ion , the abil i ty of groups of organisms to u n d e r g o hybr id iza t ion 

a n d genet ic exchange is an i m p o r t a n t indica t ion of t axonomic ident i ty . 

Identif icat ion of strains in the labora tory , w h e r e the only gu ide is 

usually a label on an a n i m a l cage or a specimen in a deep-freeze 

c o m p a r t m e n t , is also great ly a ided by the use of precise genet ic markers . 

S tudy of the genet ic composi t ion of isolates a n d wild popula t ions has 

bo th prac t ica l a n d theoret ical va lue . I t can be shown, for example , t h a t 

a given isolate of a paras i te der ived from a single blood sample m a y 

comprise a mix tu re of two or m o r e genotypes , t he different behav iou r 

of which m a y give confusing results in l abora to ry work. K n o w l e d g e of 

the genetic var ia t ion wi th in wild popula t ions of parasi tes , d u e to 

var ious processes such as mu ta t i on , r ecombina t ion , selection, migra t ion , 

etc. should he lp us to unde r s t and the capac i ty of these organisms to 

avoid var ious n a t u r a l a n d artificial obstacles (drugs, ant ibodies , e tc . ) . 

Lit t le genet ic work on a n y ma la r i a parasi tes was carr ied ou t before 

the roden t species h a d been established in l abora to ry animals , a n d 

details of the life cycle h a d been worked out . T h e techniques c o m m o n l y 

used in genet ic work wi th free-living organisms a re difficult to app ly to 

parasi tes wi th a complex life cycle involving two hosts. A t the m o m e n t , 

work wi th h u m a n ma la r i a parasi tes is obviously imprac t i cab le since, 

unt i l recently, no in vitro cu l tu re system was avai lable . P r i m a t e species 

a re also unsui tab le d u e to the large n u m b e r s of costly an imals which are 

requ i red for genet ic studies. Un t i l the work to be descr ibed here was 

s tar ted, few sui table genetic characterist ics were k n o w n in a n y 

Plasmodium species. 

T h e avian paras i te P.gallinaceum is relat ively easy to m a i n t a i n in 

chicks in the labora tory . However , little n a t u r a l var ia t ion is k n o w n in 

this species, since unt i l recent ly only a single wild isolate ob t a ined m a n y 
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years ago was avai lable (Brumpt , 1935). After a long series of l abora to ry 

passages, G r e e n b e r g a n d T r e m b l e y (1954a, b) ob t a ined two var ian ts 

wh ich differed in the i r resistance to p y r i m e t h a m i n e a n d the i r abil i ty to 

p r o d u c e erythrocyt ic a n d secondary exoerythrocyt ic forms. By infecting 

chicks wi th a mix tu re of the two lines, t r ansmi t t ing t h e mix tu re t h r o u g h 

mosqui toes a n d re-infecting chicks from t h e sporozoites thus p roduced , 

these workers ob ta ined indicat ions of r ecombina t ion be tween t h e 

charac te rs t h a t dist inguished the p a r e n t lines. Th i s in te rp re ta t ion was, 

however , open to quest ion since one of t h e dis t inguishing charac te rs 

(p roduc t ion of secondary exoerythrocyt ic forms) was k n o w n to be 

uns table . 

R o d e n t m a l a r i a parasi tes h a v e the a d v a n t a g e for genet ic work of 

be ing avai lable as n u m e r o u s wild isolates wh ich a r e likely to be 

genetical ly diverse. Moreover , it is relat ively s imple to m a i n t a i n la rge 

n u m b e r s of mice as hosts for t he n u m e r o u s p rogeny clones requ i red . 

Finally, details of t he life cycle a re sufficiently well known , a n d all 

stages of the life cycle can be ob t a ined in t he l abora to ry . 

T h e p l a n of t he work descr ibed he re was based on the idea of 

s tudying first t h e enzyme character is t ics , whe reby the m a i n genet ic 

features of the o rgan ism could be established. Subsequent ly the studies 

were ex tended to m o r e va r iab le character is t ics , such as d r u g resistance, 

ant igenic var ia t ion a n d vi rulence, wh ich a re of considerable i m p o r t a n c e 

in t he s tudy of h u m a n ma la r i a . Invest igat ions on the cytogenetics of the 

ma la r i a paras i te a re discussed in C h a p t e r 3 . 

II. MATERIAL, DEFINITIONS AND METHODS 

A. Material 

N u m e r o u s isolates h a v e been m a d e of the four species P.berghei, P.yoelii, 

P.chabaudi a n d P.vinckei, all ob t a ined from wild rodents in Cen t r a l 

Africa. O f these species, th ree a r e subdiv ided in to subspecies, as 

ind ica ted in T a b l e I . Studies on enzyme var ia t ion in all species h a v e 

been car r ied o u t ; o the r work concern ing d r u g resistance, v i ru lence a n d 

ant igenic var ia t ion has been restr icted to P.yoelii a n d P.chabaudi. T h e 

last men t ioned is pa r t i cu la r ly sui table for genet ic work in view of its 

extensive enzyme po lymorph i sm. 



Table I 

Isolates of rodent malaria species and subspecies available in the laboratory; the isozyme composition and 
details of origin of each isolate are given 

Origin Enzyme composition 

Plasmodium Host Date 
species and Isolate Host species specimen Region of capture of GPI 6PGD LDH GDH 
subspecies capture 

P.berghei K173 G.surdaster K173 Katanga 1948 3 1 1 3 
SP11 A.d.millecampsi — Katanga 1961 3 1 1 3 
ANKA A.d.millecampsi — Katanga 1966 3 1 1 3 
LUKA A.d.millecampsi — Katanga 1966 3 1 1 3 
NK65 A.d.millecampsi — Katanga 1964 3 1 1 3 

P.y.yoelii 17 X T.rutilans 17 X Central African 1965 1 4 1 4 
Republic 

32 X T.rutilans 32 X Central African 1965 1 4 1 4 
Republic 

33 X T.rutilans 33 X Central African 1965 2 4 1 4 
Republic 

55 X T.rutilans 55 X Central African 1965 1 4 1 4 
Republic 

86 X T.rutilans 86 X Central African 1965 1 4 1 4 
Republic 

146 X T.rutilans 146 X Central African 1965 1 4 1 4 
Republic 

5AD T.rutilans AD Central African 1969 1,2 4 1 4 
Republic 

3AE T.rutilans AE Central African 1969 1 4 1 4 
Republic 



3AF T.rutilans AF Central African 1969 1 4 1 4 
Republic 

1AK T.rutilans AK Central African 1969 1 4 1 4 
Republic 

1AR T.rutilans AR Central African 1969 2 4 1 4 
Republic 

2AZ T.rutilans AZ Central African 1969 1 4 1 4 
Republic 

14BE T.rutilans BE Central African 1969 1 4 1 4 
Republic 

1BF T.rutilans BF Central African 1969 2 4 1 4 
Republic 

1BG T.rutilans BG Central African 1969 1 4 1 4 
Republic 

2BR T.rutilans BR Central African 1970 2 4 1 4 
Republic 

2CF T.rutilans CF Central African 1970 2 4 1 4 
Republic 

2CL T.rutilans CL Central African 1970 1 4 1 4 
Republic 

2CN T.rutilans CN Central African 1970 1,10 4 1 4 
Republic 

5CP T.rutilans CP Central African 1970 1 4 1 4 
Republic 

2CU T.rutilans CU Central African 1970 1 4 1 4 
Republic 

2CX T.rutilans CX Central African 1970 1 4 1 4 
Republic 

P.y.killicki 193L T.rutilans 193L Brazzaville 1966 1 4 1 1 
194ZZ T.rutilans 194ZZ Brazzaville 1968 1 4 1 1 

P.y.nigeriensis N67 T.rutilans N67 Nigeria 1967 2 4 1 2 
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Origin Enzyme composition 

Plasmodium Host Date 
species and Isolate Host species specimen Region of capture of GPI 6PGD LDH GDH 
subspecies capture 

P.c.chabaudi 54 X T.rutilans 54 X Central African 1965 4 3 3 5 
Republic 

864VD T.rutilans 864VD Central African 1970 4 3 4 5 
Republic 

3AC T.rutilans AC Central African 1969 4 2,3 2,4 5 
Republic 

2AD T.rutilans AD Central African 1969 4 2 3,5 5 
Republic 

16AF T.rutilans AF Central African 1969 4 2 5 5 
Republic 

AJ T.rutilans AJ Central African 1969 4 3 2 5 
Republic 

1AL T.rutilans AL Central African 1969 4 2 2 5 
Republic 

1AM T.rutilans AM Central African 1969 4 2 3 5 
Republic 

1AQ. T.rutilans AQ Central African 1969 4 3 2 5 
Republic 

IAS T.rutilans AS Central African 1969 4 2 3 5 
Republic 

4AT T.rutilans AT Central African 1969 4 3 2,3 5 
Republic 

1BC T.rutilans BC Central African 1969 4 3 4 NT 
Republic 

40BE T.rutilans BE Central African 1969 4 3 2 5 
Republic 

BJ T.rutilans BJ Central African 1969 4 2 4 5 
Republic 



1BK T.rutilans BK Central African 1969 4 7 2 5 
Republic 

IBS T.rutilans BS Central African 1970 4 2 5 5 
Republic 

2CB T.rutilans CB Central African 1970 4 3 4 5 
Republic 

2CE T.rutilans CE Central African 1970 4 3 3,4 5 
Republic 

2CP T.rutilans CP Central African 1970 4 2 4,5 5 
Republic 

2CQ, T.rutilans CQ Central African 1970 4 3 5 5 
Republic 

4CR T.rutilans CR Central African 1970 4 2 3 5 
Republic 

2CW T.rutilans CW Central African 1970 4 3 4 5 
Republic 

P.c.adami 556KA T.rutilans 556KA Brazzaville 1970 8 2 8 5 
408XZ T.rutilans 408XZ Brazzaville 1972 8 2 10 5 

P.v.vinckei v-52 A.d.millecampsi — Katanga 1952 7 6 6 6 
v-67 A.d.millecampsi — Katanga 1967 7 6 6 6 

P.v.petteri IBS T.rutilans BS Central African 1970 9 5 7 6 
Republic 

2BZ T.rutilans BZ Central African 1970 9 5 7 6 
Republic 

2CR T.rutilans CR Central African 1970 5,9 5 7 6 
Republic 

2CE T.rutilans CE Central African 1970 5 5 7 NT 
Republic 

P.v.lentum 170L T.rutilans 170L Brazzaville 1966 6 5 7 6 
483L T.rutilans 483L Brazzaville 1966 6 5 7 6 
194ZZ T.rutilans 194ZZ Brazzaville 1968 6 5 7 6 
408XZ T.rutilans 408XZ Brazzaville 1972 11 5 9 6 

P.v.brucechwatti 1-69 T.rutilans 1-69 Nigeria 1969 6 6 9 6 
N48 T.rutilans N48 Nigeria 1967 6 6 9 6 

Csurdaster, Grammomys surdaster; T.rutilans, Thamnomys rutilans; A.d.millecampsi, Anopheles dureni millecampsi; NT, enzyme not tested. 
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B. Definitions 
Before proceeding to describe t he genetics of these organisms, it is 

essential to define the te rms isolate, l ine a n d clone, which will be used 

frequently. 

7. Isolate 
This refers to a sample of parasi tes collected on a single occasion from 

a wild roden t or mosqui to a n d preserved ei ther by passaging t h r o u g h 

l abora to ry an imals or kept as deep-frozen mate r i a l . A n isolate is no t 

necessarily genetically homogeneous a n d m a y even con ta in representa-

tives of more t h a n one species. For example , " isolate 2 C E " (see T a b l e I) 

refers to parasi tes from a wild thicket r a t deno ted 2 C E , a n d comprises 

organisms of the two species P.c.chabaudi a n d P.v.petteri, wh ich a r e 

referred to as
 66

P.c.chabaudi isolate 2 C E " a n d "P.v.petteri isolate 2 C E " . 

2. Line 
This refers to a collection of parasi tes which have u n d e r g o n e a pa r t i cu la r 

l abora to ry passage. By strict definition every l abora to ry m a n i p u l a t i o n 

of parasi tes creates a n e w line, b u t usual ly parasi tes a re descr ibed as 

belonging to a l ine only after a special t r ea tmen t , such as selection for 

d r u g resistance. All the parasi tes in a line have cer ta in characterist ics 

in c o m m o n b u t they need no t be genetical ly ident ical . 

3. Clone 
A clone is a g r o u p of genetical ly ident ica l organisms der ived from a 

single cell by asexual reproduc t ion . Clon ing is a p rocedure of pa r t i cu la r 

i m p o r t a n c e in genet ic work wi th unicel lu lar organisms, a n d should 

always be carr ied out , if feasible, p r io r to de t e rmin ing the c h a r a c -

teristics of a new isolate, before using an isolate in genet ic exper iments , 

a n d aga in before classifying the progeny . 

C. Methods 

7. Cloning 
Cloning of b lood forms by mic ro -man ipu la t ion has been achieved w i th 

av ian ma la r i a parasi tes by D e m i d o w a (1934), Couls ton a n d M a n well 
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(1941), Downs (1947) a n d Bishop (1958) ; a n d wi th ro d en t parasi tes b y 

Diggens (1970). However , in genet ic work a d i lu t ion m e t h o d has to be 

used because of t he la rge n u m b e r s of clones r equ i r ed in a shor t t ime . 

As source of ma te r i a l , a d o n o r mouse is chosen in wh ich t h e 

pa ras i t aemia is rising a n d in wh ich infected cells con ta in only single 

parasi tes . T h e r a r e occur rence of mul t ip le infections in red cells is 

neglected in subsequent calculat ions. T h e blood is d i lu ted wi th cold 

se rum R i n g e r ( 5 0 % calf se rum, 5 0 % m a m m a l i a n Ringer ) to yield a 

concen t ra t ion of one or less paras i t ized cells 0-1 m l
-1

 of d i luent . 0-1 ml 

al iquots a re t hen injected in t ravenous ly in to mice, which are examined 

for t he presence of parasi tes after seven days for P.yoelii a n d after t en 

days for P.chabaudi. F r o m the p ropor t ion of mice wh ich become 

infected, one c a n es t imate t h e n u m b e r s established from 1, 2, 3, e tc . 

parasi tes by m e a n s of the Poisson d is t r ibut ion . T h u s if, for example , 

each i nocu lum conta ins a n average of one paras i te , i t is expected t h a t 

approx ima te ly 6 3 % of mice injected will become infected, a n d t h a t 

approx ima te ly 5 8 % of these infections will b e single clones. I f each 

inocu lum conta ins only 0-1 paras i te , only 1 0 % of mice injected will 

become infected, b u t 9 6 % of these will con ta in single clones. These 

calculat ions a re subject to var ious errors b u t a r e a d e q u a t e for most 

purposes ; they are based on the assumpt ion t h a t a single paras i te is 

capab le of establishing a n infection, as was demons t r a t ed in a d i lu t ion 

assay by Diggens (1970) a n d confirmed in o u r o w n labora to ry . 

2. Hybridization and analysis of progeny 
T h e ideal m e t h o d of hybr id iza t ion of ma la r i a parasi tes would be to 

fertilize isolated macrogametes of one l ine wi th microgametes of 

ano the r . T h e zygotes would t hen b e pe rmi t t ed to develop in mos-

quitoes, p r o d u c i n g oocysts, a n d sporozoites al lowed to develop from 

single oocysts. Single sporozoites wou ld t h e n b e i n t roduced in to 

ind iv idua l mice . Th i s p rocedu re is a t present imprac t i cab le . A l though 

there a re a few repor ts of infections from sporozoites der ived from 

single oocysts (T remb ley et al., 1951, in P.gallinaceum; Wall iker , 1972, 

in P.y.nigeriensis), t h e n u m b e r s of successful infections p r o d u c e d in this 

way have been insufficient for genet ic work . 

I n prac t ice , t he following p rocedu re , s imilar in essentials to t h a t used 

by Greenbe rg a n d T r e m b l e y (1954a) for P.gallinaceum, has been used 

for roden t p lasmodia . T h e m e t h o d is i l lustrated in F igure 1. T w o 
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paras i te lines a re taken , differing in respect of a t least two pairs of 

he red i t a ry charac te rs . Gametocy tes of the two lines a re mixed in equa l 

propor t ions a n d the mix tu re injected in t ravenously in to a roden t or 

in t roduced in to the c h a m b e r of a mosqui to m e m b r a n e feeding 

a p p a r a t u s . Mosqui toes a re al lowed to feed on the mix tu re . Gametes 

from b o t h lines should t hen be formed in the mosqui toes and , assuming 

self- a n d cross-fertilization occurs equal ly frequently, 5 0 % of t he 

resul t ing zygotes will be hybr ids a n d the r ema in ing 5 0 % will consist of 

equa l p ropor t ions of the two p a r e n t a l lines. F r o m the hybr id zygotes, 

r ecombina t ion of genet ic factors will take p lace a t meiosis (assumed to 

take place d u r i n g ear ly divisions of the zygote—see C h a p t e r 3) . 

T h e zygotes a re al lowed to develop in to oocysts, a n d the la t ter to 

p r o d u c e sporozoites which a re used to infect new rodents . T h e blood 

forms which deve lop a re cloned a n d classified wi th r ega rd to the 

charac ters dis t inguishing the p a r e n t a l lines. Presence of r ecombinan t s 

is a cer ta in ind ica t ion t h a t cross-fertilization has occur red , whi le 

non - r ecombinan t s m a y result from ei ther self- or cross-fertilization. 

Cont ro l infections of each p a r e n t line a r e t r ansmi t t ed t h r o u g h 

mosquitoes a n d examined in the same w a y as the paras i te mix tu re . A n 

addi t iona l control consists of mix ing sporozoites of the two p a r e n t lines 

in equa l p ropor t ions a n d establishing n e w infections in mice (see 

F igure 1). T h e absence of n o n - p a r e n t a l forms a m o n g these parasi tes 

shows t h a t r ecombina t ion occurs only after cross-fertilization of 

gametes , a n d no t by a gene transfer mechan i sm involving o the r stages 

of the paras i te life cycle. A m e c h a n i s m of this k ind, t e r m e d " synpho l i a " , 

was pos tu la ted by Yoeli et aL (1969), b u t no evidence for such a process 

has been found in subsequent work (see p . 231) . 

3. Types of variant 
T w o m a i n classes of va r i an t have been used in genet ic work : those 

occur r ing in n a t u r a l popula t ions wh ich a re po lymorph ic for such 

charac te rs as enzyme var ian t s a n d ant igens a n d those p r o d u c e d by 

induc t ion a n d / o r selection of var ia t ions in the labora tory , such as d r u g 

resistance a n d vi rulence. T h e me thods used to s tudy each cha rac t e r a re 

described in t h e a p p r o p r i a t e sections. 
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III. ENZYME VARIATION 

A. Introduction 

E n z y m e var ia t ion in roden t ma la r i a parasi tes can be readi ly s tudied by 

s tarch gel electrophoresis of extracts of par t ia l ly purified paras i te 

samples. Th is t echn ique involves the migra t ion of the ext rac ted 

proteins t h r o u g h a slab of s tarch gel, caused by the appl ica t ion of a n 

electric field across the gel. After electrophoresis for a set t ime , the 

position to which a pa r t i cu la r enzyme has mig ra t ed is identified by 

app ly ing to the gel a stain specific for t he enzyme be ing s tudied. Th i s 

results in a b a n d of stain be ing deposi ted a t the posit ion of the enzyme . 

T h e ra te of migra t ion of a prote in , a n d thus its final posit ion in the 

gel, depends p r imar i ly on its charge which is de t e rmined ma in ly by the 

cha rged groups of its const i tuent a m i n o acids. As there is a di rect 

re la t ionship be tween genes a n d polypept ides , var ia t ions in t he mobi l i ty 

of enzymes revealed by this m e t h o d near ly always reflect gene differ-

ences. T h e enzyme characterist ics of a genetical ly homogeneous line, as 

observed by electrophoresis, a re exceedingly stable a n d c h a n g e only if 

a m u t a t i o n occurs ; env i ronmen ta l factors a re relatively u n i m p o r t a n t . 

I n p ro tozoan species, there is usual ly little morphologica l var ia t ion , 

a n d hence t he existence of s table enzyme var ian ts is except ional ly 

useful for the charac te r iza t ion of species a n d subspecies. I n Paramecium 

aurelia, T a i t (1970 a n d unpubl i shed) succeeded in identifying each of 

the 14 syngens (sibling species) by the mobi l i ty of four enzymes on 

s tarch gel electrophoresis. T h e only w a y of dis t inguishing these species 

previously h a d been by m a k i n g use of labor ious m a t i n g tests. W i t h 

m a n y o ther pro tozoa , such m a t i n g tests a re imprac t i cab le or, of course, 

impossible where m a t i n g does no t occur a t all. 

For these reasons, studies on enzyme var ia t ion , especially by gel 

electrophoresis, a re of cent ra l i m p o r t a n c e in differentiat ing genet ical ly 

distinct micro-organisms, a n d should be p laced foremost in genet ic 

research on pro tozoa . 

B. Methods 

T h e blood forms of ma la r i a parasi tes a re the most useful stages for 

studies of enzyme var ia t ion . A sample of infected blood (0-5-5 ml , 
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d e p e n d i n g on the pa ras i t aemia a n d the activity of the enzyme u n d e r 

invest igat ion) is centrifuged, a n d the parasi tes released from thei r host 

cells by saponin lysis. Th is separates the parasi tes from most of the host 

ma t e r i a l ; some of t he la t te r r emains , however , so it is necessary to r u n 

control samples of uninfected blood to identify host enzyme b a n d s . 

Usual ly, host a n d paras i te enzymes are readi ly dis t inguishable (see 

F igure 2) . 
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Figure 2. Electrophoretic forms of glucose phosphate isomerase (GPI) , 6-phosphogluconate 
dehydrogenase (6PGD), lactate dehydrogenase (LDH) and NADP-dependent glutamate 
dehydrogenase ( G D H ) , using selected systems of electrophoresis (modified from Garter, 1973 
and unpublished). Parasite bands are shown in black; those of the rodent host (mouse) in 
white. N o t all enzyme variants can be distinguished by the electrophoresis systems illustrated 

here. 
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T h e following four enzymes have been most s tud ied : 

1. glucose phospha te isomerase ( G P I ) ; 

2. 6-phosphogluconate dehydrogenase (6PGD) ; 

3. lac ta te dehydrogenase ( L D H ) ; 

4. N A D P - d e p e n d e n t g lu t ama te dehydrogenase ( G D H ) . 

Some o ther enzymes (e.g. ma la t e dehydrogenase , adeny la te kinase, 

hexokinase) have also been s tudied, b u t less t h a n the others (Car ter , 

1973). 

Several e lectrophoret ic forms of each of the above enzymes have been 

identified from the roden t ma la r i a parasi tes s tudied, each va r i an t be ing 

deno ted by a n u m b e r , e.g. G P I - 1 , G P I - 2 , etc. T h e ac tua l n u m b e r s 

signify only the o rde r of discovery. 

C. Survey of Enzyme Variants in Four Murine Malaria 
Parasites 

T a b l e I summar izes the d a t a on all var ian ts of four enzymes ( G P I , 

6 P G D , L D H , G D H ) in the four roden t ma la r i a species P.berghei, 

P.yoelii, P.chabaudi a n d P.vinckei. E a c h species is dis t inguishable by 

reference to any of the enzymes except L D H , which appea r s to be alike 

in P.berghei a n d P.yoelii. However , it is no t excluded t ha t fur ther work, 

using different condit ions for electrophoresis, migh t separa te these two 

also. All the subspecies can readi ly be dist inguished by one or m o r e 

var ian ts . Finally, different isolates of a given subspecies show numerous 

var ian ts of one or more enzymes. T h u s , a t each level of t axonomic 

diversity there is enzyme var ia t ion , wh ich is more p r o n o u n c e d a t the 

species t h a n a t the lower levels. I t should be no ted also t h a t the var ia t ion 

be tween different isolates of a subspecies is qu i te dis t inguishable from 

t h a t be tween subspecies or species. For example , P.c.chabaudi isolates 

m a y conta in one of four L D H var ian ts ( L D H - 2 , - 3 , -4, -5) , b u t n o n e 

of these forms occurs in a n y o the r subspecies, even t h o u g h fur ther 

var ian ts ( L D H - 1 , -6 , -7 , -8 , -9, -10) are found. 

A l though occasionally a given isolate m a y p roduce two b a n d s 

cor responding to a pa r t i cu la r enzyme (e.g. isolate 5 A D of P.y.yoelii 

shows G P I - 1 a n d G P I - 2 ) , this is d u e to the presence of a mix tu re of two 

paras i te clones in a single host, as can be shown by di lu t ion exper iments 

by which the two clones can be separa ted . O n l y a single va r i an t of a 

given enzyme is p roduced by a genetical ly homogeneous paras i te l ine. 
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D. Genetic Analysis of Enzyme Variation 

I t is to be expected t h a t all the var ia t ion displayed in T a b l e I is caused 

by the presence of different genes in the different isolates. Th i s s t a t ement 

is based on m u c h work wi th o the r organisms a n d on genera l theoret ica l 

considerat ions concern ing gene expression. However , we can p rove the 

po in t direct ly only in s i tuat ions whe re hybr id iza t ion a n d M e n d e l i a n 

analysis is feasible. So far this has been done a t the subspecific a n d lower 

levels in the case of ma la r i a parasi tes . 

As a n example , we give the effects of crossing two lines of P.c.chabaudi, 

one (41 IAS) con ta in ing 6 P G D - 2 a n d L D H - 3 , the o ther (96AJ) 6 P G D - 3 

a n d L D H - 2 (Rosar io , 1976). T h e results a re shown in T a b l e I I . As 

Table II 

Recombination between forms of 6 P G D and LDH following cross 

between P.c.chabaudi lines 411 A S and 9 6 A J 

Parents Characteristics 

Line 41 IAS 6PGD-2, L D H - 3 
Line 96AJ 6PGD-3, L D H - 2 

Progeny Number of clones isolated 

Parental f 6PGD-2, L D H - 3 43 
types \ 6 P G D - 3 , L D H - 2 12 

Recombinant Γ6PGD-2 , L D H - 2 9 
types \ 6 P G D - 3 , L D H - 3 6 

From Rosario (1976). 

expected, t he re a re four enzyme classes a m o n g the p rogeny clones, two 

like t he or iginal p a r e n t classes a n d two r ecombinan t s . O u t of 70 clones, 

there a re 15 r ecombinan t s a n d 55 non- recombinan t s . Assuming equa l 

p ropor t ions of cross- a n d self-fertilization, one wou ld expect 35 of the 

clones to be der ived from hyb r id zygotes. W i t h i n d e p e n d e n t assor tment 

of the genes control l ing t h e t w o enzymes, 5 0 % of t he clones der ived 

from hybr id zygotes (i.e. 17-5) should give rise to r e c o m b i n a n t clones. 

T h e ac tua l n u m b e r ob ta ined was 15. Clear ly these results do no t 

devia te from w h a t wou ld be expected, even t h o u g h the relat ive 

number s of the two p a r e n t a l types a re very u n e q u a l . T h e reason for 

this is no t clear, b u t m a y b e connec ted wi th o the r charac te rs of the 

pa ren ta l lines. 

file:///6PGD-3
file:///6PGD-3
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N u m e r o u s results of a similar n a t u r e have been ob ta ined , showing 

segregation a n d recombina t ion involving enzyme forms wi th var ious 

o ther genet ic characterist ics (Wall iker et al., 1973, 1975). 

I t is no tewor thy t h a t these results show t h a t t he b lood forms of t he 

parasi tes a re hap lo id . Th is is clear from the finding t h a t ind iv idua l 

clones p r o d u c e d from crosses be tween enzymical ly dist inct lines show 

bu t a single b a n d on a gel after s ta ining for a pa r t i cu la r enzyme. I f t he 

blood forms were diploid, b a n d pa t t e rns character is t ic of heterozygotes 

would be found : ei ther there would be s imul taneous presence of the two 

p a r e n t a l bands or more complex pa t t e rns where the enzyme molecules 

consist of several polypept ides . T h e exact stage a t which meiosis takes 

p lace canno t be specified from genetic results a t present . All t h a t can 

be concluded is t h a t r ecombina t ion (and therefore meiosis) occurs 

be tween zygote format ion in the mosqui to a n d the emergence of 

parasi tes in to the blood of the ve r t eb ra te host. F u r t h e r work involving 

studies of the p rogeny of single oocysts should clarify this quest ion (see 

C h a p t e r 3) . 

E. Genetic Structure of Wild Populations 

Popula t ions of ma la r i a parasi tes m a y be considered a t var ious levels of 

complex i ty : wi th in single ve r t eb ra te or insect hosts ; wi th in a geo-

graph ica l region occupied by m a n y hosts or finally wi th in a larger a r e a 

of coun t ry compris ing a n u m b e r of separa te regions. A l imited a m o u n t 

of d a t a is now avai lable on enzyme var ia t ion in popula t ions a t these 

different levels. 

W i t h restricted paras i te popula t ions wi th in ind iv idua l rodents , the re 

is evidence for the presence of m o r e t h a n one species or subspecies, a n d 

more t h a n one va r i an t of a given subspecies. T h u s single individuals of 

thicket rats {T.rutilans) c augh t in the Cen t r a l African R e p u b l i c h a v e 

been found to conta in mixtures of P.y.yoelii, P.cxhabaudi a n d P.v.petteri 

(Car te r a n d Wall iker , 1975). A t different t imes ( ranging over mon ths 

or years) there a re f luctuations in the frequencies of different species, 

b u t i t is clear t h a t several species can co-exist in a given a n i m a l for a 

p ro t rac ted t ime u n d e r l abora to ry condit ions, w i thou t add i t iona l 

infection (see C h a p t e r 2) . Moreover , wi th in isolates of a given sub-

species, m o r e t h a n one enzyme va r i an t m a y occur (see T a b l e I : 

isolates 5AD, 2 C N of P.y.yoelii, isolates 3AC, 2 A D , 4 A T , 2 C E , 2 C P of 

P.c.chabaudi, isolate 2 C R of P.v.petteri). Th i s implies t ha t infection of a 
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r o d e n t by two or m o r e clones of parasi tes be longing to t he same 

subspecies m a y take place , e i ther s imul taneously from a mosqui to 

con ta in ing a mixed popu la t ion or on different occasions from different 

mosquitoes. T h u s isolates a re no t necessarily p u r e clones. 

T h e b reed ing behav iou r of a popu la t i on of organisms can be assessed 

to some extent from the occur rence a n d frequency of different combina -

tions of genes in different wild individuals . Th is is par t i cu la r ly clear 

from ou r d a t a on P.c.chabaudi (see T a b l e I ) . T h r e e forms of the enzyme 

6 P G D occur a n d four of L D H . Theore t ica l ly , wi th r a n d o m m a t i n g a n d 

equa l frequencies of t he var ious alleles, twelve r e c o m b i n a n t types 

should occur wi th equa l frequencies. I n prac t ice , ou t of the r a t h e r small 

n u m b e r of twen ty isolates from different rodents , all isolated in t he 

Cen t ra l African Repub l i c , no fewer t h a n n ine combina t ions were 

found. O n l y th ree combina t ions involving 6 P G D - 7 were lacking, a n d 

this is n o t surpr is ing in view of the ra r i ty of this form. These results 

imp ly a n extensive degree of r a n d o m m a t i n g (panmixia) in the paras i te 

popu la t ion of P.c.chabaudi s tudied. 

By contras t , t he four species P.berghei, P.yoelii, P.chabaudi a n d P.vinckei 

show n o over lap in the i r enzyme var ian ts . W e consider t h a t no gene 

exchange be tween these species is t ak ing place . T h e subspecies also 

a p p e a r to be reproduct ive ly isolated since they a re all d is t inguishable 

in r ega rd to a t least one enzyme, a l t hough in the l abora to ry it has been 

possible to cross-fertilize t he two subspecies P.y.yoelii a n d P.y.nigeriensis. 

R e c o m b i n a t i o n be tween enzyme, d r u g resistance a n d strain-specific 

i m m u n i t y markers was de tec ted ( O x b r o w , 1973; M o r g a n , 1974). T h e 

condi t ions for this exper iment , however , were artificial, a n d it is 

unlikely t h a t such crossing takes p lace in n a t u r e . 

IV. DRUG RESISTANCE 

A. Introduction 

Resis tance to drugs is k n o w n in genera l to arise by a n u m b e r of 

mechanisms , such as b y spon taneous m u t a t i o n of nuc lea r genes a n d 

subsequent selection of m u t a n t s , by m u t a t i o n of mi tochondr ia l genes, 

by transfer of plasmids (resistance transfer factors) in bac te r ia a n d 

finally by var ious epigenetic t ransformat ions or physiological a d a p t a -

tions. M a l a r i a parasi tes develop d r u g resistant forms which m a y have 
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serious clinical implicat ions, e.g. the spread of chloroquine-res is tant 

forms of P.falciparum in South-Eas t Asia a n d Sou th Amer ica . K n o w l e d g e 

of the genet ic basis of d r u g resistance is i m p o r t a n t in connect ion wi th 

d r u g - t r e a t m e n t procedures , a n d especially wi th a t t empt s to restrict t h e 

deve lopment of new drug-resis tant strains. By the genet ic me thods we 

have developed it is n o w possible to analyse t he mechanisms control l ing 

the a p p e a r a n c e of drug-resis tant parasi tes in roden t ma la r i a species, a n d 

it is hoped t h a t the findings can be appl ied also to the p rob l em of 

ma la r i a of m a n . 

O u r genet ic work on d r u g resistance has been largely restr icted to 

studies wi th p y r i m e t h a m i n e a n d ch loroquine ; a little work has also been 

done wi th su lphadiaz ine . 

B. Genetics of Pyrimethamine Resistance 

1. Origin 
As discussed elsewhere (Chap t e r 8) , p y r i m e t h a m i n e , an inh ib i tor of 

dihydrofolate reductase , is an excellent agen t for e l iminat ing a t least t he 

blood stages of ma la r i a parasi tes . Mos t strains of r o d e n t m a l a r i a 

parasi tes a re e l iminated by a dose of 1 m g k g "
1
 given in t raper i tonea l ly 

for four days (Peters, 1970). T h e b iochemical act ion of the d r u g is 

discussed in C h a p t e r 4. 

Parasites which are able to grow in the presence of p y r i m e t h a m i n e 

can readi ly be ob ta ined in the l abora tory . T w o methods have been 

used : a single-step m e t h o d , using a single course of t r e a t m e n t w i th a 

h igh dose (e.g. 50 m g k g "
1
 for four days) a n d cont inuous d r u g pressure, 

s tar t ing wi th a low concent ra t ion a n d g radua l ly increasing the dose 

over a n u m b e r of blood passages. T h e first m e t h o d has been used to 

ob ta in p y r i m e t h a m i n e resistance in P.yoelii by Diggens (1970), Wal l iker 

et al. (1973) a n d M o r g a n (1974) a n d in P.chabaudi by Wal l iker et al. 

(1975). T h e second m e t h o d has been used for P.berghei by Rol lo (1952), 

T h u r s t o n (1953), Rab inov ich (1965) a n d J a c o b s (1965), a n d for 

P.vinckei by Yoeli et al. (1969). 

T h e resistant forms ob ta ined by such me thods are r emark ab l e for 

their stabili ty in the absence of d r u g pressure. For example , a resistant 

clone of P.yoelii ob ta ined by M o r g a n (1974) was una l t e red in its 

p y r i m e t h a m i n e response after 55 blood passages, 18 mosqui to t r ans -

missions a n d five m o n t h s ' s torage in l iquid n i t rogen. O t h e r workers h a v e 
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ob ta ined similar results (e.g. Greenbe rg a n d Bond, 1954, wi th 

P.gallinaceum', Diggens, 1970, wi th P.berghei). M o r g a n (1974) also 

showed t h a t resistant forms of P.yoelii could be ob ta ined by using clones 

of sensitive parasi tes as s ta r t ing mate r ia l , thus excluding the possibility 

t ha t a few resistant organisms were init ial ly present a n d were merely 

selected by the d r u g t r ea tmen t . These results imply t h a t the change 

from sensitivity to resistance is p r o b a b l y t ru ly genet ic , a n d t h a t reverse 

m u t a t i o n is r a re . T h e results of selection exper iments by Bishop (1962) 

a n d M o r g a n (1974) suggest t h a t pyr imethamine- res i s tan t m u t a n t s arise 

a t a low frequency (p robab ly less t h a n one in 10
9
 parasi tes) , a l t hough 

because of the n a t u r e of in vivo selection tests it is difficult to es t imate 

mu ta t i on rates in ma la r i a parasi tes wi th accuracy . 

2. Inheritance 
Hybr id s have been m a d e be tween pyr imethamine- res i s tan t a n d 

sensitive lines m a r k e d wi th var ious o the r genet ic factors, a n d re-

combina t ion demons t ra t ed , ind ica t ing M e n d e l i a n behav iour of the 

resistance charac te r . Some d a t a showing this a re given in T a b l e I I I . 

T h e ratios of sensitive to resistant clones in the p rogeny va ry in 

different exper iments . Th i s m a y be connected wi th the selective 

a d v a n t a g e or d i sadvan tage of these a n d o the r charac te rs wh ich m a y be 

present in the p a r e n t lines, wi th the length of t ime be tween the cross 

a n d cloning of the p rogeny or wi th o the r (e.g. nut r i t ional ) factors. Th i s 

m a t t e r requires further s tudy. 

This work has also shown t h a t r ecombina t ion be tween py r ime tha -

mine resistance a n d the o the r markers takes p lace only after cross-

fertilization of gametes . N o r ecombinan t s a re found w h e n simple 

mixtures of sporozoites or of b lood forms of the two p a r e n t lines a re 

examined (Wall iker et al.9 1971, 1973, 1976). I n earl ier work, Yoeli et al. 

(1969) c la imed t h a t genet ic exchange involving resistance to pyr i -

m e t h a m i n e could take p lace be tween t rophozoi tes of two paras i te lines 

d u r i n g their s imul taneous deve lopmen t in the blood of the same host. 

A pyr imethamine- res i s tan t P.vinckei l ine wh ich was no t infective to 

hamsters a n d a drug-sensit ive P.berghei l ine, infective to hamsters , were 

first mixed toge ther in mice, before be ing injected in to p y r i m e t h a m i n e -

t reated hamsters . F r o m some of these an imals , p y r i m e t h a m i n e -

resistant P.berghei was recovered. T h e exp lana t ion given b y Yoeli et al. 

for this result was t h a t transfer of resistance from the P.vinckei to the 

ι 
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P.berghei l ine h a d occur red in the mice, p r o b a b l y be tween t rophozoi tes 

of the two species w h e n s imul taneous invasion of the same ery throcyte 

h a d t aken place . N o conf i rmatory evidence for this process ("syn-

pho l i a " ) has been repor ted , e i ther in the work of Wal l iker et al. q u o t e d 

above , or in t ha t of Schoenfeld et al. (1974), a l though no a t t empt s have 

been m a d e to r epea t the exact procedures used by Yoeli a n d his 

co-workers. T h e most likely a l te rna t ive exp lana t ion is t ha t a m u t a t i o n 

conferring resistance to p y r i m e t h a m i n e h a d occur red in the p a r e n t 

P.berghei l ine d u r i n g its passage wi th P.vinckei (Diggens et al., 1970). 

Table III 

Recombination between pyrimethamine resistance and enzyme markers 
in three crosses between P.y.yoelii lines and between P.c.chabaudi 
lines 

P.y.yoelii (Walliker et al., 1973) 

Parents 
Line A 
Line C 

Progeny 
Parental 
types 

Recombinant 
types 

Characteristics 
Resistant, GPI-1 
Sensitive, GPI-2 

Γ Resistant, GPI-1 
\ Sensitive, GPI-2 

Γ Resistant, GPI-2 
\ Sensitive, GPI-1 

Number of clones isolated 
21 
30 
13 
7 

P.c.chabaudi (Walliker et al., 1975) 

Parents 
Line 47AS 
Line 10AJ 

Progeny 
Parental 
types 

Recombinant 
types 

Characteristics 
Resistant, 6PGD-2 
Sensitive, 6PGD-3 

/ Resistant, 6PGD-2 
\ Sensitive, 6PGD-3 
/ Resistant, 6PGD-3 
\ Sensitive, 6PGD-2 

Number of clones isolated 
22 
14 
6 
2 

P.c.chabaudi (Rosario, 1976) 

Parents 
Line 41 IAS 
Line 96AJ 

Progeny 
Parental 
types 

Recombinant 
types 

Characteristics 
Resistant, 6PGD-2 
Sensitive, 6PGD-3 

/ Resistant, 6PGD-2 
\ Sensitive, 6PGD-3 
f Resistant, 6PGD-3 
\ Sensitive, 6PGD-2 

Number of clones isolated 
4 

46 
3 

17 
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3. Characteristics of pyrimethamine-resistant mutants 
T h e categories " res i s t an t " a n d "sens i t ive" in p rogeny of crosses a re qu i t e 

distinct, a n d n o clear indicat ions of different degrees of resistance a m o n g 

the resistant lines h a v e yet been found. I t is p robab l e , however , t h a t t h e 

various i ndependen t ly ob t a ined pyr imethamine- res i s tan t m u t a n t s 

display some var ia t ion in thei r to le rance to t he d r u g , a n d also in thei r 

pa t t e rns of cross-resistance to o the r drugs . N u m e r o u s workers h a v e 

shown t h a t resistance to p y r i m e t h a m i n e is usual ly associated wi th 

cross-resistance to o the r antifolates such as p roguan i l a n d cycloguani l 

(e.g. Bishop, 1962; T h o m p s o n a n d Bay les, 1968) b u t i t is no t yet known 

w h e t h e r separa te genet ic factors a re involved. 

A few genetic studies h a v e been carr ied ou t on the re la t ionship 

be tween p y r i m e t h a m i n e resistance a n d resistance to the su lphonamide 

d r u g su lphadiaz ine . Parasi tes which have developed resistance to 

p y r i m e t h a m i n e in the l abora to ry usual ly develop a n increased requ i re -

m e n t for pa r a - aminobenzo ic acid (PABA) a n d thus show a n increased 

sensitivity to su lphadiaz ine (which competes wi th PABA) . Parasi tes 

m a d e resistant to su lphadiaz ine , however , f requently show an increased 

to lerance to p y r i m e t h a m i n e (e.g. T h u r s t o n , 1953). M a c L e o d (1977) 

invest igated a n u m b e r of P.chabaudi lines resistant to these d rugs 

a n d conc luded t h a t a t least two genet ic loci were involved. Th i s 

was shown in a cross be tween a line resistant to b o t h p y r i m e t h a -

m i n e a n d su lphadiaz ine a n d a line sensitive to bo th drugs . R e c o m b i n a n t 

forms showing resistance to each d r u g separa te ly were ob ta ined a m o n g 

the p rogeny (Tab le I V ) . T h e characteris t ics of each r e c o m b i n a n t were 

Table IV 

Analysis of 29 clones derived from cross between P.c.chabaudi lines 
differing in pyrimethamine (pyr) and sulphadiazine (sulpha) response 

Parents Characteristics 
Line 340AS Pyr-res, sulpha-res 
Line 10AJ Pyr-sens, sulpha-sens 

Progeny Number of clones isolated 

Parental Γ Pyr-res, sulpha-res 13 
types \ Pyr-sens, sulpha-sens 7 
Recombinant J" Pyr-res, sulpha-sens 2 
types ^ Pyr-sens, sulpha-res 7 

Pyr, pyrimethamine; sulpha, sulphadiazine; res, resistant; sens, sensitive. From McLeod 
(1977). 
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similar to those of m u t a n t s ob ta ined independen t ly by t r e a t m e n t of 

sensitive parasi tes wi th each d rug . I t a p p e a r e d t h a t m u t a t i o n a t one 

locus could p roduce a 20-fold increase in resistance to p y r i m e t h a m i n e 

accompan ied by a 27-fold increase in sensitivity to su lphadiaz ine , a n d 

m u t a t i o n a t a second locus could p r o d u c e a five-fold increase in 

resistance to su lphadiaz ine associated wi th a slight (three-fold) increase 

in resistance to p y r i m e t h a m i n e . 

I n fur ther work, M a c L e o d found evidence for a th i rd locus, con-

ferring resistance to su lphadiaz ine wi th little or no cross-resistance to 

p y r i m e t h a m i n e . I t seems likely t ha t the type of m u t a n t ob ta ined 

depends on the condit ions u n d e r which d r u g pressure is appl ied , e.g. t he 

q u a n t i t y of PABA in the diet of the host. 

4. Selective disadvantage of pyrimethamine-resistant 
mutants 
T o test whe the r pyr imethamine- res i s tan t m u t a n t s possess a selective 

d i sadvan tage when in compet i t ion wi th sensitive forms, an exper iment 

was carr ied ou t in which mice were infected wi th a mix tu re of sensitive 

a n d resistant forms of P.c.chabaudi (Rosar io et al., 1978). A 

resistant line was mixed wi th the parent-sensi t ive line from which the 

resistant line h a d been der ived, each line thus being genetical ly similar 

except for the resistance factor. A n ini t ial p ropor t ion of 5 0 % sensitive-: 

5 0 % resistant-blood forms (in a to ta l of 10
6
 parasites) was injected in to 

mice, a n d clones established at var ious t imes after injection were 

examined for d r u g response. After 30 days of the mixed infection, the 

majori ty of clones der ived from the mix tu re were p y r i m e t h a m i n e 

sensit ive; in a to ta l of 67 clones examined a t this stage, 56 were sensitive 

to the d r u g a n d 11 were resistant. 

Pyr imethamine-sensi t ive parasi tes appea red , therefore, to possess an 

a d v a n t a g e over resistant forms in the absence of drug-select ion pressure. 

T h e basis for this selection is not clear, b u t it m a y be the increased 

PABA requ i r emen t of the resistant form (see p . 233) . 

C. Genetics of Chloroquine Resistance 

7. Origins 
By compar i son wi th thei r appa ren t l y uni form sensitivity to pyr i -

m e t h a m i n e , different wild species a n d subspecies of roden t m a l a r i a 
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parasi tes display considerable var ia t ion in their response to ch loroquine . 

T h u s P.yoelii isolates a re inna te ly resistant to h igh doses (e.g. 50 m g k g "
1 

for four days) , even in the absence of previous contac t wi th the d r u g 

(Warhurs t a n d Ki l l ick-Kendr ick , 1967; Peters, 1968), while P.berghei 

a n d P.chabaudi a re na tu ra l ly sensitive (Peters, 1970). 

T h e r e a re m a n y records of the deve lopmen t of P.berghei lines 

resistant to ch loroquine (e.g. R a m a k r i s h n a n et aL, 1957; Sau te t et al., 

1959; Peters, 1965; H a w k i n g , 1966; Peters etal., 1970; Schoenfeld etal., 

1974). Mos t studies have shown t h a t the ch lo roqu ine resistance p r o -

duced in this species is uns tab le in the absence of the d r u g (e.g. Peters , 

1965). Repor t s of s table ch loroquine resistance m a y be d u e to selection 

by the d r u g of a n inna te ly resistant P.yoelii-type o rganism from 

infections mixed wi th P.berghei a n d P.yoelii (Peters et aL, 1978). 

Stable resistance to ch loroquine has been ob ta ined in P.vinckei by 

Powers et al. (1969) a n d in P.chabaudi by Rosar io (1976), by subject ing 

sensitive parasi tes to g r a d u a l increases in d r u g pressure. I n bo th these 

studies, s table ch loroquine resistance was p r o d u c e d from paras i te lines 

which were a l ready resistant to p y r i m e t h a m i n e ; a t t empt s to develop 

stable ch loroquine resistance in pyr imethamine-sens i t ive lines have no t 

yet been successful, for reasons which are u n k n o w n . I n the exper iments 

of Rosar io , sensitive organisms were exposed to a cons tant d r u g 

pressure a t a low level (2 m g k g "
1
) , a n d surviving parasi tes were then 

exposed to a slightly h igher level of d r u g (3 m g k g "
1
) for a n u m b e r of 

passages. T h e resistant line thus ob ta ined was found to be s table after 

25 passages wi thou t d r u g a n d after mosqui to transmission. A l t h o u g h 

the level of resistance a t t a ined was low, t r e a t m e n t of 3 m g k g "
1
 for six 

days was sufficient to dist inguish clearly be tween resistant a n d sensitive 

parasi tes. 

2. Inheritance 
Rosar io (1976) m a d e a genet ic analysis of ch loroquine resistance in 

P.chabaudi. T h e results are s u m m a r i z e d in T a b l e V , from which it will 

be seen t h a t approx ima te ly equa l n u m b e r s of resistant a n d sensitive 

clones were p r o d u c e d in the p rogeny of the cross. Moreover , r ecombina -

tion occur red be tween the factors for ch loroquine resistance a n d th ree 

o ther markers ( py r ime thamine resistance, 6 P G D a n d L D H ) . T h u s , 

ch loroquine resistance here shows M e n d e l i a n inher i t ance . 

A result of pa r t i cu la r interest is t h a t ch loroquine resistance is 
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i n d e p e n d e n t of p y r i m e t h a m i n e resistance. Th i s makes it difficult to 

u n d e r s t a n d the failure, men t ioned above , to ob ta in stable ch lo roqu ine-

resistant m u t a n t s from pyr imethamine-sens i t ive lines, since it is now 

clear t h a t such forms can be p roduced , a t least following r ecombina t ion 

(see also p . 374) . 

Table V 

Analysis of 70 clones derived from a cross between P.c.chabaudi lines 
differing in pyrimethamine response, chloroquine response, LDH type 
and 6 P G D type. 

Parents L D H 6PGD Pyrimethamine Chloroquine 
form form response response 

Line 41 IAS 3 2 R R 
Line 96AJ 2 3 S S 

Progeny Number of clones 
isolated 

Parental Γ3 2 R R 4 
types 1 12 3 S S 32 

Γ2 3 S R 11 
2 3 R S 0 
2 3 R R 0 
2 2 S S 2 
2 2 S R 7 
2 2 R S 0 

Recombinant 2 2 R R 0 
types 3 3 S S 1 

3 3 S R 2 
3 3 R S 2 
3 3 R R 1 
3 2 S S 1 
3 2 S R 7 
3 2 R S 0 

R, resistant to drug pressure; S, sensitive to drug pressure. From Rosario (1976). 

3. Selective advantage of chloroquine-resistant mutants 
A compet i t ion exper iment involving mixtures of chloroquine-sensi t ive 

a n d chloroquine-resis tant forms of P.c.chabaudi was carr ied out , wh ich 

yielded the surprising result t h a t the resistant parasi tes seemed to 

possess a selective advan t age , a t least in the exper imenta l condi t ions 

(Rosar io et αι., 1978 a n d unpub l i shed ) . T h e exper iment was similar to 

t h a t descr ibed for pyr imethamine- res i s tan t m u t a n t s (p. 234) . I n add i t ion 
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to 5 0 % r e s i s t a n t : 5 0 % sensitive paras i te mixtures , ini t ial inocula 

con ta in ing resistant :sensitive forms in the propor t ions 10:90 a n d 

90 :10 were used. Clones were established from the resul t ing infections 

after var ious intervals of t ime a n d tested for d r u g response. Mosqui toes 

were also pe rmi t t ed to feed on each mix tu re 11 days after inocula t ion , 

a n d the resul t ing sporozoites used to infect m i c e ; clones der ived from 

these mice were tested for ch lo roqu ine response. 

T h e n u m b e r s of resistant a n d sensitive clones der ived in these 

exper iments a re shown in T a b l e V I . T h e results ind ica te an a p p a r e n t 

Table V I 

Drug response of clones derived from mixed infections of chloroquine-
resistant and sensitive lines of P.chabaudi 

Initial Blood-induced infection Sporozoite-induced infection 
inoculum at 30 days at 7 days 

(10* blood) 
forms 

Total 
clones 

Sensitive Resistant Total 
clones 

Sensitive Resistant 

50% Resistant^ 
50% Sensitive J 
90% Resistant^ 
10% Sensitive J 
10% Resistant \ 
90% Sensitive / 

> 9 

> 8 

• 4 

0 

0 

0 

9 

8 

4 

8 

11 

6 

2 6 

0 11 

2 4 

selective a d v a n t a g e of the resistant form in bo th blood- a n d mosqui to-

t r ansmi t t ed mixtures . These results, if confirmed, wou ld a p p e a r to 

ind ica te t h a t chloroquine-res is tant parasi tes , once they h a v e arisen in 

popula t ions subjected to drug-select ion pressure, would then supp lan t 

the sensitive organisms in mixed popula t ions , even in the absence of 

d r u g pressure. Th i s finding has obvious impl icat ions for the h u m a n 

paras i te P.falciparum, in which it is well known t h a t ch lo roqu ine 

resistance occurs widely in South-Eas t Asia b u t not yet in Africa (see 

p . 368). 

V. VIRULENCE 

Considerable var ia t ion occurs in the v i ru lence of roden t ma la r i a 

parasi tes. P a r t of this var ia t ion m a y be d u e to non-genet ic causes, such 

as the age a n d s t rain of the roden t host, diet , concomi tan t infections by 

o ther organisms (see C h a p t e r 7) a n d the passage history of the paras i te 
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l ine. Genet ic factors also p lay a p a r t which , by using the techniques 

described above , it is now possible to s tudy (Wall iker et al., 1976). 

I n P.y.yoelii, the parasi tes no rma l ly give rise to a mild infection in t he 

blood of mice a n d thicket ra ts . T h e blood forms are usual ly restr icted 

to ret iculocytes t h r o u g h o u t t h e infection, except t h a t somet imes a 

l imited invasion of m a t u r e erythrocytes occurs a t an early s tage 

(3 -5 days) . T h e infection rises slowly to a peak pa ras i t aemia of u p to 

6 0 % wi th in 15 days , after which the an imals recover rapid ly . 

I n 1971 a paras i te line der ived from isolate 17 X of P.y.yoelii was found 

to h a v e u n d e r g o n e a sudden e n h a n c e m e n t of v i rulence (Yoeli et al., 

1975). Ret iculocytes were invaded d u r i n g the first two days of infection, 

as in typical P.y.yoelii, b u t thereafter extensive invasion of m a t u r e 

erythrocytes took place , a 9 0 % pa ras i t aemia be ing a t t a ined wi th in five 

days a n d d e a t h usual ly ensuing wi th in seven days. 

T h e newly acqu i red vi rulence was stable following passage in blood 

a n d mosqui toes . Hos t a n d d ie ta ry influences were excluded from be ing 

the p r i m a r y cause of increased virulence, because the difference 

be tween the v i ru lent l ine (denoted Y M ) a n d a mi ld line of different 

origin (denoted A /C) was m a i n t a i n e d in mice of the s ame age a n d 

strain, given similar diets. By reduc ing the q u a n t i t y of PABA in the 

diet , t he blood forms of the v i ru lent line Y M could be restr icted to 

reticulocytes, thus r educ ing the vi rulence, b u t this c h a n g e was no t 

p e r m a n e n t as the parasi tes re - invaded m a t u r e erythrocytes w h e n 

n o r m a l PABA levels were restored. 

A cross was m a d e be tween line Y M which , as well as be ing highly 

virulent , conta ins enzyme- type G P I - 1 a n d is sensitive to p y r i m e t h a -

mine , a n d line A / C , which is no t v i rulent , contains enzyme- type G P I - 2 

a n d is resistant to p y r i m e t h a m i n e . T h e results a re shown in T a b l e V I I . 

All possible r ecombinan t s were ob ta ined , showing clearly the genet ic 

n a t u r e of the vi rulence, a n d suggesting i n d e p e n d e n t segregat ion of t h e 

th ree charac ters . T h r e e p rogeny clones showed a typical deve lopmen t 

(being ne i ther typical ly " v i r u l e n t " no r typical ly " m i l d " ) . T h e basis for 

this is no t c lear ; possibly add i t iona l genet ic factors a re involved. 

W h e n injected in to mice, s imple mixtures of sporozoites of the two 

lines Y M a n d A / C p r o d u c e d infections which , on cloning, were shown 

to consist of only t he two p a r e n t a l types, wi th no r ecombina t ion . 

Vi ru lence could only be transferred by genet ic exchange d u r i n g t h e 

sexual stages. T h u s , a mechan i sm based on a concomi tan t infective 

agen t was excluded. 
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Table V I I 

Analysis of 56 clones derived from crosses between P.y.yoelii lines 
differing in infection type, pyrimethamine response and G P I type 

Parents GPI Pyrimethamine Infection 
form response type 

Line Y M 1 S V 
Line A/G 2 R M 

Progeny Number of clones 
isolated 

Parental η S V 15 
types R M 5 

Γ
2 R V 10 
ι S M 1 

Recombinant 2 S V 3 
types 1 R M 5 

1 R V 9 
2 S M 5 

Clones showing Γ1 R 1 
atypical -< 1 S 1 
infections 12 R 1 

V, virulent; M, mild ; R , resistant; S, sensitive. 

These results show clearly t he genet ic basis of vi rulence, wh ich 

p re sumab ly arose as a spontaneous m u t a t i o n in t he or iginal s t ra in of 

P.y.yoelii from which l ine Y M was der ived. O n c e such a m u t a t i o n 

occur red , i t would p r e s u m a b l y b e selectively advan tageous u n d e r 

l abora to ry condi t ions , a l t hough no t necessarily in n a t u r e as t he host 

an imals migh t be killed. 

M o r e recent work on a n i ndependen t l y occur r ing v i ru lent l ine has 

shown t h a t m u t a t i o n h a d occur red in this l ine a t a different locus from 

t h a t involved in l ine Y M . O n crossing t h e two v i ru lent lines, a p ropo r -

t ion of non-v i ru len t p rogeny clones were p r o d u c e d by genet ic re -

combina t ion (Wall iker et al., 1977). 

Pe rhaps the most s t r iking character is t ic dis t inguishing t h e v i ru lent 

l ine Y M from o the r lines of P.y.yoelii is its capac i ty to mul t ip ly in m a t u r e 

erythrocytes . W h e t h e r this is d u e to a n a l te ra t ion in the abil i ty of t h e 

merozoites to p e n e t r a t e t he e ry throcyte m e m b r a n e s , o r to a n increased 

ability to mul t ip ly once inside, is u n k n o w n . However , t he p h e n o m e n o n 

emphasizes t he role of t h e paras i te geno type in the hos t -pa ras i t e 

interact ions necessary for deve lopmen t of the infection. I n m a n , the 
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influence of host genes such as those for sickle cell anaemia , glucose-6-

p h o s p h a t e dehydrogenase (Luzza t to , 1974) a n d the Duffy ant igens 

(Mil ler et al., 1975) h a v e been demons t r a t ed . W e n o w have a n example 

i l lustrat ing the role of the paras i te genome . 

VI. ANTIGENIC DIFFERENCES 

T h e genetics of ant igenic var ia t ion in p ro tozoa has been s tudied so far 

only in free-living organisms such as Paramecium a n d Tetrahymena 

(Beale, 1974). A n unde r s t and ing of t he mechan i sms involved in t he 

genet ic control of ant igens in ma la r i a parasi tes has been h a m p e r e d by 

the difficulties of de tec t ing clearly defined var ian ts a m o n g the roden t 

species. T h e schizont-agglut inat ion test has dist inguished ant igenical ly 

distinct parasi tes in infections of the monkey paras i te P.knowlesi (Brown 

a n d Brown, 1965), a n d immunodiffusion has been used to demons t r a t e 

ant igenic diversity in isolates of P.falciparum in m a n (Wilson et al., 1969). 

I n species infecting rodents , however , evidence for ant igenic differences 

has been found only w h e n less sensitive tests, such as cross-protection, 

have been used. 

O x b r o w (1973) invest igated the genet ic basis of cross-protection 

differences be tween lines of the two subspecies P.y.yoelii a n d P.y.nigeri-

ensis. T h e P.y.yoelii l ine, t e rmed line A, was u n a b l e to infect mice which 

h a d recovered from infection wi th a line of P.y.nigeriensis t e rmed line D . 

Line D , on the o ther h a n d , could infect mice which h a d recovered from 

infection wi th l ine A. Nei ther line could infect mice previously infected 

wi th the homologous line. Lines A a n d D also differed by enzyme- type 

a n d pyr imethamine-sensi t iv i ty markers (Tab le V I I I ) . 

A cross was m a d e be tween lines A a n d D from which 16 clones were 

der ived a n d examined for each pa r en t a l cha rac t e r (Tab le V I I I ) . T w o 

clones showed the enzyme a n d drug-sensit ivity characteris t ics of l ine A, 

b u t were able to grow in mice which h a d recovered from line A, a n d 

one possessed line D markers b u t was u n a b l e to g row in these mice . 

T h r e e further clones were r e c o m b i n a n t for the enzyme a n d d r u g -

sensitivity charac ters , the r ema in ing ten be ing p a r e n t a l types. 

T h e results ind ica ted , therefore, t h a t the abil i ty of parasi tes to g row 

in i m m u n i z e d mice was control led by genet ic factors in t he parasi tes , 

the factors involved be ing able to u n d e r g o r ecombina t ion wi th o the r 

markers . T h e subject has no t been s tudied further ma in ly because of 
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prac t ica l difficulties in using cross-protect ion tests to examine large 

n u m b e r s of c loned parasi tes . W h e n m o r e s imple a n d sensitive i m m u n o -

logical techniques become avai lable it is h o p e d t h a t a m o r e precise 

genet ic analysis can be m a d e . 

Table VI I I 

Analysis of 16 clones derived from crosses between P.y.yoelii line A 
and P.y.nigeriensis line D 

Parents GPI Pyrimethamine Survival in mice 
form response immune to line A 

Line A 1 R No 
Line D 2 S Yes 

Progeny Number of clones 
isolated 

Parental J Π R No 3 
types i L2 S Yes 7 

f i R Yes 2 
1 S No 3 

Recombinant 1 S Yes 0 
types < 2 R No 0 

2 R Yes 0 
2 S No 1 

VII. CONCLUSION 

T h e results presented in this c h a p t e r show t h a t the var ia t ions s tud ied— 

w h e t h e r concerned wi th enzyme characteris t ics , d r u g resistance, 

v i rulence or ant igenic differences—are all inher i ted accord ing to n o r m a l 

M e n d e l i a n rules. So far as can be dec ided wi th present techniques , 

roden t ma la r i a parasi tes show a regu la r eukaryot ic type of life cycle, 

wi th a regu la r a l t e rna t ion of diploid a n d hap lo id phases. T h e blood 

forms a re haplo id , b u t it is no t a t present possible to state, from 

genet ical d a t a , the precise stage in the life cycle w h e n meiosis takes 

place . 

Clones of hap lo id cells give rise to bo th micro- a n d macrogametes , 

the differentiation of which mus t therefore be non-genet ic . W h e n 

gametes of different isolates of the same subspecies a re mixed, self- a n d 

cross-fertilization occur wi th app rox ima te ly equa l frequencies. I n one 
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case, a cross has been m a d e be tween two subspecies (P.y.yoelii a n d 

P.y.nigeriensis) b u t this is considered to be except ional , a n d to take place 

only in l abora to ry condit ions. Parasi tes from different species do not , so 

far as can be observed, hybr id ize . O n the o the r h a n d , there is r a n d o m 

m a t i n g of diverse genotypes in wild popula t ions of the same subspecies, 

a process which would be expected to genera te a good dea l of var ia t ion 

in n a t u r a l popula t ions . 

T h e demons t ra t ion t ha t resistance to p y r i m e t h a m i n e a n d ch loroquine 

is due to the occurrence of gene muta t ions , wh ich once arisen m a y 

spread t h r o u g h a popula t ion , is i m p o r t a n t in re la t ion to the p r o b l e m 

of d r u g resistance in ma la r i a parasi tes of m a n . O f pa r t i cu la r interest is 

the r a the r surprising finding t ha t chloroquine-res is tant parasi tes seem 

to have an a d v a n t a g e over chloroquine-sensit ive forms, even in the 

absence of d r u g pressure—at least in the exper imenta l condi t ions of 

this work. A similar process in h u m a n ma la r i a migh t be expected to 

p roduce a r ap id disseminat ion of chloroquine-res is tant parasi tes . 
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I. RODENT MALARIA AS AN EXPERIMENTAL MODEL 
FOR IMMUNOLOGICAL STUDIES 

Var ious species a n d strains of roden t p lasmodia provide , in the i r 

different host associations, a m p l e oppo r tun i t y to invest igate the most 

diverse aspects of the i m m u n e response to ma la r i a . Th i s hos t -paras i t e 

re la t ionship will be considered here in its broades t sense, encompass ing 

the var ious manifestations of i n n a t e resistance, as well as the i m m u n i t y 

acqu i red following exposure of the host to the var ious paras i te stages 

a n d / o r p roduc ts . Hos t resistance will be analysed in the l ight of recent 

advances in the unde r s t and ing of basic i m m u n e mechanisms opera t ing 

in relat ion to parasi tes, o ther infectious agents a n d t u m o u r cells. 

Invest igat ion of the i m m u n e response to roden t ma la r i a will cer ta inly 

con t inue to benefit great ly from the fact t h a t m u c h of the e x p a n d i n g 

knowledge of cellular immunology , immunogene t ics , receptors a n d 

o ther cell surface proper t ies , has been ob ta ined t h r o u g h the use of 

var ious species of rodents . 

W e will review t h e p a r a m e t e r s used to measure t he var ious types of 

i m m u n e responses a n d the results ob ta ined in roden t ma la r i a . T h e m a i n 

emphasis , in the past , on serological me thods , has b r o u g h t forth 

considerable d a t a on h u m o r a l responses to these parasi tes . Because of 

the avai labi l i ty of excellent recent reviews on this subject (Brown, 1969; 

Z u c k e r m a n , 1970) we will focus main ly on more recent work on the 

h u m o r a l an t ima la r i a l response. 

T h e emphasis here will be two-fold : to correla te , whenever feasible, 

t he different an t ibody responses wi th the i r possible role in p ro tec t ion 

a n d to differentiate a m o n g the responses i nduced by the successive 

deve lopmenta l stages of p lasmodia . Since most of the an t ibody-

med ia t ed protect ive i m m u n e responses a p p e a r to be stage specific a n d 

directed against the " f ree" extracel lular paras i te stages, n a m e l y 

merozoites a n d sporozoites, these will be t rea ted separate ly , focusing on 

their analogies a n d differences. 

Considerably less is known a b o u t cel l -mediated i m m u n e responses 

a n d thei r role in host resistance to ma la r i a . Several of the me thods used 

to investigate these aspects h a v e only recent ly been in t roduced to 

studies on ma la r i a parasi tes, so t h a t t he avai lable informat ion is still 

very f ragmentary . W i t h o u t quest ion, this is a n a rea in need of extensive 

further exper imenta l work. T h e possibility of considerable i m m u n o -
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logical m a n i p u l a t i o n of the roden t hosts a n d the vast a m o u n t of 

avai lable informat ion on the var ious i m m u n o c o m p e t e n t cells a n d the i r 

mul t ip le in teract ions , makes the r o d e n t ma la r i a l m o d e l pa r t i cu la r ly 

suited for this type of research (for review, see Raff, 1973). 

Significant progress has been m a d e wi th in t h e last t en years in 

achieving pro tec t ion against bo th roden t a n d s imian m a l a r i a by means 

of act ive i m m u n i z a t i o n , using e i ther ery throcyt ic stages or sporozoites 

as the i m m u n o g e n . T h e fact t h a t l imited pilot vacc ina t ion a t t empt s in 

m a n , using i r r ad ia t ed sporozoites, h a v e i nduced pro tec t ion against 

Plasmodium falciparum a n d P.vivax m a l a r i a (Clyde et al., 1973, R i e c k m a n n 

et al., 1974, Clyde et al., 1975) clearly emphasizes the poten t ia l of this 

a p p r o a c h a n d the need for fur ther exper imen ta t ion in this a rea . 

A n o t h e r very promis ing field of invest igat ion, largely unexp lo red b u t 

of potent ia l medica l re levance, is the i m m u n o p a t h o l o g y of ma la r i a . 

Aga in the roden t mode l appea r s to p rov ide op t ima l condi t ions for 

exper imenta l m a n i p u l a t i o n a n d invest igat ion of this aspect , as well as 

for t he v i r tua l ly unexp lo red role of the genet ic de t e rmina t ion of t he 

i m m u n e response to this infection. 

II. EVIDENCE FOR IMMUNITY TO MALARIAL 
INFECTIONS 

I t has become increasingly obvious t h a t significant host resistance to 

infection wi th m a l a r i a does occur . T h e evidence for this includes i nna t e 

resistance to infection, actively acqu i red i m m u n i t y a n d the feasibility of 

passive transfer of i m m u n i t y . T h e i m m u n e response, in pa r t i cu la r t he 

protect ive response, to Plasmodium is strictly stage specific. Fo r this 

reason, t he s tage of the paras i te used to assay the response mus t be 

homologous to the stage of t he paras i te wh ich i nduced i m m u n i t y . 

A. Innate Resistance 

T h e susceptibili ty of a pa r t i cu la r host to infection wi th cer ta in species 

of Plasmodium, whi le resisting others , indicates t h a t the re a re host 

factors which control infection. These a r e u l t imate ly governed by the 

genetic const i tu t ion of the host . 

Studies per formed on 6 strains of i nb red mice (Greenberg a n d 

Kendr ick , 1957a) revealed considerable différences in the susceptibili ty 
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of these an imals to b lood- induced P.berghei infections. C57BL mice 

developed m o d e r a t e pa ras i t aemia d u r i n g the first week of infection a n d 

h a d the longest survival t ime wi th this invar iab ly le thal infection. Swiss 

mice developed the highest pa ras i t aemia d u r i n g the first week of 

infection, while S T R mice h a d the lowest curves of pa ras i t aemia . These 

differences were appa ren t l y no t a t t r i bu tab le to a d a p t a t i o n of the 

paras i te in Swiss mice, since passage of the paras i te s t rain from Swiss 

mice to o the r strains d id no t change these results (Greenberg a n d 

Kendr i ck , 1957b). Studies on the F\ a n d backcross generat ions of these 

strains of mice ind ica ted t h a t mul t ip le genes govern the differences in 

the course of infection (Nade l et al., 1955; G r e e n b e r g a n d Kendr i ck , 

1958). I n addi t ion , the disease is most p r o b a b l y m o d u l a t e d by i m m u n e 

mechanisms which m a y va ry in mice of different genet ic backgrounds . 

(See C h a p t e r 7 for discussion on the role of concomi tan t infections.) 

W é r y (1968) s tudied the susceptibili ty of rodents to P. yoelii 

yoelii, P.chabaudi a n d P.berghei. H e found t h a t "The i l e r ' s O r i g i n a l " 

mice, 4 - 6 weeks old, were susceptible to all th ree strains. Wis ta r 

rats were susceptible to P.y.yoelii whi le hamsters (Mesocricetus 

auratus) were not . T h e n a t u r a l host of P.chabaudi is Thamnomys 

rutilans a n d some o ther sylvatic ra ts a re also susceptible such 

as Mastomys coucha a n d Hybomys univittatus. Alb ino rats , hamsters a n d 

gu inea pigs were no t susceptible to P.chabaudi. A m o n g the mice 

("Thei ler ' s O r i g i n a l " ) , W é r y no ted t h a t some mice were "suscep t ib le" 

a n d others " res i s tan t" . I n susceptible mice paras i taemias increased 

unt i l 5 0 % of the red cells were infected a n d severe a n a e m i a developed. 

T h e infection became chronic a n d then la ten t wi th in 20 days . I n the 

" res i s tan t" mice, pa ras i t aemia reached a b o u t 2 0 % at the t ime of crisis 

a n d a n a e m i a was less severe. T h e pa ras i t aemia decl ined slowly a n d the 

infection b e c a m e la tent . P.berghei i nduced a chronic infection in 

"The i l e r ' s O r i g i n a l " s train. 8 0 % of mice infected wi th sporozoites 

developed a p a t e n t infection. 

Bafort 's (1971) studies on susceptibility of rodents to P.vinckei 

vinckei showed t h a t some species were susceptible to infection, 

some developed low-grade or subpa t en t infections, while others were 

no t susceptible. A m o n g those species tested t h a t were susceptible were 

Apodemus sylvaticus, Microtus agrestis a n d Clethrionomys glareolus. Species 

showing some degree of resistance, in t h a t only low-grade or s u b p a t e n t 

infections developed, w e r e : Mastomys (Praomys) natalensis, Mesocricetus 

auratus, Peromyscus maniculatus, Sigmodon hispidus a n d Acomys cahirinus. 
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Albino rats , Cricetulus griseus, Meriones shawi, M.unguiculatus, M.pyra-

midium, Lagurus lagurus, Lepus canicubes a n d Cavia cobaya were no t 

susceptible to P.v.vinckei. 

W h e t h e r t he differences in the course of infection of malar ia- infected 

rodents a re de t e rmined by character is t ics of t h e red blood cell m e m -

branes or in t rae ry throcy t ic factors is unc lear . I n p r ima tes the re is 

evidence ind ica t ing t h a t susceptibili ty to p lasmodia l species is con-

trolled, in p a r t , a t t he level of the e ry throcyte m e m b r a n e . Bu tcher et al. 

(1973) h a v e shown t h a t erythrocytes of host species susceptible to 

P.knowlesi infection b ind merozoites of P.knowlesi in a n in vitro system, 

whereas these merozoites do no t a d h e r e to erythrocytes of species 

resistant to this infection. 

T h e r e is evidence t h a t specific receptors on red cells a re responsible 

for invasion by merozoites (Mil ler et aL, 1975b). H u m a n erythrocytes 

t h a t were Duffy blood g r o u p positive, e i ther F y
a+

 or F y
 b +

, were 

susceptible to in vitro invasion by P.knowlesi, whereas F y F y cells were 

not . These ant igens m a y ac tua l ly be t he receptor(s) for invasion or 

closely associated wi th such a receptor . Genet ic studies in m a n (Sanger 

et aL, 1955) ind ica te t h a t Negroes h a v e a low frequency of Duffy 

positive blood groups a n d a re resistant to infection wi th P.vivax (Young 

et aL, 1955). I t is possible, therefore, t h a t the Duffy blood g r o u p 

ant igens m a y also be associated wi th susceptibili ty to P.vivax. 

T h e r e a re indicat ions t h a t survival of t h e paras i te wi th in t he host 

e ry throcyte m a y also be genet ical ly control led. F o r example , b u s h - b a b y 

(galago) erythrocytes were i nvaded b y P.knowlesi, b u t the parasi tes 

failed to survive in cu l tu re (Butcher et aL, 1973). Cer t a in roden t strains 

of Plasmodium preferential ly i n v a d e i m m a t u r e erythrocytes , whereas 

o the r s trains prefer m a t u r e red b lood cells. T h e basis for the preference 

is u n k n o w n . A n u m b e r of genetical ly control led in t rae ry throcy t ic 

metabol ic disorders, inc lud ing s t ruc tura l a n d quan t i t a t i ve changes in 

haemoglob in , a n d glucose-6-phosphate dehydrogenase deficiency, a re 

k n o w n to interfere wi th susceptibil i ty to ma la r i a l infection in m a n 

(Luzza t to , 1974). 

Cons iderab ly less is k n o w n wi th r ega rd to genet ic or o the r factors 

control l ing the fate of t he sporozoites which in i t ia te p lasmodia l 

infections. Factors which govern the susceptibil i ty to invasion of the 

p a r e n c h y m a l liver cells by sporozoites, paras i te survival a n d develop-

m e n t in hepatocytes a n d merozoi te release from these cells, a re no t 

unders tood. T h e observat ion t h a t a n e q u a l n u m b e r of sporozoites of 
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P.berghei, from the same p repa ra t i on , p roduces app rox ima te ly n ine 

t imes fewer exoerythrocyt ic (EEF) forms in A / J mice t h a n in th icket 

ra ts , Thamnomys surdaster, the i r n a t u r a l host, a n d t h a t y o u n g ra ts develop 

a b o u t th ree t imes as m a n y E E F as do A / J mice ( V a n d e r b e r g et al., 1968) 

documen t s t he i m p o r t a n c e of these factors. F u r t h e r m o r e , Mos t et al. 

(1966) observed t h a t a series of strains of i nb red mice var ied consider-

ably in the i r susceptibili ty to sporozoi te- induced P.berghei infection. I n 

this s tudy, t he susceptibili ty to infection var ied from 1 0 0 % pa t ency in 

C57 L/J , A / J a n d S T b / J mice, to 0 % pa t ency in D B A 1/J mice. T h e 

basis for this difference in susceptibili ty a n d the genet ic control 

mechan i sm r e m a i n to be clarified. 

A n i m p o r t a n t factor in t he i nna t e i m m u n i t y of rodents to p lasmodia l 

infection is the host 's age (Zucke rman , 1970). Y o u n g rats a re m o r e 

susceptible to P.berghei a n d to P.vinckei infections. Th i s age -dependen t 

i m m u n i t y to P.berghei infections is e i ther less p r o n o u n c e d or no t evident 

in mice . 

B. Actively Acquired Immunity 

A n i m m u n e response to the inocula t ion of paras i t ized erythrocytes or 

sporozoites of r oden t m a l a r i a can best be demons t r a t ed u p o n admin is -

t ra t ion of an t ima la r i a l d rugs or modificat ion of t he host diet , d u r i n g the 

infection. Such t r ea tmen t , b y depressing pa ras i t aemia a n d the subse-

q u e n t deve lopmen t of a fu lminat ing infection, allows the host to 

acqu i re a cer ta in degree of i m m u n i t y . 

/. Immunity to blood-induced infection 
a. Use of antimalarial drugs. Mice which have been al lowed to recover 

from b lood- induced P.berghei infections by admin is t ra t ion of chloro-

qu ine (Lapier re , 1954), a t a b r i n e (mepacr ine) (Cox, 1957, 1958, 1959, 

1962, 1964) o r p r i m a q u i n e d iphospha te (Box a n d Gingr ich , 1958), 

develop resistance to chal lenge. Similarly, mice which have been 

t r ea ted wi th ch lo roqu ine phospha t e to depress P.vinckei infections, 

acqu i re a lifetime i m m u n i t y to subsequent chal lenge (Cox, 1966; Cox 

etal, 1969). 

Es tab l i shment of the i m m u n e s ta te depends on the d u r a t i o n of 

pa ras i t aemia , a n d t h e longer this per iod , the g rea te r the degree of 

i m m u n i t y t h a t develops. T h u s , t iming of the admin i s t r a t ion of the 
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an t ima la r i a l d r u g is cri t ical . T r e a t m e n t wi th su lphad iaz ine of ra ts 

(Satya Prakash , 1959, 1960b) or mice (Satya Prakash , 1960a) ear ly in 

t he course of their infections wi th P.berghei, interfered wi th t he 

acquisi t ion of i m m u n i t y . 

b. Modification of the host's diet. By wi thho ld ing an essential g rowth 

factor, it is possible to a t t e n u a t e t he v i ru lence of the paras i te . Mice 

ma in t a ined on a pa ra -aminobenzo ic acid-deficient milk diet d u r i n g the 

infection develop a s t rong a n d long-last ing resistance to subsequent 

chal lenge wi th P . forgte-paras i t ized erythrocytes (Kre t schmar , 1965; 

J e rusa l em, 1965, 1966, 1968; Schindler a n d Mehl i tz , 1965). Similarly, 

i m m u n i t y in mice against the v i ru lent Β s t rain of P.vinckei c an be 

induced by p lac ing t h e an imals on a m e a t diet deficient in p a r a -

aminobenzo ic acid (Adler a n d Gunde r s , 1965). As wi th d r u g t r ea tmen t , 

survival following chal lenge was d e p e n d e n t on t h e extent a n d d u r a t i o n 

of pa ras i t aemia d u r i n g the i m m u n i z a t i o n per iod. 

2. Immunity to sporozoite-induced infection 
Five- to six-week-old rats , wh ich usual ly survive a sporozoi te- induced 

P.berghei infection wi thou t d r u g t r e a t m e n t , p r o d u c e species-specific 

ant isporozoi te ant ibodies (Spi ta lny a n d Nussenzweig, 1973). An t i -

bodies, present two weeks after the in t ravenous inocula t ion of the rats 

wi th viable sporozoites, were de tec ted by the c i rcumsporozoi te (CSP) 

reac t ion ( V a n d e r b e r g et al., 1969), a n d persisted for app rox ima te ly one 

week. A squirrel monkey (Saimiri sciureus) wh ich h a d acqu i red a 

P.brasilianum infection in n a t u r e also h a d de tec tab le ant isporozoi te 

(CSP) ant ibodies (Nussenzweig et al., 1970). 

As wi th act ive i m m u n i t y to erythrocyt ic stages, t he i m m u n e response 

to v iable sporozoite inocula t ion can b e de tec ted m o r e easily w h e n host 

survival is p ro longed t h r o u g h d r u g t r e a t m e n t . V e r h a v e (1975) ad-

minis tered n o n - a t t e n u a t e d sporozoites of P.berghei to ra ts , wh ich were 

given ch lo roqu ine to suppress paras i t aemia , in o rde r to de t e rmine 

w h e t h e r the parasi tes wou ld i n d u c e a protec t ive response to a subse-

q u e n t sporozoite chal lenge. H e observed t h a t these sporozoite-infected 

rats developed a significantly smaller n u m b e r of liver stages t h a n d id 

control an imals u p o n sporozoite chal lenge. Th i s protect ive effect could 

be amplified by repea ted ly infecting t he an imals wi th sporozoites. 
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C. Passively Acquired Immunity 
T h e i m p o r t a n c e of h u m o r a l factors in t he control of ma la r i a infection 

is also demons t r a t ed by t h e pro tec t ion resul t ing from the passive 

transfer of protect ive factors e i ther congenital ly or by se rum (reviewed 

by Brown, 1969). 

7. Congenital transfer of immunity 
Blacklock a n d G o r d o n (1925) first observed t h a t in areas endemic for 

mala r ia , neonates a n d infants u p to one m o n t h of age showed a low 

incidence of infection, a n d it was suggested t h a t this i m m u n i t y was 

passively acqu i red from the mothe r . Expe r imen ta l conf i rmat ion of this 

p h e n o m e n o n was first p rov ided by a s tudy of Bruce -Chwa t t (1954). 

Th is s tudy suggested t h a t i m m u n i t y to P.berghei infection could b e 

t ransmi t ted t h r o u g h the milk of i m m u n e m o t h e r ra ts to thei r offspring, 

ma in ly d u r i n g the la ter stages of t h e nurs ing per iod . M o r e deta i led 

investigations followed on t h e subject (Terry , 1955, 1956; Bruce -Chwa t t 

a n d Gibson, 1956; Serguiev a n d D e m i n a , 1957; D e m i n a , 1958) a n d 

were reviewed by Bruce -Chwat t (1963). I n these studies rats were 

i m m u n i z e d ei ther before or d u r i n g p r egnancy wi th increasing doses of 

parasi t ized erythrocytes . R a t s b o r n to these mothers were subsequent ly 

chal lenged wi th P.berghei-infected r ed blood cells a t var ious stages after 

b i r th . I m m u n i t y was t ransmi t ted chiefly t h r o u g h the milk of the 

i m m u n e mothe r , a n d to a lesser degree , t h r o u g h the p lacen ta . T h e 

degree of t r ansmi t t ed i m m u n i t y was direct ly re la ted to t he degree of 

i m m u n i t y of t he mothe r , a n d w a n e d rap id ly as t he rats m a t u r e d . 

I m m u n i t y of N M R I mice against P.berghei was no t t r ansmi t t ed to the i r 

offspring e i ther via the p l acen ta o r via the milk (Kre t schmar , 1962; 

Gai l a n d Kre t s chmar , 1965). 

Adler a n d Fone r (1965) i m m u n i z e d mice against a n avi ru lent s t ra in 

of P.vinckei a n d showed t h a t transfer of pro tec t ion to the i r offspring 

occur red chiefly t h r o u g h the milk of i m m u n e an imals . However , mice 

radical ly cured of P.vinckei by t he use of m e p a c r i n e o r ch loroquine , 

whi le themselves resistant to chal lenge, were u n a b l e to t r ansmi t this 

sterile i m m u n i t y to the i r offspring (Cox, 1965). 

T h e role of ant ibodies in congeni ta l transfer of i m m u n i t y has been 

s tudied. Isfan a n d I a n c o (1964) a n d Gai l et al. (1967) found t h a t t h e 

gamma-g lobu l in levels were h igher t h a n n o r m a l in the sera of n e w b o r n 

uninfected rats or mice b o r n to mothers repea ted ly infected wi th 
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P.berghei. Z u c k e r m a n et al. (1969a) , demons t r a t ed t he occur rence of 

an t ip lasmodia l precipi t ins which h a d been passively transferred to the i r 

litters by ra ts infected wi th P.berghei. T h e precipi t in titres could be 

positively corre la ted wi th the n u m b e r of infections of the mothers a n d 

the degree of p ro tec t ion of the y o u n g r a t to chal lenge. However , no 

direct corre la t ion could be m a d e be tween the presence of a specific 

precipi t in a n d pro tec t ion . Often more t h a n one precipi t in was present 

in t h e milk, a n d pro tec t ion migh t be associated wi th only one of these 

mul t ip le ant ibodies ( Z u c k e r m a n et al., 1969b). M o r e recent ly, P a l m e r 

(1975), us ing the indi rec t fluorescent an t i body test, demons t r a t ed 

passive transfer of m a t e r n a l P.berghei an t ip lasmodia l ant ibodies t h r o u g h 

the milk to wean l ing ra ts . N o in utero transfer of ant ibodies could be 

demons t r a t ed after t he p r i m a r y infection. 

2. Passive transfer of immunity with immune serum 
Passive transfer of i m m u n e se rum can i nduce some degree of pro tec t ion 

against p lasmodia l infections. T h u s , in 1961, Cohen et al. d emons t r a t ed 

t h a t admin i s t ra t ion of h y p e r i m m u n e se rum to P.falciparum-infected 

chi ldren effected a considerable reduc t ion in pa ras i t aemia . Similarly, 

studies wi th t he roden t mala r ias have shown t h a t h y p e r i m m u n e sera 

m a y be effective against e i ther b lood- induced or sporozoi te- induced 

infections ( W H O , 1975). 

a. Passive transfer of immunity to blood-induced infection. T h e l abora to ry 

mode l used most extensively in passive transfer studies has been 

P.berghei infections in ra ts , since in this system, t he host develops a 

demons t r ab l e pa ras i t aemia , eventua l ly recovers, a n d has a m p l e 

oppor tun i ty to develop protec t ive ant ibodies . 

N u m e r o u s investigators h a v e r epor t ed on the protec t ive effect of r a t 

anti-P.berghei s e rum (Fab ian i a n d Fu lch i ron , 1953; F a b i a n i a n d Orfila, 

1956; B ruce -Chwa t t a n d Gibson, 1956; Isfan, 1966). Sera collected 

after t he init ial pa ra s i t aemia were only slightly protect ive w h e n given 

to ra ts a t t h e t ime of chal lenge, whereas sera from mult iple-infected 

ra ts h a d a subs tant ia l suppressive effect in the recipients . Pa t ency was 

de layed b y several days u n d e r these condi t ions, b u t pa ras i t aemia 

eventual ly developed. 

T h e s tudy of Diggs a n d Osier (1969) ind ica ted t h a t strikingly small 

volumes of r a t anti~P.berghei se rum, less t h a n 0 - 0 5 % of the recipient ' s 

p lasma vo lume, significantly r educed pa ras i t aemia w h e n given to 
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n o r m a l rats a t the t ime of chal lenge. T h e protect ive activity in t he 

se rum was in the 7S immunog lobu l in fraction. A s tudy by Stechschul te 

et al. (1969) confirmed t ha t the 7S fraction of r a t anti-P.berghei se rum, 

con ta in ing I g G a n d IgA, was protect ive. Z u c k e r m a n a n d Golenser 

(1970) also confirmed these observat ions. I n addi t ion , they observed 

t h a t the I g M - r i c h fraction of the same se rum was total ly non-pro tec t ive 

for inb red Lewis rats . Recent ly , Golenser et al. (1975) demons t r a t ed 

t h a t sterile i m m u n i t y was ob ta ined in rats given concomi tan t inocula-

tions of P.forgA^'-parasitized erythrocytes a n d i m m u n e serum, r ich in 

I g G , ob ta ined from ou tb red S a b r a rats . 

Diggs a n d Osier (1975) studied the suppressive effect of i m m u n e 

serum on pre-exist ing paras i taemia . O n d a y th ree of P.berghei infection, 

rats were given vary ing amoun t s of i m m u n e serum. Results ind ica ted 

a dose-dependent c learance of parasi tes. 

Mice are also protec ted , to some degree, against P.berghei infection by 

transfer of h y p e r i m m u n e ra t se rum. T h u s , M a r t i n et al. (1966) found 

a slight delay in mor ta l i ty of infected mice injected wi th i m m u n e r a t 

se rum. Briggs et al. (1966, 1968) showed t ha t the protect ive effect of r a t 

se rum was a function of the n u m b e r of infections to which the se rum 

donor h a d been exposed a n d of the a m o u n t of an t i se rum used. T r e a t e d 

mice showed a significant de lay in the deve lopment of pa tency , b u t all 

eventual ly died wi th high paras i taemias . Similar observat ions were 

m a d e by Golenser et al. (1975). 

J e r u s a l e m (1968) found t h a t the se rum of P.berghei-'mkcted Swiss 

mice, ma in t a ined on a pa ra -aminobenzo ic acid-deficient diet, was 

protect ive u p o n transfer. Briggs a n d Wel lde (1969) found t ha t an t i -

se rum from i m m u n i z e d mice, w h e n concomi tan t ly injected wi th viable 

P.berghei parasites, caused a delayed course of infection. 

b. Passive transfer of immunity to sporozoite-induced infection. Transfer of 

ant isporozoi te sera alters the course of sporozoi te- induced infection. 

Concomi t an t adminis t ra t ion of sporozoites a n d large volumes of 

i m m u n e se rum to n o r m a l mice caused considerable accelerat ion of the 

c learance ra te of sporozoites from the pe r iphera l c i rculat ion. I n fact, t he 

r a t e of c learance of infective sporozoites from these mice was similar to 

t ha t observed in actively i m m u n i z e d an imals . Passive se rum transfer 

also resulted in the format ion of a significantly r educed n u m b e r of 

exoerythrocyt ic liver forms. However , in contras t to mice act ively 

i m m u n i z e d wi th i r rad ia ted sporozoites, t he ma la r i a infection of i m m u n e 
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se rum recipients was never total ly suppressed, a n d the infections were 

invar iab ly le thal (Nussenzweig et aL, 1972a). 

III. HUMORAL IMMUNITY TO RODENT MALARIA 

T h e recovery of rats from P.berghei infection is associated wi th a rise in 

se rum euglobulins (Fab ian i etal., 1952; de Smet , 1955). Cor rade t t i etal. 

(1954, 1955) repor ted t h a t in rats , the gamma-g lobu l in level was 

increased relat ive to the tota l se rum ni t rogen. These observat ions were 

confirmed by Ciuca et al. (1964) a n d by Isfan a n d I a n c o (1964). 

Woodruf f (1957) no ted t h a t the gamma-g lobu l in level in the sera of 

rats wi th P.berghei was fur ther increased by re- inoculat ion, a n d con-

c luded t h a t this was, a t least in p a r t , d u e to the format ion of an t i -

p lasmodia l an t ibody . Re- inocula t ion also e n h a n c e d the an t ibody 

response to P.berghei in mice (Box a n d Gingr ich , 1958). 

S a d u n et al. (1965) found t h a t t he re was little change in t he se rum 

pro te in p a t t e r n of mice succumbing to P.berghei infection. However , the 

a m o u n t of gamma-g lobu l ins was increased in the se rum of P.berghei-

infected mice which survived a d rug - t r ea t ed infection (Briggs et al., 

1960; S a d u n et al., 1965). Gai l a n d K r e t s c h m a r (1965) found t h a t bo th 

be ta - a n d gamma-g lobu l in levels rose in N M R I mice surviving 

infection wi th P.berghei. Diggs a n d Osier (1969) showed t ha t the 

protect ive act ivi ty of r a t axiû-P.lMrghei se rum could be r emoved by 

prec ip i ta t ion wi th a specific r abb i t an t i - ra t gamma-g lobu l in . Th is 

act ivi ty was present ma in ly in the 7S immunog lo b u l i n e lua te ob ta ined 

from a S e p h a d e x G-200 co lumn. 

T h u s the re is genera l ag reemen t t h a t gamma-g lobu l ins rise in t he 

course of recovery of rodents from infection wi th P.berghei. However , i t 

is no t known w h a t p ropor t ion of the increased gamma-g lobu l in 

represents an t ip lasmodia l an t ibody , no r w h a t p ropor t ion is protect ive 

(Zucke rman , 1970). 

A. Antibodies to Blood Stages of Plasmodia 

7. Methods of detection 
A variety of me thods a re used for de tec t ion of roden t an t ip lasmodia l 

ant ibodies . Complement- f ix ing an t ibody was found in the sera of 
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P.berghei-infected ra ts (Vargues et al., 1951), as well as in an imais 

injected wi th frozen a n d t h a w e d p repa ra t ions of parasi tes , l ibera ted 

from red blood cells (Pautr izel a n d N g u y e n V i n h Nien, 1953). H o w -

ever, as Schindler (1965) a n d Schindler a n d Mehl i tz (1965) h a v e 

poin ted out , the complement-f ixing an t i body detec ted in P.berghei-

infected N M R I mice is no t direct ly corre la ted wi th pro tec t ion . 

Ant ip lasmodia l an t ibody has also been demons t r a t ed in roden t 

ma la r i a by doub le diffusion in gel ( Z u c k e r m a n et al., 1965b). Precipi t ins 

were found in the sera of rats t h r o u g h o u t the ini t ial P.berghei infection 

a n d d u r i n g la tency. Ti t res rose following re-infection, pa r t i cu la r ly 

following the i m m u n i z a t i o n of rats wi th a cell-free ext rac t of P.berghei. 

These precipi t ins were species specific, a n d reac ted only wi th P.berghei 

a n d no t wi th extracts of P.vinckei ( G o b e r m a n a n d Z u c k e r m a n , 1966). 

T h e t a n n e d red blood cell haemagg lu t ina t ion test (Boyden, 1951) has 

been widely used to detect an t ibody developed against var ious parasi tes 

(Brown, 1969). Desowitz a n d Stein (1962), Desowitz (1965) a n d 

Desowitz et al. (1966), uti l ized this t echn ique for the detect ion of 

ant ibodies in P.berghei-infected ra ts . An t ibody titres rose d u r i n g the 

course of the infection a n d r ema ined a t a h igh level for th ree m o n t h s 

or more . Uninfected r a t sera often gave false positive agg lu t ina t ion 

react ions, wi th m u c h lower ti tres. R a b b i t s i m m u n i z e d wi th extracts of 

P.berghei-infected red blood cells also p r o d u c e d an t ip lasmodia l an t ibody , 

a l though titres were m u c h lower t h a n those recorded in ra ts given 

mul t ip le infective doses. * 

T a n n e d red blood cells coated wi th P.berghei, P.cynomolgi, P.coatneyi o r 

P.vivax ant igens cross-reacted wi th ant isera from pat ients wi th v ivax a n d 

fa lc iparum ma la r i a (Stein a n d Desowitz, 1964; Desowitz a n d Saave , 

1965). Cross-reactions, general ly of low t i t re , occur red a m o n g all these 

ant igens, par t icu la r ly w h e n the an t i se rum con ta ined h igh levels of 

an t ibody . T h u s , P.berghei appears to share ant igenic specificities wi th 

bo th s imian a n d h u m a n p lasmodia . 

Kre ie r a n d Ristic (1964) labelled sera from P.berghei-infected ra ts 

wi th fluorescein a n d showed direct b ind ing of this an t i s e rum to 

P.berghei-inkcted r ed cells. I n addi t ion , using a n indi rec t fluorescence 

t echn ique , mouse gamma-g lobu l in to P.berghei was detec ted on infected 

red blood cells of mice. Us ing immunofluorescence, S o d e m a n a n d 

Jeffery (1965) demons t r a t ed low titres of n a t u r a l an t i body reac t ing w i t h 

P.berghei-infected red blood cells in the sera of a cer ta in pe rcen tage of 

n o r m a l mice. 
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Cox et al. (1969) employed the indi rec t fluorescent an t ibody tech-

n ique , using specific an t i -mouse I g M a n d I g G , a n d demons t r a t ed t he 

presence of bo th classes of an t ibody . A n t i b o d y levels rose rap id ly d u r i n g 

the first 8 to 12 days after infection of mice wi th P.vinckei (chloroquine 

t rea ted) a n d r e m a i n e d elevated for several weeks. 

F iner ty et al. (1972) c o m p a r e d the h u m o r a l response of germ-free 

(GF) a n d convent ional ly r ea red (CV) P.berghei-inkcttd mice . Ind iv i -

d u a l s e rum samples were assayed for immunog lobu l in levels by a 

modificat ion of the rad ia l gel diffusion t echn ique (Manc in i et al., 1963). 

S e r u m anti-P.berghei t i tres were de t e rmined by the indirect fluorescent 

an t ibody t echn ique . T h e y found t h a t the an t ibody response of G F mice 

infected wi th P.berghei was m o r e rap id , t he an t ibody titres were higher , 

a n d these mice survived longer t h a n d id infected C V mice. Th is 

suggested t h a t se rum an t ibody p layed a role in the increased survival 

t ime of the G F mice . T h e anti-P.berghei response p receded a n y signifi-

can t rise in to ta l 7S immunog lobu l in . G F mice also showed a grea te r 

7S im m unog lobu l i n response t h a n d id C V mice. 

I n a la ter s tudy, F iner ty et al. (1973) eva lua ted the i m m u n e response 

to Eperythrozoon coccoides a n d P.berghei in germ-free a n d convent ional ly 

rea red mice infected wi th bo th parasi tes . I g M levels closely para l le led 

the an t i body responses to P.berghei, suggesting t h a t most of t h e an t i body 

to t he paras i te was present in this immunog lob u l i n class. I n compar i son 

to the large immunog lobu l in response, relatively low levels of an t i body 

to bo th parasi tes were detec ted in G F a n d C V mice. 

Vol ler et al. (1975) described a new m e t h o d for t he detect ion of 

an t ima la r i a l ant ibodies , wh ich thus far has been used only to de tec t 

axiû-P.vivax a n d anti-P.falciparum immunog lobu l in . Th i s m e t h o d , t he 

enzyme-l inked i m m u n o a b s o r b e n t assay (ELISA) described by Engval l 

a n d P e r l m a n n (1971, 1972), permi t s a quan t i t a t ive , objective de t e rmina -

t ion of an t i body ti tres. Ant igen , in this ins tance a soluble ext rac t of the 

ery throcyt ic stages of P.knowlesi, is used to coat a plastic t u b e or p la te . 

Th i s is t r ea ted wi th the an t ibody-con ta in ing serum, washed, a n d t h e n 

i ncuba t ed wi th an an t i - immunoglobu l in -con ta in ing an t i se rum to which 

t h e a p p r o p r i a t e enzyme has been l inked. Finally, t he a m o u n t of b o u n d 

enzyme, a n d thus of immunog lobu l in , is de t e rmined spec t rophoto-

metrical ly, u p o n add i t ion of t he cor responding subst ra te . Th i s tech-

n ique has so far p roven to be sensitive, a n d to give some low t i t re , false 

positive react ions, possibly d u e to " a u t o i m m u n e " ant ibodies a n d 

an t i - immunoglobu l in c o m m o n l y found in the tropics. 
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2. Role of antibodies in protection 
Cohen et al. (1961) suggested t ha t protect ive ant ibodies m a y act on free 

ma la r i a parasi tes r a t h e r t h a n on infected erythrocytes . Transfer of 

h y p e r i m m u n e serum to chi ldren infected wi th Plasmodium falciparum d id 

no t decrease the n u m b e r s of c i rcula t ing parasi tes unt i l comple t ion of 

schizogony. Cohen a n d Butcher (1970) la ter demons t r a t ed t h a t 

addi t ion of h y p e r i m m u n e serum to shor t - te rm in vitro cul tures of 

Plasmodium knowlesi, a synchronous paras i te of monkeys, d id no t 

interfere wi th the in t raery throcyt ic deve lopmen t of this paras i te , b u t 

interfered wi th deve lopment after schizogony. T h e au thors suggested 

tha t the inhib i tory act ion of the an t ibody , which was shown to be 

complemen t i ndependen t , was directed against the merozoites . 

H a m b u r g e r a n d Kre ie r (1975), work ing wi th a P.berghei-vdX system, 

recently invest igated an t ibody-med ia t ed in vivo e l iminat ion of free 

parasi tes a n d infected erythrocytes . Free parasi tes were isolated from 

infected blood by cont inuous flow sonication. Us ing indi rec t fluores-

cence, they found tha t , in vitro, an t ip lasmodia l ant ibodies b o u n d to free 

parasi tes wi th in 5 minutes , whereas infected a n d n o r m a l erythrocytes 

d id no t b ind ant ibodies . P re - t r ea tmen t of free parasi tes wi th i m m u n e 

se rum did no t increase the ra te of their in vivo e l iminat ion if t he parasi tes 

were washed before inject ion; the same result was also ob ta ined wi th 

infected red blood cells. If, following washing, the free parasi tes were 

resuspended in var ious di lut ions of i m m u n e serum, they were efficiently 

e l iminated in vivo. However , this was no t t rue for t he infected e ry th ro-

cytes. T h e parasi tes themselves, therefore, h a d to be associated wi th a 

crit ical a m o u n t of an t ibody in o rder to be e l iminated in vivo. T h e 

au thors further suggested t ha t the b ind ing of protec t ive ant ibodies to 

the parasi tes was reversible, a n d a t t r i bu ted this to a low avidi ty of t he 

protect ive ant ibodies or to a shedding of the i m m u n e complexes from 

t h e parasi tes ' surface. 

B. Antiplasmodial Antibodies to Sporozoites 

7. Circumsporozoite Precipitation reaction 
Antisporozoi te ant ibodies were first de tec ted by Russell et al. (1941) 

who observed t h a t the se rum of sporozoi te - immunized birds agglu t i -

n a t e d this paras i te stage, b u t no t paras i t ized red blood cells. I n r o d e n t 
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malar ia , V a n d e r b e r g et al. (1969) descr ibed a reac t ion of i m m u n e se rum 

wi th sporozoites which was des ignated the c i rcumsporozoi te prec ip i ta -

t ion (CSP) react ion. T h e react ion is charac te r ized by the format ion of 

a t e rmina l thread- l ike prec ip i ta te , often more t h a n twice the length of 

the sporozoite, w h e n these parasi tes a re i ncuba t ed wi th i m m u n e se rum 

(Figure 1). T h e C S P react ion is easily seen by phase contras t microscopy 

Figure 1. Phase contrast microscopy of sporozoites of P.berghei ( X 1000). Effects of incubation 
in immune serum, (a) Sporozoite incubated in immune mouse serum (30 min at 37°C). Note 
the very long thread-like precipitate (positive CSP reaction), to the left of the arrow. 

(b) Parasite incubated in normal mouse serum. 

after ten or more minutes of i ncuba t ion a t r o o m t e m p e r a t u r e or a t 

37°C, a n d is c o m p l e m e n t i ndependen t . This react ion does no t occur a t 

4°C or u p o n formalin t r e a t m e n t of the sporozoites (Cochrane et al., 

1976). F r o z e n - a n d - t h a w e d sporozoites p roduce , w h e n incuba t ed wi th 

i m m u n e serum, a pecul ia r type of C S P react ion consisting of a 

g r anu la t ed deposit a long most of the paras i te surface ( V a n d e r b e r g et al., 

1969). 

C S P ant ibodies a re p r o d u c e d by mice a n d rats , not only u p o n thei r 

in t ravenous i m m u n i z a t i o n wi th i r r ad ia t ed sporozoites of P.berghei, b u t 

also u p o n the bi te of infected i r r ad ia t ed mosqui toes ( V a n d e r b e r g et al., 

1970) as well as after injection of v iable sporozoites (Spi ta lny a n d 

Nussenzweig, 1973; Spi ta lny et al., in press). T h e C S P an t ibody 

response in rats given a single dose of i r r ad ia ted sporozoites was 

detectable for a considerably longer per iod t h a n in ra ts injected wi th 

viable sporozoites (Spi ta lny a n d Nussenzweig, 1973). R a t s also p roduce 

C S P ant ibodies w h e n injected wi th sporozoites of s imian a n d h u m a n 

plasmodia , to which these an imals a re no t susceptible (Nussenzweig 
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et al., 1973; Nussenzweig a n d Chen , 1974). T h e 7S gamma-g lobu l in 

fraction of i m m u n e se rum reacts wi th the sporozoites to p r o d u c e t he 

C S P react ion, a n d an t ibody titres increase after admin i s t r a t ion of 

mul t ip le sporozoite doses (Spi ta lny a n d Nussenzweig, 1973). 

C S P ant ibodies strongly cross-react wi th sporozoites of heterologous 

species of m u r i n e ma la r i a parasi tes . T h u s , the se rum of mice i m m u n i z e d 

wi th X- i r r ad ia t ed sporozoites of P.berghei p roduces a positive C S P 

react ion wi th sporozoites of P.vinckei a n d P.chabaudi a n d the reverse is 

also t rue (Nussenzweig et aL, 1972b). Cross-protect ion to sporozoite 

chal lenge paral lels these serological findings (Nussenzweig et aL, 1969b). 

C S P ant ibodies a re strictly s tage specific. T h e sera of an imals 

i m m u n i z e d wi th sporozoites of P.berghei h a v e no de tec tab le effect on 

ei ther the asexual blood stages, gametocytes , ookinetes or exoery thro-

cytic forms of the same paras i te s t rain ( V a n d e r b e r g et aL, 1972; 

V a n d e r b e r g , 1973). F u r t h e r m o r e , the ant igen(s) responsible for t he 

C S P react ion differ d u r i n g sporozoite m a t u r a t i o n . I m m u n i z a t i o n wi th 

oocyst sporozoites produces a n an t i se rum which reacts wi th bo th oocyst 

a n d salivary g land sporozoites. However , ant isera p roduced by 

i m m u n i z a t i o n wi th salivary g land sporozoites reac t p r imar i ly wi th 

this deve lopmenta l stage, a n d no t wi th oocyst sporozoites ( V a n d e r b e r g 

et aL, 1972). Sal ivary g land sporozoites a re also considerably m o r e 

infective a n d i m m u n o g e n i c t h a n oocyst sporozoites. Th is p h e n o m e n o n 

of "an t igen ic m a t u r a t i o n " has also been d o c u m e n t e d a n d invest igated 

in more deta i l in re la t ion to sporozoites of P.cynomolgi (Nussenzweig a n d 

Chen , 1974). 

2. Surface coat formation 
a. Detection by electron microscopy. Recent ly , C o c h r a n e et al. (1976) 

invest igated an t ibody- induced , u l t r a s t ruc tu ra l changes of ma la r i a l 

sporozoites. W h e n sporozoites of P.berghei a n d P.cynomolgi were incu-

ba ted in their respective ant isera, they b e c a m e covered by a very 

p r o m i n e n t a n d loosely packed surface coat of fine fibrillar ma te r i a l 

(Figure 2) . T h e results of a n add i t iona l i ncuba t ion of t he sporozoites 

wi th r abb i t an t i -mouse I g G conjugated to hemocyan in , suggested t h a t 

the surface coat resulted from an in te rac t ion of i m m u n o g l o b u l i n w i th 

the sporozoite 's surface. Pre-fixation of sporozoites wi th formalin, w h i c h 

destroyed infectivity of the parasi tes , d id no t apprec iab ly a l ter coa t 

format ion. 



Figure 2. Electron micrographs of sporozoites of P.berghei (x50 000). Effects of incubation 
in immune serum, (a) Sporozoite incubated in serum of normal mouse (30 min at 37°C). 
(b) Sporozoite incubated in serum of immunized mouse. A prominent coat of fine fibrillar 
material covers the entire surface of the parasite (courtesy of Dr Masamichi Aikawa, The 

Department of Pathology, Case Western Reserve University, Cleveland, Ohio, USA). 



Figure 3. Alteration of sporozoites of P.berghei following immune serum incubation. Scanning 
electron micrographs ( χ 9000). (a) Sporozoite incubated in immune serum. The body of the 
parasite appears smooth. The irregular configuration of the CSP reaction extends a con-
siderable distance posteriorly, (b) Sporozoite incubated in normal serum. Note the smooth 
surface of the parasite. The anterior end of the sporozoite is narrow, and can be clearly 

distinguished from the rounder posterior end. 
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Coat thickness was var iab le , be ing m i n i m a l a t t he an te r io r end, a n d 

m a x i m a l a t the poster ior end of the parasi tes (Figure 3) . C o c h r a n e a n d 

co-workers suggested t h a t a posteriorly d i rec ted m o v e m e n t of t he 

i m m u n e complexes, analogous pe rhaps to capp ing , could result in the 

formation of t he c i rcumsporozoi te prec ip i ta te . 

b. Detection by fluorescent antibody technique. I m m u n o g l o b u l i n deposits on 

the surface of sporozoites i n c u b a t e d wi th i m m u n e se rum can also be 

detected by indi rec t immunof luorescence (S. N a r d i n a n d R . S. Nussen-

zweig, in press). Because it does no t r equ i re viable parasi tes, this tech-

n ique has a considerable a d v a n t a g e over o ther me thods used to detect 

ant isporozoite ant ibodies . I n fact, bo th shor t - t e rm formalin-fixed sporo-

zoites a n d sporozoites m a i n t a i n e d a t — 70°C p r o d u c e as good a reac t ion 

as a fresh paras i te p r epa ra t i on . T h e reac t ion is very sensitive since it 

detects ant isporozoi te ant ibodies before they become demons t rab le by 

the C S P react ion . T h e specificity of this t e chn ique is ident ica l to t h a t 

of the C S P react ion. 

3. Sporozoite neutralizing activity 
W h e n sporozoites of P.berghei a re i n c u b a t e d in i m m u n e se rum for 

45 min a t r o o m t e m p e r a t u r e , the re is a considerable loss of infectivity, 

as revealed by the significantly lower pe rcen tage of pa t ency which 

these parasi tes i nduce in n o r m a l recipients (Nussenzweig et al., 1969a). 

This sporozoi te-neutra l iz ing activi ty (SNA) appea r s in mice after two 

i m m u n i z i n g doses, a n d increases in t i t re wi th fur ther i m m u n i z a t i o n . 

T h e react ion is c o m p l e m e n t i n d e p e n d e n t a n d does no t occur a t 4°C. 

Comple te loss of sporozoite infectivity can be ob ta ined wi th r a t h e r 

d i lu te i m m u n e se rum samples (Spitalny, 1973). 

Sporozoite neu t ra l iza t ion does no t affect o the r deve lopmen ta l stages 

of the same strain of paras i te . However , SNA, p r o d u c e d after i m m u -

nizat ion of mice wi th sporozoites of P.berghei, causes the loss of infectivity 

of sporozoites of all species of m u r i n e ma la r i a parasi tes . Sporozoi te 

neut ra l iza t ion does no t represent a pecul iar i ty of the roden t m a l a r i a 

system, since neut ra l iz ing activi ty was de tec ted in t he sera of rhesus 

monkeys which h a d been i m m u n i z e d against sporozoites of P.cynomolgi 

(Chen, 1974). 



266 R. S . N U S S E N Z W E I G , A . H . C O C H R A N E and H. J . L U S T I G 

4. Correlation between the presence of antisporozoite 
antibodies and protective immunity 
T h e r e is considerable correla t ion be tween the occur rence of an t i -

sporozoite ant ibodies a n d protect ive i m m u n i t y . However , there a re a 

var ie ty of condit ions in which h u m o r a l a n d protect ive ant isporozoi te 

responses a re dissociated. T h u s , protec t ion against chal lenge wi th 

sporozoites of P.berghei occurs in the absence of de tec table an t i -

sporozoite ant ibodies , bo th du r ing the early stage of i m m u n i z a t i o n 

(Spi ta lny a n d Nussenzweig, 1973) a n d in mice splenectomized pr ior to 

the i r i m m u n i z a t i o n (Spi ta lny et al., 1976). T h e presence of an t i -

sporozoite ant ibodies in the absence of pro tec t ion has also been 

observed after i m m u n i z a t i o n of mice wi th homogenized , sonicated or 

otherwise d is rupted sporozoites (Spi ta lny a n d Nussenzweig, 1972). 

T h e relat ionships a m o n g the different manifestat ions of an t i -

sporozoite ant ibodies , name ly CSP , coat format ion a n d SNA, a n d the 

quest ion of whe the r these represent ant ibodies against the same or 

different ant igens r ema in to be clarified. 

IV. CELL-MEDIATED RESPONSES 

I t is cer ta in t h a t cellular componen t s p lay a role in acqu i red i m m u n i t y 

to ma la r i a . I n addi t ion , h u m o r a l responses d o no t accoun t for all t he 

observed protec t ion . H u m o r a l a n d cel l -mediated i m m u n e mechanisms 

( C M I ) should cer tainly no t be considered complete ly i n d e p e n d e n t of 

one ano the r , since it is unlikely t ha t one mechan i sm operates 

exclusively. 

A. Evidence for CMI Responses to Erythrocytic Stages of 
Rodent Malaria 

7. Role of the thymus on the course of malarial infection 
T h y m e c t o m y of neona ta l rats , a t an age a t wh ich these an imals a re 

no rma l ly qui te resistant to this paras i te , followed by the i r chal lenge 

wi th P.berghei, caused m a r k e d exacerba t ion of the infection. Th i s was 

reflected in increased mor ta l i ty rates , h igher paras i taemias a n d m o r e 

p ronounced a n a e m i a (Brown et al., 1968; Stechschul te , 1969a). T h e 
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l a t te r a u t h o r measured the an t ip lasmodia l an t i body response of these 

thymec tomized infected rats , bo th by immunof luorescence a n d passive 

haemagg lu t ina t ion , a n d found t h e m to be similar to t h a t of controls . 

T h e admin is t ra t ion of an t i t hymocy te se rum (ATS) to ra ts , p r ior to 

a n d after the i r inocula t ion wi th P.berghei, mimicked the effect of 

t hymec tomy (Spira et al., 1970). All of these an imals ( including y o u n g 

adu l t rats) developed a cont inual ly ascending paras i t aemia , a n d died. 

T h e level of ret iculocytes in the A T S - t r e a t e d an imals was similar to 

t h a t of control ra ts , a n d the i r h u m o r a l response a p p e a r e d to be 

una l t e red . 

Congeni ta l ly a thymic , (nu/nu) mice developed a le thal infection u p o n 

inocula t ion wi th a n otherwise mild s t ra in of P.y.yoelii (17 X ) (Clark a n d 

Allison, 1974). T h e pa ras i t aemia r eached 8 0 % in these homozygous 

nujnu mice, a n d pract ica l ly every re t iculocyte was paras i t ized. I n 

contrast , t he nuj-\- l i t termates h a d a m a x i m a l pa ras i t aemia of 1 0 % a n d 

parasi tes were unde tec t ab l e a t t he end of the second week of infection. 

T h e admin is t ra t ion of A T S to mice , t h r o u g h o u t t h e course of thei r 

infection wi th P.y.yoelii (17 X ) p r o d u c e d similar, a l t hough somewha t 

less d r a m a t i c , results. A n u m b e r of A T S - t r e a t e d mice h a d a consider-

ab ly longer course of infection a n d r eached very h igh levels of p a r a -

si taemia, b u t d id survive (Barker a n d Powers , 1971a). These au thors 

repor ted a de lay in the occur rence of an t ip lasmodia l ant ibodies , a n d the 

t iming of the an t i body response a p p e a r e d to be corre la ted wi th recovery 

from the infection. Barker et al. (1971b) repor ted c o m p a r a b l e results 

after e i ther A T S or hydrocor t i sone t r e a t m e n t of the inocula ted mice . A 

th i rd type of man ipu l a t i on of thei r i m m u n e system, splenectomy, h a d 

considerably m o r e drast ic effects, resul t ing in a 1 0 0 % le thal o u t c o m e 

of the infection. 

These results differ from those ob ta ined by Sheagren a n d M o n a c o 

(1969), w h o thymec tomized a n d t hen adminis te red r a b b i t A M L S 

(ant i -mouse lymphocy te serum) to adu l t P.berghei-infzctza mice . 

Whereas t h y m e c t o m y per se a p p e a r e d to h a v e very little effect, t he 

admin is t ra t ion of r a b b i t A M L S significantly de layed mor ta l i ty , a n d 

decreased pa ras i t aemia . T h e au thors felt t h a t a direct ant iparas i t ic 

effect of t he r a b b i t A M L S could no t be excluded in these exper iments . 

I n hamsters , t hymec tomy , or admin i s t ra t ion of A T S , has been found 

to be highly beneficial, a p p a r e n t l y by decreas ing the autoal lergic 

reactions a n d the i m m u n o p a t h o l o g y resul t ing from the P.berghei 

infection (Wright , 1968; W r i g h t et al, 1971). 
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2. Malarial-induced alterations of Τ and Β cell numbers and 
function 
M a r k e d involut ion of the t h y m u s was observed in le thal P.berghei 

infections in mice (Kret t l i a n d Nussenzweig, 1974) b u t no t in mi ld 

P.y.yoelii infections. D u r i n g the fourth week of infection, l y m p h nodes 

of P.berghei-'mfccted mice h a d approx ima te ly one- th i rd t he n u m b e r of 

cells c o m p a r e d wi th those in l y m p h nodes of cont ro l an imals . C o m p l e -

m e n t receptor lymphocytes ( C R L ) were found to b e r educed ear ly 

d u r i n g the infection, whereas the t a -bea r ing (T) cells r e m a i n e d u n -

al tered unt i l t he th i rd week of infection a n d then decl ined. T h e " n u l l 

ce l l" popu la t ion was considerably increased in t he l y m p h nodes of 

these P.berghei-infected mice . Th i s is s imilar to observat ions in ma la r i a -

infected pa t ients (Wyler , unpub l i shed ) . 

C o m p a r a t i v e studies of the spleens in mice wi th ei ther fatal or 

non-fatal P.yoelii infections have shown t h a t recovery is associated wi th 

a vigorous response of t he ge rmina l centres. Disp lacement or rep lace-

m e n t of Τ lymphocytes by pyron inophyl ic cells was observed in the 

Τ cel l -dependent , per i -ar ter io lar regions, in b o t h fatal a n d resolving 

infections ( J a y a w a r d e n a et al., 1975a). 

J a y a w a r d e n a et al. (1975b) examined b o t h Τ cell n u m b e r s a n d Τ cell 

function of cells ob ta ined from the spleens of P.berghei, as well as 

P.jw/n '-infected mice . T h e results were qu i t e different in these two 

mala r i a l infections. P.berghei i nduced a t rans ient increase in Τ cell 

n u m b e r s , wh ich fell to s u b n o r m a l levels d u r i n g the la te stage of the 

infection. In vitro, t he mitot ic activity i nduced by P H A , which is 

p r imar i ly a Τ cell mi togen , was decreased in the spleens of the 

P.berghei-inkcted an imals . In vivo, t h e response to oxazolone, a skin-

sensitizing agent , was also considerably reduced . Infection wi th 

P.yoelii, on the cont ra ry , caused a considerable , sustained increase in 

the n u m b e r of d ividing cells present in t he spleens of these infected 

a n i m a l s ; t he re was a n increase in P H A response, a n d no a l te ra t ion in 

sensitization of t h e mice to oxazolone. J a y a w a r d e n a et al. (1975a) also 

invest igated t he response of unfrac t ionated or Τ cell-depleted spleen 

cells of P.berghei a n d P . jw/ü- infected CBA mice to L P S , a bac te r ia l 

polysacchar ide . Both infections caused a significant decrease in t h e 

LPS-responsive cells. Differently from the P H A response, t he mi to t ic 

act ivi ty i nduced by L P S did no t r e t u rn to n o r m a l levels u p o n resolut ion 

of the infection. 
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W e i n b a u m et al. (1976) h a v e demons t r a t ed t h a t Balb/c spleen cells 

of mice t h a t h a d recovered from a P.yoelii (17 X non- le tha l ) infection 

could be s t imula ted in vitro by syngeneic erythrocytes infected wi th t he 

le thal s t rain of this paras i te (P.yoelii 17 X L ) , or a soluble an t igen 

p repa ra t i on of schizonts of this paras i te . An t i - the ta t r e a t m e n t of the 

spleen cells marked ly r educed the proliferative response, ind ica t ing t h a t 

Τ cells were largely responsible for proliferat ion. N o r m a l spleen cells also 

h a d a significant response, a l t hough the kinetics suggested t h a t this was 

ei ther a p r i m a r y response to an t igen or d u e to mi togenic factors in the 

an t igen p r epa ra t i on . 

A delayed type hypersensit ivi ty reac t ion was demons t r a t ed by 

F iner ty (1975), in mice i m m u n i z e d wi th killed blood forms of P.berghei. 

These react ions were elicited by injection of f rozen-and- thawed p a r a -

sites in to the foot pads . Positive react ions (foot p a d swelling) corre-

la ted well wi th protec t ion in infected, cyc lophosphamide- t rea ted 

mice. 

3. A doptive transfer of immunity by cells 
T h e capaci ty of l ympho id cells of an imals which h a d recovered from a 

P.berghei infection, to transfer resistance to a subsequent ma la r i a l 

chal lenge, has been the focus of several investigations. Stechschul te 

(1969b) transferred cells ob ta ined from the thorac ic duc t , l y m p h nodes , 

spleens a n d per i tonea l cavity, from i n b r e d ra ts which h a d recovered 

from a P.berghei infection, to n o r m a l rats of the same s t rain. Pro tec t ion 

to chal lenge, seven days after t he cell transfer, was p r o n o u n c e d in t he 

an imals which h a d received spleen cells, a n d slight in t he ra ts receiving 

i m m u n e l y m p h n o d e cells. N o pro tec t ion was conferred by thorac ic 

duc t lymphocytes , ob ta ined from the same i m m u n e donors , or by the 

cells ob ta ined from the per i tonea l washings of these an imals . S imi lar 

results were ob ta ined by Robe r t s a n d T r a c e y - P a t t e (1969), a n d also by 

Phillips (1970), in the same hos t -pa ras i t e system. I n all of these 

exper iments , plasmocytes , lymphocytes , macrophages , as well as 

ma la r i a l an t igen were transferred. 

D a t a a re still relat ively scarce on the transfer of purified cell p o p u l a -

tions. Brown (1971) repor ted t h a t t r e a t m e n t of P.berghei-infected ra ts 

wi th an t i thymocy te se rum considerably reduced the abil i ty of t he 

lymphoid cells of these an imals to transfer pro tec t ion . H e also found 

t h a t removal of t he immunog lobu l in -bea r ing cells from t h e cell 
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suspension, by means of a n an t i - Ig coated co lumn, d id no t abolish the i r 

capac i ty to confer pro tec t ion (Brown, 1974). 

Us ing a different hos t -pa ras i t e association, P.yoelii-'immunized mice , 

J a y a w a r d e n a et al. (1975c) r epor ted t h a t the passive transfer of s e rum 

ob ta ined from these an imals p ro tec ted recipient mice against a P.yoelii 

infection. Th is se rum transfer p r o d u c e d only a very t rans ient inh ib i tory 

effect in Τ cell-deprived recipients. T h e transfer of i m m u n e spleen cells 

conferred a significant degree of pro tec t ion , even w h e n the cell 

suspension h a d been pre - t rea ted wi th a n t i - T serum, or w h e n the cells 

were given to Τ cel l-deprived recipients . 

T h e mechan i sm whe reby t h e var ious lymphocy te subpopula t ions 

in te rac t wi th macrophages , a n d possibly wi th i m m u n e serum, in o rde r 

to interfere wi th t h e m a l a r i a parasi tes , is still far from unders tood . 

Co leman et al. (1975) described an in vitro cytotoxic effect resul t ing in 

lysis a n d
 5 1

C r release from malar ia- infected red blood cells. T h i s effect 

was med ia t ed by macrophage-dep le t ed i m m u n e spleen cells a n d was 

an t ibody dependen t . T h e au thors suggested t h a t ac t ivated t hymus -

d e p e n d e n t cells or "nu l l cel ls" migh t be involved in this cytotoxic effect. 

B. Cell-mediated Responses in Sporozoite-induced Immunity 

7. Role of the thymus 
W h e n thymec tomized , i r rad ia ted , b o n e mar row-recons t i tu ted mice 

were i m m u n i z e d by the r epea ted adminis t ra t ion of i r r ad ia t ed sporo-

zoites of P.berghei, these an imals complete ly failed to develop protec t ion 

against a subsequent chal lenge (Spi ta lny et al., 1977). These mice 

also failed to develop ant isporozoi te ant ibodies , ind ica t ing t h a t this 

response was t h y m u s dependen t . Recons t i tu t ion wi th thymocytes 

restored bo th t he capac i ty to develop pro tec t ion as well as a n an t i -

sporozoite an t ibody response. Similar results were found using n u d e 

(nujnu) mice, t h a t is, absence of pro tec t ion a n d C S P ant ibodies . W h e n 

exposed to a n ident ica l schedule of i m m u n i z a t i o n nuj-\- l i t te rmates 

developed bo th these responses. 

2. Adoptive transfer of immunity by cells 
Pre l iminary results ob ta ined by J . P . V e r h a v e (personal communica t i on ) 

ind ica te t h a t t he pro tec t ion of sporozoi te - immunized mice c a n be 
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t ransferred by t h e admin i s t ra t ion of i m m u n e spleen cells to recipients . 

I n o rde r to achieve transfer of pro tec t ion , t he recipients mus t be 

i r rad ia ted a n d t h e cell transfer followed by a single sporozoi te inocula-

tion, which per se, fails to i nduce significant pro tec t ion . I n c u b a t i o n of 

i m m u n e spleen cells wi th a n an t i - the ta se rum abolished thei r capac i ty 

to confer pro tec t ion against sporozoite chal lenge, ind ica t ing t h a t Τ 

cells p l ay a n essential role in sporozoi te- induced protec t ion . C h e n 

et aL (1977) a r r ived a t a similar conclusion by observing t h a t 

Β cell i m m u n o c o m p e t e n c e is no t a n absolute r e q u i r e m e n t for the 

deve lopment of sporozoi te- induced pro tec t ion . A considerable n u m b e r 

of mice injected from b i r th wi th goa t an t i se rum to mouse μ-chain 

(μ-suppressed) b e c a m e pro tec ted after r epea ted i m m u n i z a t i o n wi th 

i r rad ia ted sporozoites. These an imals d id no t develop de tec tab le 

ant isporozoi te an t i body levels. 

V. IMMUNIZATION OF RODENTS AGAINST MALARIA 

A var ie ty of me thods of i m m u n i z a t i o n has been employed in o rde r to 

establish op t ima l condit ions for ob t a in ing pro tec t ion against ma la r i a . I n 

addi t ion , i m m u n i z a t i o n studies h a v e al lowed the mechan i sms of 

acqu i red i m m u n i t y to roden t m a l a r i a to be invest igated. Expe r imen ta l 

approaches h a v e uti l ized i m m u n i z a t i o n wi th r epea ted or long-last ing 

infection wi th v iable parasi tes , a t t e n u a t e d or killed parasi tes or paras i te 

fractions. I n addi t ion , i m m u n i z a t i o n procedures h a v e sometimes 

inc luded the use of ad juvants wi th t he paras i te p r ep a ra t i o n . N o n -

specific factors also confer some protec t ion agains t infection. 

A. Immunization with Blood Stages of Malaria 

1. Repeated or long-lasting infection 
This is discussed on p p . 252-254 . 

2. Attenuated parasites 
Effective i m m u n i z a t i o n of rodents can be achieved t h r o u g h the use of 

a t t enua ted parasi tes . Parasi tes wi th decreased vi rulence sometimes 

arise spontaneously, o r c a n b e i nduced b y ei ther tissue cu l tu re passage 

or i r rad ia t ion . 
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a. Tissue culture passage of parasitized erythrocytes. Weiss a n d de Giust i 

(1964a, b , 1966) a n d Weiss (1965) repor ted t h a t t he v i ru lence of a 

s t rain of P.berghei h a d been al tered by ma in t a in ing infected r a t b o n e 

m a r r o w or liver, in vitro, in tissue cu l ture m e d i u m conta in ing n o r m a l 

l a m b , calf or hams te r se rum. T h e expiants induced n o r m a l infections 

w h e n i m p l a n t e d in to rats , b u t h a d a r educed vi rulence in mice. Cu l tu re 

of infected expiants in homologous r a t se rum did no t decrease the 

vi rulence of the s train. After a n u m b e r of passages from ra t to cu l tu re 

to ra t , most of the recipient mice recovered a n d were resistant to 

re- inoculat ion bo th wi th the a t t enua t ed a n d virulent , p a r e n t strains. 

b. Irradiation of parasitized red blood cells. I m m u n i z a t i o n wi th i r r ad ia t ed 

parasi t ized red blood cells was first r epor ted by Ce i thaml a n d Evans 

(1946) in an av ian ma la r i a system. Chicken erythrocytes , paras i t ized 

wi th Plasmodium gallinaceum, were exposed to 30 000 r a d a n d injected in to 

n o r m a l chickens. A degree of resistance to chal lenge wi th P.gallinaceum 

was ob ta ined . 

Cor rade t t i et al. (1966) repor ted the i m m u n i z a t i o n of rodents wi th 

i r rad ia ted blood forms. Ra t s were i m m u n i z e d wi th a single dose of 

infected red blood cells which h a d been i r r ad ia ted a t 20 000 r a d or 

more . After chal lenge wi th viable parasi t ized erythrocytes , they 

developed a lower pa ras i t aemia of shor ter d u r a t i o n t h a n t h a t of control 

an imals . Ra t s i m m u n i z e d wi th infected red blood cells, i r r ad ia ted a t 

18 000 r a d or less, h a d a pro longed p r é p a i e n t per iod u p o n chal lenge, 

b u t pa ras i t aemia levels a n d mor ta l i ty rates were una l t e red c o m p a r e d to 

control an imals . These observat ions were confirmed a n d ex tended in 

mice a n d ra ts . Wel lde a n d S a d u n (1967) a n d Wel lde etal. (1969) found 

t h a t the degree of acqu i red resistance was p ropor t iona l to the n u m b e r 

of i m m u n i z i n g doses a n d the n u m b e r of parasi tes used for chal lenge. 

Mouse or r a t h y p e r i m m u n e sera, ob ta ined using i r rad ia ted red blood 

cells as the i m m u n o g e n , effectively suppressed early infections in 

recipient mice w h e n injected concomi tan t ly wi th p a r e n t parasi tes . 

These sera h a d min ima l effect w h e n injected concomi tan t ly wi th a 

" v a r i a n t " s train recovered from i m m u n i z e d mice following chal lenge. 

T h e " v a r i a n t " s train r ema ined refractory to the i m m u n e a n t i - " p a r e n t " 

sera even after 18 passages t h r o u g h n o r m a l mice (Briggs a n d Wel lde , 

1969). Th is finding of " v a r i a n t " popula t ions of P.berghei co r robora t ed 

the earl ier observations of Cox (1959, 1962) on d rug- t r ea t ed P.bergkei-

infected mice. Relaps ing popula t ions of P.berghei, ob ta ined from these 
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mice, differed from p a r e n t strains in te rms of vi rulence, i m m u n o -

genic! ty a n d susceptibili ty to l a tency- induc ing t r ea tmen t s . 

3. Heat-inactivated parasitized red blood cells 
Heat - inac t iva ted parasi t ized blood has been used to induce i m m u n i t y 

to P.berghei infections in mice (D 'An ton io et al.9 1969a; D ' A n t o n i o , 

1972). P repara t ions of paras i t ized red blood cells were i ncuba t ed a t 

different t empera tu re s (41-56°C) for va ry ing per iods of t ime , a n d then 

used as the i m m u n o g e n . T h e i m m u n i z a t i o n schedule consisted of e i ther 

a single i n o c u l u m or mul t ip le injections. N o p a t e n t or subpa t en t 

infections resulted from the injection of hea t - inac t iva ted paras i t ized 

erythrocytes . I m m u n i z e d mice, u p o n chal lenge wi th viable P.berghei 

parasites, developed mild anaemias a n d low levels of pa ras i t aemia 

which b e c a m e unde tec tab le after one to three weeks. 

4. Parasite fractions 
Limi ted success has been ob ta ined in the i m m u n i z a t i o n of an imals wi th 

paras i te fractions. Z u c k e r m a n et al. (1965a, 1967) found t h a t y o u n g 

rats developed a significant measure of pro tec t ion after i m m u n i z a t i o n 

wi th a cell-free ext rac t of P.berghei. M a x i m u m resistance to chal lenge 

was achieved wi th th ree i m m u n i z i n g doses a n d was demons t r a t ed by an 

increase of t h e p r é p a i e n t per iod, lower paras i taemias which were 

shor ter in du ra t ion , a n d decreased mor ta l i ty rates . Sterile pro tec t ion 

was no t achieved. However , Cox (1965) a n d Schindler (1965) failed to 

detect a n y protect ive response in mice i m m u n i z e d wi th extracts of 

P.berghei. 

D ' A n t o n i o et al. (1969b, 1970) a t t e m p t e d i m m u n i z a t i o n of A / J mice 

by in t raper i tonea l injection of e i ther solubilized or non-solubil ized 

mate r i a l ex t rac ted from blood stages of P.berghei. U p o n chal lenge, t he 

recipients exper ienced t ransient , low g r a d e paras i taemias , a n d most of 

the mice recovered completely . T h e course of infection was similar in 

all p ro tec ted groups i n d e p e n d e n t of the rou te of chal lenge, in t ravenous 

or in t raper i tonea l , or t h e type of p lasmodia l p r epa ra t i on used for 

immun iza t i on . T h e protec t ive fraction was present in the par t ia l ly 

purified p lasmodia l ma te r i a l con ta ined in two void vo lume eluates of 

a Sephadex G-200 co lumn (D 'An ton io et al, 1970). 
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B. Cross-protection in Blood-lnduced Infections 

N u m e r o u s d a t a a re avai lable on cross-protection a m o n g b lood- induced 

infections of var ious roden t ma la r i a species or strains. Mice wi th a 

chronic P.chabaudi infection survived a n otherwise le thal P.vinckei 

infection b u t were no t pro tec ted against P.berghei (Nussenzweig et al., 

1966; Yoeli, 1966; Yoeli et al, 1966). 

Cox a n d Voller (1966) found t h a t rats which h a d recovered from 

P.berghei infections were i m m u n e to chal lenge wi th P.yoelii. I n reciprocal 

exper iments , rats i m m u n e to P.yoelii showed only a pa r t i a l i m m u n i t y to 

P.berghei. T h e au thors suggested t h a t the grea te r vi rulence of P.berghei 

was responsible for this difference. T h e P.bergheiÀmmuraztà an imals 

were susceptible to P.chabaudi a n d P.vinckei chal lenge. Absence of 

cross-protection be tween P.berghei a n d P.vinckei was earl ier d e m o n -

st ra ted by R o d h a i n (1953, 1954), Fab i an i a n d Orfila (1959) a n d Cox 

(1966). Cox (1970) a n d Barker (1971) ex tended these studies to mice 

a n d ob ta ined results similar to those repor ted for ra ts . M o r e recently, 

Hargreaves et al. (1975) showed pa r t i a l protec t ion against P.berghei a n d 

min ima l protec t ion against P.vinckei after i m m u n i z a t i o n wi th a mi ld 

s train of P.yoelii (17 X ) . 

Protect ion can be induced by a mild s t rain to a v i ru len t s t ra in of t he 

same species. T h u s , Adler a n d Fone r (1961) demons t r a t ed protec t ion 

of mice against t he vi ru lent Β strain of P.vinckei following previous 

infection wi th the relatively benign h a m s t e r - a d a p t e d Η strain. Barker 

(1971) no ted t ha t mice, after recovery from a P.yoelii (17 X ) mild 

s t ra in infection, showed solid pro tec t ion against a v i ru len t isolate of the 

p a r e n t s t rain. H e a t t r ibu ted the pro tec t ion to shar ing of "funct ional 

an t igens" be tween t he two strains. O x b r o w (1973) showed t h a t w h e n 

the virulence of P.y.nigeriensis was reduced to a level resembl ing tha t of 

the mild strain P.y.yoelii, it still p ro tec ted against no rma l ly v i ru lent 

P.y.nigeriensis. Harg reaves et al. (1975) observed protec t ive i m m u n i t y 

induced by two mild strains of P.yoelii (17 X a n d 33 X ) against a 

v i ru lent s t ra in of this Plasmodium. 

This cross-protection parallels to some degree findings of serological 

cross-reactivity. T h u s , Z u c k e r m a n (1964b) a n d Z u c k e r m a n a n d Spi ra 

(1965), using Immunoelectrophoresis, showed t h a t P.berghei a n d 

P.vinckei h a d several c o m m o n a n d several specific ant igens . Us ing t h e 

fluorescent an t ibody technique, Vol ler (1965) demons t r a t ed a slight 

cross-reaction be tween P.berghei a n d P.vinckei. I t is no t k n o w n if t he 
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response to any of these c o m m o n ant igens is responsible for p ro -

tect ion. 

Bray a n d E l -Naha l (1966), using the indi rec t hemagg lu t ina t ion test, 

a n d E l -Naha l (1967), a n d Cox a n d T u r n e r (1970), using the indi rec t 

immunof luorescent t echn ique , found t h a t t he four ma la r i a parasi tes of 

m u r i n e rodents could be classified in to two ant igenical ly dist inct 

g r o u p s : (i) P.chabaudi a n d P.vinckei a n d (ii) P.berghei a n d P.yoelii. 

C. Immunization with Sporozoites 

Ini t ia l studies using mala r i a l sporozoites as i m m u n o g e n s were those of 

Mul l igan et al. (1941) a n d Russell et al. (1942). A considerable p ropor -

t ion of fowls vacc ina ted wi th sporozoites of Plasmodium gallinaceum, 

inac t iva ted by ul t raviolet l ight or by g r ind ing or d ry ing a n d subsequent 

reconst i tut ion were resistant to sporozoite chal lenge. R i ch a rd s (1966) 

confirmed a n d ex tended these results using the same hos t -pa ras i t e 

system. Sporozoites inac t iva ted wi th formalin or by freeze-thawing also 

conferred pa r t i a l pro tec t ion to sporozoite chal lenge. These studies were 

followed by investigations on the immunogen ic i ty of sporozoites of 

roden t ma la r i a . 

7. Living sporozoites 
V e r h a v e (1975) carr ied ou t extensive studies to de t e rmine w h e t h e r 

i m m u n i z a t i o n of rats wi th n o n - a t t e n u a t e d sporozoites of P.berghei could 

induce a protect ive response to a subsequent sporozoite chal lenge. T o 

p reven t red blood cell pa ras i t aemia d u r i n g immun iza t i on , ch lo roqu ine 

was adminis te red in t h e d r ink ing wa te r of these an imals . Responses were 

eva lua ted by the n u m b e r of exoerythrocyt ic forms developing after 

chal lenge. Resul ts were var iab le , b u t in genera l , 3 or 4 i m m u n i z i n g 

doses were sufficient to r educe the n u m b e r of exoerythrocyt ic forms to 

unde tec tab le levels. Th is pro tec t ion , effected by ei ther in t ravenous 

inocula t ion or mosqui to bi te , was evident for several mon ths . W h e n the 

an imals were chal lenged after one year , a considerable reduc t ion in the 

n u m b e r of developing exoerythrocyt ic forms was still observed. Similar 

observat ions were m a d e by Beaudoin et al. (1975) w h o were also able 

to i m m u n i z e ra ts against the A N K A strain of P.berghei, by p lac ing t h e m 

on a suppressive reg imen of ch loroquine d u r i n g i m m u n i z a t i o n . 
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2. Irradiated sporozoites 
Sporozoi te- induced pro tec t ion was ob ta ined in a roden t ma la r i a system 

u p o n i m m u n i z a t i o n of mice wi th X- i r r ad i a t ed sporozoites of P.berghei 

(Nussenzweig et al., 1967). I n these ini t ial exper iments , in which the 

an imals received a single i m m u n i z i n g dose, the pe rcen tage of an imals 

pro tec ted against a n otherwise le thal sporozoite chal lenge var ied 

considerably. Protec t ion of 9 0 % or m o r e of the an imals was ob ta ined 

by increasing the n u m b e r of i m m u n i z i n g doses to th ree o r m o r e 

(Nussenzweig et αι., 1969a). Sterile i m m u n i t y was ob ta ined u n d e r these 

condit ions, since no parasi tes were de tec tab le direct ly after chal lenge, 

or indirect ly, by subinocula t ion of blood of t he i m m u n i z e d mice . Mice 

splenectomized after i m m u n i z a t i o n also showed sterile i m m u n i t y . 

Protect ion r ema ined una l t e red for app rox ima te ly two m o n t h s after the 

last i m m u n i z i n g dose a n d t hen decl ined progressively. 

Ini t ial ly, sporozoites used for i m m u n i z a t i o n were ob ta ined by 

dissection of t he salivary glands of P.berghei-infected mosqui toes . I n 

subsequent exper iments , t he use of gradient-pur i f ied sporozoites 

pe rmi t t ed the harves t ing of larger n u m b e r s of parasi tes . Sporozoites of 

P.berghei, as well as P.cynomolgi, recovered from a l inear Renograf in /BSA 

grad ien t , were shown to re ta in fully their immunogen ic i ty a n d infec-

tivity (Kret t l i et al., 1973). F u r t h e r m o r e , con t amina t ion of these p a r a -

sites by bac ter ia , fungi a n d mosqui to tissue, was considerably reduced . 

Non-infected salivary glands failed to i nduce pro tec t ion against 

sporozoite chal lenge w h e n adminis te red accord ing to t he same schedule 

a n d in c o m p a r a b l e a m o u n t s to those of sporozoite-infected salivary 

glands (Nussenzweig etal., 1969b; Spi ta lny a n d Nussenzweig, 1972). I n 

contrast , Alger et al. (1972) repor ted t h a t a cer ta in pe rcen tage of mice 

which h a d been repea ted ly injected in t raper i tonea l ly wi th non-infected 

mosqui to salivary glands , d id no t become infected u p o n in t raper i tonea l 

sporozoite chal lenge. As these au thors suggested, this migh t be d u e to 

a non-specific s t imula t ion of cells in the per i tonea l cavity, wh ich could 

t hen interfere wi th the further deve lopment of the sporozoites used for 

chal lenge. I n fact, the in t raper i tonea l rou te of infection provides 

considerably less consistent results t h a n the in t ravenous injection of 

sporozoites of P.berghei (Vande rbe rg et al., 1968). 

I m m u n i z a t i o n wi th i r rad ia ted sporozoites injected in t ravenous ly 

p r o d u c e d a significantly grea ter pe rcen tage of p ro tec ted an imals a n d a 

min ima l degree of var ia t ion from exper iment to exper iment (Spi ta lny 
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a n d Nussenzweig, 1972). Mice i m m u n i z e d by o the r routes ( intra-

muscular ly , i n t r a p e r i t o n e a l ^ or in t r ade rmal ly ) exhibi ted m u c h lower 

levels of protec t ion . 

I m m u n i z a t i o n wi th i r r ad ia t ed sporozoites of P.berghei p ro tec ted 

extensively against chal lenge wi th sporozoites of P.vinckei a n d P.chabaudi 

a n d the reverse was also t rue (Nussenzweig et al., 1972). By contras t , 

in h u m a n ma la r i a the re is strict species specificity be tween the 

i m m u n i z i n g a n d the chal lenging sporozoi te species. Cross-protect ion is 

observed be tween different geograph ic strains of the same species 

(Clyde et al., 1975). C S P a n d indi rec t fluorescent an t i body tests also 

demons t r a t e species specificity a m o n g the s imian malar ias (Chen et al., 

1976; J . M c N a m a r a , unpub l i shed ) . 

This i m m u n i t y is strictly s tage specific since it does no t affect the 

deve lopment or viabil i ty of t he erythrocyt ic stages in mice i m m u n i z e d 

wi th P.berghei sporozoites (Nussenzweig et al., 1969b). F u r t h e r m o r e , 

oocyst sporozoites of P.berghei fail to i nduce pro tec t ion ( V a n d e r b e r g 

etal., 1972). 

3. Killed sporozoites 
Alger et al. (1972) a n d Spi ta lny a n d Nussenzweig (1972) repor ted t h a t 

the r epea ted injection of hea t - inac t iva ted sporozoites of P.berghei 

i nduced a va r i ab le degree of pro tec t ion in mice . These au thor s ob ta ined 

m i n i m a l or no protec t ion u p o n i m m u n i z a t i o n wi th f rozen-and- thawed 

sporozoites. 

Beaudoin et al. (1975) r epor ted a significant degree of pro tec t ion in 

mice repea ted ly injected wi th b o t h i r r ad ia ted a n d non- i r r ad ia ted 

P.berghei sporozoites killed in formalin. O u r own observat ions ind ica te 

t h a t formalinized or lyophil ized sporozoites of P.berghei a re poor ly 

i m m u n o g e n i c since mice i m m u n i z e d wi th these sporozoite p repa ra t ions 

showed min ima l or no protec t ion u p o n chal lenge (A. H . C o c h r a n e et al., 

unpub l i shed) . 

All i m m u n i z a t i o n a t t empt s using sporozoites d is rupted by sonicat ion 

or homogeniza t ion have failed to induce a significant degree of p r o -

tect ion. Considerable pro tec t ion has been achieved, therefore, only 

when the sporozoites used for i m m u n i z a t i o n were in tac t . Pe rhaps in tac t 

sporozoites re ta in thei r capac i ty to u n d e r g o some further pa r t i a l 

deve lopment wi th in the roden t host or they elicit a different i m m u n e 

response from t h a t p r o d u c e d by d is rupted sporozoites. 
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D. Comparison of the Basic Characteristics of Blood Stage 
and Sporozoite-induced Protection 

O n e basic difference in the protect ive response i nduced by i m m u n i z a -

t ion wi th these different deve lopmenta l stages is the extent of the 

protec t ion a n d the response to chal lenge. Animals effectively im-

mun ized wi th sporozoites, a t least in the roden t system, acqu i re 

"sterile i m m u n i t y " , i.e. no p a t e n t or subpa t en t paras i taemias occur 

u p o n chal lenge. However , those i m m u n i z e d an imals which d o become 

p a t e n t u p o n chal lenge invar iab ly die of the infection after a p ro longed 

p r é p a i e n t per iod. 

Protec t ion induced by i m m u n i z a t i o n wi th blood stages, on the 

con t ra ry , is usually par t i a l . T h e i m m u n i z e d an imals presen t u p o n 

chal lenge a very mild, usually short-l ived infection, from which they 

recover. 

A n o t h e r r a t h e r i m p o r t a n t difference is the r ange of the specificity of 

protec t ion . Animals i m m u n i z e d wi th b lood forms of r o d en t ma la r i a a re 

usually p ro tec ted against the p lasmodia species used for immun iza t i on , 

b u t r e m a i n fully susceptible to chal lenge wi th the o the r roden t m a l a r i a 

species. I n the case of sporozoite immun iza t i on , pro tec t ion is also 

directed against sporozoites of the o the r m u r i n e m a l a r i a paras i tes . 

T h e unde r s t and ing of these a n d o the r basic differences in the i m m u n e 

response to erythrocyt ic parasi tes a n d sporozoites will d e p e n d on 

grea te r knowledge of the mechan isms of resistance a n d the ant igens 

involved. 

E. Use of Adjuvants in Rodent Malarial Immunization 

Adjuvants have been employed widely in po ten t i a t ing the i m m u n e 

response of hosts to var ious paras i te ant igens . F r e u n d ' s comple te 

ad juvan t (FCA) has been used wi th inac t iva ted parasi tes or fractions 

of av ian p lasmodia ( F r e u n d et aL, 1945a; Coffin, 1951) a n d p r i m a t e 

p lasmodia (F reund et aL, 1945b, 1948; T a r g e t t a n d Fu l ton , 1965; 

Brown et aL, 1970; Phillips et aL, 1970; Schenkel et aL, 1973; Mitchel l 

et aL, 1974, 1975; Simpson et aL, 1974; Brown a n d T a n a k a , 1975). 

Results of these studies, a l t hough var iab le , show t h a t F C A can e n h a n c e 

the protect ive effect of the ma la r i a ant igens . 

However , relat ively little work has been d o n e wi th r o d e n t m a l a r i a 

ant igens in conjunct ion wi th ad juvants . Desowitz (1975) found t h a t 

protect ive i m m u n i t y as demons t r a t ed by lower mor ta l i ty ra tes , r e d u c e d 
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paras i taemias , a n d a shor tened course of infection was i nduced by 

soluble, e rythrocyt ic stage, P.berghei an t igens admin i s te red wi th a series 

of adjuvants . These ad juvants inc luded saponin , hexy lamine , Bordetella 

pertussis vaccine, levamisole a n d polyinosinic-poly-cytidylic acid (poly 

I : C ) . T h e same ant igens , combined wi th F r e u n d ' s comple te ad juvant , 

bacter ia l endotoxin , v i t amin A, polyadenyl ic-polyuridi l ic acid (poly 

A : U ) failed to induce a n y significant degree of pro tec t ion . 

Admin i s t ra t ion of Corynebacterium parvum, a p o t e n t R E S s t imulant , 

p r ior to a single dose of i r r ad ia t ed sporozoites p ro tec ted a considerable 

n u m b e r of A / J mice agains t chal lenge wi th viable sporozoites of 

P.berghei (S. N a r d i n , unpub l i shed ) . M o s t an imals failed to develop 

paras i taemia , a n d those which d id showed a significantly increased 

p r é p a i e n t per iod. I n control an imals , t he single injection of C.parvum 

a lone or i r r ad ia t ed sporozoites a lone p rov ided m i n i m a l levels of 

protect ion. T h e animals wh ich h a d been effectively i m m u n i z e d by 

admin is t ra t ion of C.parvum a n d a single dose of i r r ad ia t ed sporozoites, 

d id no t have de tec tab le sporozoi te-neutra l iz ing activi ty in thei r sera a t 

the t ime of chal lenge. 

F. Non-specific Protection Against Malarial Infection 

A var ie ty of substances has been shown to i n d u c e a degree of pro tec t ion 

against b lood- induced a n d / o r sporozoi te- induced roden t ma la r i a 

infections. T h u s , M a r t i n a al. (1967) a n d M a c G r e g o r et al. (1969) found 

t h a t p r e - t r e a t m e n t wi th Escherichia coli endotoxin h a d a modera te ly 

suppressive effect on t he course of b lood- induced P.berghei infections of 

rats a n d mice. 

Mice injected in t raper i tonea l ly wi th F r e u n d ' s comple te ad juvan t a n d 

then chal lenged two weeks la ter w i th P.forgA^-parasitized erythrocytes , 

showed a low pa ra s i t aemia d u r i n g the first week following chal lenge. I n 

those an imals wh ich survived the infection, peak pa ras i t aemia was 

reached la te in infection a n d then sharp ly decl ined ( Je rusa lem, 1968). 

T h e r e is some evidence t h a t interferon m a y p lay a non-specific role 

in pro tec t ion against infections of r oden t ma la r i a . Schul tz et al. (1968) 

used Newcast le disease virus as a n interferon inducer . T h e y found the 

m e a n survival t ime of mice t r ea ted a n d t hen chal lenged wi th P.berghei-

infected red blood cells t o be significantly g rea te r t h a n t h a t of control 

animals . 

Recent ly , Cla rk et al. (1976) used live B C G a n d ob ta ined m a r k e d 
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protec t ion in CBA mice against the mild s train of P.yoelii (17 X ) 

chal lenge a n d a somewha t r educed pro tec t ion against P.vinckei. 

Mice pre - t rea ted wi th hea t - inac t iva ted C.parvum, were significantly 

p ro tec ted agains t a subsequent chal lenge w i th sporozoites of 

P.berghei (Nussenzweig, 1967). A var iab le pe rcen tage of these mice 

failed to develop pa ras i t aemia and , in others , t he length of the p r é p a i e n t 

per iod was considerably increased. C.parvum also affected the course of 

t he blood infection, since some animals which b e c a m e p a t e n t survived. 

I n a series of pape r s , J a h i e l et al. (1968a, b , 1969, 1970) showed t h a t 

th ree interferon inducers , Newcast le disease virus, s ta tolon a n d a 

double -s t randed copolymer of polyriboinosinic acid a n d polyr ibo-

cytidylic acid (poly I : C ) , p ro tec ted mice e i ther total ly or par t ia l ly 

against P.berghei sporozoite chal lenge. T h e d a t a ind ica ted t h a t the stage 

most sensitive to the protect ive effect of the interferon inducers occur red 

late in exoerythrocyt ic deve lopment . 

VI. IMMUNOPATHOLOGY 

M u c h of the i m m u n o p a t h o l o g y associated wi th ma la r i a infection in 

rodents appea r s to der ive from the presence of soluble ma la r i a ant igens 

a n d the synthesis of an t ibody to these ant igens , followed by the 

format ion of i m m u n e complexes. T h e subsequent activity of these 

complexes a n d thei r persistence in the ci rculat ion a n d tissues m a y be 

responsible for m a n y of the pa thologica l sequelae of this infection. I n 

add i t ion to soluble paras i t ic ant igens , t he possibility t h a t host ant igens 

a re a l tered by the paras i te or the disease process, a n d t ha t an i m m u n e 

response to these a l tered host componen t s ensues, mus t be considered. 

T h e fact t h a t m a n y of the p h e n o m e n a discussed below are also found 

in o ther hos t -ma la r i a associations suppor ts the hypothesis t ha t a 

c o m m o n pathologica l process is involved. Differences in the pa tho logy 

observed in var ious infected hosts m a y be a t t r ibu tab le to differences in 

the course of infection. These m a y d e p e n d bo th on the p lasmodia l a n d 

the host species, the age of the host, its genet ic const i tut ion a n d 

env i ronmenta l factors. 

A. Plasmodial Antigens 
T h e presence of soluble c i rcula t ing ma la r i a ant igens in mice was 

demons t ra t ed by Seitz (1972) by doub le diffusion in aga r of sera from 
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P.berghei-inkcted mice tested against sera of mice wh ich h a d recovered 

from this infection. T h e occur rence of two or th ree different p lasmodia l 

ant igens was demons t r a t ed in this way . Mul t ip l e ant igens were also 

demons t ra ted by coun te rcu r ren t electrophoresis, a faster a n d m o r e 

sensitive t echn ique (Seitz, 1975). Similar ly, soluble m a l a r i a ant igens 

have been demons t r a t ed in monkeys infected wi th P.knowlesi (Ea ton , 

1939; Cox, 1966) a n d wi th P.malariae a n d P.falciparum ( L a m b e r t a n d 

H o u b a , 1974), a n d in h u m a n s wi th P.falciparum infections ( M c G r e g o r 

et al, 1968; Wilson et al, 1969, 1973, 1976a, b ) . 

T h e im por t ance of these ant igens resides no t mere ly in the i r 

occurrence in the serum, b u t in their persistence d u r i n g the course of 

infection. Whi le this persistence has no t been direct ly demons t r a t ed in 

the roden t system, it occurs, for example , in h u m a n infection wi th 

P.malariae, in which considerable an t igen is released, wh ich elicits a 

s t rong immunopa tho log i ca l response (Cohen , 1973) evidenced by 

deposit ion of i m m u n e complexes in the k idney. 

B. Antibodies 

T h e occurrence of se rum ant ibodies d u r i n g m a l a r i a infections has been 

a m p l y d o c u m e n t e d a n d discussed on p p . 257-260 . I n re la t ion to 

i m m u n o p a t h o l o g y , it should be po in ted ou t t h a t the an t i body response 

is usually of g rea te r m a g n i t u d e t h a n migh t be expected on the basis of 

the observed pro tec t ion a n d the a m o u n t of an t i body k n o w n to be 

specific to ma la r i a ant igens. Cohen (1974) has po in ted ou t t h a t in 

chronic m a l a r i a h igh levels of I g G are p r o d u c e d wh ich are no t an t i -

mala r ia l a n d t h a t this m a y accoun t for t he occur rence of cold 

agglut inins a n d immunocong lu t in ins d u r i n g infection. T h e presence of 

cold agglut inins , for example , has been d o c u m e n t e d d u r i n g the course 

of infection in rodents a n d will be discussed in m o r e detai l . 

C. Circulating Immune Complexes 

T h e occur rence of c i rcula t ing i m m u n e complexes is very likely the 

consequence of the presence of m a l a r i a an t igen a n d an t i body in t he 

circulat ion. Th i s has been demons t r a t ed in h u m a n s ( H o u b a a n d 

L a m b e r t , 1973) by prec ip i ta t ion of
 1 2 5

I - l a b e l l e d an t i body to P.malariae 

in sera of Niger ian nephrot ics by 7 - 5 % polyethylene glycol. Th i s 

me thod was descr ibed for prec ip i ta t ion of C l q - b o u n d i m m u n e com-
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plexes (Clq is a c o m p o n e n t of complement ) in 2 - 5 % polyethylene 

glycol (Nydegger et aL, 1974). 

Ci rcu la t ing i m m u n e complexes have not been demons t r a t ed direct ly 

in rodents , b u t the changes in c o m p l e m e n t levels, the deposi t ion of 

i m m u n e complexes in the kidney, a n d the occurrence of e ry throcyte -

b o u n d an t ibody a n d a n a e m i a all suggest t ha t c i rcula t ing i m m u n e 

complexes p r o b a b l y occur d u r i n g the infection. 

D. Changes in Complement Levels 

Alterat ions in complemen t levels of rodents infected wi th P.berghei were 

first observed by Fogel et al. (1966). Recen t ly Kre t t l i et al. (1976) 

measured complemen t levels as a function of the solubil ization of 

i m m u n e complexes (complement release activity or C R A ) , an act ivi ty 

of c o m p l e m e n t which depends on the a l ternat ive p a t h w a y of comple -

m e n t fixation (Mil ler a n d Nussenzweig, 1975; T a k a h a s h i et aL, 1976). 

After a n init ial brief increase, a progressive decrease in C R A was 

observed which could be positively corre la ted wi th degree of p a r a -

si taemia. I n addi t ion , w h e n C3 levels were measured direct ly by 

immunodiffusion, they were observed to follow the same p a t t e r n , a 

t rans ient ini t ial increase a n d then a progressive decl ine. T h e au thors 

suggested t h a t i m m u n e complexes m a y consume c o m p l e m e n t in these 

mice a n d , indeed , these sera h a d a n an t i - complemen ta ry effect on 

n o r m a l sera. Complemen t - con ta in ing i m m u n e complexes m a y subse-

quen t ly be deposi ted in the tissues. Observa t ions on the kidneys of 

P.berghei-mfected an imals suggest this happens . 

Similarities a n d differences be tween the changes in the levels of 

ind iv idua l complemen t componen t s in malar ia- infected mice a n d o the r 

host systems m a y be of impor t ance . Fogel et al. (1966) observed a d r o p 

in tota l complemen t levels of monkeys , hamsters a n d chickens infected 

wi th P.knowlesi, P.berghei a n d P.gallinaceum, respectively, ind ica t ing t h a t 

componen t s of the classical p a t h w a y of c o m p l e m e n t ac t ivat ion were 

a l tered as well. M o r e specifically, Cooper a n d Fogel (1966) noted a d r o p 

in CI, 2, 4 a n d 3 following merozoi te release in monkeys infected wi th 

P.knowlesi. Recent ly , levels of C 4 were found to be d iminished in 

monkeys infected wi th P.coatneyi, a n d this d iminu t ion was d e p e n d e n t on 

bo th release of merozoites a n d the presence of an t i body (Glew et aL, 

1975). Similarly, in P.vivax infections of m a n , c o m p l e m e n t was dep le ted 

du r ing paroxysms when pa ras i t aemia was high a n d an t ibody was 
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present (Neva et al., 1974), a n d C 3 levels were dep le ted in h u m a n s 

infected wi th P.falciparum (Greenwood a n d Brue ton , 1974; Sr ichaikul 

et al., 1975). Interest ingly, in infections of a n o t h e r b lood pro tozoon , 

Babesia rodhaini in ra ts , C h a p m a n a n d W a r d (1976) observed a sha rp 

decline in C3 d u e to a n increased ca tabol ic r a te a n d a decreased 

synthet ic r a te of this c o m p l e m e n t c o m p o n e n t . 

I n contras t to findings in the mouse a n d m a n , C3 a n d C6 a re no t 

deple ted in monkeys infected wi th P.coatneyi (Atkinson et al., 1975). 

Whi le act ivat ion of the a l te rna t ive p a t h w a y (certainly) occurs in mice 

(Kret t l i et al., 1976), this does no t exclude the possibility t h a t t he 

classical p a t h w a y is also ac t iva ted . I t is of interest t h a t h u m a n a u t o -

logous red blood cell s t roma c a n ac t iva te the a l te rna t ive p a t h w a y , a n d 

it has been suggested t h a t this m a y occur in t ravascular ly w h e n 

erythrocytes a re d a m a g e d (Poskitt et al., 1973). I n addi t ion , t he 

a l te rnat ive p a t h w a y is t h o u g h t to be ac t iva ted d u r i n g chron ic 

g lomerulonephr i t i s (Hunsicker et al., 1972), a n d m a l a r i a n e p h r o p a t h y 

appears to be charac te r ized by this type of k idney lesion. 

I n monkeys a n d h u m a n s it seems clear t h a t i m m u n e complexes 

consisting of newly released merozoites a n d an t i body are in p a r t 

responsible for c o m p l e m e n t fixation, a n d this m a y also be so in rodents 

since C R A was re la ted to the degree of pa ras i t aemia . W h e t h e r there a re 

al terat ions in synthet ic a n d ca tabol ic rates of c o m p l e m e n t componen t s 

d u r i n g ma la r i a is still no t known. 

E. Deposition of Immune Complexes in the Kidney 

M a l a r i a an t igen has been detec ted in the liver, spleen a n d kidneys of 

Swiss a lb ino mice following infection wi th P.berghei using fluoresceinated 

an t ibody to P.berghei (Boonpucknavig et al., 1973a). M o r e deta i led 

observat ions of the k idney (Boonpucknavig et al., 1972) showed t h a t 

d u r i n g the second week of infection, g r a n u l a r deposits of an t igen were 

found a long the walls of the capillaries of the g lomerul i a n d in the 

mesangia l areas . Somet imes t he lumens of t he capillaries were occ luded 

by an t igen or erythrocytes con ta in ing an t igen . T h r e e weeks after 

infection the a m o u n t of an t igen deposi ted in the kidneys seemed 

somewhat d iminished . 

Mouse globul in a n d C3 were de tec ted in the g lomerul i of the k idney 

b y immunofluorescence seven days after infection, in a s imilar p a t t e r n 

to t ha t of an t igen deposi t ion (Boonpucknavig et al., 1972). T h e deposits 
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were increased in amount two and three weeks after infection. Anti-
body, eluted from sections of kidney, could bind to P.bergkei-infected 
cells, demonstrating its specificity. 

Our own observations corroborated the presence of deposits of 
gamma-globulin in the glomeruli of P.berghei-inkcted A/J mice (H. J. 
Lustig et aL, unpublished). Using fluorescein-conjugated rabbit 
anti-mouse globulin, these granular deposits were detectable after the 
first week of infection, and increased progressively as the parasitaemia 
rose during the two subsequent weeks. 

These observations are similar to findings in the development of 
glomerulonephritis of NZB/NZW mice. In this syndrome, antinuclear 
immune complexes and C3 are deposited in capillary walls and in the 
mesangium in a granular pattern (Lambert and Dixon, 1967). 

Immunofluorescence studies of kidneys of patients with malaria show 
deposits of immune complexes in the kidney, again suggesting a similar 
pathogenesis. Ward and Kibukamusoke (1969) observed deposits of 
IgM, IgG, IgA, complement and fibrin in the kidneys of East Africans 
with nephrotic syndrome following infection with P.malariae. Malaria 
antigen was detected in three often cases. Kidney biopsies of nephrotic 
Nigerian children, showed that virtually all had immunoglobulin 
deposits; many also had C 3 , and one-third had demonstrable P.malariae 
antigens in the glomeruli. A coarse, granular immunofluorescence 
pattern was usually associated with the deposition of IgG3 and com-
plement, while a finer granular deposit was noted with IgG2 and 
absence of complement (Houba and Lambert, 1973). 

Experimentally, sera of patients with P.malariae, which had been 
labelled with 1 2 5I , bound to kidneys of nephrotics, while normal sera did 
not (Houba and Lambert, 1973). In addition, labelled sera of P.malariae 
patients bound preferentially to kidneys of monkeys infected with 
P.malariae rather than P.falciparum, demonstrating the specificity of the 
binding (Lambert and Houba, 1974). 

Immunopathological findings in the kidney, associated with malaria, 
are characterized by deposition of immune complexes leading to 
chronic glomerulonephritis, rather than changes associated with 
deposition of antibody to glomerular basement membrane (Dixon, 
1972). However, in some instances deposits of IgG and complement 
have been found in proximal tubular cells (Houba and Lambert, 1973) 
suggesting that part of the response in humans may be autoimmune. 
The question of whether the deposition of immune complexes causes 



I M M U N O L O G I C A L R E S P O N S E S 285 

kidney d a m a g e a n d t hen init iates a n a u t o i m m u n e response to k idney 

ant igens or o the r "self" ant igens has no t been resolved. 

T h e morphologica l changes associated wi th the deposi t ion of i m m u n e 

complexes in mice (Boonpucknavig et al, 1972, 1973b) a n d in h u m a n s 

( W H O , 1972) h a v e been descr ibed in deta i l . T h e impl icat ions of these 

findings a re t h a t the injury to the basemen t m e m b r a n e is med ia t ed by 

i m m u n e react ions be tween paras i t ized erythrocytes , a n d mac rophages 

a n d po lymorphonuc l ea r cells sequestered against the g lomeru la r 

epithel ial cells, as well as by the accumula t i on of soluble i m m u n e 

complexes. 

F. Alterations of Kidney Function 

Abnormal i t ies associated wi th k idney function have been s tudied in 

malar ia- infected mice (Mil ler et al., 1968) a n d hamsters (Sesta et al., 

1968). I n mice there were progressive changes beg inn ing wi th h a e m o -

globinur ia , t h e n elevated b lood u rea n i t rogen ( B U N ) , a n d a d r o p in the 

pe rcen tage excret ion of phenosu lphoneph tha l e in . T h e cortex h a d a 

d iminished blood con ten t suggesting a decrease in blood flow d u e to 

lower solute excret ion o r i n t r a r ena l shun t ing . I n hamsters u r e m i a a n d 

haemoglob inu r i a were observed. T h e kidneys showed haemosiderosis 

a n d accumula t ion of fatty acids. A n increased B U N has also been 

observed in monkeys infected wi th P.knowlesi. These an imals also 

showed haemoglob in reabsorp t ion drople ts in the p rox ima l tubules 

(Rosen et al, 1968). 

G. Malaria-associated Anaemia 

T h e r e a re p r o b a b l y several causes for the a n a e m i a associated wi th 

ma la r i a infections. Clear ly one factor is the lysis of infected erythrocytes 

d u r i n g release of merozoites . However , as was suggested by Z u c k e r m a n 

(reviewed in 1964a) there a re o the r possible causes: an t ima la r i a l d rugs 

m a y cause haemolysis of red cells; ma l a r i a ant igens m a y coat the 

erythrocytes , followed by absorp t ion of ant ibodies to these ant igens ; 

he terophi le or au toan t ibodies to red cells migh t be present a n d the host 

cells m a y become m o r e fragile o r a l te red in some o the r w a y by 

plasmodia . I n addi t ion , there m a y be pa r t i a l inh ib i t ion or an in-

adequa t e level of haemopoiesis . Observa t ions in rodents h a v e suggested 

t ha t he terophi le o r au toan t ibod ies agains t red cells a re p r o d u c e d , 
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a n d / o r t h a t a n t i g e n - a n t i b o d y complexes m a y coat red cells d u r i n g 

infection. This , plus the ma la r i a - induced s t imula t ion of the re t iculo-

endothel ia l system could expla in the increased ingestion of red blood 

cells. I n addi t ion , there is evidence t h a t red blood cells a re m o r e fragile 

d u r i n g infection wi th P.berghei (Seed et aL, 1976). 

Z u c k e r m a n (1960) found t h a t in ra ts infected wi th P.berghei t he loss 

of erythrocytes exceeded the pe rcen tage of infected cells, pa r t i cu la r ly 

following the paras i t ic crisis. Us ing an an t i se rum against r a t se rum, 

pe r iphera l blood cells from infected ra ts were agg lu t ina ted . T r e a t m e n t 

of rats wi th pheny lhyd raz ine -HCl , ca rd iac bleedings or infection wi th 

P.vinckei, all of wh ich p r o d u c e d reticulocytosis in ra ts , i nduced a 

Coombs positive react ion wi th the an t i - ra t se rum ( Z u c k e r m a n a n d 

Spira , 1961). However , it was no ted t h a t this test could no t dist inguish 

be tween the possibilities t h a t a u t o a n t i b o d y was present or t h a t a 

globulin-l ike site was exposed on these cells (as suggested by J a n d l , 

1960), or t h a t there was a different basis for the Coombs positive 

reac t ion in infected a n d uninfected an imals . Cox et al. (1966) observed 

t h a t d u r i n g infection of ra ts wi th P.berghei, uninfected as well as 

infected erythrocytes were phagocytosed in the spleen a n d bone 

m a r r o w . I n addi t ion , agglut inins for t rypsinized r a t a n d h u m a n 

erythrocytes were present in t he sera of these ra ts . Kre i e r et al. (1966) 

also found ant ibodies to t rypsinized erythrocytes in rats infected wi th 

P.berghei a n d no ted t h a t these ant ibodies were cold-react ive. These 

findings were no t cor robora ted by George et al. (1966). 

W e have de tec ted cold-react ing ant ibodies consistently d u r i n g 

P.berghei infections of A / J mice. Us ing a r a b b i t an t i se rum to g a m m a - 1 

a n d g a m m a - 2 chains of mouse immunog lobu l in , agglu t ina t ion of 

pe r iphe ra l blood cells of infected mice can be detec ted from the twelfth 

d a y of the infection. T h e t i t re of agglu t ina t ion increases as the p a r a -

s i taemia rises. Purified
 1 2 5

I - l a b e l l e d an t i body to mouse g a m m a chains 

was observed to b ind to the blood cells of these mice . Th i s b ind ing could 

be detec ted as ear ly as the th i rd d a y after infection. Au to rad iog raphs 

revealed label over b o t h infected a n d uninfected reticulocytes, b u t no t 

on m a t u r e uninfected erythrocytes (Lustig et al., 1977). These 

findings do no t p e r m i t one to dist inguish be tween the possibilities of 

au toan t ibodies to ret iculocytes, t he exposure of a globulin-l ike moie ty 

on reticulocytes o r the passive b ind ing of i m m u n e complexes to these 

cells. De t e rmina t i on of the b ind ing specificity of these an t ibodies m a y 

answer this quest ion. 
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T h e deve lopmen t of a n a e m i a in N Z B mice presents some a p p a r e n t 

similarities to m a l a r i a a n a e m i a . A n an t igen associated wi th m u r i n e 

l eukaemia virus appea r s in the c i rcula t ion w h e n the mice a re a b o u t 

th ree m o n t h s old. R e d cells of these mice become Coombs positive a t 

the t ime t h a t the an t igen appea r s . L a t e r this an t igen is e l iminated from 

the c i rcula t ion a n d g lomerulonephr i t i s ensues (Mellors et al., 1968). 

As wi th the o ther i m m u n o p a t h o l o g i c p h e n o m e n a described in roden t 

ma la r i a , a n a e m i a a n d he terophi le or au toan t ibodies a n d i m m u n e 

complexes have been observed in o the r p l a smod ia -hos t associations. 

M c G h e e (1960) observed des t ruct ion of po lychromatoph i l erythrocytes 

in ducklings w h e n pa ras i t aemia was low. I n P.lophurae infection of 

chickens, a haemagg lu t in in for aged chicken erythrocytes , a n d n o r m a l 

or trypsinized h u m a n erythrocytes , was detected (Barret t et al., 1970). 

Soni a n d Cox (1974, 1975a, b) have descr ibed factors in the se rum of 

malar ia- infected chickens which p r o d u c e a n a e m i a a n d kidney d a m a g e , 

w h e n injected in to n o r m a l chickens. Cer t a in of these factors could be 

e luted from infected cells, a n d one factor was a cold-react ing 

haemagg lu t in in . 

Coombs positive a n a e m i a has also been described in a case of h u m a n 

P.vivax infection (Bar re t t -Conner , 1967). I n addi t ion , Rosenbe rg et al. 

(1973) observed I g M ant ibodies to red blood cells, in pa t ien ts wi th 

P.falciparum infections, which were associated wi th a n a e m i a a n d 

reduced survival t ime of n o r m a l red blood cells. He te roph i l e ant ibodies 

to gu inea pig, r a t a n d h u m a n erythrocytes were found in the sera of 

G a m b i a n s hav ing a h igh incidence of ma la r i a infection ( K a n o et al., 

1968). Top l ey et al. (1973) suggested t h a t mala r ious red cells migh t be 

coated wi th C 3 , since they observed t h a t these red cells were occa-

sionally agg lu t ina ted by ant isera to C 3 , a n d some pat ients h a d elevated 

i m m u n o c o n g l u t i n i n t i tres. A pe rhaps analogous finding has been m a d e 

in h u m a n s wi th r h e u m a t o i d ar thr i t is a n d systemic lupus e r y t h e m a -

tosus. These pa t ien ts were shown to have cold-react ing ant ibodies 

present on c i rcula t ing lymphocytes (Winchester et al., 1974). 

T a k e n together , these findings strongly suggest t h a t ei ther i m m u n e 

complexes, au toan t ibodies or bo th , a re present on pe r iphera l blood 

cells, a n d t h a t these con t r ibu te to the pathogenesis of ma la r i a l a n a e m i a . 

A n a e m i a migh t also enhance infection wi th ma la r i a by prov id ing 

i m m a t u r e red cells preferred by cer ta in strains of m u r i n e p lasmodia . 

L a d d a a n d Lall i (1966) demons t r a t ed t h a t mice which were m a d e 

polycythaemic b y hypertransfusion, developed lower g r a d e infections of 
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P.berghei which were often rap id ly cleared. I n addi t ion , hype r t r ans -

fusion d u r i n g the course of an otherwise le thal infection al lowed 9 0 % 

survival of mice infected wi th P.berghei (Hejna et al., 1974). 

H. Cerebral Malaria 

Roden t s provide several exper imenta l models for the invest igat ion of 

cerebra l involvement in ma la r i a , often associated wi th h u m a n P.falci-

parum infections. Cerebra l lesions can be p reven ted in P.berghei infections 

of hamsters by neona ta l t h y m e c t o m y of the an imals pr ior to infection 

(Wright , 1968) or by t r e a t m e n t of hamsters wi th an t i t hymocy te 

an t i se rum (Wrigh t et al., 1971). I t was suggested t ha t in the presence 

of an in tac t t hymus , ant ibodies were p r o d u c e d which caused agglu t ina-

t ion of infected cells, par t icu la r ly in the capillaries of the c e r e b r u m . 

Yoeli a n d Hargreaves (1974) repor ted on the e n h a n c e m e n t in 

virulence of a mild strain, Plasmodium yoelii ( 17 X ) after deep-freeze 

s torage. T h e strain causes fulminat ing infections leading to the d e a t h of 

infected mice in 6 to 7 days. T h e bra ins of these mice showed pe techia l 

haemor rhages , a n d b ra in squash p repa ra t ions revealed blockage of 

capillaries by infected erythrocytes . I n addi t ion , M e r c a d o (1965) 

observed t h a t a s train of P.berghei ( K B G 173), after passage in mice , 

p r o d u c e d a para ly t ic effect in ra ts . T h e bra ins of these ra ts were also 

haemor rhag i c . 

I t is still unc lea r w h a t change in the host or paras i te leads to the 

involvement of the b ra in . Elec t ron microscopic studies ind ica te changes 

in the infected erythrocyte m e m b r a n e which m a y enhance t r a p p i n g of 

these red blood cells in the capillaries of the b ra in (Aikawa et al., 1972). 

I n h u m a n s it has also been shown t h a t involvement of the b ra in d u r i n g 

P.falciparum infection is associated wi th in t ravascu la r fibrin deposi t ion, 

evidenced by the presence of fibrin deg rada t ion p roduc t s (Reid a n d 

N k r u m a h , 1972; J a r o o n v e s a m a , 1972). 

VII. IMMUNOSUPPRESSION 

T h e immunosuppress ion which occurs d u r i n g the course of r o d e n t 

ma la r i a infection has recent ly been comprehensively reviewed b y 

W e d d e r b u r n (1974). M u c h of the informat ion on this subject has been 

ob ta ined using P.yoelii, which in mice no rma l ly p roduces a self-limiting 
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infection. H u m o r a l responses were found to be depressed u p o n 

admin is t ra t ion of a series of un re l a t ed ant igens , inc lud ing t e t anus 

toxoid, aggrega ted h u m a n gamma-g lobu l in (Barker, 1971 ; Greenwood 

et al, 1971 ; Vol ler et al, 1972) a n d sheep erythrocytes (SRBC) 

(Sa l aman et al, 1969). A decreased n u m b e r of haemoly t ic p l a q u e -

forming cells to S R B C was observed in the spleens of malar ia- infected 

mice ( S a l a m a n et al, 1969). 

T h e h u m o r a l i m m u n e response to some o ther ant igens , however , such 

as bac te r iophage φ Χ 174, keyhole l impet h a e m o c y a n i n or h u m a n 

se rum a l b u m i n given in conjunct ion wi th pertussis vaccine, is una l t e red 

by the p lasmodia l infection. I m m u n i z a t i o n of P . jw/n- infected mice wi th 

h u m a n transferr in resulted in a n o r m a l r a te of an t i body format ion 

(Stewar t a n d Voller , 1973) b u t the an t i body was of lower affinity t h a n 

in n o r m a l mice . 

Bomford a n d W e d d e r b u r n (1973) invest igated the reciprocal effects 

of a concomi tan t chronic ma la r i a a n d Moloney l y m p h o m a g e n i c virus 

( M L V ) infection. T h e s imul taneous injection of bo th agents in to y o u n g 

adu l t mice p r o d u c e d a n increased incidence of l y m p h o m a s after a 

considerably shor tened p r é p a i e n t per iod ( W e d d e r b u r n , 1970). T h e 

ma la r i a infection was exacerba ted in the double-infected g roup , which 

h a d a longer last ing pa ras i t aemia from which some of the an imals 

failed to recover. F u r t h e r m o r e , the double-infected an imals p r o d u c e d 

less v i rus-neutra l iz ing ant ibodies t h a n mice injected wi th M L V alone. 

Th i s was shown to be d u e ma in ly to a selective suppression of I g G 

virus-neutra l iz ing an t i body (see C h a p t e r 7) . 

V a r y i n g the schedule of inocula t ion of these two agents , M L V a n d 

P.yoelii, clearly revealed the i m p o r t a n c e of the relat ive t iming of these 

infections in re la t ion to t u m o u r deve lopment . T h e inc idence of 

l y m p h o m a s was m a x i m a l w h e n the ma la r i a inocula t ion p receded by a 

few days, or was given s imul taneously wi th the M L V adminis t ra t ion . 

Reac t iva t ion of the ma la r i a process by re inocula t ion of the mice wi th 

ano the r p lasmodia l species, P.berghei, p lus s imul taneous admin is t ra t ion 

of M L V , also resul ted in m a r k e d e n h a n c e m e n t of lymphomagenes is 

( W e d d e r b u r n , 1974). 

Resul ts ob ta ined after i m m u n i z a t i o n of malar ia- infected mice wi th 

S R B C were also r epor t ed ( W e d d e r b u r n , 1974). I n the self-limiting 

P.yoelii infection, the t iming of the inocula t ion of the S R B C was of 

p a r a m o u n t i m p o r t a n c e in de t e rmin ing the level of the i m m u n e 

response, measu red by the n u m b e r of p laque- forming cells ( P F C ) . 
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C o m p a r e d to control animals , t he n u m b e r of P F C was max imal ly 

r educed w h e n the R B C s were injected a t the he igh t of infection, a n d 

r e tu rned to n o r m a l levels d u r i n g the la ter stages of the disease. Th i s 

cont ras ted wi th the results ob ta ined in P.berghei-infected an imals , in 

which the a n t i - S R B C response r e m a i n e d low unt i l the i r d e a t h . Aga in , 

it was ma in ly the I g G response which was considerably depressed. 

T h e quest ion of the possible effects of exper imenta l ma la r i a infections 

on skin graft rejection a n d skin sensitization to unre la t ed ant igens is 

m o r e controversial . Greenwood a n d colleagues (1971) found t h a t 

contac t sensitivity to picryl chlor ide or oxazolone was no t depressed in 

P.jyotf/zï-infected mice, a n d they also failed to observe a n y significant 

a l te ra t ion of the t ime of rejection of allogeneic skin graft by these mice . 

However , Sengers etal. (1971) repor ted a significantly de layed rejection 

of r a t skin by mice chronical ly infected wi th P.berghei. 

M o r e recent ly J a y a w a r d e n a et al. (1975b) invest igated the possible 

a l terat ions of thymus-der ived lymphocytes ( T cells) d u r i n g experi -

m e n t a l roden t ma la r i a infections a n d this has been discussed on 

p p . 000-00 . I n s u m m a r y , P.yoelii infections were observed to i nduce 

massive Τ cell act ivat ion, deve lopmen t of protect ive i m m u n i t y to 

ma la r i a , a n d n o r m a l levels of response to P H A a n d oxazolone. P.berghei, 

in contras t , i nduced a t first a l imited degree of Τ cell ac t ivat ion, 

followed by general ized failure of Τ cell function. 

M a l a r i a infections have long been k n o w n to be associated wi th a n 

increased activity of the re t iculoendothel ia l system. I n roden t ma la r i a , 

in par t i cu la r , this has been eva lua ted by the r a t e of colloidal c a rbon 

c learance which was increased in different roden t hosts a n d u p o n 

infection wi th different p lasmodia l species (Cox et al., 1964; Luc ia a n d 

Nussenzweig, 1969; M c G r e g o r et al., 1969; Cant re l l a n d Elko, 1970; 

K i t c h e n a n d Di Luzio , 1970). 

Loose et al. (1972) invest igated m a c r o p h a g e function in ma la r i a -

infected an imals wi th regard to the induc t ive phase of the i m m u n e 

response. Sheep red blood cells (SRBCs) were injected in to the 

per i tonea l cavity of malar ious a n d n o r m a l an imals a n d t hen transferred 

to n o r m a l recipients . T h e macrophages ob ta ined from malar ia- infected 

mice i nduced a m u c h lower n u m b e r of p laque- forming cells (PFC) in 

the recipient . T h e au thors pos tu la ted t h a t this m i g h t ind ica te t h a t 

ma la r i a induces a defect in an t igen digestion a n d / o r processing b y 

macrophages a n d t h a t this migh t be , in pa r t , t he basis for m a l a r i a -

induced immunosuppress ion . A n add i t iona l m a c r o p h a g e a l t e ra t ion 
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observed in malar ia- infected an imals is the inabi l i ty to detoxify 

endotoxin , so t ha t endotoxin sensitivity is increased 41-fold in P.berghei-

infected mice (Loose et al., 1971). 

Ano the r possible mechan i sm for ma la r i a immunosuppress ion is the 

occurrence of suppressor Τ cells. A. N . J a y a w a r d e n a (personal com-

munica t ion) has recent ly ob ta ined some in vitro results which could be 

in te rpre ted on this basis. H e observed t h a t the in vitro response to 

S R B C , which was decreased in malar ia- infected mice, was no t de -

pressed in cell suspensions ob ta ined from malar ia- infected n u d e mice . 

F u r t h e r m o r e , w h e n spleen cells from malar ia- infected mice were a d d e d 

to n o r m a l spleen cells, this resulted in inhib i t ion of the n o r m a l cell 

response to S R B C . 

M a l a r i a also has a suppressive effect on the a u t o i m m u n e syndrome 

exhibi ted by female N Z B / N Z W mice. Mice of this s t rain, infected wi th 

P.berghei, h a d lower morta l i ty , less p ro te inur i a a n d less severe k idney 

d a m a g e t h a n uninfected controls (Greenwood a n d Voller , 1970a). T h e 

deve lopmen t of C o o m b s ' positive a n a e m i a , associated wi th N Z B mice, 

was de layed in mice of this s t ra in infected wi th P.berghei, b u t d a m a g e 

to the kidneys was as severe or m o r e severe in infected mice (Greenwood 

a n d Voller , 1970b). I t is t h o u g h t t h a t N Z B / N Z W mice are deficient in 

suppressor Τ cells a n d m a l a r i a infection m a y al ter this defect. 
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I. INTRODUCTION 

I t is r a r e for an a n i m a l to be complete ly free from a n y infection a n d 

almost as r a re for it to h a r b o u r only one . Mos t rodents in the wild a re 

hosts to a wide var ie ty of infectious agents r ang ing from viruses to 

t apeworms ; a m o n g l abora to ry mice a n d rats only those b red specifically 

" g e r m free" a re wi thou t the most c o m m o n infections a n d even they m a y 
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h a r b o u r occult viruses. Some of these infectious agents a re p a t e n t a n d 

easily diagnosed, while others m a y be subpa t en t a n d requ i re sophisti-

ca ted techniques for thei r recogni t ion. Mos t infections, especially those 

t h a t a re difficult to recognize, t end to be ignored by parasitologists 

work ing wi th a pa r t i cu la r paras i te a n d a re r ega rded as some kind of 

background , similar to var ia t ions in the age, sex or diet of the host, 

which pe rhaps needs to be known a b o u t b u t is be t t e r ignored . I t is only 

w h e n a concomi tan t infection interferes wi th the one u n d e r investiga-

t ion t ha t it receives a n y a t t en t ion a n d , because this has h a p p e n e d wi th 

ma la r i a in rodents , the possibility of i m p o r t a n t in teract ions be tween 

ma la r i a a n d o ther agents has been recognized. T h e r ange of in teract ions 

be tween infectious agents is considerable a n d it is p r o b a b l y t rue to say 

t ha t there is no pa thogen which c a n n o t affect a ma la r i a infection in 

some way and , conversely, be affected by the presence of a m a l a r i a 

paras i te . 

I t is i m p o r t a n t to unde r s t and from the outset t h a t an a n i m a l infected 

wi th a paras i te is a different kind of a n i m a l from an uninfected one . 

Th is means t h a t w h e n a roden t is infected wi th ma la r i a in the wild, or 

in the l abora tory , the course of the ma la r i a infection will, to a g rea te r 

or lesser extent , be governed by the presence of o the r infectious agents . 

Pract ical ly no th ing is known a b o u t the parasi t ic flora a n d fauna of the 

wild roden t hosts of the ma la r i a parasi tes . W h a t is k n o w n a b o u t the 

interact ions be tween ma la r i a a n d o ther infections has been der ived 

largely from labora to ry studies in mice a n d rats and , to a lesser extent , 

hamsters a n d a few labora to ry-bred wild rodents . T h e r e have been 

relatively few studies on the in teract ions be tween ma la r i a parasi tes a n d 

o ther o rgan i sms /^ r se a n d most have been pe r iphe ra l to some o the r k ind 

of invest igat ion. For this reason, m a n y of the results ob ta ined are 

difficult to in te rpre t , b u t w h a t does emerge is a p a t t e r n wh ich is 

compat ib le wi th the hypothesis t h a t o the r agents can a l ter the i m m u n o -

logical responses to ma la r i a a n d the physiological condi t ions necessary 

for the survival of ma la r i a parasi tes a n d vice versa. W h e r e the o ther 

agen t adversely affects the i m m u n e response the m a l a r i a paras i te is a t 

an advan tage , b u t w h e n the o the r agen t s t imulates the response the 

m a l a r i a paras i te m a y suffer. Similarly, a n infectious agen t t h a t s t imu-

lates the p roduc t ion of the k ind of blood cells for which a m a l a r i a 

paras i te has a predi lect ion causes a n e n h a n c e m e n t of the ma la r i a , 

whereas the p roduc t ion of the w r o n g k ind of b lood cells depresses it . 

Mos t of the k n o w n interact ions can be expla ined in te rms of these 
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p h e n o m e n a a n d , while it is possible t h a t this is no t the whole story, i t 

is a p p r o p r i a t e a t t he present j u n c t u r e to restrict discussion to these 

areas of i m m u n i t y a n d the avai labi l i ty of sui table subs t ra te . A l t h o u g h 

i m m u n i t y to r oden t m a l a r i a is discussed in C h a p t e r 6, i t is necessary to 

touch on some aspects here , a lbei t superficially, as the discussion of the 

in teract ions be tween ma la r i a parasi tes a n d o the r organisms will be 

based pa r t ly on cu r r en t immunolog ica l ideas. 

T h e infectious agents t h a t in te rac t wi th ma la r i a parasi tes will be 

described g r o u p by g r o u p a n d observat ions re la t ing to these in terac t ions 

will be presented . Gene ra l conclusions, toge ther wi th a n assessment of 

the under ly ing mechan isms of these in terac t ions , will be left unt i l t he 

end of the chap te r . T h e n o m e n c l a t u r e of the m a l a r i a parasi tes will be 

as out l ined in C h a p t e r 1, a n d the species n a m e d in t he or iginal pape r s 

will be a m e n d e d to b r ing t h e m in to l ine wi th the cu r r en t classification. 

Subspecific names will only be used w h e n essential, a n d P.yoelii will be 

used for Plasmodium y .yoelii, P.chabaudi for P.c.chabaudi a n d P.vinckei for 

P.v.vinckei. P.berghei is considered to be mono typ ic . 

I t is i m p o r t a n t a t this stage to no te t ha t , un t i l recent ly, it has been 

possible to work wi th a mixed infection of m a l a r i a parasi tes w i thou t 

ac tual ly be ing a w a r e of it. C a r t e r a n d Wal l iker (1975) h a v e po in ted ou t 

t h a t one of the widely used strains of P.chabaudi, o r ig ina t ing from the 

Cen t ra l African Repub l i c , ac tua l ly consists of two species, P.chabaudi 

a n d P.v.petteri; thus some investigators m a y h a v e been work ing wi th 

P.v.petteri o r a mix tu re of P.chabaudi a n d P.v.petteri t h ink ing t h a t they 

were using P.chabaudi. T h e descr ipt ion of P.vinckei given by Bafort (1971) 

indicates con t amina t i on wi th P.berghei, a s i tuat ion which others , 

inc lud ing myself, have discovered independen t ly . Aga in in m y l abora -

tory a s t ra in t h o u g h t to be P.atheruri in fact conta ins a P.v.petteri type 

paras i te (D. Wall iker , personal c o m m u n i c a t i o n ) . Whi l e the use of 

clones a n d enzyme analyses n o w makes work wi th such c o n t a m i n a t e d 

strains inexcusable , it is possible t h a t some of the in terac t ions r epor t ed 

in the pas t resulted from using mixed species. I t is n o w too la te to 

in te rp re t these results in a n y w a y o the r t h a n t h a t proposed by the 

or iginal a u t h o r a n d , except in the most obvious cases, n o a t t e m p t will 

be m a d e to d o so. Similarly, a l t hough most workers a re n o w a w a r e of 

the effects on ma la r i a of c o n t a m i n a t i n g infections of Eperythrozoon 

coccoides a n d Haemobartonella muris, this has no t a lways been so a n d even 

now some workers , usual ly those using P.berghei a n d P.vinckei on a 

casual basis, a re u n a w a r e of the existence of these c o n t a m i n a n t s a n d 
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their effects. Unless the presence or absence of E.coccoides or H.muris is 

recorded there is little t h a t can be done to de t e rmine w h e t h e r or no t 

one of these agents was present a t t he t ime of the exper iment a n d , as 

wi th mixed species, no a t t e m p t will be m a d e to r e a d more in to a p a p e r 

t h a n is ac tual ly wr i t ten there . 

II. ORGANISMS INVOLVED IN CONCOMITANT 
INFECTIONS 

A. Viruses 

/. Effects of viruses on malaria 
T h e invest igat ion of the effects of viruses on ma la r i a has been concen-

t ra ted on two aspects ; the protect ive effects of viruses against ma la r i a , 

based on the assumpt ion t h a t this m a y be d u e to the p roduc t ion of 

interferon or some similar substance, a n d the e n h a n c e m e n t of ma la r i a 

d u e to the immunodepress ive effects of cer ta in viruses. 

T h e possibility t h a t interferon m a y be protect ive against ma la r i a has 

not been invest igated using n a t u r a l virus infections of rodents bu t , 

nevertheless, the observat ions t ha t have been m a d e are re levant to such 

infections. T h e first indicat ions t ha t viruses m a y suppress m a l a r i a c a m e 

from the work of Yoeli et al. (1955) who found tha t b lood- induced 

infections of P.berghei in mice were reduced or suppressed in an imals 

exposed to West Nile virus, b u t were unaffected by Inf luenza A. Th i s 

work was no t followed u p unt i l 1968 w h e n J a h i e l et al. a n d Schul tz et al. 

i ndependen t ly showed t h a t Newcast le Disease virus pro tec ted mice 

against P.berghei. J a h i e l et al. (1968a) used sporozoite- a n d blood-

induced infections a n d found t ha t protec t ion was most m a r k e d w h e n 

the virus was given 16-24 h after the sporozoites; paras i taemias t hen 

developed in only 13 out of 40 mice c o m p a r e d wi th all of the controls . 

After 48 h this protect ion was less m a r k e d a n d l imited to an increase 

in the p r e p a t e n t per iod. Blood- induced infections were no t affected by 

the virus, a n d the au thors suggested t h a t pro tec t ion was d u e to the 

p roduc t ion of interferon which ac ted on late p r i m a r y exoerythrocyt ic 

stages. T h e evidence for interferon being the med ia to r of this p ro tec t ion 

is given in a separa te p a p e r ( Jahie l et aL, 1968b). Schul tz et al. (1968) 

also used Newcast le Disease virus as an interferon induce r a n d d e m o n -

st ra ted protec t ion against b lood- induced P.berghei infections in mice 
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given the virus 2 h before o r 12-15 h after the m a l a r i a parasi tes . 

Protec t ion was l imited to a n increase in survival t ime from 7 to 9-2 days 

a n d was a t t r i bu t ed to a di rect effect of interferon on the erythrocyt ic 

stages. Evidence wh ich suggests the con t r a ry comes from the work of 

Gober t et al. (1971) w h o gave mice Newcast le Disease virus 7, 24, 48 

or 100 h before a b lood- induced infection wi th P.berghei. Survival t ime 

(but no t survival ra te) was increased, b u t this could no t be corre la ted 

wi th interferon activity which r eached a peak 8*5 h after the injections 

of the virus a n d could no t be de tec ted after 48 -100 h . 

W h e n mice a re exposed to m u r i n e oncogenic viruses which actual ly 

cause infections, p ro tec t ion against ma la r i a is no t seen and , instead, 

concomi tan t m a l a r i a infections a re considerably enhanced . Mos t of the 

investigations in to the n a t u r e of this p h e n o m e n o n have been based on 

the use of na tu ra l ly self-limiting infections wi th P.yoelii. E n h a n c e d a n d 

often fatal infections wi th this paras i te occur in mice infected wi th the 

Moloney leukaemogenic virus ( M L V ) ( W e d d e r b u r n , 1970), the 

R o w s o n - P a r r virus ( R P V ) (Sa l aman a n d W e d d e r b u r n , 1969; Cox et al., 

1974) a n d the u r e t h a n e l eukaemia virus ( U L V ) (Sa l aman et al., 1969). 

U L V is vert ical ly t r ansmi t t ed a n d therefore mus t exert its effect over 

a long per iod, b u t wi th M L V a n d R P V the greatest exacerba t ion 

occurs w h e n the two agents a re given a t the same t ime or wi th in a few 

days of one ano the r . T h e in terac t ions be tween R P V a n d P.yoelii have 

been extensively s tudied a n d the virus causes the greatest e n h a n c e m e n t 

of m a l a r i a if given 4 to 5 days before it . N o dea ths occur in mice given 

R P V m o r e t h a n 8 days before, o r 7 o r m o r e days after P.yoelii, a n d this 

per iod of e n h a n c e m e n t of the m a l a r i a coincides exactly wi th the per iod 

of greatest immunodepress ion caused b y the virus as de t e rmined by the 

deplet ion of p l a q u e forming cells in the J e r n e t echn ique (Cox et al., 

1974). S imi lar results h a v e been ob t a ined wi th P.chabaudi (Figure 1). As 

the possibility t h a t increased reticulocytosis migh t p roduce these 

results by favouring the deve lopmen t of P.yoelii appear s to have been 

ru led out , it c an be conc luded t h a t the e n h a n c e m e n t of the ma la r i a 

infection results from the immunodepress ion caused by the virus (Cox 

et al., 1974; W e d d e r b u r n , 1974). 

2. Effects of malaria on viruses 
Although P.berghei in mice has been shown to i nduce the p roduc t ion of 

interferon which is effective against vesicular s tomati t is virus a n d 
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Semliki Forest virus in L cells ( H u a n g et aL, 1968), there is no evidence 

to suggest t h a t ma la r i a has an adverse effect on virus infections. O n the 

o the r h a n d , the reverse is t rue . C o n g d o n a n d Westcot t (1972), following 

u p the observat ions of H u a n g et aL, injected mice wi th influenza virus 

48 h after P.berghei a n d found t h a t an t i body levels to the virus were 

depressed after 10 d a y s ; they were , however , u n a b l e to r ep roduce these 
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Figure 1. Parasitaemias in mice infected simultaneously with Rowson-Parr virus and 
P.chabaudi and P.chabaudi alone. Ο Ο , P.chabaudi and Rowson-Parr virus; φ φ, 

P.chabaudi alone (reproduced with permission, from Cox et al.9 1974). 
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results in a second exper iment . C o n g d o n a n d Westcot t indirect ly 

confirmed w h a t h a d been k n o w n since 1969, t h a t m a l a r i a parasi tes 

cause a general ized immunodepres s ion (see C h a p t e r 6) , a n d mice wi th 

ma la r i a a re u n a b l e to m o u n t a good i m m u n e response to viruses 

in t roduced d u r i n g this per iod ( S a l a m a n et aL, 1969). T h e exper imen ta l 

evidence for this comes ma in ly from studies on mice infected wi th 

P.yoelii a n d M L V . I n mice s imul taneously infected wi th these two 

agents , t he inc idence a n d m a g n i t u d e of l y m p h o m a s associated wi th the 

virus a re considerably increased ( S a l a m a n et aL, 1969; S a l a m a n a n d 

W e d d e r b u r n , 1970; Bomford a n d W e d d e r b u r n , 1973; W e d d e r b u r n , 

1974) a n d a n t i b o d y levels to the virus a re decreased (Bomford a n d 

W e d d e r b u r n , 1973). I n mice infected wi th P.yoelii, depression of the 

i m m u n e response to M L V is of l imited du ra t i on . Whi le mice given 

M L V 16 days before or 14 days after infection wi th ma la r i a show few 

signs of lymphomagenes is ( W e d d e r b u r n , 1974), an imals infected wi th 

P.yoelii a n d chal lenged four weeks la te r wi th P.berghei a n d M L V do 

develop l y m p h o m a s ( W e d d e r b u r n , 1974). 

Increased spontaneous lymphomagenes i s has also been recorded in 

mice wi th a P.berghei infection control led wi th a pa r a - aminobenzo i c 

acid-free diet ( Je rusa lem, 1968). After 9 m o n t h s , 18 ou t of 24 chronical ly 

infected mice h a d developed spon taneous l y m p h o m a s of the l y m p h o -

ret iculocytic type . T h e agen t caus ing the lymphomagenes i s was no t 

recognized b u t it was suggested t h a t it was a n oncogenic virus. As well 

as these a leukaemic l y m p h o m a s , J e r u s a l e m (1968) has recorded the 

a p p e a r a n c e of spontaneous m u r i n e leukaemias in mice chronical ly 

infected wi th P.berghei. 

M e n t i o n mus t be m a d e here of a l a ten t " m i c r o o r g a n i s m " t h a t causes 

k idney d a m a g e in mice infected wi th P.yoelii nigeriensis (Suzuki , 1974). 

T h e agen t has no t been identified a n d it m a y be a virus, the effects of 

which are e n h a n c e d by the ma la r i a infection, or it m a y be no th ing a t 

all to d o wi th the paras i te . 

B. Bacteria Other Than Mycoplasmas and Rickettsiae 

/. Effects of bacteria on malaria 
T h e r e have been relat ively few studies on the in teract ions be tween 

bacter ia a n d roden t mala r ias a l though these mus t often co-exist in the 

wild. M u c h of w h a t has been done has been concerned wi th the 
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possibility of p ro tec t ing mice against ma la r i a using bac te r ia or bac te r ia l 

extracts to enhance phagocyt ic activity. Unfor tuna te ly this emphasis on 

phagocyt ic s t imula t ion has t ended to obscure o the r in teract ions wh ich 

m a y be of more impor t ance . These artificial si tuations a re discussed 

briefly in this chap t e r because they p r o b a b l y do no t differ in essence 

from the n a t u r a l state a n d because of the l ight they t h row on o the r 

in teract ions . 

T h e interact ions be tween the spirochaete Borrelia duttoni, wh ich 

causes relapsing fever in shrews a n d rodents , a n d P.berghei in mice have 

been s tudied by Colas-Belcour a n d Ve rven t (1954). Mice were infected 

wi th the spirochaete a n d subsequent ly chal lenged wi th P.berghei. I n 

genera l , the spirochaetes a n d the ma la r i a h a d little effect on one a n o t h e r 

a l though a few of the doub ly infected an imals died earl ier t h a n 

expected. P.berghei sometimes b r o u g h t a b o u t a recrudescence of the 

spirochaete infection a n d this was accompan ied by a reduc t ion in the 

P.berghei pa ras i t aemia . Colas-Belcour a n d Ve rven t record similar 

findings for Borrelia microti a n d B.merionesi wh ich are n o w rega rded as 

synonyms for B.duttoni. M u c h the same kind of results were recorded by 

Sergent (1957) a n d Sergent a n d Ponce t (1957) wi th Borrelia hispanica 

(which causes h u m a n Hispano-Afr ican relapsing fever) a n d P.berghei in 

ra ts . T h e spirochaetes h a d n o effect on the ma la r i a infection w h e n the 

two organisms were given 1 to 17 weeks apa r t . W h e n given together , 

18 ou t of 22 rats suffered m o r e severe infections a n d one died from 

P.berghei. 

In t r avenous injections of the living Bacillus Ca lme t t e -Guer in (BCG) 

strain of Myobacterium bovis p ro tec t mice against b lood- induced P.yoelii 

or P.vinckei infections, 30 or m o r e days la ter (Clark et al., 1976). 

Protec t ion was l imited to a reduc t ion of pa ras i t aemia in 6 ou t of 8 mice 

infected wi th P.yoelii, a n d the survival of P.vinckei-mitctca mice after 

h igh paras i taemias t h a t killed the control an imals . T h e impl icat ions of 

these findings will be discussed later . 

Bacter ial endotoxins also confer some protec t ion against P.berghei in 

rats a n d mice ( M a r t i n et al., 1967). T h e l ipopolysacchar ide endotoxin 

of Escherichia coli was given to rats or mice one d a y before, or on the same 

d a y as infection wi th the blood stages of P.berghei. Paras i taemias were 

always slightly lower t h a n in the controls a n d survival t ime was slightly 

longer. A l though the results a re statistically significant the p ro tec t ion 

recorded was min ima l . T h r e e injections of endotoxin were n o be t t e r 

t h a n one , in t raper i tonea l injections were be t te r t h a n in t r avenous a n d 
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the endotoxin h a d n o effect if given 3 or 6 days before P.berghei. Miche l 

(1975) ob ta ined be t te r results against sporozoi te- induced infections of 

P.yoelii using a phosphol ip id bacter ia l ext ract given in t ravenous ly 24 h 

earlier. Paras i taemias failed to develop in most of the t rea ted an imals 

a n d this was a t t r ibu ted to enhanced phagocytosis . Nussenzweig (1967) 

also pro tec ted mice against sporozoite infections of P.berghei b u t used 

whole killed Corynebacterium parvum given in t ravenously 3 to 19 days 

earlier. Overa l l , 37 ou t of 71 mice d id no t succumb to infection a n d 

survival t imes were pro longed in some of those which did. Th is p ro -

tect ion was a t t r ibu ted to phagocyt ic s t imula t ion by C.parvum. I t is 

unlikely t ha t this is the whole exp lana t ion because Clark et al. (1977) 

were also able to pro tec t mice against ma la r i a parasi tes using C.parvum 

given in t ravenously or in t raper i tonea l ly 3 mon ths or more earlier . After 

this t ime the effect of C.parvum on phagocyt ic act ivi ty is min ima l . Mice 

were pro tec ted against b lood- induced infections wi th P.chabaudi or 

P.vinckei, b u t no t wi th P.berghei. 

2. Effects of malaria on bacteria 
Animals wi th m a l a r i a a re m o r e susceptible to infection wi th bac te r ia 

d u r i n g the p a t e n t infection t h a n are uninfected an imals . Mice exposed 

to Salmonella typhimurium one d a y before or u p to 5 days after infection 

wi th P.berghei die earl ier t h a n mice infected wi th e i ther of these agents 

a lone (Kaye et al., 1965). Dea ths were a t t r i bu ted to enhanced 

salmonel la infections a n d the spleens of the mice con ta ined 1 X 10
8 

bac te r ia g "
1
 a t dea th . Mice infected wi th P.yoelii exhibi t a decreased 

an t ibody response to Bordetella pertussi (which causes whoop ing cough in 

m a n ) on the seventh or th i r t een th d a y of the ma la r i a infection, a n d 

w h e n such mice a re chal lenged wi th living B.pertussi the i r survival r a te 

is significantly r educed (Viens et al., 1974). Similar results have been 

ob ta ined by Vol ler et al. (1972) for t e t anus toxoid in P.yoelii-inkcted 

mice. T h e an t i body response to the toxoid is considerably r educed 4, 

10 or 15 days after infection wi th P.yoelii a n d remains r educed even 

after a booster dose of the toxoid 28 days later . 

C. Mycoplasmas 
T h e mycoplasmas are separa ted from the o the r bac te r ia by the absence 

of a cell wall , a n d it is convenient to r ega rd t h e m separa te ly in this 
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c h a p t e r because of the pecul ia r n a t u r e of the re la t ionship wh ich exists 

be tween one of t h e m , Mycoplasma neurolyticum, a n d ra ts infected wi th 

P.berghei. M e r c a d o (1965, 1973) no ted t h a t a para lys ing s y n d r o m e 

associated wi th P.berghei in ra ts occur r ing 4 to 7 days after infection, a n d 

separa ted a filterable agen t from the sera of these ra ts . Th i s agen t 

caused paralysis w h e n given to rats wi th (non-paralysing) P.berghei, b u t 

no t in o the r c i rcumstances . Tu l ly a n d M e r c a d o (1972) assessed the 

avai lable evidence a n d conc luded t h a t the agen t mus t be M.neurolyticum 

a l though it could no t ac tual ly be isolated a n d identified. T h e para lys ing 

effect was most m a r k e d if t he mycoplasmas were given to ra ts 7 to 8 days 

before infection wi th P.berghei a n d d id no t occur if the two agents were 

given together , or if the P.berghei were given first. 

D. Rickettsiae: Eperythrozoon and Haemobartonella 
T h e infectious agents in te rac t ing wi th ma la r i a in rodents which have 

been the most intensively s tudied are t he rickettsiae. Th is is because 

they c o m m o n l y occur as subpa t en t infections in ra ts a n d mice a n d are 

only not iced w h e n they interfere wi th the ma la r i a . Ricket ts iae a re 

difficult to classify b u t they a re n o w usually g rouped wi th the bac te r i a 

(Kre ier a n d Rist ic , 1973). However , like the mycoplasmas , it is 

convenient to consider t h e m separate ly . T h e most i m p o r t a n t species are 

Eperythrozoon coccoides in mice a n d H.muris in ra ts . H.muris, o r organisms 

very similar to it, h a v e occasionally been recorded from mice (see 

Figures 2 a n d 3) . T h e biology of E.coccoides a n d H.muris has been 

described in deta i l by Kre ie r a n d Rist ic (1968). Both organisms cause 

the same k ind of disease charac te r ized by a n a e m i a wi th consequent 

reticulocytosis (Thurs ton , 1954), sp lenomegaly a n d erythrophagocytos is 

(Cox a n d Calaf- I turr i , 1976), a n d b o t h r e m a i n d o r m a n t for mon ths . 

Increased phagocyt ic act ivi ty is character is t ic of E.coccoides infections 

(Gledhil l et al., 1965) a n d the rickettsiae induce a very good an t ibody 

response (Hyde et al., 1972). 

/. Effects of rickettsiae on malaria 
Peters (1965) first recorded t h a t mice s imul taneously infected wi th 

P.berghei a n d E.coccoides survived longer (12 to 13 days) t h a n mice w i th 

P.berghei a lone (5 to 8 days) . Lowered paras i taemias in mice wi th a 

s t ra in of P.berghei c o n t a m i n a t e d wi th E.coccoides were observed by 
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T h o m p s o n a n d Bayles (1966). S imi lar results were ob ta ined in more 

deta i led studies by O t t et al. (1967) a n d F iner ty et aL (1973) in 

convent ional b u t no t in germ-free mice . T h u r s t o n (1955) found t h a t 

Exoccoides h a d no effect on P.berghei given 7 days later . K r e t s c h m a r 

(1963) also recorded negligible effects a n d Peters (1965) could detect 

no effects unless mice were infected wi th the two organisms a t a b o u t the 

same t ime . S u n t h a r a s a m a i a n d M a r s d e n (1969) found t h a t p r io r 

infection wi th Exoccoides h a d no effect on P.yoelii in mice infected 18 h 

later . 

Figure 2. Exoccoides in the blood of a mouse. In Giemsa-stained thin films Exoccoides appears 
as red round- or rod-shaped bodies. T h e round forms often have clear centres. These disc-like 
bodies occur on red cells and also free in the plasma. Exoccoides appears early in mixed 

infections with malaria parasites and often disappears altogether within a few days. 
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Figure 3. H.muris in the blood of a mouse. In Giemsa-stained thin films H.muris appears as 
red round, rod- or dumbbell-shaped bodies. T h e parasite is usually associated with red cells 
and is rarely seen free in the plasma. T h e round bodies never take on the disc-like appearance 
of Exoccoides. Like Exoccoides, H.muris appears early in mixed infections and can easily be 

missed. Latent infections of both Exoccoides and H.muris recrudesce after splenectomy. 

P.chabaudi a n d P.vinckei a re more affected by Exoccoides t h a n P.berghei 

or P.yoelii, a n d P.vinckei infections which a re usually fatal a re mi lder in 

mice wi th Exoccoides (Cox, 1966). P.chabaudi has received a considerable 

a m o u n t of a t ten t ion because m u c h of the early work wi th this originally 

avi ru lent paras i te was carr ied ou t wi th strains c o n t a m i n a t e d wi th 

Exoccoides. W h e n the Exoccoides was e l iminated the strains b e c a m e m o r e 

v i ru lent (Peters, 1967), a n d the fatal pa t t e rns of infection resembled 

those caused by P.vinckei (O t t a n d S tauber , 1967). Exoccoides affected 

the ou tcome of P.chabaudi infections most w h e n mice were infected 
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s imul taneously b u t h a d little effect if given 3 or 6 days before ( O t t et al., 

1967). Vol ler a n d Bidwell (1968) also no ted the greatest effect w h e n 

E.coccoides was given a t the same t ime or one d a y before P.chabaudi b u t 

found some residual effects after 11 or 16 days . Vi ru lence of P.chabaudi 

is no t s imply de t e rmined by the presence of E.coccoides for Cox (1970c) 

found t h a t 8 5 % of mice free from Eperythrozoon a n d Haemobartonella 

recovered spontaneously from infections wi th P.chabaudi, a n d t h a t this 

recovery ra te was no t affected by an t i -epery throzoa drugs . 

T h e effects of H.muris infections on ma la r i a have received little 

a t ten t ion . H s u a n d G e i m a n (1952), in a p a p e r t ha t is very difficult to 

in terpre t , found t h a t P.berghei infections were e n h a n c e d in rats wi th 

H.muris a n d this has been unambiguous ly confirmed by Smalley (1975). 

M e r c a d o a n d von Brand (1962) found t h a t metas ta t ic calcification 

caused by h igh doses of d ihydro tachys te ro l (Hytakerol ) was r educed in 

rats wi th P.berghei a n d even more so in rats wi th P.berghei a n d H.muris. 

I n the only repor t of mixed infections of E.coccoides a n d H.muris in 

mice s imul taneously infected wi th a ma la r i a paras i te , Peters (1971) 

found t h a t in some mice bo th the E.coccoides a n d the H.muris infections 

were low a n d the P.berghei pa ras i taemias developed slowly, b u t t h a t in 

others t he two rickettsial infections r eached ear ly peaks a n d the 

P.berghei infection progressed rap id ly . 

I t is t e m p t i n g to t ry to explain the effects of E.coccoides a n d H.muris 

in t e rms of t he avai labi l i ty of ret iculocytes. E n h a n c e d reticulocytosis 

would favour P.berghei a n d P.yoelii, most strains of which have a 

predi lect ion for these cells, a n d r e t a rd infections wi th P.vinckei a n d 

P.chabaudi wh ich requ i re m a t u r e cells for the i r deve lopmen t ( O t t et al., 

1967; O t t a n d S tauber , 1967; Cox, 1975). T h e i m p o r t a n c e of ret iculo-

cytosis on the ou tcome of P.vinckei a n d P.chabaudi infections has been 

clearly demons t r a t ed in mice in wh ich the o u t p u t of ret iculocytes has 

been e n h a n c e d wi th Pheny lhydraz ine (Ot t , 1968; Viens et al., 1971) o r 

depressed by be ta -me thasone (Cox, 1974). T h e effects of reticulocytosis 

on P.berghei infections a re more difficult to unde r s t and . Increased 

reticulocytosis, resul t ing from infections wi th E.coccoides or H.muris, 

could accoun t for the he igh tened infections recorded by H s u a n d 

G e i m a n (1952) a n d Smal ley (1975), b u t could h a r d l y explain the 

mi lder infections recorded by Peters (1965), T h o m p s o n a n d Bayles 

(1966), O t t et al. (1967) a n d F iner ty et al. (1973). O t t (1968) has 

suggested t h a t a n ear ly lack of ret iculocytes forces P.berghei to i nvade 

m a t u r e cells a n d this cont r ibutes to more intense infections t h a n those 
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in mice wi th a b u n d a n t ret iculocytes. T h o m p s o n a n d Bayles (1966) 
no ted tha t , w h e n thei r s t ra in of P.berghei was cleared of its c o n t a m i n a t -
ing Exoccoides, the ma la r i a parasi tes occur red p r e d o m i n a n t l y in m a t u r e 
cells. Peters (1965) was unab le to find a n y corre la t ion be tween 
reticulocytosis a n d the effects of Exoccoides on P.berghei a n d suggested 
t ha t compet i t ion for metabol i tes migh t be a cause of the depressed 
ma la r i a . T h e possibility t ha t cross- immuni ty exists be tween Exoccoides 

a n d Plasmodium spp . is unlikely in view of the fact t h a t F iner ty et al. 

(1973) failed to identify any cross-reacting ant igens using an indi rec t 
fluorescent an t i body t echn ique . I t is equal ly unlikely t h a t non-specific 
increased re t iculoendothel ia l activity could account for the mi lder 
ma la r i a infections in Exoccoides-mkctea mice as chemica l s t imulators of 
such activity have little or no effect on P.berghei infections ( Je rusa lem 
a n d Kre t s chmar , 1965; Bliznakov, 1971). 

C o n t a m i n a t i o n of strains of m u r i n e ma la r i a parasi tes wi th Exoccoides 

or H.muris is relatively c o m m o n a n d these organisms can ru in the most 
carefully p l a n n e d exper iments . Exoccoides, however , can easily be 
control led by e l iminat ing the vectors (Gledhil l et al., 1965), by using 
inocula con ta in ing less t h a n 500 blood cells (Büngener , 1968) or by d r u g 
t r e a t m e n t (Thurs ton , 1955; Kre t s chmar , 1963; T h o m p s o n a n d Bales, 
1966; Peters, 1967; M c H a r d y , 1974). 

2. Effects of mai aria on rickettsiae 
P.berghei infections cause recrudescences of la ten t Exoccoides infections in 
mice (Thurs ton , 1955) a n d H.muris infections in ra ts (Hsu a n d G e i m a n , 
1952). This is p resumab ly d u e to the immunodepress ive effect of 
mala r ia . 

3. Bedsoniae 
T h e Bedsoniae a re virus-like micro-organisms long r ega rded as viruses 
b u t n o w classified wi th the bac te r ia close to the rickettsiae. Th is g r o u p 
contains the so-called Orni thosis (Psittacosis) virus. Yoeli et al. (1955) 
r ega rded it as a virus a n d found t h a t exposure to this o rgan ism r e d u c e d 
or suppressed P.berghei infections in mice in the same w a y as West Nile 
virus. 
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E. Other Species of Malaria 

U n t i l t he midd le of the 1960s it was assumed t h a t recovery from ro d en t 

ma la r i a p ro tec ted the host against subsequent infection wi th the same 

species a n d t h a t the i m m u n i t y conferred was species specific. W i t h the 

discovery of the relatively avi ru lent species, P.chabaudi a n d P.yoelii, m o r e 

intensive investigations b e c a m e possible a n d it was soon real ized t h a t 

a considerable degree of heterologous i m m u n i t y exists be tween different 

species (Cox, 1975 a n d T a b l e I ) . 

Mice which have recovered from P.chabaudi infections a re also 

i m m u n e to the more v i ru lent P.vinckei (Cox a n d Voller , 1966; Nussen-

zweig et al., 1966; Yoeli et al., 1966; Cox, 1970a). Bafort (1969), 

however , found only l imited protec t ion against P.vinckei. P.chabaudi does 

no t pro tec t mice against P.berghei (Cox a n d Voller , 1966; Nussenzweig 

et al, 1966; Yoeli et al, 1966; Cox a n d Mi la r , 1968; Cox, 1970a) a n d 

this also applies to sporozoi te- induced infections (Richards , 1968). 

T h e r e is n o apprec iab le degree of pro tec t ion be tween P.chabaudi a n d 

P.yoelii (Cox a n d Voller , 1966; Cox, 1970a) a n d this is also t rue for 

sporozoite chal lenge (Richards , 1968). 

Mice wh ich have been cu red of infections wi th P.vinckei resist 

chal lenge wi th in t raery throcy t ic stages of P.chabaudi (Cox a n d Voller , 

1966; Bafort, 1969; Cox, 1970a) b u t no t of P.berghei (Cox a n d Voller , 

1966; Cox, 1970a), a l though they are well p ro tec ted against P.yoelii 

(Cox, 1970a). R a t s which have recovered na tu ra l ly from P.vinckei 

infections s u c c u m b to b lood- induced P.berghei (Cox a n d Voller , 

1966). 

Whi le P.yoelii par t ia l ly protects mice against b lood- induced P.vinckei 

(Bafort, 1969; Cox, 1970a; Harg reaves et al, 1975) a n d provides a 

be t t e r pro tec t ion against P.chabaudi (Cox, 1970a), this is no t t rue w h e n 

the chal lenge is sporozoite i nduced (Richards , 1968). Because of the 

close re la t ionship be tween P.yoelii a n d P.berghei it migh t reasonably be 

assumed t h a t there would be a considerable degree of pro tec t ion 

be tween these species, b u t this is no t so. Mice which have recovered 

from P.yoelii infections a re usual ly susceptible to infection wi th blood-

induced P.berghei ( D e m i n a et al, 1969a; Barker , 1971 ; O x b r o w , 1973; 

Harg reaves et al, 1975) a l though Cox (1970a) found some pro tec t ion . 

W e d d e r b u r n (1974) a n d W e d d e r b u r n et al (1975) ob ta ined a degree 

of pro tec t ion in the major i ty of an imals in which the super imposed 

P.berghei infections assumed a chronic form. R i c h a r d s (1968) showed 
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t h a t mice i m m u n e to P.yoelii resist P.berghei sporozoite chal lenge. I n 

rats , P.yoelii does no t pro tec t against P.berghei (Cox a n d Voller , 1966; 

D é m i n a et al., 1969a, b ; G lazunova et al., 1972). 

Conflicting results have been repor ted from exper iments in wh ich 

mice cured of P.berghei have been chal lenged wi th P.vinckei. Cox a n d 

Voller (1966) a n d Bafort (1969) found little pro tec t ion bu t , in a m u c h 

more extensive s tudy, Cox (1970a) found t h a t the major i ty of mice 

i m m u n e to P.berghei d id resist chal lenge wi th P.vinckei. Similarly, Cox 

a n d Voller (1966) found no pro tec t ion against b lood- induced P.chabaudi 

in mice i m m u n e to P.berghei, a result wh ich was t he same w h e n the 

chal lenge was sporozoite induced (Richards , 1968). I n la ter experi-

ments , however , Cox (1970a) found t h a t some an imals were p ro tec ted . 

P.berghei protects mice against P.yoelii (Cox, 1970a; O x b r o w , 1973), a n d 

this protec t ion extends to sporozoite chal lenge (Richards , 1968) a n d is 

also seen in rats (Cox a n d Voller , 1966). 

I n add i t ion to exper iments wi th the four most frequently used roden t 

malar ias , there have been a few observat ions wi th o ther species. Cox 

(1970a) found t ha t P.atheruri p ro tec ted mice against P.chabaudi a n d (to 

a lesser extent) P.vinckei a n d P.yoelii, b u t no t against P.berghei. Pro tec t ion 

against P.atheruri was conferred by P.chabaudi and , to some degree , b y 

P.vinckei, P.berghei a n d P.yoelii. O x b r o w (1973), in add i t ion to the 

observat ions discussed above, found t ha t P.berghei p ro tec ted against 

P.y.killicki a n d P.y.nigeriensis; t h a t P.y.yoelii p ro tec ted against P.y.killicki 

b u t no t P.y.nigeriensis; t h a t P.y.killicki p ro tec ted against P.y.yoelii a n d 

P.y.nigeriensis b u t not P.berghei a n d t ha t P.y.nigeriensis p ro tec ted against 

P.berghei a n d all subspecies of P.yoelii. 

F r o m t ime to t ime, avi rulent strains of v i ru lent species, or v i ru len t 

strains of normal ly avi rulent species, have been ob ta ined . T h e i m m u n i t y 

which exists be tween the der ived a n d p a r e n t strains is of the n o r m a l 

homologous type . Aviru lent strains of P.berghei p ro tec t against v i ru len t 

strains (Weiss, 1968; Kre t s chmar , 1969) a n d similar results have been 

ob ta ined wi th P.vinckei a n d P.chabaudi (Kre t schmar , 1969). Avi ru len t 

strains of P.yoelii p ro tec t rats a n d mice against v i ru lent strains of the 

same species, b u t no t against P.berghei (Démina et al., 1969a; G lazunova 

et al., 1972; Harg reaves et al., 1975). T h e avi ru lent a n d v i ru lent strains 

of P.yoelii can co-exist in rats (Glazunova et al., 1972). 

All these observations relate to the chal lenge of animals recovered 

from infection wi th ano the r ma la r i a paras i te . I t is difficult to d e t e r m i n e 

which of these animals h a r b o u r e d la ten t infections of the or ig ina l 



Table I 

Percentage of mice protected by prior infections with homologous or heterologous blood parasites 

Immunizing Challenged with 
infection P.vinckei Pxhabaudi P.berghei P.yoelii P.atheruri B.rodhaini B.microti A.garnhami 

P.vinckei 100 70 7 100 50 100 100 92 
Pxhabaudi 80 100 0 34 100 60 100 100 
P.berghei 90 40 80 56 50 66 60 58 
P.yoelii 56 34 34 100 17 75 56 58 
P.atheruri 17 83 0 67 100 75 75 50 
B.rodhaini 95 40 0 0 83 100 100 100 
B.microti 90 75 7 0 67 100 100 100 
A.garnhami 53 67 0 20 67 100 100 100 

Reproduced with permission, from Cox (1975a). 

Table II 

Fluorescent antibody titres obtained using blood parasites and homologous and heterologous antisera 

Antigen 
Antiserum to P.vinckei Pxhabaudi P.berghei P.yoelii P.atheruri B.rodhaini B.microti 

P.vinckei 2560 640 640 320 160 160 
Pxhabaudi 640 2560 320 160 80 10 10 
P.berghei 320 160 2560 320 160 80 
P.yoelii 40 80 160 2560 0 0 
P.atheruri 160 2560 
B.rodhaini 20 20 40 20 2560 80 
B.microti 40 40 40 20 40 2560 

Reproduced with permission, from Cox (1975a). 
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paras i te a n d which h a d total ly e rad ica ted the infection bu t , in prac t ice , 

this does no t affect the ou tcome of the chal lenge (unpub l i shed) . 

P.chabaudi does no t pro tec t against P.vinckei given at the same t ime b u t 

does if given as little as one d a y before (Nussenzweig et al., 1966). I n 

mice s imultaneously infected wi th P.berghei a n d P.vinckei (which d o no t 

usually cross-protect) the P.berghei infection is r e t a rded b u t all t he 

an imals rap id ly die (Yoeli a n d Sklarsh, 1970; Bafort, 1971). 

I t is difficult to explain all the pa t t e rns of cross- immuni ty recorded 

a n d convent ional ly it is convenient to look for cross-reacting ant igens . 

These have been extensively s tudied using the indi rec t fluorescent 

an t ibody techn ique (Cox, 1970b; Cox a n d T u r n e r , 1970; see T a b l e I I ) 

a n d could account for most of the pro tec t ion recorded , b u t a re difficult 

to correlate wi th the genera l lack of pro tec t ion against P.berghei. Th i s 

subject will be discussed aga in on p . 335. 

F. Piroplasms 

7. Effects of piroplasms on malaria 
A considerable degree of heterologous i m m u n i t y exists be tween the 

ma la r i a parasi tes a n d piroplasms of rodents (Cox, 1975). Mice wh ich 

have recovered from infections wi th avi ru lent Babesia microti a re 

resistant to infection wi th P.vinckei, P.chabaudi a n d P.atheruri, b u t no t 

P.berghei or P.yoelii (Cox, 1968, 1970a, 1972a). Mice which have been 

cured of infections wi th B.rodhaini resist chal lenge wi th P.atheruri, 

P.vinckei a n d P.chabaudi b u t no t P.berghei o r P.yoelii (Cox, 1970a, 1972a). 

I n rats , however , there is evidence of slight pro tec t ion against P.berghei 

in animals which have recovered from B.rodhaini (Cox a n d Mi la r , 1968). 

Anthemosoma garnhami protects mice against P.vinckei a n d P.chabaudi, a n d 

provides some protec t ion against P.yoelii b u t no t against P.berghei (Cox, 

1972b). Cross-react ing ant igens c o m m o n to ma la r i a parasi tes a n d 

piroplasms in rodents have been detec ted using an indirect fluorescent 

an t ibody t echn ique (Cox, 1970b; Cox a n d T u r n e r , 1970; see T a b l e I I ) . 

2. Effects of malaria on piroplasms 
P.vinckei, P.chabaudi, P.berghei, P.yoelii a n d P.atheruri p ro tec t mice 

against B.rodhaini a n d B.microti (Cox, 1970a, 1972a). P.chabaudi protec ts 

rats or mice against B.rodhaini (Cox a n d Mi la r , 1968) a n d P.vinckei a n d 
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P.yoelii p ro tec t mice against B.hylomysci (Bafort et aL, 1970). P.vinckei a n d 

P.chabaudi p ro tec t mice against A.garnhami a n d so, to a lesser extent , do 

P.berghei, P.yoelii a n d P.atheruri (Cox, 1972a). 

G. Toxoplasma 
Because i t is ub iqu i tous , Toxoplasma gondii mus t sometimes occur 

together wi th a m a l a r i a paras i te b u t the only invest igat ion in to this 

in terac t ion has been a l abora to ry s tudy using T. gondii a n d P.yoelii in 

mice. S t r ickland et al. (1972) infected mice wi th T.gondii 12 days before 

to 7 days after infection wi th P.yoelii. I n mice infected wi th T.gondii 

before P.yoelii, m a l a r i a infections lasted longer, were more severe a n d 

caused more dea ths t h a n in control an imals , a n d the an t i body response 

to bo th P.yoelii a n d T.gondii was depressed. These results a re in teres t ing 

because they indica te t h a t interferon p r o d u c e d in response to the 

Toxoplasma infection (Ryte l a n d Jones , 1966; F r e s h m a n et aL, 1966) 

exerts n o protect ive effect against the ma la r i a as was suggested by 

J a h i e l et al. (1968) a n d Schul tz et al. (1968). Th i s conclusion appea r s 

to agree wi th the observat ions m a d e by G o b e r t et aL (1971). I t seems 

equal ly likely t h a t if any interferon is p r o d u c e d in response to the 

ma la r i a paras i te ( H u a n g et aL, 1968), it is e i ther i n a d e q u a t e o r 

inefficient against T.gondii which is otherwise susceptible to the act ion 

of interferon (Reming ton a n d M e r i g a n , 1968). 

H. Trypanosomes 

T h e possibility t h a t t rypanosomiasis a n d ma la r i a in rodents migh t 

affect one a n o t h e r was first invest igated by H u g h e s a n d T a t u m (1956). 

I n rats infected wi th bo th P.berghei a n d Trypanosoma lewisi, the P.berghei 

paras i t aemia was p ro longed a n d enhanced . T h e T.lewisi infection was 

unaffected unt i l the n i n t h d a y w h e n the n u m b e r of t rypanosomes in the 

blood a t first rose to twice the level seen in an imals wi th T.lewisi a lone 

a n d then decl ined. S h m u e l et al. (1975) found t ha t in ra ts infected 

s imul taneously wi th P.berghei a n d T.lewisi t he ma la r i a infections were 

enhanced , a n d t h a t in ra ts infected wi th T.lewisi 7 days after P.berghei, 

the n u m b e r of t rypanosomes was increased. J ackson (1959), using rats 

infected s imul taneously wi th P.berghei a n d T.lewisi, found t h a t the two 

parasites did no t a p p e a r to affect one ano the r , a l though 17 ou t of 25 

rats died from unspecified causes. 

M 



328 F. E. G . C O X 

I n mice, Bafort (1971) found t ha t T.musculi ( = T.duttoni) given a t the 

peak of a P.vinckei infection h a d no effect on e i ther paras i te b u t t h a t t he 

doub ly infected an imals died early wi th severe a n a e m i a . Q u i t e different 

results were ob ta ined by Büngener (1975) a n d Cox (1975). Büngene r 

(1975) infected mice wi th P.berghei a n d wi th T.musculi a t the same t ime 

or 3, 6 or 9 days later . I n the mice infected after 6 or 9 days the n u m b e r 

of t rypanosomes in the blood reached very h igh levels a n d killed some 

of the mice. Büngener a t t r ibu ted the increased t rypanosome infections 

to ma la r i a - induced changes in the liver sinusoids which favoured the 

mul t ip l ica t ion of T.musculi. Cox (1975) infected mice wi th P.yoelii a n d 

T i m e after in fec t ion wi th T. musculi (d) 

Figure 4. T.musculi infections in mice previously or simultaneously infected with P.yoelii. 
φ φ, Controls; • P.yoelii administered before infection; Ο 0> P.yoelii 
administered on the seventh day of infection (in this group fatal and non-fatal infections have 

been separated) (reproduced with permission, from Cox, 1975b). 
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Figure 5. T.musculi infection in a mouse infected seven days earlier with P.yoelii. This 
photograph shows approximately one trypanosome to every red blood cell on the thirteenth 
day of the infection. In the controls there was one trypanosome for every 200 red blood cells. 

T.musculi a t the same t ime or 7 days later . T h e t rypanosome infections 

were considerably enhanced a n d reached levels u p to 10 t imes h igher 

t h a n those in mice infected wi th T.musculi a lone, a n d some of t he mice 

died (see Figures 4 a n d 5) . T h e effect of P.berghei on T.musculi infections 

was most m a r k e d w h e n the t rypanosomes were given 7 days after 

P.yoelii. Cox (1976) suggests t h a t the e n h a n c e d t rypanosome infections 

are d u e to immunodepress ion by the ma la r i a . T h e r e was no apprec iab le 

effect on the ma la r i a infection. 

Mice i m m u n e to T.musculi infections a re no t i m m u n e to P.vinckei 

(Bafort, 1971 ; Cox, 1972c), P.chabaudi, P.berghei, P.yoelii or P.atheruri 

(Cox, 1972c), no r is there a n y reciprocal i m m u n i t y (Cox, 1972c). 
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I. Leishmania 
Adler (1954) s tudied the in teract ions be tween P.berghei a n d Leishmania 

infantum in hamsters , which are par t i cu la r ly susceptible to b o t h these 

infections. Hams te r s were infected wi th L.infantum a n d 21 to 171 days 

la ter were chal lenged wi th P.berghei. A n u m b e r of hamsters given 

P.berghei 30 to 81 days after L.infantum recovered from the ma la r i a which 

killed all the cont ro l an imals . D u r i n g the recovery per iod , d e a d or dy ing 

ma la r i a parasi tes were seen wi th in the blood cells. T h e r e were no signs 

of blockage or h y p e r t r o p h y of phagocyt ic cells. 

J . Giardia 
T h e spontaneous invasion of tissues such as the liver, lung , h e a r t a n d 

b ra in by the intest inal flagellate Giardia muris occurs w h e n the infesta-

t ion is very intense a n d in mice infected wi th P.berghei (Radulescu et al., 

1971). Tissue invasion by G.muris was detec ted a t the peak of P.berghei 

infections in 80 ou t of 100 mice c o m p a r e d wi th a spontaneous invasion 

ra te of 2 0 % . N o explana t ion of this finding has been offerred n o r have 

a n y reports of similar p h e n o m e n a come from o ther labora tor ies 

rout inely ma in t a in ing P.berghei. 

K. Helminths 

T h e r e have been several observat ions on the in teract ions be tween 

schistosome infections a n d m a l a r i a in rodents . Yoeli (1956), using 

Schistosoma mansoni a n d P.berghei in Microtus guentheri, found t h a t in voles 

infected wi th P.berghei one or two weeks before or after S.mansoni t he 

ma la r i a infection was prolonged, a n d the an imals h a d difficulty in 

r idd ing themselves of it . I n voles infected wi th P.berghei four or seven 

weeks after S.mansoni, d u r i n g the per iod w h e n the most act ive tissue 

react ion to the worms was occurr ing , the ma la r i a infections were mi lder 

t h a n in n o r m a l infections, some animals spontaneously recover ing a n d 

some never becoming infected. T h e ou tcome of the in te rac t ion be tween 

these two parasi tes therefore depends on the in terval be tween the two 

infections. Lewinsohn (1975), using S.mansoni in mice infected th ree o r 

five weeks la ter wi th blood-passaged P.yoelii, conc luded t h a t these 

parasi tes d o not great ly affect one ano ther . 

O n e of the characterist ics of S.mansoni infections is the format ion of 



C O N C O M I T A N T I N F E C T I O N S 331 

g ranu lom a tous react ions of the de layed hypersensi t ivi ty type a r o u n d 

the schistosome eggs. A b d e l - W a h a b et al. (1974) invest igated the effect 

of P.yoelii on this reac t ion by inject ing eggs in t ravenous ly in to mice a t 

the same t ime as the m a l a r i a parasi tes a n d found t h a t t he ma la r i a 

suppressed the format ion of g r a n u l o m a t a d u r i n g the d u a l infection, 

par t icu la r ly after 16 days w h e n the g r a n u l o m a t o u s react ions were only 

half as large as those in cont ro l mice . These au thors also state t h a t in 

mice h a r b o u r i n g S.mansoni adu l t worms a n d P.yoelii the g r a n u l o m a t a 

are m u c h smaller t h a n in mice wi thou t the ma la r i a . 

O n e a t t e m p t has been m a d e to examine the effects of ma la r i a on the 

expulsion of the n e m a t o d e w o r m Trichuris muris in mice . Phillips et al. 

(1974) infected mice wi th T.muris a n d wi th P.berghei a t t he same t ime 

or 5, 7 o r 12 days la ter a n d examined the mice for worms after 23 or 

25 days of n e m a t o d e infection. T h e y found some evidence which 

suggested t h a t P.berghei inh ib i ted the rejection of the worms . 

Expuls ion of the n e m a t o d e Nippostrongylus brasiliensis from ra ts is no t 

affected by P.berghei, b u t infections wi th the w o r m slightly increase the 

ma la r i a paras i taemias (Golenser et al., 1976). 

L. Concomitant Infections in Mosquitoes 

This chap te r would be incomple te w i thou t some men t ion of the effects 

of concomi tan t infections on ma la r i a parasi tes in mosqui toes . Mos -

quitoes h a r b o u r a wide r ange of infectious agents wh ich inc lude viruses, 

bac ter ia , p ro tozoa a n d nema todes (Jenkins , 1964; C h a p m a n et al., 

1970). M a n y of these agents a re relat ively non-specific a n d infect 

several species of mosqui to so it is very difficult to select w h a t is k n o w n 

a b o u t the effects of these concomi tan t infections on m u r i n e m a l a r i a from 

w h a t is known of o the r mala r ias . Th i s whole subject wou ld requ i re a 

major review in its own r ight , b u t w h a t is of re levance here is the fact 

t h a t some of these agents h a p p e n to infect A.stephensi wh ich is the most 

widely used l abora to ry vector of m u r i n e mala r ias . W é r y (1968) 

summar i zed the m a i n factors t h a t could influence the deve lopmen t of 

oocysts of m u r i n e malar ias in mosqui toes a n d d r e w a t t en t ion to the fact 

t ha t o the r infectious agents could have a n adverse effect on the i r 

deve lopment . Th i s was subsequent ly demons t r a t ed to be t rue by Davies 

et al. (1971) a n d Bird et al. (1972) for a virus a n d by V a v r a a n d U n d e e n 

(1970) a n d Hul ls (1971, 1972) for a microspor id ian . Davies et al. found 

two viruses a n d a rickettsia in the m i d g u t epi thel ial cells of A.stephensi 
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a n d demons t r a t ed t ha t one of the viruses interfered wi th the develop-

m e n t of P.berghei oocysts. W h a t is appa ren t l y the same virus (a cyto-

plasmic po lyhedra l virus) was shown by Bird et al. (1972) to occur in 

the m i d g u t cells of A.stephensi infected wi th P.yoelii a n d also wi th in the 

oocysts a n d sporozoites themselves. T h e sporozoites were deformed b u t 

n o exper iments to de te rmine a n y effects on transmission were per -

formed. 

T h e r e is a suggestion t ha t the rickettsia seen by Davies et al. (1971) 

m a y r ende r A.stephensi refractory to infection wi th P.berghei. Suscepti-

bility to infection was lost while the mosquitoes were c o n t a m i n a t e d a n d 

r e tu rned w h e n the rickettsial infection d i sappeared . 

Microspor id ians in A.stephensi have received considerable a t t en t ion 

a n d the most i m p o r t a n t c o n t a m i n a n t is Nosema algerae (Vavra a n d 

U n d e e n , 1970; Hul ls , 1971, 1972; C a n n i n g a n d Sinden, 1973). T h e 

deve lopment of P.berghei oocysts is adversely affected by the presence of 

this microspor id ian a n d the viabil i ty of the sporozoites is r educed 

(Hulls , 1971, 1972). 

I t is no t a t all clear a t present how i m p o r t a n t concomi tan t infections 

wi th viruses a n d microspor idians a re in the transmission of m u r i n e 

malar ias . I n the l abora to ry they are clearly a nuisance b u t in the wild 

thei r effects m a y be negligible as n a t u r a l infections a re r a re (see W a r d 

a n d Savage, 1972). N o r is it c lear h o w microspor idians a n d viruses 

could affect the deve lopment of ma la r i a parasi tes in ways o the r t h a n by 

destroying the m i d g u t walls or by shor ten ing the life of the mosqui to . 

Th is is a subject which requires m u c h more work. 

III. CONCLUSIONS 

F r o m the survey of the l i te ra ture given above , it is a p p a r e n t t ha t there 

is ha rd ly an infectious agen t t h a t c anno t in some w a y affect, or be 

affected by, m u r i n e ma la r i a . For tuna te ly , in the labora tory , concomi-

t a n t infections ei ther rare ly cause a n y not iceable effect or cause overt 

disease the i m p a c t of which on the ma la r i a is so m a r k e d t ha t it c a n n o t 

escape not ice. I n the labora tory , the two most i m p o r t a n t g roups of 

c o n t a m i n a n t infections a re the rickettsiae a n d viruses. Mos t research 

workers a re n o w cont inual ly on the look-out for rickettsiae, wh ich can 

usually be seen in rou t ine blood films, b u t virus infections a re difficult 

to diagnose a n d present a different p r o b l e m which has se ldom been 
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recognized. M a n y of the features of virus infections can , however , be 

identified and , in genera l , unexpec ted ly e n h a n c e d or p ro longed ma la r i a 

infections m a y be a t t r i bu t ab l e to virus con tamina t ion , while lowered 

infections p r o b a b l y result from con tamina t ion wi th rickettsiae. T h e 

amel iora t ing effects of v i rus- induced interferon are so marg ina l t h a t 

they can p r o b a b l y be ignored, pa r t i cu la r ly as the effects t end to be very 

short lived. I n the wild, bo th rickettsiae a n d viruses, as well as o the r 

agents , m a y marked ly affect the ou t come of ma la r i a infections b u t as 

so little is known a b o u t n a t u r a l infections it is unwise to speculate 

further. 

T h e diverse in teract ions be tween ma la r i a a n d o the r organisms have 

unt i l recent ly defied the pos tu la t ion of a synthet ic hypothesis to accoun t 

for t h e m all, b u t cu r r en t immunolog ica l theory has caugh t u p wi th the 

p h e n o m e n a observed a n d it is n o w possible to a t t e m p t an exp lana t ion 

of all the in teract ions so far described. 

A. Effects of Malaria on Other Infections 

T h e effects of ma la r i a on infections wi th o the r agents a re the easiest to 

explain. I n all cases of e n h a n c e d infections the exp lana t ion p r o b a b l y 

lies in the p h e n o m e n o n of immunodepress ion character is t ic of m a l a r i a 

(see C h a p t e r 6 ) . T h u s enhanced viral lymphomagenes is a n d leukaemias , 

depressed immunolog ica l responses to bac ter ia , manifestat ions of the 

presence of mycoplasmas , recrudescences of rickettsial infections, 

depressed an t ibody responses to Toxoplasma, e n h a n c e d t rypanosomiasis , 

decreased de layed hypersensit ivi ty to he lmin ths a n d the possible 

adverse effects on w o r m expulsion can all be a t t r ibu ted to i m m u n o -

depression d u r i n g the ma la r i a infection. A n y exceptions to this genera l 

p a t t e r n a re p r o b a b l y d u e to the t iming of the two infections wi th respect 

to one a no the r because the per iod of immunodepress ion is fairly 

short lived a n d , outside this per iod, ano the r infection is unlikely to be 

affected by the ma la r i a . 

M a l a r i a infections have adverse effects on subsequent infections wi th 

p i roplasms or the o the r ma la r i a parasi tes a n d the exp lana t ion of this is 

p robab ly also immunolog ica l . F r o m the evidence avai lable it seems 

tha t these in teract ions a re d u e to a n o r m a l homologous i m m u n e 

response which , for some reason or ano the r , is also opera t ive against 

heterologous parasi tes . T h e most obvious exp lana t ion is t h a t these 

parasites have ant igens in c o m m o n wi th which the ant ibodies react . 
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O t h e r immunolog ica l p h e n o m e n a may , however , be involved a n d these 

a re discussed below. 

B. Effects of Other Infections on Malaria 

T h e effects of o ther infectious agents on ma la r i a can be expla ined u n d e r 

four headings , of which one p r o b a b l y has little significance. These a r e : 

1. the avai labi l i ty of sui table red blood cells which e i ther enhance or 

depress a ma la r i a infection d e p e n d i n g on the host cell preference 

of the species involved ; 

2. immunodepress ion by o the r agents causing e n h a n c e m e n t of 

ma la r i a infections ; 

3. an i m m u n e response elicited by ano the r agen t which also h a p p e n s 

to be effective against ma la r i a , thus causing depressed infections ; 

4. enhanced m a c r o p h a g e activi ty resul t ing from the first infection 

a n d possibly effective in depressing the ma la r i a infection t h r o u g h 

non-specific phagocytosis . 

T h e single most i m p o r t a n t factor which de te rmines the ou t come of 

a ma la r i a infection in rodents is the avai labi l i ty of sui table red blood 

cells. I n genera l , parasi tes of the berghei g r o u p prefer ret iculocytes while 

those of the vinckei g r o u p prefer m a t u r e cells. I t has been clearly 

demons t r a t ed t h a t a r educ t ion in the avai labi l i ty of ret iculocytes 

depresses infections wi th berghei-group parasi tes a n d t h a t reticulocytosis 

depresses vinckei-group infections. T h e avai labi l i ty of a sui table milieu 

on the ou tcome of m a l a r i a is so grea t t h a t large doses of the i m m u n o -

suppressive d r u g be ta -me thasone ac tual ly cause a depression of P.yoelii 

infections because the d r u g also inhibi ts the format ion of ret iculocytes 

which the paras i te preferential ly invades . O n the o the r h a n d P.chabaudi 

infections are enhanced u n d e r the same c i rcumstances (Cox, 1974). T h e 

a n a e m i a a n d reticulocytosis following rickettsiae infections a re p r o b a b l y 

the m a i n cause of the modified ma la r i a infections which occur in doub ly 

infected an imals . Publ ished observat ions d o not all confirm this 

hypothesis b u t it mus t be r e m e m b e r e d t h a t the t iming of the two 

infections, the sizes of the respective inocula a n d the cell preferences of 

pa r t i cu la r strains of ma la r i a modify the ac tua l ou t come of the m a l a r i a 

infection. Different strains of P.berghei exhibi t different degrees of 

preference for reticulocytes a n d this preference m a y change d u r i n g the 

course of an infection. A t present , t he avai labi l i ty of sui table cells seems 
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to offer the best exp lana t ion of the in teract ions which have been found 

to occur be tween rickettsiae a n d m a l a r i a in rodents . I t is possible t h a t 

viruses m a y affect m a l a r i a parasi tes in the same indi rec t w a y as 

rickettsiae since m a n y viruses a l ter the red blood cell p ic tu re of the i r 

hosts. I n doub le infections which have been examined , however , o the r 

hypotheses p rov ide be t t e r explana t ions of the results observed. 

Immunodepres s ion is n o w rega rded as a p h e n o m e n o n c o m m o n to 

m a n y infectious diseases a n d is best d o c u m e n t e d in virus infections 

(Sa laman , 1969). I t is fairly clear t h a t e n h a n c e d ma la r i a in mice 

infected wi th viruses is d u e to vira l immunodepress ion and , a l though 

the definitive exper iments have no t been performed, it is possible t h a t 

enhanced ma la r i a infections following infections wi th spirochaetes , 

T.gondii a n d S.mansoni c an be similarly expla ined. 

T h e possibility t h a t m a l a r i a parasi tes affect a n d a re affected by o the r 

agents t h r o u g h a c o m m o n i m m u n e response needs some explana t ion . 

Extensive cross- immuni ty exper iments have shown t h a t heterologous 

pro tec t ion against the p i roplasms B.microti a n d B.rodhaini is the ru le , 

t h a t heterologous pro tec t ion against P.vinckei a n d P.chabaudi is no t as 

s t rong as it is agains t the p i roplasms a n d t h a t heterologous pro tec t ion 

against P.berghei is a lmost impossible to achieve (Cox, 1970a, 1975). 

I m m u n i z a t i o n wi th B C G a n d C.parvum p roduces b road ly similar 

results (Clark a n d Allison, 1976; Cla rk et al., 1976, 1977) a n d it is 

t e m p t i n g t o suggest t h a t the mechan isms of heterologous i m m u n i t y a re 

s imilar i n all these infections a n d t h a t they a re essentially no different 

from those t h a t b r ing a b o u t homologous i m m u n i t y . 

T h e r e is one exp lana t ion t h a t fits all t he k n o w n facts. B C G a n d 

C.parvum a r e k n o w n to s t imula te the p roduc t ion of n o n -an t i b o d y 

media tors of i m m u n i t y (Sher et al., 1975) which can b r ing a b o u t or 

con t r ibu te t o t h e d e a t h of bo th pi roplasms a n d ma la r i a parasi tes 

(Clark, 1976; Cla rk et al., 1977). T h e m e c h a n i s m seems to be the same 

for b o t h parasi tes a n d is charac te r ized by the in t raery throcy t ic d e a t h 

of the parasi tes . In t race l lu la r d e a t h is character is t ic of the recovery 

phase of homologous i m m u n i t y to m a l a r i a parasi tes (Clark et al., 1975), 

a n d also occurs in heterologous i m m u n i t y (unpub l i shed) . I t therefore 

seems reasonable to pos tu la te the existence of a c o m m o n mechan i sm in 

which a var ie ty of organisms specifically t r igger the release of a non -

an t ibody med ia to r of i m m u n i t y wi th a wide r ange of specificity. Such 

a mechan i sm could opera te in conjunct ion wi th , in para l le l wi th or as 

an a l ternat ive to , t he n o r m a l an t i body response. T h e p roduc t ion of such 
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a substance could account for: heterologous i m m u n i t y be tween 

piroplasms a n d m a l a r i a ; heterologous i m m u n i t y be tween different 

species of ma la r i a parasi tes a n d depressed ma la r i a infections following 

the adminis t ra t ion of bac ter ia l ant igens or Leishmania. Leishmaniasis is 

interest ing because in Leishmania-infected an imals , ma l a r i a parasi tes 

were seen to be dy ing inside red cells (Adler, 1954), an observat ion seen 

in B C G - i m m u n i z e d mice (Clark et al., 1975). As specifically induced b u t 

non-specifically expressed resistance of this kind receives more a t ten t ion , 

its i m p o r t a n c e in the explana t ion of the in teract ions be tween ma la r i a 

parasi tes a n d o the r agents is likely to increase. 

Non-specific s t imulat ion of phagocyt ic activity has frequently been 

suggested as a mechan i sm expla in ing the depressed m a l a r i a infections 

which occur after exposure to rickettsiae or bac ter ia l ant igens . Th is 

hypothesis is not suppor ted by exper imenta l evidence a n d the avai la-

bility of sui table red blood cells or the p roduc t ion of a non-specific 

protect ive substance provide be t te r explanat ions . C.parvum, for example , 

is a po ten t s t imula tor of re t iculoendothel ia l activity, b u t pro tec t ion 

against ma la r i a increases wi th t ime after i m m u n i z a t i o n wi th C.parvum 

instead of decreasing which would be expected if re t iculoendothel ia l 

act ivi ty depressed the ma la r i a (unpub l i shed) . 

C. Epidemiology of Concomitant Infections 

T h e fact t h a t m a n y infections interfere wi th m u r i n e ma la r i a a n d tha t 

such interference m a y be reciprocal p r e sumab ly has a profound 

influence on the transmission of the infectious agents involved. Th i s 

subject has received little a t t en t ion a n d it is impossible to do it jus t ice 

here . I t is obvious, however , t ha t any paras i te t h a t enhances a n o t h e r 

infection first increases the chances of the subsequent transmission of 

t ha t infection b u t m a y eventual ly stop it complete ly by br ing ing a b o u t 

the d e a t h of the host. T h e example of P.yoelii a n d T.musculi i l lustrates 

this point . Nei ther of these parasi tes normal ly kills its host bu t in 

P.yoelii-inkcted mice the T.musculi infections are bo th enhanced a n d 

pro longed (Cox, 1975). T h u s P.yoelii increases the chances of t rans-

mission of T.musculi b u t some mice die from the enhanced t rypanosome 

infection a n d from such an imals n o further transmission is possible. 

Viruses also t end to enhance a n d p ro long ma la r i a infections a n d 

crypt ic virus infections m a y p lay a major p a r t in the transmission of 

m u r i n e mala r i a . O n the o ther h a n d , rickettsiae a n d pi roplasms depress 
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m u r i n e m a l a r i a a n d wou ld no rma l ly decrease the possibility of t rans -

mission, a l t hough this possibility wou ld be increased for a n unusua l ly 

v i ru lent a n d frequent ly fatal m a l a r i a infection. 

Mos t of w h a t we know a b o u t m u r i n e ma la r i a has been der ived from 

careful exper iments a n d observat ions of single infections in the 

labora tory . I t is i m p o r t a n t to r e m e m b e r , however , t h a t this informat ion 

provides only a baseline agains t wh ich field observat ions can be 

assessed. I n the field, single infections a re p r o b a b l y very r a re , a n d for 

a realistic u n d e r s t a n d i n g of the epidemiology of m u r i n e m a l a r i a 

concomi tan t infections should be considered as the n o r m 
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Chap te r 8 is dedicated to t he m e m o r y of the late D r Leo R a n e who , with his wife 
D r Dora R a n e , devised a novel t echn ique for the mass screening of an t ima la r i a l d rugs 
based on the use of rodent mala r ia . W i t h this model they examined an unp receden ted 
n u m b e r of compounds , total l ing more t han one qua r t e r of a million, a n d thus con t r ibu ted 

to the deve lopment of a new genera t ion of invaluable drugs . 
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I. INTRODUCTION 

Before the discovery of r oden t ma la r i a in 1948 the bulk of research 

re la t ing to the c h e m o t h e r a p y of ma la r i a h a d been carr ied ou t in av ian 

models , employ ing in pa r t i cu la r Plasmodium gallinaceum in y o u n g chicks 

(see review in Peters, 1970a). F r o m 1941 to 1945 the U S Na t iona l 

Microbiological Ins t i tu te (now p a r t of the Na t iona l Inst i tutes of 

Hea l th ) examined more t h a n 15 000 chemica l substances, an u n -

precedentedly large n u m b e r . T h e av ian malar ias a n d cer ta in ma la r i a 

parasites of p r ima tes also were used extensively for basic investigations 

on the biochemist ry a n d physiology of Plasmodium. T h e ease of 
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manipu l a t i on a n d economy of roden t ma la r i a in mice as c o m p a r e d wi th 

birds, pe rmi t t ed a r ap id expansion of research t h a t was, one hoped , likely 

to be of more direct re levance t h a n the av ian models to h u m a n ma la r i a . 

I n the early 1960s ch loroquine resistance was repor ted in the 

ma l ignan t te r t ian paras i te P.falciparum. Coincidenta l ly the U S A r m e d 

Forces became engaged in act ion in South-Eas t Asia where ch loroquine 

resistance p roved to be bo th widespread a n d of serious prac t ica l 

impl ica t ion . Since then there has been an exponent ia l g rowth of 

interest in ma la r i a chemothe rapy . T h e grea t bu lk of new research has 

been carr ied ou t wi th roden t Plasmodium a n d the g rowing interest is 

reflected in the following figures shown in T a b l e I . 

Table I 

Numbers of references included in bibliographies on rodent malarias 

Author and (year) 
Number of 
references 

Number on chemotherapy 
and (% of total) 

Vincke and Lips (1952) 129 35 (27-1) 
Thurston (1953) 103 26 (25-2) 
Jadin (1965) 489 123 (25-2) 
Aviado (1969) 787 254 (32-3) 
Peters and Howells (unpublished) 1080 946 (87-5) 

A n analysis of papers in our collection yields the following interest ing 

observa t ions :* 946 of 1080 papers dea l specifically wi th roden t ma la r i a 

in chemothe rapeu t i c research. T h e species referred to in these 946 

papers were , P.berghei 903 ( 8 3 - 5 % ) ; P.yoelii 94 ( 8 - 6 % ) ; P.vinckei 85 

( 7 - 9 % ) ; P.chabaudi 65 ( 6 - 0 % ) ; others 14 (1 -3%) . O f the 1080 papers 

only 6 - 3 % refer to exper iments in vitro. T h e grea t majori ty of the 

references were l imited to the asexual erythrocyt ic stages (92-1 % ) , 6 - 3 % 

deal ing wi th gametocytes , 12*6% the sporogonic stages a n d 1 0 - 1 % 

refer to the exoerythrocyt ic stages. 

O v e r one-half of the papers re la t ing to c h e m o t h e r a p y are concerned 

wi th pha rmaco logy (478 or 50 -5%) , one- th i rd dea l specifically wi th new 

an t imala r i a l drugs (330 or 34-9%) a n d the r e m a i n d e r refer to paras i te 

* T h e development of such statistics can provide an entertaining (if pointless) diversion. 
For example, all the experiments ever carried out on chemotherapy using rodent malaria have 
involved roughly one kiloton of pure P.berghei. This mass of parasites (not to mention their 
rodent hosts) converted into an edible form, would provide enough protein to feed 50 people 
for one year. 
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metabol i sm a n d biochemis t ry (232 or 2 4 - 5 % ) . T h e major i ty (85%) of 

exper iments in these pape r s were car r ied ou t in mice, the r e m a i n d e r 

be ing ma in ly in ra ts . 

Most of these exper iments have been necessitated by a massive 

screening p r o g r a m m e designed to find n e w drugs wi th which to t rea t 

chloroquine-resis tant h u m a n mala r i a , a n d to p reven t relapses caused by 

P.vivax of m a n which yields only wi th difficulty to t he very l imited 

ba t t e ry of an t imalar ia l s in cu r r en t use. Since a b o u t 1963 over a q u a r t e r 

of a mill ion chemica l substances h a v e passed t h r o u g h a screen which is 

based p r imar i ly on in vivo testing in mice . F r o m 1948, w h e n it was first 

realized h o w va luab le P.berghei would be for studies on chemothe rapy , 

p r o b a b l y someth ing in t he o rde r of four to five mill ion mice h a v e been 

used, four mill ion a t least in the cu r r en t screen. H o w m u c h m o r e 

h u m a n e it would all be if in vitro systems were avai lable for this k ind of 

work. Unfor tuna te ly , n o a d e q u a t e in vitro subst i tu te has yet been 

evolved t ha t can replace the mouse for the grea t major i ty of exper iments 

t ha t have been involved, a n d t h a t will con t inue to be necessary in the 

search for new a n d more effective drugs for the p revent ion a n d 

t r e a t m e n t of ma la r i a . V a l i a n t a t t empt s have been m a d e b u t none , so 

far, has p roven total ly successful. 

So far this accoun t has deal t solely wi th the role of r o d e n t m a l a r i a 

in c h e m o t h e r a p y research, a n d this t h e m e is e x p a n d e d u p o n in the 

following section. An t ima la r i a l agents , in the i r t u r n , have p roved 

inva luab le in i l lumina t ing m a n y features of the physiology a n d bio-

chemis t ry of the parasi tes themselves, a n d this aspect of expe r imen ta l 

c h e m o t h e r a p y is discussed in some deta i l on p p . 3 5 8 - 3 8 1 . 

II. THE VALUE OF RODENT MALARIA IN 
ANTIMALARIAL DRUG SCREENING 

A. The Search for New Blood Schizontocides 

I n a n earl ier work Peters (1970a) summar i zed the techniques t h a t h a d 

been developed on the basis of roden t m a l a r i a (mainly the old K a t a n g a 

strain K 1 7 3 of P.berghei) to eva lua te chemicals as po ten t ia l b lood 

schizontocides. I n the years immedia t e ly following the discovery of 

P.berghei t he re was relatively little interest in n e w drugs . Ch lo roqu ine , 

p r i m a q u i n e a n d p roguan i l h a d been discovered a n d developed largely 
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on the basis of the i r activity to P.gallinaceum, a n d little need was felt for 

yet o the r new ant imalar ia l s . D r u g resistance a l though not , in 1948, a 

m a t t e r for serious concern , was beg inn ing to a p p e a r wi th repor ts from 

bo th the l abora to ry a n d the field of difficulties wi th p roguan i l . 

At this t ime workers in the Wel lcome research laborator ies were 

examin ing series of c o m p o u n d s from which was to emerge , in a yea r or 

two, the powerful p rophylac t ic p y r i m e t h a m i n e . I t was evident to those 

investigators t h a t the poten t ia l of parasi tes to develop resistance to 

p y r i m e t h a m i n e should be examined wi thou t delay, a n d in this w a y the 

new " w o n d e r d r u g " b e c a m e one of the very first for which roden t 

ma la r i a p rov ided a n ideal exper imen ta l mode l . A l r eady a n u m b e r of 

chemotherapis t s h a d seized on the new paras i te , a n d a series of pape r s 

was publ ished descr ibing the act ivi ty of the then cu r ren t an t imala r ia l s 

such as qu in ine , 8-aminoquinol ines , mepac r ine , ch loroquine a n d o the r 

4-aminoquinol ines , su lphonamides , sulphones, a n d even the n e w 

antibiotics of the te t racycl ine g r o u p which d id not , in fact, a t t a in 

p rominence as an t imalar ia l s unt i l very recent ly. 

F r o m those early days P.berghei p rov ided the basis for the search for 

new ant imalar ia l s in d r u g screening p r o g r a m m e s conduc ted rout ine ly 

by a n u m b e r of p h a r m a c e u t i c a l companies , a n d a few non-commerc ia l 

research centres bu t , as s ta ted previously, interest in this field was 

l imited unt i l t he adven t of ch loroquine resistance in P.falciparum. 

Clearly the need for drugs t h a t would be active against parasi tes 

resistant to ch loroquine necessitated the use of an a p p r o p r i a t e chloro-

quine-resis tant screening model , in add i t ion to the s t anda rd mode l 

which was based on the b road ly drug-sensit ive old l abora to ry s train of 

P.berghei, o r one of the more recent ly isolated strains such as Yoeli 's 

N K 6 5 . As it b ecame a p p a r e n t t h a t m a n y strains of P.falciparum were 

p rov ing resistant no t only to ch loroquine , b u t also to un re l a t ed com-

pounds such as p y r i m e t h a m i n e , it was obvious t h a t a ba t t e ry of 

drug-resis tant models would have to be developed. 

T h e story of d r u g resistance in ma la r i a a n d the efforts exerted by 

research workers a r o u n d the wor ld to s tudy this p r o b l e m has a l ready 

been recoun ted a t length (Peters, 1970a) a n d need no t be r epea ted 

here . Suffice it to say t h a t in P.berghei was found the first m a m m a l i a n 

ma la r i a paras i te which could readi ly be m a n i p u l a t e d in o rde r to 

p roduce strains resistant to a lmost a n y avai lable an t ima la r i a l d r u g . 

I n d e e d , in o u r o w n labora to ry , the re is so far n o active a n t i m a l a r i a l 

c o m p o u n d t h a t we have tested to which we c a n n o t p r o d u c e resistance 
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in P.berghei. F r o m this exper ience has arisen a ba t t e ry of strains 

resistant to ch loroquine , qu in ine , p r i m a q u i n e , cycloguanil , py r ime tha -

mine , dapsone a n d su lphonamides , wi th var ious levels of resistance to 

those c o m p o u n d s tha t , today , form the basis of secondary d r u g screening 

in vivo for interest ing c o m p o u n d s t ha t emerge from the p r imary , d rug -

sensitive P.berghei screen. T h e va lue of this secondary screen has been 

discussed in several recent publ ica t ions ( W H O , 1973; Peters et al., 

1970b; T h o m p s o n , 1972; K i n n a m o n a n d R o t h e , 1975). 

W h a t in fact has come out of these studies, w h a t miraculous n e w 

drugs have emerged to justify the consumpt ion of t h a t kilo ton of 

Plasmodium, those four mill ion a n d more mice? T h e answer is, surpris-

ingly little. However , this is in the very n a t u r e of d r u g screening. 

K i n n a m o n a n d R o t h e (1975) have po in ted ou t tha t , for each 3000 

compounds t ha t wen t in one end of the p r i m a r y screen, only 54 c a m e 

ou t a t the other . All b u t 15 of these were rejected in the secondary 

screen, a n d those 15 then h a d to pass a r igorous series of tests to 

de t e rmine w h e t h e r they would justify even tua l clinical t r ia l . O n the 

average only 1 c o m p o u n d is examined in the pre-final s imian screen 

before passing to pre-cl inical toxicological evalua t ion . O n this basis it 

is pe rhaps no w o n d e r t ha t a mere handful of potent ia l ly va luab le drugs 

are a t present in clinical t r ial , a n d not all of these have resulted direct ly 

from screening against roden t ma la r i a . 

Canfield a n d R o z m a n (1974) h a v e reviewed the c o m p o u n d s (exclud-

ing several antibiotics) t h a t have been selected for clinical studies. By 

1974 from the q u a r t e r of a mill ion c o m p o u n d s screened, a to ta l of 26 

c o m p o u n d s h a d been selected, 7 h a d received tho rough clinical trials 

a n d were awai t ing wider scale evaluat ion , 4 were ac tual ly in tr ial a n d 

a further 2 were be ing p r e p a r e d for t r ial . T h e la t ter a re now being 

s tudied. Some of these c o m p o u n d s a re shown in F igure 1. 

As evidence accumula t ed to under l ine the an t ima la r i a l va lue of 

combin ing a su lphonamide wi th a dihydrofolate reductase inh ib i tor 

("antifol") (a fact long ago ind ica ted by Goodwin (1952) a n d others) , 

trials were organized wi th combina t ions of this type , b u t first more on 

empir ica l g rounds t h a n on the basis of exper imenta l evidence. I n spite 

of the accumula t i ng evidence from studies in P.berghei t h a t po ly the rapy 

should always be the a im in ma la r i a prophylaxis a n d t h e r a p y (Peters, 

1974b), the re is still a g rea t re luc tance to test this pr inc ip le in m a n . 

Perhaps surprisingly, several of these " n e w " c o m p o u n d s have been 

known since the Second W o r l d W a r b u t were never adequa te ly s tudied, 
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par t ly because of the loss of m o m e n t u m in c h e m o t h e r a p y research after 

the end of the war , a n d pa r t ly because the act ivi ty d a t a ob ta ined in t h e 

old P.gallinaceum mode l were shown to be somet imes mis leading w h e n 

referred to p r i m a t e , a n d especially h u m a n ma la r i a . O n retest ing in t he 

P.berghei systems, several c o m p o u n d s p roved to be of far g rea te r va lue 

t h a n previously es t imated, a n d they were therefore revived. F o r 

example , the 9 - p h e n a n t h r e n e m e t h a n o l W R 33,063 was first descr ibed 

in 1946. W h e n used as the s t anda rd compar i son c o m p o u n d in the 

P.berghei screen it was found to s tand u p well to more recent ly 

synthesized c o m p o u n d s a n d , indeed , it has only been superseded in the 

9 - p h e n a n t h r e n e m e t h a n o l series by W R 122,455 (Figure 1, ix) . F r o m 

the old, photo toxic 4 -qu ino l inemethanol S N 10,275 have n o w been 

developed, W R 30,090 a n d W R 142,490 (mefloquine) (Figure 1, x ) . 

T h e choice of t echn ique for t he s tudy of blood schizontocidal act ion 

depends u p o n the precise r equ i rement s of the ind iv idua l invest igator , 

a n d a selection is discussed by Peters (1970a, 1974a) a n d by W H O 

(1973). For d r u g screening a var ie ty of p rocedures is avai lable r ang ing 

III IV 

V ο VI VII 

C H 3 
»CH.C-N.NH.C 

NH CH.OH-kN. 

VIII IX X 

Figure 1. Structures of experimental antimalarials studied in man. (i) Trimethoprim; 
(ii) W R 40,070; (iii) clociguanil; (iv) W R 99,210; (v) W R 3090; (vi) menoctone; 

(vii) R C 12; (viii) W R 5677; (ix) W R 122,455; (x) mefloquine. 
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from the single-dose test of R a n e in which survival t ime is the i m p o r t a n t 

p a r a m e t e r , to the " 4 - d a y tes t " of blood schizontocidal act ion used by 

Peters (1965). M a i n l y for historical reasons most studies have been 

m a d e using one or o the r s train of P.berghei in r a n d o m - b r e d a lb ino mice . 

F ink a n d K r e t s c h m a r (1970) favoured P.vinckei a n d a single-dose 

reg imen bu t , so far, few o the r workers have followed thei r example . T h e 

r a r e compara t i ve repor ts avai lable ind ica te few significant interspecies 

differences in d r u g responses, a t least none grea te r t h a n those k n o w n to 

exist be tween different strains. T h e except ion is the different response 

be tween rode n t p lasmodia t h a t reside in m a t u r e , a n d those t h a t reside 

in i m m a t u r e red cells, e.g. P.berghei Ν s t ra in a n d P.yoelii 17 X , the 

former be ing very sensitive to 4-aminoquinol ines a n d the la t te r 

relatively resistant. P.vinckei (Fink a n d K r e t s c h m a r , 1970) a n d 

P.chabaudi (Peters, 1967) have a ch lo roqu ine sensitivity similar to 

P.berghei Ν s t ra in. O n e or o the r systemic rou te of d r u g admin i s t ra t ion 

is favoured by most workers , b u t T h o m p s o n a n d his col laborators 

frequently employed oral dosing, often by the drug-d ie t me thod . 

B. Causal Prophylaxis and Anti-relapse Drugs 

Unt i l the in t roduc t ion of roden t ma la r i a the only rel iable mode l for the 

screening of chemicals for tissue schizontocidal activity against m a m -

ma l i an m a l a r i a parasi tes was P.cynomolgi in the rhesus monkey , h a r d l y 

a sui table mode l for large-scale studies. T h e av ian models developed in 

the 1930s in G e r m a n y , a n d in Bri ta in a n d the U S A d u r i n g the Second 

W o r l d W a r yielded m u c h informat ion a b o u t c o m p o u n d s t h a t exer ted 

an act ion against the exoerythrocyt ic stages of av ian parasi tes in var ious 

tissues of the re t iculoendothel ia l system, b u t the d a t a so ob ta ined often 

proved impossible to correla te wi th subsequent eva lua t ion in the s imian 

model , or in m a n . For several years after the discovery of P.berghei 

a t t empts were m a d e to e luc ida te the n a t u r e of its pre-ery throcyt ic 

cycle, b u t it was only t h r o u g h the combined field a n d l abora to ry 

investigations of Yoeli et al. (1964) t h a t the road opened to the 

exploi ta t ion of roden t ma la r i a for screening against tissue schizonto-

cides. Even today some d o u b t remains as to w h e t h e r there exists only 

a single, p re-ery throcyt ic cycle of roden t Plasmodium in liver p a r e n -

chymal cells, or w h e t h e r possibly, in N a t u r e a t least, d o r m a n t , chronic 

liver stages a re formed ( L a n d a u , 1973). However , for all p rac t ica l 

purposes, the short pre-ery throcyt ic liver cycle provides a relat ively 
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simple ta rge t for drugs wi th activity against the tissue stages, a n d 

several techniques have been proposed for ut i l izing the ro d en t mala r i as 

in d r u g screening. N o n e is as s imple as screens for b lood schizontocidal 

act ion since the infection of host mice mus t be by sporozoite inocula t ion , 

a n d the p roduc t ion of sporozoites carries i nhe ren t prac t ica l difficulties. 

T h e relat ive meri ts of the different procedures have been discussed 

by Peters (1970a), Peters et al. (1975a), W H O (1973) a n d Fink (1974). 

T h e short (up to a b o u t 72 h) du ra t i on of the liver cycle in t roduces the 

compl ica t ion t h a t a n y c o m p o u n d t h a t acts for a long t ime (e.g. slowly 

absorbed, poor ly soluble substances or drugs t h a t a re s trongly p ro te in 

b o u n d a n d slowly released) m a y act no t only on the tissue stages b u t 

also u p o n the first (or even later) genera t ion of erythrocyt ic stages t h a t 

emerge from the m a t u r i n g liver schizonts. Gregory a n d Peters (1970) 

a t t emp ted , no t entirely successfully, to overcome this d i sadvan tage by 

a m a t h e m a t i c a l analysis of their da t a , using P.yoelii nigeriensis as the i r 

test organism. I n spite of the prob lems inhe ren t in the i r t echn ique we 

have successfully employed this p rocedure to examine over one h u n d r e d 

c o m p o u n d s for causal p rophylac t ic act ivi ty (Peters et al, 1975a). F ink 

(1974), using P.yoelii 17 X in N M R I mice wi th a slightly different 

t echn ique , ob ta ined essentially the same results in c o m p o u n d s t h a t were 

s tudied by bo th procedures . H e m a d e the re levant c o m m e n t t h a t the 

roden t system m a y somewha t exaggerate the va lue of cer ta in com-

pounds t h a t ac t on nucleic acid synthesis in view of the except ional ly 

h igh r a t e a t which this proceeds in the forms in the roden t liver. Th i s 

m a y indeed account for the h igher level of sensitivity of the p re -

erythrocyt ic stages even of some p r i m a t e ma la r i a species, for example 

to p roguani l , as c o m p a r e d wi th the sensitivity of the asexual e ry th ro-

cytic parasi tes (Fairley, 1946). 

Unl ike the tissue stages of av ian malar ias , it is impossible a t t he 

present t ime to cul t ivate the exoerythrocyt ic forms of a n y m a m m a l i a n 

Plasmodium, inc lud ing the roden t species, in tissue cu l ture . O n e is 

therefore obliged to utilize a system in living rodents for the eva lua t ion 

of causal p rophylac t ic agents . W i t h the foreknowledge t h a t most 

compounds t h a t possess activity against p r i m a r y tissue schizonts of 

p r imates act also against secondary tissue stages, the evidence so far 

indicates t h a t roden t ma la r i a can be used wi th confidence to screen 

drugs for possible ant i -relapse proper t ies . T h e r e are , of course, a lways 

exceptions, the most no tab le in this case be ing p roguan i l . Th i s com-

p o u n d is poor ly active against roden t ma la r i a w h e n c o m p a r e d wi th its 
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excellent ac t ion against b o t h tissue a n d blood schizonts in birds a n d 

pr imates , the reason be ing t h a t it is only slowly or incomple te ly 

metabol ized to its act ive t r iaz ine der ivat ive by the roden t host. A 

second except ion is the pyroca techol c o m p o u n d R C 12 (Figure 1, vii) 

which was shown by Schmid t et al. (1966) to have a h igh level of tissue 

schizontocidal act ion against P.cynomolgi in rhesus monkeys . Th i s 

c o m p o u n d is v i r tual ly inact ive against P.yoelii 17 X a n d P.y.nigeriensis 

in the mouse . 

C. Sporontocidal Agents 

A cer ta in para l le l can be d r a w n be tween tissue schizontocidal act ion 

a n d the act ivi ty of a c o m p o u n d against the stages of Plasmodium in the 

anophe l ine mosqui to , a p h e n o m e n o n first explored by Te rz i an (1947) 

in P.gallinaceum-mfccted Aedes aegypti. Whi le Te rz ian ' s p rocedures have 

been ex tended to inc lude the direct s tudy of d r u g act ion against P.vivax 

a n d even P.falciparum in Anopheles stephensi (Terz ian , 1968; Ge rbe rg 

et aL, 1968; Gerbe rg , 1971), r e m a r k a b l y little use has been m a d e of 

roden t Plasmodium spp . for this purpose outside ou r own labora tory . 

A l though m a n y c o m p o u n d s h a v e been examined for sporontocidal 

act ion in the course of the cu r ren t U S A r m y p r o g r a m m e in a 

P.gallinaceum model , it would a p p e a r t h a t the use of P.berghei o r P.yoelii 

a n d its subspecies have presented too m a n y prac t ica l difficulties for 

t h e m ever to be fully exploited. Th i s is unfor tuna te since it was repor ted 

tha t , a t one stage, c o m p o u n d s were passing t h r o u g h the av ian system 

at the r a t e of 1000 w e e k
- 1

. Th i s process wou ld be m o r e economical 

bo th in te rms of m a n p o w e r , a n d the quant i t ies of d r u g used if a roden t 

malaria-A.stephensi system could be used. 

For several years after the discovery of P.berghei, all a t t emp t s a t 

achieving deve lopmen t of this paras i te in Anopheles m e t wi th little 

success unt i l Yoeli et al. (1964) po in ted ou t the necessity for ho ld ing the 

mosquitoes d u r i n g the per iod of the extrinsic cycle a t a t e m p e r a t u r e 

(19 to 21°C) several degrees lower t h a n t h a t m a i n t a i n e d in most 

insectaries. T h e discovery of P.yoelii a n d P.chabaudi in the Cen t r a l 

African R e p u b l i c by L a n d a u (1965) was followed by the observat ion 

tha t sporogony in these species could proceed readi ly a t 24 to 25°C 

( L a n d a u a n d Ki l l ick-Kendr ick , 1966) a n d this was soon confirmed for 

P.chabaudi in deta i led studies by W é r y (1968). Bafort (1969) found t h a t 

P.vinckei would develop in A.stephensi a t t empera tu re s r ang ing from 20 



354 W . P E T E R S and R. E. H O W E L L S 

to 24°C. Unfor tuna te ly , even w h e n using a p p a r e n t l y s t a n d a r d con-

dit ions for the deve lopment of roden t p l a smodia in A.stephensi, g rea t ly 

va ry ing results were ob ta ined by most workers . A d m i t t e d l y A.stephensi 

is far from being the n a t u r a l vector species of a n y roden t Plasmodium. 

Nevertheless, it is c o m m o n to ob ta in 1 0 0 % oocyst infection rates wi th , 

for example , P.berghei N K 65 or P.y.nigeriensis in this anophe l ine in 

cer ta in exper iments , whereas , in others , few or no oocysts a re seen. 

W e n o w recognize several factors t h a t account , in p a r t a t least, for 

this g rea t var iabi l i ty in the deve lopment of roden t p lasmodia l oocysts 

in A.stephensi. Almost a t the same t ime Davies et al. (1971b) a n d Bird 

Figure 2. Oocyst of P.y.nigeriensis on the midgut wall of A.stephensi. Large numbers of virus-
like particles are present within the oocyst cytoplasm and there is an apparent absence of 
nuclear material. Note the abnormally swollen nature of the parasite's mitochondria 

(X 48 000). 
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et al. (1972) discovered virus-like part icles wi th in the oocysts of 

Ρ j.nigeriensis a n d P.yoelii 17 X respectively (Figure 2) . I n addi t ion , bo th 

the Liverpool a n d L o n d o n workers observed polyhedrosis- type viruses 

in the cells of the hosts ' midguts (Davies et aL, 1971b; Bird et aL, 1972). 

T h e r e is little d o u b t t h a t the organisms wi th in the oocysts were 

cytotoxic. F u r t h e r m o r e , Hul ls (1971) a n d W a r d a n d Savage (1972) 

recognized t h a t the deve lopmen t of P.berghei in A.stephensi was also 

adversely affected w h e n the mosqui to m i d g u t was infected con-

comi tan t ly by a species of microspor id ian c o m m o n in m a n y l abora to ry 

colonies of this fly. T o compl ica te the p ic tu re still further, R a m k a r a n 

(unpubl ished) found t h a t the d ie ta ry conten t of pa ra -aminobenzo ic 

acid (PABA) of the gametocy te -ca r ry ing mouse u p o n which mosqui toes 

were fed, strongly influenced the subsequent deve lopmen t of P.berghei 

oocysts in those mosqui toes . (A m o r e deta i led accoun t of this work is 

presented on p . 369.) I n add i t ion , the oocyst coun t could be influenced 

also by feeding the mosquitoes sugar solution con ta in ing cer ta in levels 

of P A B A after they h a d t aken the i r infective blood meal . T h u s 

nu t r i t iona l factors in the mosqui to hosts are also of i m p o r t a n c e in the 

deve lopment of the sporogonic stages of roden t ma la r i a . P r o b a b l y even 

the die t received by the anophel ines d u r i n g larval deve lopmen t is 

significant here since Beesley a n d Peters (1968) showed t h a t the la rvae 

of A.stephensi a re susceptible to the act ion of several su lphonamides t h a t 

a re metabol ic antagonis ts of PABA. 

I n spite of these difficulties the act ion of a n u m b e r of an t imalar ia l s 

on t he sporogonic stages of b o t h P.berghei a n d P.y.nigeriensis has been 

examined . T h e results of these studies a re discussed la ter (pp . 368-370) . 

D. The Relevance of Rodent Malaria to the Chemotherapy 
of Human Malaria 

T h e r e is no d o u b t t h a t it would no t have been possible to l a u n c h the 

massive search for an t imalar ia l s t h a t n o w is g radua l ly be ing w o u n d 

d o w n if a P.berghei-mouse mode l h a d no t been avai lable . A l though some 

doubts were cast a b o u t the technica l va lue of the R a n e screen w h e n it 

first c a m e in to opera t ion , it has unques t ionab ly p roved its va lue . Even 

if activity in some of the 250 000 c o m p o u n d s t h a t passed t h r o u g h this 

screen has been missed, nevertheless the system has p roved inva luab le 

not only in de tec t ing an t ima la r i a l act ivi ty in new chemica l series, b u t 

also in provid ing a simple compara t i ve p ic tu re of c o m p o u n d s wi th in 
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ind iv idua l chemical series bo th from the points of view of activity a n d 

toxicity. I t is still too early to say h o w re levant the act ivi ty of b lood 

schizontocidal act ion against a drug-sensit ive P.berghei in the mouse is 

to e i ther P.falciparum or P.vivax in m a n . However , of those n e w com-

pounds t ha t have emerged from the screen to pass all the hurd les of 

pre-clinical testing a n d have been examined in h u m a n volunteers 

infected wi th mala r ia , a lmost all have displayed at least some blood 

schizontocidal act ion. A n u m b e r have subsequent ly h a d to be d r o p p e d 

because they were poor ly to lera ted. Several c o m p o u n d s were a b a n -

doned since they failed to control infection wi th chloroquine-res is tant 

P.falciparum, even t h o u g h they displayed activity against drug-sensit ive 

strains, or because the activity was only a p p a r e n t a t doses a p p r o a c h i n g 

the toxic level. O n l y menoc tone , a n a p h t h o q u i n o n e (Figure 1, vi) has 

app a re n t l y been a comple te failure, b u t this is possibly d u e to its lack 

of solubility a n d subsequent non-absorp t ion from the h u m a n intes t inal 

t rac t . R C 12 (Figure 1, vii) too failed to live u p to its promise as a 

tissue schizontocide w h e n tested in m a n . However , menoc tone is very 

active in the roden t model , whereas R C 12 is inact ive . T h u s , as far as 

blood schizontocides are concerned, the drug-sensit ive roden t ma la r i a 

mode l seems, so far, to be a h ighly re levant one in re la t ion to h u m a n 

mala r i a . 

T h e use of a ba t t e ry of drug-resis tant strains of P.berghei gives clear 

indicat ions of the l imitat ions of a n e w d rug . T h e t r iaz ine W R 33,839 

(clociguanil) (Figure 1, iii) in ou r h a n d s was only poor ly active against 

a s train of P.berghei resistant to p y r i m e t h a m i n e , b u t active against a 

highly chloroquine-resis tant l ine. I n clinical trials against strains of 

P.falciparum sensitive to p y r i m e t h a m i n e , clociguanil p roved very active 

(Laing, 1974; R i e c k m a n n , 1971) b u t against a s t rain resistant to 

ch loroquine a n d p y r i m e t h a m i n e it was ineffective (R ieckmann , 1971). 

Th is is w h a t we would have forecast. Recen t ly we have po in ted ou t t h a t 

the use of the modera te ly chloroquine-resis tant N S line of P.berghei in 

secondary screening seems to be a good mode l for chloroquine-res is tant 

P.falciparum ; indeed the po ten t qu ino l inemethanols a n d p h e n a n t h r e n e -

methanols ment ioned earlier, which a re very effective against P.berghei 

N S , are also very good blood schizontocides against ch loroquine-

resistant strains of P.falciparum. However , we believe t h a t the h ighly 

resistant R C strain of P.berghei is va luab le for its predic t ive va lue as t o 

whe the r or not a paras i te t ha t is a l ready chloroquine-resis tant can be 

expected also to become resistant to ano the r d rug . Mef loquine a n d 
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W R 122,455 (Figure I, x, ix) , for example , are bo th effective agains t 

P.berghei N S a n d mult iple-resis tant P.falciparum. Both c o m p o u n d s have 

little or no activity against P.berghei R C , a n d it is p rov ing relat ively easy 

to develop strains resistant to t h e m from P.berghei N S . 

Causal p rophylac t ic studies in roden t ma la r i a have p r o d u c e d n o 

s tar t l ing results bu t , in genera l , c o m p o u n d s act ive agains t these 

parasi tes a re in groups known also to display causal p rophylac t i c or 

ant i - relapse proper t ies against h u m a n ma la r i a (Peters et al., 1975a). 

T h u s 8-aminoquinol ines a re highly effective against P.y. nigeriensis. 

Amongs t the member s of this series t h a t we have examined are several 

t h a t are significantly more active on a m g k g
-1

 basis t h a n p r i m a q u i n e 

which is the only 8-aminoquinol ine now in c o m m o n clinical use. I t is 

no t yet possible to say w h e t h e r the o rde r of act ivi ty of the 8 -amino-

quinolines t ha t we observe in the roden t mode l will be para l le led in 

m a n , since so m a n y o ther factors come in to the p ic ture , e.g. different 

pha rmacok ine t i c a n d metabol ic hand l ing of the drugs in the mouse a n d 

m a n . 

Several n a p h t h o q u i n o n e s a n d quinolones have shown good tissue 

schizontocidal act ion against Ρ.y.nigeriensis b u t the only one so far 

tested in m a n (menoctone) was a p p a r e n t l y no t absorbed . T h e r e is good 

evidence to ind ica te t h a t the dihydrofolate reductase inhibi tors t h a t 

have p roved to be causally p rophylac t ic in the mouse are also active in 

m a n (e.g. p y r i m e t h a m i n e , p roguani l , cycloguanil , t r i m e t h o p r i m — 

Figure 1, i ) . T h e antibiotics te t racycl ine a n d c l indamycin are also 

active causal prophylact ics in bo th mouse a n d m a n . 

T h e r e is still some d o u b t a b o u t the su lphonamides a n d sulphones 

which a re act ive in the roden t system, b u t the causal p rophylac t ic 

proper t ies of these in m a n do no t seem to have been sufficiently 

critically eva lua ted . 

Negat ive correlat ions too are good, none of the 4-aminoquinol ines , 

4-quinol inemethanols , 9 -phenan th reneme thano l s or qu in ine , for ex-

ample , showing tissue schizontocidal activity e i ther in the mouse or in 

m a n . 

T h e re levance of sporontocidal studies in the roden t ma la r i a system 

to an t ima la r i a l activity in m a n is open to quest ion. However , a t t en t ion 

has a l ready been d r a w n to the interest ing para l le l be tween the act ion 

of ch loroquine u p o n the sporogony of chloroquine-res is tant strains of 

P.berghei a n d P.falciparum (see p . 369) , wh ich m a y well ca r ry i m p o r t a n t 

epidemiological impl icat ions . 
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III. ANTIMALARIAL DRUGS AS BIOLOGICAL PROBES 

Ant ima la r i a l drugs m a y be used as biological probes if we have some 

pr ior knowledge of thei r m o d e of act ion against these o r o the r 

organisms. As most c o m p o u n d s act only on cer ta in stages of the 

paras i te life cycle (Figure 3) , we list some of t h e m below in re la t ion to 

these stages. T a b l e I I includes a selection of exper imenta l substances as 

Table II 

Stages of life cycle in relation to site of drug action 

Stage affected Compounds 

Asexual blood stages Chloroquine and other 4-aminoquinolines, mepacrine, 
quinine and some quinine analogues 
4-quinolinemethanols, 9-phenanthrenemethanols 
primaquine and other 8-aminoquinolines 
naphthoquinones, quinolones 
sulphonamides, sulphones 
pyrimethamine 
proguanil, cycloguanil and related triazines 
tetracycline and related analogues 
clindamycin and related analogues 

Gametocytes (immature) All the above 
Gametocytes (mature) ? 
Sporogonic stages Naphthoquinones, quinolones 

sulphonamides, sulphones 
pyrimethamine 
proguanil, cycloguanil and related analogues 
? antibiotics 

Pre-erythrocytic stages Primaquine and other 8-aminoquinolines 
napthoquinones, quinolones 
sulphonamides, sulphones 
pyrimethamine 
proguanil, cycloguanil and related triazines 
tetracycline, clindamycin and analogues 

well as those cur ren t ly in clinical use. T h e w a y in which some of these 

c o m p o u n d s act u p o n eukaryot ic cells o ther t h a n m a l a r i a parasi tes is well 

known, a n d indeed a c o m p o u n d such as ch loroquine possesses a wide 

r ange of interest ing pha rmaco log i ca l proper t ies , a p a r t from be ing a n 

an t imala r ia l . M u c h informat ion was of course a l ready avai lable on the 

modes of act ion of older c o m p o u n d s such as p roguan i l from studies 
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Figure 3. Diagrammatic representation of the life cycle of rodent malaria parasites showing 
the sites of action of antimalarial drugs (after Peters, 1970a). 
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carr ied ou t wi th o ther species of Plasmodium, a n d this informat ion has 

been reviewed by, a m o n g others , F ind lay (1951), Hil l (1963) a n d 

Peters (1970a, 1974a). I n more recent years , o ther reviewers have been 

able to take in to accoun t the work on roden t ma la r i a , a n d the reviews 

of T h o m p s o n a n d Werbe l (1972), P inde r (1973) a n d Steck (1971) a re 

par t icu la r ly va luab le from the po in t of view of exper imenta l medic ina l 

chemistry. 

Parasites of the genus Plasmodium have been shown by several workers 

to conta in double -s t randed D N A . Molecu la r biological techniques have 

under l ined the ease wi th which several an t imalar ia l s in te rac t relatively 

non-selectively wi th D N A , a n d this in t u r n has led a n u m b e r of 

observers to conclude t h a t this is the basis of thei r an t ima la r i a l act ion. 

H a h n (1974), for ins tance, a n d Olenick (1974) a d o p t this a p p r o a c h in 

thei r reviews on the mechan i sm of act ion of ch loroquine a n d p r i m a -

qu ine respectively. 

However , the a p p r o a c h of H a h n a n d his colleagues, a n d of some 

o ther biological chemists, a d m i r a b l e as it is, ignores m a n y basic 

features of the s t ruc ture a n d physiology of bo th the parasi tes a n d the 

host cells wi th in which they reside. Some of these features, as they a re 

revealed t h r o u g h exper imenta l chemothe rapy , a re discussed in the 

following pages. Because this will inevi tably entai l a- cer ta in a m o u n t of 

over lap wi th the review by H o m e w o o d (Chap t e r 4 ) , the t r e a t m e n t of 

b iochemical processes here will be relatively brief. 

A. Chloroquine and Related Blood Schizontocides 

1. Nature of the residual body 
M a c o m b e r et aL (1967) a n d W a r h u r s t a n d Hockley (1967) showed 

clearly tha t , in the presence of ch loroquine , ind iv idua l granules of 

haemozo in are aggrega ted in to a single vesicle, together wi th o the r 

cytoplasmic const i tuents such as polysomes. T h e resul tant mass 

(Figure 4B) resembles very closely the residual body t h a t normal ly 

forms as the schizont ma tu res , a process t h a t has been carefully 

recorded by var ious investigators inc lud ing L a d d a (1968). O t h e r blood 

schizontocides do not affect the haemozo in of P.berghei in this way . T h u s 

p r i m a q u i n e a n d menoc tone have vir tual ly no act ion on the p i g m e n t 

(Howells et aL, 1970b). Q u i n i n e a n d the 9 - p h e n a n t h r e n e m e t h a n o l 

W R 122,455 cause an a p p a r e n t dissolution of haemozo in , b u t no 



Figure 4A. Electron micrograph of a residual body from a schizont of normal untreated 
P.berghei ( x 6 0 000) . 

Figure 4B. Chloroquine-induced pigment c lump in P.berghei ( X 64 000) (reproduced from 
Peters, 1970a). 
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c lumping (Davies et al., 1975). Dihydrofolate reductase inhibi tors such 

as p y r i m e t h a m i n e cause no direct p i g m e n t changes (Figure 5 ) . 

Th is selective c l u m p i n g act ion of ch loroquine a n d cer ta in o the r 

c o m p o u n d s s t imula ted several workers to exploit this p rope r ty in an 

a t t e m p t to explore the n a t u r e of haemozo in , a n d its format ion in to a 

res idual body in the n a t u r a l process of schizogony. T h e ramificat ions of 

this research, a n d par t icu la r ly the work of W a r h u r s t a n d his associates 

a re descr ibed in the following sections, a n d in C h a p t e r 4. 

2. Chloroquine-induced haemozoin clumping as an 
investigative tool 
W h e n P.berghei t rophozoi tes a re exposed to ch lo roqu ine in vivo a n d 

in vitro, wi th in 10 to 30 min the dispersed haemozo in shows a t endency 

to g ranu le format ion. Th i s is followed by secondary c lumping , wh ich 

is comple ted after 80 m i n (Warhu r s t a n d Robinson , 1971) (Figure 4B). 

A t h igh concent ra t ions of ch loroquine , in vitro c l u m p i n g is ha l t ed a t t he 

g ranu la t ion phase (Warhu r s t et al., 1974), b u t a t 10~
6
M ch lo roqu ine 

( the p l a sma concen t ra t ion acqu i red d u r i n g the rapeu t i c use of this d rug) 

secondary c l u m p i n g no rma l ly occurs. T h e g ranu la t i on phase was 

i l lustrated in electron mic rographs by L a d d a (1966) w h o exposed 

P.berghei in vitro to ch loroquine a t t he h igh concent ra t ions of 1 0 ~
3
 a n d 

10~
4
M , a n d found t h a t t he p i g m e n t vesicles b e c a m e marked ly enlarged, 

a n d con ta ined large n u m b e r s of p igmen t bar^. T h e u l t ras t ruc tu re of 

secondary p i g m e n t c lumps i l lustrated by M a c o m b e r et al. (1967) for 

P.berghei a n d by W a r h u r s t a n d Hockley (1967) for P.knowlesi, was found 

to resemble au tophag ic vacuoles (autophagosomes) con a in ing the 

haemozo in grains released from thei r vacuoles, toge ther wi'Ji quant i t ies 

of paras i te cytoplasm (Figure 4A) . W a r h u r s t a n d Wil l iamson (1970) 

found, moreover , t h a t paras i te R N A becomes deg raded following 

ch loroquine t r e a t m e n t a n d t h a t this is de tec tab le only after the 

au tophagosome has formed. 

H a e m o z o i n c l u m p i n g could no t be i nduced by inhibi tors of p ro te in 

or nucleic acid synthesis, n o r by the an t imalar ia l s qu in ine , p r i m a q u i n e , 

p roguan i l , cycloguani l or p y r i m e t h a m i n e (Warhu r s t a n d Rob inson , 

1971). T h e invest igat ion of factors t h a t could interfere wi th ch lo roqu ine-

induced p i g m e n t c l u m p i n g ( C I P C ) in t roduced a novel b iochemica l 

tool in to these studies. W a r h u r s t et al. (1971) found t h a t p ro te in 

synthesis inhibi tors p reven ted C I P C a n d they la te r ( W a r h u r s t a n d 
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Baggaley, 1972; W a r h u r s t et al, 1972, 1974; W a r h u r s t , 1973) confirmed 

t h a t the ch loroquine- induced au tophagosome format ion was a synthet ic 

process sensitive to inhibi tors of R N A synthesis a n d r ibosomal pro te in 

synthesis a n d to t e m p e r a t u r e ( c lumping not occur r ing no rma l ly below 

35°G no r above 38°C) . C I P C was also subst ra te dependen t , only 4 % 

c lumping occur r ing in the absence of glucose a n d only 1 8 % if a m i n o 

acids were omi t t ed from the cu l tu re m e d i u m . O f the ind iv idua l a m i n o 

acids, only cysteine or me th ion ine p roduced a m a r k e d influence on 

c lumping (Homewood , quo t ed by W a r h u r s t , 1973). 

H o m e w o o d et aL (1972) also uti l ized the C I P C techn ique in con-

j u n c t i o n wi th resp i romet ry to s tudy electron t r anspor t in P.berghei. T h e 

results of this s tudy are discussed elsewhere (on p . 183). 

A l though the t echn ique does no t lend itself to d r u g screening 

(Warhurs t , 1973), it d id lead Rob inson a n d W a r h u r s t (1972) to 

discover the an t ima la r i a l act ivi ty of e ry th romyc in . Te t racyc l ine , 

however , also a n effective an t ima la r i a l against P.berghei, was inact ive on 

C I P C a t 10~
4
M . Cycloheximide a n d p u r o m y c i n also inh ib i ted C I P C 

( 5 0 % inhib i t ion a t 3 X 10~
5
M a n d 3 X 1 0 "

6
M respectively), b u t were too 

toxic for use as an t imalar ia l s . T h e lack of effect of ch lo ramphen ico l a n d 

the m a r k e d effect of cycloheximide on C I P C ind ica te t h a t r ibosomes of 

eukaryot ic type are involved (Warhu r s t et al., 1974). 

T h e C I P C p h e n o m e n o n seemed to imply t h a t the parasi tes possess 

s t ruc tura l sites to which the d r u g could b ind , b u t the n a t u r e of these 

sites was qu i te u n k n o w n . Us ing
 3

H - c h l o r o q u i n e , F i tch (1969) showed 

t h a t a t least th ree types of ch loroquine b ind ing occur red in paras i t ized 

erythrocytes wi th association constants of 10
8
, 10

5
, a n d 10

3
 m o l "

1
. 

W a r h u r s t (1973) considered t h a t h igh concent ra t ions of ch loroquine 

inh ib i t c l umping by in t e r rup t ing cel lular synthesis, while low concen-

t ra t ions of the d r u g are associated wi th a " c l u m p i n g s i te" . 

F u r t h e r examina t ion of the n a t u r e of the c l u m p i n g site ( W a r h u r s t 

et al., 1972; W a r h u r s t , 1973; W a r h u r s t a n d T h o m a s , 1975a) also 

involved the use of the C I P C t echn ique in studies on the activity a n d 

m o d e of ac t ion of a var ie ty of o the r an t imalar ia l s . Q u i n i n e was shown 

to inh ib i t C I P C competi t ively, wi th two molecules of the d r u g com-

pe t ing wi th each molecule of ch loroquine for a c l u m p i n g site. T h e 

c lumping site was shown to have the characteris t ics of a classical 

" r e c e p t o r " a n d s t ruc tura l similarities could be surmised be tween drugs 

t ha t b ind a t the site. I t was suggested t h a t the c l u m p i n g site was p l a n a r 

wi th co-p lanar e lectronegat ive a n d electropositive areas . T h e site was 
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very highly s t ruc ture specific. Q u i n i n e displayed a m a r k e d compet i t ive 

inhibi t ion of C I P C , whilst the quinol ine m e t h a n o l W R 142,490 

(mefloquine) a n d the p h e n a n t h r e n e m e t h a n o l W R 122,455 (see 

F igure 1, x, ix) h a d affinities for the c lumping site 100 a n d 40 t imes, 

respectively t h a t of qu in ine . Because the affinities of amino-a lcohol 

an t imalar ia l s for the c lumping site a n d for the h igh affinity b ind ing site 

differed, W a r h u r s t a n d T h o m a s (1975a) conc luded t h a t these sites were 

separa te . 

T h e y suggested t h a t the c lumping receptors a re no t lost from 

chloroquine-resis tant ma la r i a parasi tes , b u t a re present in a modified 

form which is still accessible to sui table drugs . I n m o d e r a t e degrees of 

ch loroquine resistance, where sensitivity to qu in ine is re ta ined , such 

modifications could involve a l tera t ion of the electropositive a rea , 

pe rhaps by shielding wi th a l ipophil ic g roup , or by a slight increase in 

the dis tance be tween the charged areas of the receptor . A t h igh levels 

of ch loroquine resistance, w h e n qu in ine is ineffective, i t was suggested 

t ha t the electronegat ive a rea migh t also be modified, so as to reduce its 

affinity for the charged p a r t of the d rug . T h e la t te r modificat ion wou ld 

have a m a r k e d act ion on the b ind ing of c inchona alkaloids a n d 

derivatives, where the positively cha rged g r o u p is i ncapab le of becom-

ing co-p lanar wi th the a romat i c r ing . I n drugs such as W R 122,455 a n d 

W R 142,490,* the receptor-fi t t ing de t e rminan t s are co-p lanar , a n d 

l ipophil ic e lectronegat ive groups a re avai lable on the r i n g ; they would 

still be capab le of b ind ing to the modified receptor . 

W a r h u r s t et al. (1972) suggested t h a t the c lumping site m a y be 

localized on the digestive vacuole m e m b r a n e . C o m p o u n d s t h a t b ind to 

the site would , in fact, fall in to the ca tegory of lysosomotropic d rugs 

(De D u v e et al., 1974). Both the c lumping site a n d h igh affinity site 

would a p p e a r to be necessary in o rder to achieve in t race l lu lar cytotoxic 

concent ra t ions of a d r u g t h a t is present only in low concent ra t ions in 

the p lasma . Whils t b ind ing to these sites m a y be considered a n essential 

prerequis i te to the an t ima la r i a l activity of such c o m p o u n d s , it m a y not 

in itself be responsible for the an t ima la r i a l effects. T h e la t ter a re 

p r o b a b l y b rough t a b o u t by in terac t ion of the concen t ra ted d r u g with 

cer ta in metabol ic pa thways of the parasi tes . {P.knowlesi t rophozoi tes 

* In spite of having very high affinities both for the clumping site and the high affinity 
site, W R 142,490 and W R 122,455 differ markedly in another biological property, namely 
the ability to bind with D N A ; W R 142,490 does not intercalate with D N A (Davidson et al., 
1975) whereas W R 122,455 does (Porter and Peters, 1976). 
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in vitro, for example , after several hours in the presence of 10"
6
M 

chloroquine , show a g rea t reduc t ion of nucleic acid a n d pro te in 

synthesis a n d of glycolysis—Gutter idge a n d Tr igg , 1972.) 

3. Membrane transport systems 
T h e fact t h a t the in t rae ry throcy t ic m a l a r i a paras i te is separa ted from 

the extracel lu lar m e d i u m by no t one , b u t th ree uni t m e m b r a n e s , is 

sufficient to de te r most would-be investigators of m e m b r a n e t r anspor t 

systems in p lasmodia l infected cells. 

Unl ike t h a t in several av ian malar ias , a m i n o acid t r anspor t has no t 

been invest igated in P.berghei-'mkcted e rythrocytes . H o m e w o o d a n d 

N e a m e (1974) demons t r a t ed t h a t only parasi t ized mouse erythrocytes 

a re pe rmeab le to L-glucose. Ery throcytes infected wi th P.berghei also 

have been shown to accumula t e
 3

H - c h l o r o q u i n e 100-fold from the 

p l a sma ( M a c o m b e r et al., 1966). T h a t the d r u g was no t washed out of 

the parasi tes by 0-1 4M N a C l , suggests t h a t it was no t b o u n d to D N A . 

These workers fur ther found t h a t erythrocytes infected wi th chloro-

quine-resis tant P.berghei a c c u m u l a t e d this an t ima la r i a l to only one-half 

to one- th i rd of the level a t t a ined by red cells con ta in ing ch lo roqu ine-

sensitive parasi tes . M o r e refined studies on P.knowlesi (Polet a n d Barr , 

1969), chloroquine-sensi t ive P.berghei a n d P.falciparum (Fitch, 1969, 

1970) la ter showed t ha t the ch loroquine concent ra t ion in parasi t ized 

erythrocytes was even g rea te r t h a n t h a t shown by M a c o m b e r et al. (up 

to 600-fold). 

These observat ions served as a basis for the sophist icated exper iments 

carr ied ou t by Fi tch a n d his co-workers (referred to on p . 366) to 

investigate the m o d e of act ion of ch loroquine a n d pharmacologica l ly 

re la ted c o m p o u n d s on m u r i n e ma la r i a parasi tes in re la t ion to paras i te 

m e m b r a n e s . T h e i r d a t a suggested t h a t ch loroquine u p t a k e was 

a t t r ibu tab le to a sa tu rab le process wi th a h igh affinity a n d specificity 

for ch loroquine a n d processes t h a t were no t sa tu ra ted by the highest 

concent ra t ions of ch loroquine employed in the exper iments (Fitch, 

1969). Significantly, t he sa tu rab le h igh affinity sites were absent , or 

present only in very small n u m b e r s in chloroquine-res is tant parasi tes . 

K r a m e r a n d Matus ik (1971) la ter proposed t h a t the h igh affinity 

b ind ing sites were associated wi th the m e m b r a n e of a " f ree" P.berghei 

lysate whilst t he low affinity sites were cytoplasmic. 

T h e h igh affinity b ind ing site was found to be specific for derivatives 
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of 4-aminoquinol ines a n d pharmacolog ica l ly re la ted d rugs (Fi tch, 1969, 

1972; F i tch et al., 1974b, c) . Accumula t i on of ch loroquine via this site 

was shown to be subst ra te d e p e n d e n t in chloroquine-sensi t ive P.berghei 

a n d P.falciparum. Chloroquine-res is tant P.berghei-infecttd e rythrocytes , 

however , r equ i red grea te r concent ra t ions of glucose to s t imula te d r u g 

up t ake a t ch loroquine concent ra t ions of 1 0 "
7
M or less, a n d d r u g 

accumula t ion by chloroquine-res is tant P.falciparum was insensitive to 

glucose (Fi tch et al., 1974b, c ) . T h e b lun t ed response of ch loroquine-

resistant P.berghei to glucose could be revived by h igher concent ra t ions 

of ch loroquine (above 10"
7
M ) in the m e d i u m . W i t h increas ing concen-

t ra t ions of ch loroquine the m a x i m u m accumula t i on of the d r u g by the 

resistant s t ra in is a t least as g rea t as in erythrocytes infected wi th the 

chloroquine-sensi t ive P.berghei (Fi tch et al., 1975a). Th i s effect was no t 

observed wi th chloroquine-res is tant P.vinckei o r P.y.yoelii 17 X , n o r w i th 

chloroquine-res is tant P.falciparum. 

Al though the Kt values for a m o d i a q u i n e a n d ch loroquine a c c u m u l a -

t ion were the same, erythrocytes infected wi th chloroquine-res is tant 

P.berghei have a larger m a x i m a l capac i ty for a c c u m u l a t i n g a m o d i a q u i n e 

which Fi tch et al. (1975b) suggested occur red because ch lo roqu ine-

resistant P.berghei obl igatori ly i nvaded i m m a t u r e erythrocytes . T h e 

i m m a t u r e erythrocytes possess a h igh affinity b ind ing site for ch loro-

qu ine a n d a m o d i a q u i n e , which is i n d e p e n d e n t of glucose supply a n d to 

which a m o d i a q u i n e has grea te r access t h a n ch loroquine (Fi tch et al., 

1975b). M a t u r e erythrocytes t r ea ted wi th a non-specific protease from 

Streptomyces griseus also b e c a m e able to a ccumula t e ch loroquine to a h igh 

degree (Fi tch et al., 1974a). W e i d e k a m m et al. (1973) have shown t h a t 

P.berghei selectively degrades cer ta in prote ins in the e ry throcyte 

m e m b r a n e . T h e " h i g h affinity" site of F i tch may , therefore, be present 

in the ery throcyte m e m b r a n e of P.berghei-inkcted cells a n d no t s imply 

in the parasi tes themselves. 

T h e studies on ch loroquine up t ake by ma la r i a parasi tes i l lustrate the 

difficulties i nhe ren t in investigations of m e m b r a n e t r anspor t a n d the 

need to differentiate be tween the proper t ies of the e ry throcyte a n d 

those of the paras i te m e m b r a n e s . T h e p r o b l e m is compl ica ted by 

different proper t ies of the m e m b r a n e s of i m m a t u r e a n d m a t u r e 

erythrocytes , a n d the fact t h a t a l terat ions a re i nduced in the e ry throcyte 

m e m b r a n e s by the parasi tes themselves. 
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4. Feeding mechanisms and penetration of the red cell 
Ant ima la r i a l a t t a c h m e n t to recep tor sites on m e m b r a n e s clearly m a y 

influence the mechan isms by which the p lasmodia pene t r a t e n e w host 

cells a n d feed on the i r contents once they have settled d o w n to a n 

in t race l lu la r life. A ikawa (1972) using electron microscope au to r ad io -

g raphy , observed t ha t
 3

H - c h l o r o q u i n e was localized in p igmen t -

con ta in ing digestive vacuoles of P.berghei. H o m e w o o d et al. (1972) also 

suggested t h a t ch loroquine a n d re la ted c o m p o u n d s migh t be concen-

t r a t ed wi th in the paras i tes ' lysosomes a n d act by interfer ing wi th the 

feeding mechan i sm. I n mouse erythrocytes infected wi th P.berghei 

(N strain) a n d i n c u b a t e d in vitro wi th 3 x l O ~
8
o r l O "

7
M mepac r ine for 

five minutes , the d r u g a p p e a r e d to be localized a t the hos t -pa ras i t e 

interface a n d on the m e m b r a n e s of the paras i tes ' digestive vacuoles 

(Warhu r s t a n d T h o m a s , 1975b). W i t h longer t imes of incuba t ion , 

however , the d r u g was d is t r ibu ted t h r o u g h o u t the cytoplasm of the 

t rophozoi te b u t was no t concen t ra t ed in the nucleus or wi th in the 

digestive vacuoles. I n developing a n d m a t u r e schizonts the d r u g was 

par t icu la r ly concen t ra ted in t he conoid region of the merozoites , 

possibly wi th in the pa i r ed organelles. Li t t le fluorescence developed in 

mepac r ine - a n d chloroquine-res is tant ( R C strain) P.berghei i n cuba t ed 

wi th m e p a c r i n e . O n the basis of these observat ions these workers 

suggested t h a t the areas in which fluorescence was observed in the 

Ν s t ra in parasi tes represent the h igh affinity b ind ing sites for chloro-

q u i n e a n d re la ted c o m p o u n d s . 

T h e recent i m p o r t a n t advances in ou r u n d e r s t a n d i n g of the 

mechanisms by which the merozoites a t t a ch to a n d pene t r a t e the 

e ry throcyte h a v e been discussed b y S inden ( C h a p t e r 3) . Fo r t he 

immunologis t , pa r t i cu la r ly significant a re the n a t u r e of the receptors on 

the surface of the host cell. W a r h u r s t a n d T h o m a s ' (1975b) s tudy wi th 

mepac r ine n o w suggests t h a t " sch izon toc ide" drugs m a y also block the 

pene t ra t ion of new cells by P.berghei a n d P.falciparum, thus in a sense 

ac t ing like an t ima la r i a l an t ibody . However , t hey could p r o d u c e n o 

evidence to suppor t the suggestion of F i tch et al. (1974, 1975) t h a t the 

high-affinity ch lo roqu ine-b ind ing site is a p r o p e r t y of the e ry throcyte 

m e m b r a n e a n d no t of the paras i te . 
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5. Dependence on host enzymes 
T h e trophozoites of P.berghei in m a t u r e red cells ob ta in most of the i r 

energy t h r o u g h anaerob ic glycolytic p a t h w a y s t h a t cu lmina te in the 

p roduc t ion of lac ta te . D u r i n g the invest igat ion of the metabo l ic 

pa thways of chloroquine-res is tant P.berghei, Howells et al. (1970a) 

ob ta ined evidence t h a t seemed to ind ica te tha t , u n d e r ch loroquine 

pressure, chloroquine-res is tant t rophozoi tes were able to open u p a n 

aerobic glycolytic Krebs cycle, a process t h a t appea r s to occur once the 

parasi tes begin the sporogonic cycle in the anophe l ine vector . T h e y 

pos tu la ted tha t , in these condit ions, the genet ic mechan isms for synthesis 

of enzymes of the Krebs cycle which a re no t no rma l ly funct ional in the 

ve r tebra te stages can be derepressed, thus p roduc ing a m e c h a n i s m for 

survival of these parasi tes t h rough the m a x i m u m uti l izat ion of glucose 

and , possibly, a m i n o acid synthesis t h r o u g h t r ansamina t ion . Subsequen t 

studies by Howells a n d Maxwel l (1973) ind ica ted t h a t this hypothesis 

was in fact no t val id, a n d t h a t w h a t was real ly h a p p e n i n g was t h a t the 

host cells were in some m a n n e r be ing induced to synthesize more t h a n 

usual of their own K r e b s cycle enzymes. ( I t should be recal led t h a t 

this s t rain, P.berghei R C , preferential ly invades i m m a t u r e e ry th ro -

cytes.) 

Several workers have no ted h o w the presence of m a l a r i a parasi tes 

m a y induce a n increase in enzyme p roduc t ion by host erythrocytes . 

T r a g e r (1967), for example , showed t h a t P.lophurae utilizes py ruva t e 

kinase of its host, a n d Bennet t a n d T r a g e r (1967) demons t r a t ed t h a t the 

parasi tes requi re coenzyme A formed by the host cells. Fol lowing 

Howel ls ' repor t , Peters (1973) suggested t ha t the abi l i ty of P.berghei to 

i nduce increased enzyme p roduc t ion in its host cells m a y also accoun t 

for the ease wi th which these parasi tes can develop mul t ip le d r u g 

resistance, e.g. to b o t h ch loroquine a n d p y r i m e t h a m i n e , a n d suggested 

t h a t this m a y also be h a p p e n i n g in some strains of P.falciparum. 

6. Transmission of chloroquine-resistant strains 
R a m k a r a n a n d Peters (1969) observed t h a t w h e n mice infected wi th a 

cyclically transmissible, chloroquine-res is tant l ine of P.berghei N K 65 , 

were given ch loroquine phospha t e a t doses r ang ing from 0-1 to 100 

m g k g "
1
 a n d mosquitoes (A.stephensi) were fed on the mice 12 h la ter , 

more oocysts developed in the mosqui toes fed on mice dosed wi th 1-0 
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a n d 10 m g k g "
1
 ch lo roqu ine t h a n in undosed controls or those dosed 

wi th 0-1 or 100 m g k g "
1
. T h e m a x i m a l e n h a n c e m e n t was observed 

following 1-0 m g k g
- 1

. N o similar effect was observed wi th the chloro-

quine-sensitive L /9 l ine of P.berghei N K 65 . Since t he d r u g has n o 

effect on t he sporogonic deve lopmen t of e i ther line w h e n fed direct ly to 

the infected mosqui toes , i t was conc luded t h a t ch loroquine a t a n 

a p p r o p r i a t e concen t ra t ion can affect gametocytes of ch lo roqu ine-

resistant parasi tes so as to e n h a n c e the i r infectivity to the vector . Th i s 

p h e n o m e n o n has subsequent ly been confirmed in o ther strains of 

m u r i n e m a l a r i a parasi tes , inc lud ing P.y.yoelii 17 X (Peters et al., 

1970). 

T h e mechan i sms under ly ing this p h e n o m e n o n r e m a i n uninvest igated 

a n d unexp la ined . I ts po ten t ia l significance to the spread of ch loroquine-

resistant P.falciparum was stressed in the or iginal repor t . Wilkinson, 

Gou ld a n d N o e y p a t i m o n d (R. N . Wilkinson, personal communica t ion ) 

h a v e recent ly observed t h a t the infectivity to A.balabacencis of the 

gametocytes of chloroquine-res is tant P.falciparum is e n h a n c e d by 

ch loroquine . T h e quinol ine m e t h a n o l W R 142,490 d id no t e n h a n c e the 

infectivity of gametocytes of chloroquine-res is tant m u r i n e m a l a r i a 

parasi tes to A.stephensi (E. Daveds et al., unpub l i shed observa t ion) . 

B. Diet Sulphonamides and PABA Utilization 

Tetrahydrofol ic acid (FH4) is a metabol ica l ly act ive co-factor or car r ier 

for one-ca rbon uni ts r equ i red for the synthesis of p u r i n e nucleot ides a n d 

deoxy thymid ine m o n o p h o s p h a t e , for a m i n o acid in terconvers ion a n d 

r ibosomal p ro te in synthesis (Jaffe, 1972). I n the m a m m a l i a n host FH4 

is der ived from d ie ta ry folic acid via dihydrofolate (FH2) by react ions 

involving folate reduc tase a n d dihydrofolate reductase . Un l ike 

m a m m a l s , however , p lasmodia a re u n a b l e to utilize pre-formed folic 

acid, lacking the enzyme folate reduc tase (Ferone a n d Hi tchings , 1966) 

a n d must therefore synthesize folate con ta in ing co-factors de novo as do 

some pa thogen ic bac te r ia . 

As early as 1940, W o o d s h a d re la ted PABA to the act ion of 

su lphan i l amide in bac ter ia l systems. T h u r s t o n (1950a, b) showed t h a t 

PABA an tagon ized the ac t ion of su lphad iaz ine agains t P.berghei in 

mice. A milk die t inh ib i ted the deve lopmen t of P.berghei in mice 

(Maegra i th et al., 1952) a n d H a w k i n g (1953) confirmed t h a t this was 

a t t r ibu tab le to a PABA deficiency. 

# 
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T h e inhibi t ion of ma la r i a infections by su lphonamides is m o r e 

readi ly an tagonized by PABA t h a n by folic acid (Thurs ton , 1954; Hi l l , 

1963). W a l t e r a n d K ö n i g k (1971) a n d Fe rone (1973) u l t imate ly 

demons t r a t ed t h a t var ious su lphonamides reduce the act ivi ty of 

d ihydrop te roa te synthetase ext rac ted from P.chabaudi a n d P.berghei, a n d 

showed tha t the drugs compet i t ively inhibi t PABA b ind ing wi th this 

enzyme. A l though the Kt values ob ta ined by Fe rone (1973) for 

s u l p h o n a m i d e - e n z y m e b ind ing were difficult to re la te to the ED50 

values ob ta ined against P.berghei in vivo, it was suggested t h a t factors 

such as the different p lasma b ind ing , metabol i sm, a n d half-life, etc . of 

the drugs could be responsible for this d iscrepancy. N o t all aspects of 

su lphonamide activi ty can easily be expla ined by the above general ly 

accepted concept of the m o d e of act ion of these drugs . 

Sulphones a re also general ly considered to exert the i r an t ima l a r i a l 

activity by blocking PABA incorpora t ion (reviewed by Peters , 1970a). 

Cenedel la a n d J a r r e l l (1970), however , suggested t h a t dapsone (DDS) 

m a y act by inh ib i t ing glucose ut i l izat ion by the parasi tes a n d a pa r t i a l 

reversal of the in vivo act ivity of the su lphone was achieved by induc ing 

hyperg lycaemia in the host (Cenedel la a n d Saxe, 1971). 

Su lphonamides a n d sulphones have a wel l -known activi ty agains t the 

pre-erythrocyt ic stages of roden t malar ias (Peters, 1970a; T h o m p s o n 

a n d Werbe l , 1972). Su lphad iaz ine on the o the r h a n d , h a d n o 

apprec iab le sporontocidal effect on P.berghei ( R a m k a r a n a n d Peters, 

unpub l i shed) . PABA given to mosquitoes in a glucose solution, after 

they were infected wi th P.berghei, also enhanced sporogonic develop-

men t , m a x i m u m e n h a n c e m e n t be ing observed wi th an 0 - 0 1 % P A B A 

solution. W h e n PABA was adminis te red to the mosqui toes before the 

infective blood meal , an increase in n u m b e r s of oocysts was aga in 

observed, the increase be ing dose d e p e n d e n t u p to a m a x i m u m ( 5 3 4 % 

of control) wi th an 0 -05% solution in 4 % glucose. A t 0 - 1 % P A B A n o 

apprec iab le e n h a n c e m e n t was observed. A n increase in n u m b e r s of 

oocysts was also ob ta ined by al lowing the mosqui toes to feed on 

infected mice which h a d PABA in the i r d r ink ing water . E n h a n c e m e n t 

was observed wi th PABA concent ra t ions of 0-01 to 0 - 5 % , wi th m a x i m a l 

effect a t 0 -05%. 

M o r e detai led work is needed on the m o d e of act ion of su lphonamides 

a n d sulphones, b u t a major g a p in our u n d e r s t a n d i n g of the act ivi ty of 

these c o m p o u n d s is the tota l lack of informat ion on the m e c h a n i s m of 

su lphonamide resistance in Plasmodium. Th i s is all the m o r e surpr is ing 
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w h e n it is real ized t h a t interest in su lphonamides lapsed very largely as 

a result of the facility wi th which resistance to these c o m p o u n d s m a y 

be acqu i red by m a l a r i a parasi tes . 

C. Antagonists of Dihydrofolate Metabolism 

7. Drug-induced morphological changes 
V a l u a b l e informat ion on the morphologica l changes occur r ing d u r i n g 

cell division of Plasmodium has been der ived from light microscope a n d 

u l t r a s t ruc tu ra l studies on paras i tes u n d e r t h e influence of agents t h a t 

block var ious phases of mitosis. T h e morphologica l changes induced in 

ma la r i a parasi tes for example by antagonis ts of dihydrofolate m e t a -

bolism, such as p y r i m e t h a m i n e , p roguan i l a n d cycloguani l , a re s imilar 

to those observed following exposure to su lphonamides . T h e parasi tes 

a p p e a r to be arres ted in the process of cell division, wi th m a n y b izar re 

forms of incomple te schizogony (Figure 5) . A ikawa a n d Beaudo in 

(1968) previously showed t h a t in P.gallinaceum p y r i m e t h a m i n e caused 

an arrest of nuc lea r division a t me taphase , wi th n o d is rupt ion of the 

mitot ic a p p a r a t u s . 

J a c o b s (1965) p r o d u c e d a pyr imethamine- res i s t an t line of P.berghei 

which morphologica l ly resembled the p a r e n t N Y U 2 s t rain a t the l ight 

microscope level. R a b i n o v i t c h (1968), on the o the r h a n d , described 

differences in the size of the t rophozoi tes wi th m a r k e d p i g m e n t changes 

a n d a l te ra t ion in the s ta in ing character is t ics of a p y r i m e t h a m i n e -

resistant s t ra in . Peters (1970a) c o m m e n t e d t h a t the descr ipt ion given by 

Rab inov i t ch recalls t h a t of gametocytes of a n o r m a l s t ra in of P.berghei. 

2. The nature of parasite dihydrofolate reductase 
T h e p a t h w a y by wh ich the m a l a r i a paras i te synthesizes dihydrofolate 

from P A B A a n d a p te r id ine is no t uti l ized by the host a n d hence 

su lphonamides a n d sulphones , in compe t ing wi th PABA, interfere 

specifically wi th the metabo l i sm of the paras i te . T h e conversion of 

dihydrofolate to te t rahydrofola te , on the o the r h a n d , is per formed by 

bo th the paras i te a n d its host a n d is med ia t ed by the enzyme d ihyd ro -

folate reduc tase ( D H F R ) . Fe rone a n d Hi tch ings (1966) ob ta ined a 9 5 % 

inhibi t ion of P.berghei D H F R in vitro wi th a concen t ra t ion of 1 ·5 X 10 "
5

M 

pyr ime thamine , a n d found t h a t the chemothe rapeu t i c specificity of this 



Figure 5. P.y.nigeriensis erythrocytic forms 24 h after treatment with pyrimethamine 

(5 mg k g " 1 i .p). 

(A) Arrested schizont showing some degree of merozoite differentiation ( χ 32 000). 

(Β) Arrested nuclear division in pre-schizont showing spindle figure (x 64 000). 

(C) Pre-schizont showing a degree of clumping of the pigment. There is no obvious develop-

ment of merozoites in this stage although the rhoptries and micronemes are differentiating 
( X 4 0 000). 
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d r u g was based on the different affinities for i t of the host a n d paras i te 

enzymes. Paras i te D H F R was some 10 000 t imes m o r e sensitive to 

p y r i m e t h a m i n e t h a n was the reductase from erythrocytes (Ferone et al, 

1968, 1969). A similar difference was found in the affinity of host a n d 

paras i te enzymes for cycloguanil . 

P y r i m e t h a m i n e b inds stoichiometrical ly to isolated P.berghei D H F R 

a n d the degree of b ind ing by p y r i m e t h a m i n e a n d three d ihydro t r iaz ine 

an t imalar ia l s in vitro corre la ted positively wi th thei r act ion in vivo 

(Ferone et al., 1969). I n pyr imethamine- res i s tan t strains the reductase 

has a lower affinity bo th for p y r i m e t h a m i n e a n d dihydrofolate , t h o u g h 

this is compensa ted for by h igher enzyme levels in the paras i te (Ferone, 

1969; Diggens et al., 1970). Mechan i sms of resistance to dihydrofolate 

reductase inhibi tors a re discussed on p . 375. 

In t rae ry th rocy t ic p lasmodia synthesize pyr imid ine nucleot ides de novo 

(see C h a p t e r 4) , a n d for this the supply of deoxy thymid ine m o n o -

phospha te ( d T M P ) is p r o b a b l y crucial (Jaffe, 1972). I n P.knowlesi 

(Gut te r idge a n d Tr igg , 1972) a n d P.berghei ( J u n g et al, 1975) D N A 

synthesis p roved to be discont inuous, be ing greatest in the y o u n g r ing 

a n d late t rophozoi te stages. P y r i m e t h a m i n e , however , affected D N A 

synthesis only in the schizont stage a n d in b o t h species the d r u g also 

inhibi ts g rowth p r imar i ly a t t he schizont stage. Gu t t e r idge a n d T r i g g 

(1972) suggested t h a t if p y r i m e t h a m i n e does no t cause an inhibi t ion of 

D N A synthesis there m a y be some o the r metabol ic process in the 

paras i te requ i r ing a fully funct ioning dihydrofolate reductase , which is 

only uti l ized d u r i n g the process of schizogony. Th i s idea is t enab le only 

if d T M P for D N A synthesis is p r o d u c e d by a process which does no t 

requi re the presence of a funct ioning dihydrofolate reductase , or if 

p y r i m e t h a m i n e pene t ra tes to the ma la r i a paras i te only d u r i n g schiz-

ogony. Gu t t e r idge a n d T r igg (1972) considered t h a t the la t ter was more 

p robab le . Pyr imid ine u p t a k e by ma la r i a parasi tes is discussed in deta i l 

in C h a p t e r 4. 

3. Studies with drug combinations 
F u r t h e r l ight on sequent ia l steps of paras i te metabol ic p a t h w a y s has 

been shed by studies on an t ima la r i a l d r u g combina t ions . R i c h a r d s 

(1966) demons t r a t ed t h a t p y r i m e t h a m i n e po ten t i a t ed the schizonto-

cidal act ion of su lphadoxine a n d of dapsone against P.berghei in the 

mouse, a n d this was confirmed a n d ex tended to combina t ions of 
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su lphadiaz ine a n d cycloguani l or p roguan i l by Peters (1968). T h e ED50 

values for p y r i m e t h a m i n e a n d su lphadoxine in combina t ion were 

reduced approx ima te ly seven-fold from the ED50 levels of t he drugs 

w h e n used individual ly (Richards , 1966). T h e obvious a d v a n t a g e of 

using synergistic combina t ions of drugs is the reduc t ion in the dosage 

of the ind iv idua l componen t s r equ i r ed for an t ima la r i a l act ivi ty. I t was 

also found t h a t using su lphonamides a n d antifols in combina t ion 

r educed the ra te a t wh ich resistance to those c o m p o u n d s emerged . T h e 

ease wi th which resistance to bo th these classes of an t imalar ia l s can be 

induced has been c o m m e n t e d on previously. Peters (1974b) add i -

t ionally has demons t r a t ed tha t , w h e n such po ten t i a t ing mixtures a re 

given in combina t ion wi th ch loroquine , deve lopmen t of resistance to 

the la t ter is significantly delayed. 

A further feature of the act ion of po ten t i a t ing d r u g mixtures is t h a t 

a synergistic effect c an be observed even w h e n the mix tu re is used on 

parasi tes which a re resistant to one or b o t h of the componen t s . R i c h a r d s 

(1966) showed t h a t against a pyr imethamine- res i s tan t s t rain of P.berghei 

with a n ED50 (mg k g
- 1

 dai ly X 7) for p y r i m e t h a m i n e of 10, a n d for 

su lphadoxine of 25, in combina t ion the ED50S of the two c o m p o u n d s 

were 0Ό2 a n d 5-0, respectively. 

A similar d r u g mix tu re was effective against p r e sumed p y r i m e t h a -

mine-resis tant P.falciparum infections (Laing, 1968). A mix tu re of 

su lphalene a n d p y r i m e t h a m i n e was also act ive against strains of 

P.berghei t h a t were highly resistant to the ind iv idua l componen t s 

(Peters, 1971). 

P y r i m e t h a m i n e - s u l p h a d o x i n e combina t ions , a n d indeed py r ime tha -

mine alone, were less effective against t he N S cyclically transmissible 

strain of P.berghei w h e n it was u n d e r ch loroquine pressure t h a n agains t 

parasi tes be ing passaged wi thou t ch loroquine pressure (Peters et al., 

1973). This observat ion paral lels t h a t m a d e on chloroquine-res is tant 

P.falciparum infection in m a n in South-Eas t Asia. These au thors have 

suggested tha t , u n d e r ch loroquine pressure, the parasi tes a re s i tuated 

wi th in reticulocytes which a re s t imula ted to p roduce metabol ic 

in te rmedia tes t h a t enab le the paras i te the be t te r to resist the an t i -

metabol ic effects of the an t imalar ia l s . A n in ter re la t ionship be tween 

resistance to the ch loroquine a n d antifolate drugs was suggested by the 

observat ion of Ca r t e r (1972) t h a t a chloroquine-res is tant s t ra in of 

P.yoelii rever ted to ch loroquine sensitivity w h e n the mice were 

m a i n t a i n e d on a low P A B A diet . 



C H E M O T H E R A P Y 375 

A m a r k e d po ten t i a t ion of the effect of su lphadoxine was also observed 

wi th p y r i m e t h a m i n e agains t the sporogonic stages of P.berghei ( R a m -

k a r a n a n d Peters, 1969) a n d several examples of synergistic combina -

tions active on the pre-ery throcyt ic stages of P.berghei were descr ibed by 

Vincke (1970). 

4. Mechanisms of drug resistance 
As ind ica ted above , the mechan isms w h e r e b y resistance to su lphona-

mides is acqu i red by ma la r i a parasi tes have no t been invest igated a n d 

r e m a i n obscure . Su lphonamide- res i s tan t strains in genera l r equ i re less 

PABA t h a n n o r m a l parasi tes , a n d a su lphonamide- res i s tan t s t ra in of 

P.berghei was p r o d u c e d by m a i n t a i n i n g mice on a PABA-free diet 

( R a m a k r i s h m a n et al., 1956). I t is widely accepted t h a t su lphonamide 

resistance arises by the selection of pre-exist ing m u t a n t s from the 

"sens i t ive" popu la t ion . 

Resis tance of m a l a r i a parasi tes to antifols has been shown to be 

associated wi th dihydrofolate reductases ( D H F R ) t h a t differ from those 

of the p a r e n t s t ra in . T h u s Fe rone (1969) a n d Diggens et al. (1970) have 

described D H F R s from pyr imethamine- res i s tan t strains of P.berghei 

which show a r educed affinity b o t h for p y r i m e t h a m i n e a n d d ihydro -

folate, a l t hough grea te r a m o u n t s of the enzyme were present in these 

parasi tes c o m p a r e d to the p a r e n t sensitive strains. T h e " res i s t an t " 

enzyme descr ibed by Diggens et al. (1970), for example , r equ i r ed a 

30-fold increase in t he p y r i m e t h a m i n e concen t ra t ion to achieve a 

5 0 % inhibi t ion , a n d the affinity for dihydrofolate was r educed ten-

fold. 

Pyr imethamine- res i s tan t strains con ta in ing D H F R wi th a lowered 

affinity for dihydrofolate would need to p r o d u c e more dihydrofolate . 

Th is is reflected in the i r increased sensitivity to su lphonamides a n d 

sulphones. A n except ion to this genera l rule was the pa r t i a l resistance 

to dapsone observed in a cycloguanil-resis tant s t ra in of P.berghei 

(reviewed by Peters , 1970a). However , this su lphone m a y no t ac t 

s imply b y compe t ing wi th PABA in dihydrofolate synthesis (Cenedel la 

a n d J a r r e l l , 1970; Cenedel la a n d Saxe, 1971). A l t h o u g h resistance to 

antifols general ly results in a hypersensi t ivi ty to su lphonamides , t he 

converse is no t t rue . 
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D. Electron Transport Mechanisms 

/. Electron transfer chains in rodent malaria 
Chloroqu ine - induced p igmen t d u m p i n g ( C I P C ) was used by H o m e -

wood et al. (1972) to investigate the n a t u r e of electron t r anspor t in 

P.berghei. C I P C , which is a n ene rgy-dependen t process, occur red in the 

absence of oxygen a n d in the presence of 10~
3
M cyan ide . T h e process 

was inh ib i ted by the electron t r anspor t inhibi tors ro tenone a n d 

an t imyc in A, b o t h a t 10"
4
M . O n the basis of the i r observat ions H o m e -

wood et al. conc luded t ha t two electron transfer chains were present in 

erythrocytes infected wi th P.berghei. So far the best evidence for 

electron transfer processes in P.berghei lies in the demons t r a t i on of a 

paras i te C o Q g (Skelton et aL, 1970). 

In teres t in n a p h t h o q u i n o n e s as an t imalar ia l s appea r s to have been 

based on an assumpt ion t h a t v i t amin Κ was intr insic to the metabol i sm 

of the pa ras i t e—a no t unreasonab le assumpt ion since the v i t amin has 

been demons t r a t ed in m a n y o the r micro-organisms. A l though a large 

n u m b e r of n a p h t h o q u i n o n e s were active in av ian ma la r i a models , in 

1968 Skelton a n d co-workers showed t h a t v i t amin Κ was no t present 

in P.lophurae a t a level compa t ib le wi th a role in e lectron transfer 

mechanisms . However , co-enzymes Qß a n d Q 9 were found in the la t ter 

species, a n d la ter Skelton et al. (1970) found C o Q 8 , b u t no t v i t amin K , 

in P.berghei. Skelton et al. (1968) suggested t h a t the n a p h t h o q u i n o n e s 

m a y exert the i r an t ima la r i a l effect t h r o u g h inhib i t ion of the bio-

synthesis or function of C o Q , in the m a l a r i a paras i te a n d tested the 

n a p h t h o q u i n o n e menoc tone in two sites in which C o Q , par t ic ipa tes , 

D P N H — o x i d a s e a n d succinoxidase. T h e y found t ha t 10 to 25 n m o l 

menoc tone inh ib i ted D P N H - o x i d a s e by approx ima te ly 9 0 % a n d 

100 n m o l of the d r u g reduced succinoxidase activity to only 7 % of the 

control values. N a p h t h o q u i n o n e s a re also active on host C o Q systems 

bu t , for example , more t h a n 100 t imes the concen t ra t ion of d r u g was 

requ i red to p roduce 5 0 % inhibi t ion of c a r b o h y d r a t e metabol i sm in 

n o r m a l duck erythrocytes c o m p a r e d wi th parasi t ized erythrocytes 

(Findlay, 1951). 

M a n y of the n a p h t h o q u i n o n e s t h a t showed h igh levels of act ivi ty 

against av ian ma la r i a h a d little activity against P.berghei. M i t o c h o n d r i a l 

swelling was observed in t rophozoi tes of P.berghei following t r e a t m e n t 

in vivo wi th menoc tone (Howells et aL, 1970b) suggesting t h a t t he d r u g 
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interferes wi th the mi tochondr ia l -associa ted processes in this paras i te . A 

similar morphologica l effect was observed in p r i m a q u i n e - t r e a t e d 

t rophozoi tes of P.berghei (Howells et al., 1970) which also resembled the 

changes i nduced in the mi tochondr i a of exoerythrocyt ic forms of 

P.lophurae a n d P.fallax in vitro by p r i m a q u i n e (Beaudoin a n d Aikawa , 

1968; A ikawa a n d Beaudoin , 1969). However , an o th e r 8 -aminoqu ino-

line, p a m a q u i n e , has long been known to be inact ive against the tissue 

forms of P.gallinaceum (Tonkin , 1946). T h e morphologica l changes 

induced by the n a p h t h o q u i n o n e a n d 8-aminoquinol ine , migh t be 

expected to be similar if the la t te r c o m p o u n d s , as general ly accepted , 

exert the i r an t ima la r i a l effects via quinol ine qu inone metabol i tes (see 

review by Peters , 1970a). T h e a t t r ibu t ion of act ivi ty to a metabol i t e of 

the 8-aminoquinol ine migh t also expla in the relat ive lack of effect 

in vitro of p r i m a q u i n e on D P N H - o x i d a s e a n d succinoxidase act ivi ty in 

P.lophurae (Skelton et al., 1969). These la t te r workers did , however , 

demons t r a t e t h a t p r i m a q u i n e in vitro a t a concent ra t ion of 1 0 "
 9
M 

r educed the oxygen u p t a k e of P.lophurae-infected duck erythrocytes by 

5 0 % . T h a t 8-aminoquinol ines a n d n a p h t h o q u i n o n e s act a t different 

loci in the same metabol ic p a t h w a y m a y pe rhaps be inferred from the 

synergistic effect observed wi th a mix tu re of these c o m p o u n d s on the 

exoerythrocyt ic stages of P. cathemerium (Walker a n d R icha rdson , 1948). 

W a l k e r found t h a t this d r u g mix tu re did no t po ten t i a t e in its activity 

against the blood stages of P.cathemerium, a n d n o po ten t ia t ion of the 

schizogonic effect of menoc tone a n d p r i m a q u i n e on P.berghei was 

observed w h e n these c o m p o u n d s were adminis te red toge ther (Peters, 

1970b). T h e effect of a m e n o c t o n e - p r i m a q u i n e combina t ion on the 

liver schizont of P.berghei does not , however , a p p e a r to have been 

invest igated. 

P r i m a q u i n e adminis te red in sugar solution to P.berghei-'mkcted 

A.stephensi p r o d u c e d n o observable changes in the u l t r as t ruc tu re of the 

oocyst (Davies et al., 1971a) . Th i s m igh t be expected if the d r u g acts in 

the ve r t eb ra te via a metabol i te . 

2. Potentiation between cycloguanil and quinolinequinones 
Synergistic act ion be tween an t imalar ia l s m a y ind ica te t ha t they act a t 

different sites in the same metabol ic p a t h w a y of the paras i te , as appears 

to h a p p e n wi th su lphonamides a n d dihydrofolate reductase inhibi tors . 

T h e demons t ra t ion of po ten t i a t ion of the schizogonic act ion of 
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menoc tone w h e n it was adminis te red wi th cycloguani l to P.berghei-

infected mice (Peters, 1970b) was, however , difficult to expla in in t e rms 

of this basic pr inc ip le if the general ly accepted , a lbei t poor ly docu-

men ted , concepts of the m o d e of ac t ion of these an t imala r ia l s a re val id . 

However , this po ten t ia t ion canno t be r ega rded s imply in t e rms of 

synergism be tween antifols a n d antagonis ts of electron t r anspor t since 

no po ten t i a t ion was observed wi th a mix tu re of p y r i m e t h a m i n e a n d 

menoc tone (Por ter a n d Peters, unpub l i shed ) . T h e difference be tween 

these results is surpris ing a n d suggests t h a t cycloguani l m a y exert a n 

effect on the paras i te o ther t h a n by inh ib i t ing D H F R (an effect no t 

exer ted by p y r i m e t h a m i n e ) . 

Unl ike menoc tone a n d cycloguani l mixtures , p r i m a q u i n e a n d 

cycloguani l d o no t po ten t ia te each o the r b u t have a n addi t ive effect 

against the b lood stages of P.berghei (Peters, 1970b). A p r i m a q u i n e -

resistant s t rain of P.berghei was, however , complete ly cross-resistant to 

cycloguanil , a n d a line p r imar i ly resistant to cycloguani l exhibi ted some 

degree of resistance to p r i m a q u i n e . Both strains were cross-resistant to 

menoc tone . 

T h e r e is thus a n a p p a r e n t in ter re la t ionship be tween the modes of 

ac t ion of cycloguanil , p r i m a q u i n e a n d menoc tone . T h e addi t ive effect 

observed wi th mixtures of p r i m a q u i n e a n d menoc tone o n P.berghei 

migh t suggest t ha t the 8-aminoquinol ine or its hypo the t i ca l qu inone 

metabol i tes act a t the same t ime as the n a p h t h o q u i n o n e on the paras i te 

electron t r anspor t system. Th i s suggestion, however , is no t suppor ted by 

the different exper imenta l results wi th p r imaqu ine -cyc loguan i l a n d 

menoc tone-cyc loguan i l mixtures . T w o qu ino lone esters were investi-

ga ted for an t ima la r i a l activity by Ryley a n d Peters (1970). These esters 

were considered to have a p r imaquine- l ike effect on P.berghei and , 

significantly, the i r an t ima la r i a l effects were po ten t i a t ed by su lpha-

diaz ine or chlorcycloguani l . 

T h e physiological basis for t he observed in terac t ions be tween antifols 

a n d qu inol inequinones remains obscure b u t provides one of the most 

in t r igu ing areas of invest igat ion in h o s t - p a r a s i t e - d r u g in teract ions . 

E. Synthesis of Nucleic Acid 

1. Chloroquine and parasite RNA 
Tokuyasu et al. (1969) measured the sed imenta t ion character is t ics of 

32P - label led R N A from P.berghei a n d ob ta ined values of 4S , 15S a n d 
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25S, wi th the m o n o m e r i c form of the ma la r i a l r ibosome as 80S. Us ing 
1 4

C - l a b e l l e d orot ic acid or
 3 2

P as markers these workers ob ta ined 

evidence only of a label led 40S r ibosomal subuni t . T h e presence of a n 

unlabel led 60S subun i t was inferred a n d it was suggested t h a t this 60S 

subuni t could be of host origin. I n a m o r e recent s tudy of P.knowlesi 

r ibosomes, however , S h e r m a n et al. (1975) dissociated 80S part icles 

in to 60 a n d 40S subuni ts , bo th of wh ich h a d typical ly p ro tozoan base 

composi t ions. I t was conc luded t h a t the suggestion of Tokuyasu a n d his 

co-workers t h a t the 60S r ibosomal subun i t of P.berghei is p rov ided from 

host r ibosomes seems most unlikely. 

W a r h u r s t a n d Wil l iamson (1968) showed t h a t following ch loroquine 

t r e a t m e n t the 17-4S a n d 24-2S R N A s of P.knowlesi were d e g r a d e d to 

14—15S. Th i s deg rada t ion occur red only after the format ion of the 

au tophag ic vacuole (Warhu r s t a n d Wil l iamson, 1970). A t a the ra -

peut ical ly n o r m a l concen t ra t ion of ch loroquine ( ~ 1 0 ~
6
M ) the re is n o 

inhibi t ion of R N A synthesis in P.berghei ( H o m e w o o d et al., 1971 ; 

W a r h u r s t et al., 1974) or P.knowlesi (Warhur s t , 1969). A ch lo roqu ine 

concent ra t ion of 2 X 10~
2
M inh ib i ted R N A synthesis in P.knowlesi in vitro 

by 5 0 % (Warhurs t , 1969). Whi l e this concen t ra t ion is far h igher t h a n 

the n o r m a l r ange of se rum concen t ra t ion ob ta ined in vivo ( ~ 1 0 ~
6
M ) , 

Gut te r idge a n d T r igg (1972) found t h a t 10~
6
M ch lo roquine inh ib i ted 

R N A synthesis after several hours in vitro. P r e sumab ly W a r h u r s t (1969) 

examined the effect of ch loroquine d u r i n g the phase of accumula t i on 

in to the paras i te , cytotoxic effects be ing observable only some t ime 

after exposure to the d rug . P r i m a r y exposure to h igher concent ra t ions , 

such as 2 x 10~
3
M on the o ther h a n d results in cytotoxic effects be ing 

elicited more rap id ly . 

2. Influence of drugs on nucleic acid synthesis 
T h e up t ake of

 3 2
P by in t race l lu la r P.gallinaceum in vitro was inh ib i ted by 

qu in ine a t 0-5-3-0 X 1 0 "
5
M b u t no inhib i t ion of u p t a k e was observed 

even wi th a 4 x 10 "
5
M concen t ra t ion if t he parasi tes were released from 

the host erythrocytes (Clarke, 1952). Schel lenberg a n d Coa tney (1961) 

la ter demons t r a t ed t h a t ch loroquine , m e p a c r i n e a n d qu in ine inh ib i ted 

up t ake of
 3 2

P in to b o t h R N A a n d D N A of P.gallinaceum. Ch lo roqu ine 

did not inh ib i t
 3 2

P - u p t a k e by P.berghei in these exper iments a n d Peters 

(1970a) speculated t h a t the s t rain of P.berghei ut i l ized by Schel lenberg 

a n d Coa tney m a y have been ch lo roqu ine resistant. I n P.knowlesi D N A 
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synthesis as measured by
 3

H- l abe l l ed orotic acid up take , was inh ib i ted 

b y only 1 3 % by 10~
6
M ch loroquine , while 4 χ 10~

4
M was necessary to 

p roduce a 5 0 % inhibi t ion . As repor ted earlier, R N A synthesis was 

relat ively less sensitive t h a n D N A synthesis to ch loroquine inhib i t ion . 

T h e evidence for the b ind ing of ch loroquine to doub le - s t randed D N A 

a n d o the r polynucleot ides has been reviewed extensively elsewhere 

(Peters, 1970a; Yie lding et al, 1971 ; T h o m p s o n a n d Werbe l , 1972). 

I t has been proposed also t ha t qu in ine forms an in te rca la t ion complex 

wi th D N A (see H a h n a n d Krey , 1971). T h e cri t ical dis tance be tween 

the alicyclic a m i n o g r o u p a n d the alcoholic hydroxyl of the qu in ine 

molecule was m a i n t a i n e d in a qu ino l inemethano l selected by H a h n a n d 

K r e y (1971), where a p iper id ine is subst i tuted for the qu inuc l id ine 

r ing . Th is c o m p o u n d , a-p iper idyl 6, 8 d ichloro-2-phenyl-4-quinol ine-

m e t h a n o l hydrochlor ide , d id form a complex wi th D N A , t h o u g h it was 

difficult to s tudy owing to poor solubility a n d its p rope r ty of precipi -

t a t ing D N A . I n contrast , the highly active schizonticide W R 142,490, 

also a qu ino l inemethano l , d id no t b ind to D N A (Davidson et al, 1975). 

I n o the r ways, however , the la t ter c o m p o u n d has m a n y proper t ies very 

close to those of qu in ine (Warhu r s t a n d T h o m a s , 1975a; Davies et al, 

1975). T h e 4 - p h e n a n t h r e n e m e t h a n o l W R 122,455 does in fact in ter-

cala te wi th D N A (Por ter a n d Peters, 1976). 

T h e 8-aminoquinol ine p r i m a q u i n e was also shown to in te rac t wi th 

R N A a n d D N A a n d inh ib i t t he act ivi ty of E.coli R N A polymerase . T h e 

in te rac t ion wi th D N A is no t by in terca la t ion (Holbrook et al, 1971). I t 

is difficult to eva lua te results ob ta ined in vitro on a non-mala r i a l mode l 

w i th a d r u g t h a t is considered to exert its in vivo effect t h r o u g h 

metabol i tes . Ho lb rook et al (1971), however , considered t h a t the 

in teract ions of p r i m a q u i n e wi th nucleic acids a re significant aspects of 

its an t ima la r i a l activity. 

3. Synthetic deficiencies of the malaria parasite 
T h e review of ma la r i a paras i te b iochemis t ry by H o m e w o o d (C h ap t e r 4) 

adequa te ly il lustrates the fact t h a t most aspects of paras i te b iochemis t ry 

a n d of hos t -pa ras i t e in teract ions r e m a i n obscure . Th i s section is 

consequent ly restricted to a considerat ion of some examples w h e r e 

synthet ic deficiencies of the paras i te have been revealed by an t ima la r i a l 

d r u g act ion, or awareness of a deficiency has s t imula ted a search for 

agents which m a y serve as effective an t imalar ia l s . 
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O n e of the be t t e r d o c u m e n t e d aspects of the metabo l i sm of the 

m a l a r i a paras i te is its dependence on a n exogenous source of preformed 

pur ines (see C h a p t e r 4) . T h e inabi l i ty of the paras i te to synthesize 

pur ines de novo s t imula ted T r igg et al. (1971) to invest igate the an t i -

mala r ia l activity of the p u r i n e ana logue cordycepin . Heischkeil (1974) 

considerably ex tended this s tudy of an t imetabol i tes based on p u r i n e 

analogues a n d observed a par t i cu la r ly good plasmodiosta t ic act ivi ty 

against P.vinckei infections wi th pur ine-6-su lphonic acid-3-N-oxide. I n 

prac t ice , however , these c o m p o u n d s have been unsatisfactory because 

of thei r toxicity to the host. 

I n contras t , the lack of a t hymidy la t e salvage p a t h w a y in roden t 

malar ias was suggested by the failure to demons t r a t e t hymid ine kinase 

in P.chabaudi (Wal te r et al., 1970). In t ra -e ry th rocy t i c m u r i n e m a l a r i a 

parasi tes a re u n a b l e to utilize pre-formed pyr imidines , a n d the lack of 

incorpora t ion of
 3

H - p y r i m i d i n e s in to the oocysts a n d sporozoites of 

P.berghei (Davies a n d Howells , 1973; J a c o b s et al., 1974) indicates t h a t 

this aspect of t rophozoi te metabo l i sm is no t control led by pe rmeab i l i ty 

factors of the e ry throcyte m e m b r a n e . 

M a l a r i a parasi tes , lacking a folate reductase , a p p a r e n t l y do no t 

utilize folate der ived from the host. Ins tead they synthesize d ihyd ro -

folate from a p te r id ine a n d PABA. T h e key react ion, catalysed by 

d ihydrop te roa te synthetase, is compet i t ively inhib i ted by su lphona-

mides . 

T h e obl igate paras i t iza t ion of the i m m a t u r e , metabol ica l ly active 

erythrocytes by chloroquine-res is tant strains of P.berghei suggests t h a t 

ch loroquine resistance is associated wi th an increased dependence by 

the paras i te on host synthet ic activities. Th i s is further suppor ted by the 

evidence, discussed earlier, of an e n h a n c e m e n t of the metabol ic 

activity of the ret iculocyte w h e n infected by chloroquine-res is tant 

ma la r i a parasi tes . 

IV. CONCLUSIONS 

I n the final analysis, the va lue of roden t ma la r i a in the search for new 

or improved an t imalar ia l s a n d in s tudying the m o d e of act ion of drugs 

a n d the mechanisms of resistance, rests ent irely on the appl icabi l i ty of 

results ob ta ined wi th this mode l to t he mala r ias of m a n . T h e evidence 

presented in the first p a r t of this c h a p t e r i l lustrates tha t , in genera l , t he 
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roden t malar ias can indeed serve as such a mode l a n d their p rac t ica l 

va lue has been overwhelmingly demons t r a t ed by the i r enab l ing over a 

q u a r t e r of a mill ion c o m p o u n d s to be screened for an t ima la r i a l act ivi ty 

in little over a decade . T h a t so little in the form of n e w drugs has 

emerged from this enormous expend i tu re of effort a n d resources is 

cer ta inly n o fault of the roden t m a l a r i a screen. R a t h e r , as was discussed 

previously, it i l lustrates the essential l imi ta t ion of empir ica l screening 

systems a n d emphasizes the necessity for a r a t iona l a p p r o a c h based on 

a more comple te unde r s t and ing of the b iochemis t ry of the paras i te a n d 

of the n a t u r e of its re la t ionship to its host . 

Whi ls t t he major screening p r o g r a m m e s for an t imala r ia l s are 

cur ren t ly be ing r u n down , a n d a re unlikely to b e re- in i t ia ted in the 

foreseeable future, exper imenta l a n d clinical studies h a v e increasingly 

demons t r a t ed the va lue of d r u g mixtures a n d combina t ions in t he 

t r e a t m e n t of chloroquine-res is tant m a l i g n a n t t e r t i an ma la r i a . I n the 

absence of a n a r m a m e n t a r i u m of n e w drugs it is p r o b a b l e t h a t we shall 

have to rely increasingly on
 6

 ' p o l y t h e r a p y " in o rde r to safeguard the 

effectiveness of those few effective c o m p o u n d s t h a t we cur ren t ly 

possess. T h e va lue of roden t mala r ias in invest igat ing a n d selecting 

effective d r u g mixtures has been discussed. T h e avai labi l i ty of a wide 

r ange of drug-resis tant strains of roden t mala r ias , against wh ich d r u g 

mixtures can be tested, is of p a r a m o u n t i m p o r t a n c e . 

I n contras t to the a m o u n t of effort expended in p r o d u c i n g a n d 

screening n e w c o m p o u n d s for po ten t i a l an t ima la r i a l act ion, relat ively 

few workers h a v e s tudied t he m o d e of act ion of the established an t i -

malar ia ls . These a n d o the r ant iparas i t ic d rugs can be considered as 

ext remely va luab le biological p robes wi th wh ich to explore little k n o w n 

areas of paras i te b iochemis t ry a n d physiology. Unfor tuna te ly m a n y 

quest ions still r e m a i n unanswered r ega rd ing the m o d e of ac t ion even of 

ch loroquine , the c o m p o u n d most invest igated. O n e school of exper i -

m e n t a l chemotherapis t s favours t he theory t h a t an t ima la r i a l ac t ion is 

effected by in te rca la t ion of the d r u g wi th nucle ic acids a n d a second 

school, inc lud ing Fi tch a n d W a r h u r s t , believe t h a t the d r u g m a y be 

general ly cytotoxic b u t depends on a h igh affinity b ind ing site to 

achieve the in t race l lu lar concent ra t ions requ i red for such an effect. T h e 

h igh affinity site s tudied by W a r h u r s t a n d his colleagues, however , m a y 

be different from t h a t s tudied by Fi tch . F i tch , fu r thermore , suggests 

t h a t t he h igh affinity site m a y be present in the ery throcyte m e m b r a n e 

a n d no t even wi th in the paras i te . T h e fluorescence studies of W a r h u r s t 
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a n d T h o m a s a d d e d a fur ther facet to this p r o b l e m by the observat ion 

of a concen t ra t ion of mepac r ine in the region of the pa i red organelles 

of the merozoites . Studies on the m e c h a n i s m of resistance to ch loroquine 

have similarly revealed the complexi ty of the p r o b l e m r a t h e r t h a n 

provide a definitive answer . W i t h the except ion of p y r i m e t h a m i n e , we 

can only speculate as to the m e t h o d b y which the m a l a r i a paras i te 

becomes resistant to an t imalar ia l s . 

Invest igat ions on the m o d e of ac t ion of an t imala r ia l s a n d on the 

mechan isms of d r u g resistance mus t be l inked wi th studies on the basic 

b iochemist ry a n d physiology of the parasi tes . I t is a b u n d a n t l y clear t h a t 

there is n o aspect of the paras i te metabol i sm w h i c h has been 

exhaustively s tudied or which is adequa te ly unders tood (see C h a p t e r 4 ) . 

La rge areas such as those of l ipid synthesis a n d electron t r anspor t h a v e 

been almost ent irely neglected a n d others , such as t he m e c h a n i s m of 

haemoglob in digestion, r e m a i n u n k n o w n , a p p a r e n t l y i m p r e g n a b l e to 

the b iochemical assaults wh ich have been m a d e to da t e . 

T h e cri de cœur m a d e in the in t roduc t ion for a n effective system for 

invest igat ing m a l a r i a parasi tes a n d an t ima la r i a l d r u g act ion in vitro is 

n o w be ing increasingly echoed by workers in the field of m a l a r i a 

i m m u n i t y for w h o m such cul t ivat ion techniques offer enormous 

prospects in te rms of developing a ma la r i a l vaccine . I t is an t i c ipa ted 

t ha t the rap id ly increasing interest in the cul t ivat ion of Plasmodium will 

lead to significant improvemen t s in these techniques in the nea r future. 

Acknowledgements 

For m u c h of ou r or iginal research, some of wh ich is no ted in this a n d 

o ther chapters , we acknowledge wi th g ra t i t ude generous financial 

suppor t from the W o r l d H e a l t h O r g a n i z a t i o n ; M e d i c a l Resea rch 

Counci l of G r e a t Br i t a in ; U n i t e d States A r m y Resea rch a n d Develop-

m e n t C o m m a n d , t h r o u g h the W a l t e r R e e d A r m y Ins t i tu te of Resea rch , 

Wash ing ton , a n d E u r o p e a n Resea rch Office a n d var ious p h a r m a -

ceut ical organizat ions inc lud ing C I B A - G E I G Y , Basle a n d R o c h e 

Produc t s L imi ted , Welwyn . 



384 W . P E T E R S and R. E. H O W E L L S 

References 

Aikawa, M. (1972). High resolution autoradiography of malarial parasites treated 
with

 3
H-chloroquine. American Journal of Pathology 67, 277-284. 

Aikawa, M. and Beaudoin, R. L. (1968). Studies on the nuclear division of a malarial 
parasite under pyrimethamine treatment. Journal of Cell Biology 39, 749-754. 

Aikawa, M. and Beaudoin, R. L. (1969). Morphological effects of 8-aminoquinolines 
on the exoerythrocytic stages of Plasmodium fallax. Military Medicine 134, 986-999. 

Aviado, D. M. (1969). Chemotherapy of Plasmodium berghei (including bibliography 
on Plasmodium berghei). Experimental Parasitology 25, 399-482. 

Bafort, J. (1969). Étude du cycle biologique du Plasmodium v. vinckei Rodhain 1952. 
Annales de la Société Belge de Médecine Tropicale 49, 533-628. 

Beaudoin, R. L. and Aikawa, M. (1968). Primaquine-induced changes in morphology 
of exoerythrocytic stages of malaria. Science, New York 160, 1233-1234. 

Bennett, T. P. and Trager, W. (1967). Pantothenic acid metabolism during avian 
malaria infection: pantothenate kinase activity in duck erythrocytes and in 
Plasmodium lophurae. Journal of Protozoology 14, 214—216. 

Beesley, W. N. and Peters, W. (1968). The chemotherapy of rodent malaria. VI . The 
action of some sulphonamides alone or with folic reductase inhibitors against 
malaria parasites, part 1. Introduction and anti-vector studies. Annals of Tropical 
Medicine and Parasitology 62, 288-294. 

Bird, R. G., Draper, G. C. and Ellis, D . S. (1972). A cytoplasmic polyhedrosis virus 
in midgut cells of Anopheles stephensi and in the sporogonic stages of Plasmodium 
berghei yoelii. Bulletin of the World Health Organization 46, 337-343. 

Ganfield, G. J. and Rozman, R. S. (1974). Clinical testing of new antimalarial 
compounds. Bulletin of the World Health Organization 50, 203-212. 

Carter, R. (1972). Effect of PABA on chloroquine resistance in Plasmodium berghei 
yoelii. Nature, London 238, 98-99. 

Cenedella, R . J . and Jarrell, J . J . (1970). Suggested new mechanisms of antimalarial 
action for DDS involving inhibition of glucose utilization by the intraerythrocytic 
parasite. American Journal of Tropical Medicine and Hygiene 19, 592-598. 

Cenedella, R . J . and Saxe, L. H. (1971). Partial reversal of the in vivo antimalarial 
activity of DDS against Plasmodium berghei by induced hyperglycemia. American 
Journal of Tropical Medicine and Hygiene 20, 530-534. 

Clarke, D. H. (1952). The use of phosphorus
 32

 in studies on Plasmodium gallinaceum. 
1. The development of a method for the quantitative determination of parasite 
growth and development in vitro. Journal of Experimental Medicine 96, 439-449. 

Davidson, M. W., Griggs, B. G. Jr., Boykin, D. W. and Wilson, W. D. (1975). 
Mefloquine, a clinically useful quinolinemethanol antimalarial which does not bind 
with DNA. Nature, London 254, 632-634. 

Davies, Ε. E. and Howells, R. E. (1973). Uptake of
 3

H adenosine and
 3

H thymidine 
by oocysts of P.berghei berghei. Transactions of the Royal Society of Tropical Medicine and 
Hygiene 67, 20. 

Davies, Ε. E., Howells, R. E. and Peters, W. (1971a). The chemotherapy of rodent 
malaria. X V . Fine structural studies on the sporogonic stages of Plasmodium berghei 
following exposure to primaquine. Annals of Tropical Medicine and Parasitology 65, 
461-464. 

Davies, Ε. E., Howells, R. E. and Venters, D. (1971b). Microbial infections 
associated with plasmodial development in Anopheles stephensi. Annals of Tropical 
Medicine and Parasitology 65, 403-408. 



C H E M O T H E R A P Y 385 

Davies, Ε. Ε., Warhurst, D. C. and Peters, W. (1975). The chemotherapy of rodent 
malaria. X X I . Action of quinine and WR 122,455 (a 9-phenanthrene-methanol) 
on the fine structure of Plasmodium berghei in mouse blood. Annals of Tropical 
Medicine and Parasitology 69, 147-153. 

Diggens, S. M., Gutteridge, W. E. and Trigg, P. I. (1970). Altered dihydrofolate 
reductase associated with a pyrimethamine-resistant Plasmodium berghei berghei 
produced in a single step. Nature, London 228, 579-580. 

De Duve, C , Barsy, T., Poole, B., Trouet, Α., Tulkens, P. and Van Hoof, F. (1974). 
Lysosomotropic agents. Biochemical Pharmacology 23, 2495-2531. 

Fairley, Ν . H. (1946). Researches on paludrine (M.4888) in malaria. An experi-
mental investigation undertaken by the L.H.Q.. Medical Research Unit (A.I.F.) 
Cairns, Australia. Transactions of the Royal Society of Tropical Medicine and Hygiene 
40, 105-151. 

Ferone, R. (1969). Altered dihydrofolate reductase in a strain of pyrimethamine-
resistant Plasmodium berghei. Federation Proceedings. Federation of American Societies for 
Experimental Biology 28, 847. 

Ferone, R. (1973). The enzymic synthesis of dihydropteroate and dihydrofolate by 
Plasmodium berghei. Journal of Protozoology 20, 459-464. 

Ferone, R. and Hitchings, G. H. (1966). Folate cofactor biosynthesis by Plasmodium 
berghei. Comparison of folate and dihydrofolate as substrates. Journal of Protozoology 
13, 504-506. 

Ferone, R., Burchall, J. J. and Hitchings, G. H. (1968). Dihydrofolate reductase from 
Plasmodium berghei. Federation Proceedings. Federation of American Societies for Experi-
mental Biology 27, 390. 

Ferone, R., Burchall, J. J. and Hitchings, G. H. (1969). P.berghei dihydrofolate 
reductase. Isolation, properties and inhibition by antifolates. Molecular Pharma-
cology 5, 49-59. 

Findlay, C. M. (1951). "Recent advances in chemotherapy," Vol. 2, third edition. 
Churchill, London, p. 423. 

Fink, E. (1974). Assessment of causal prophylactic activity in Plasmodium berghei yoelii 
and its value for the development of new antimalarial drugs. Bulletin of the World 
Health Organization 50, 213-222. 

Fink, E. and Kretschmar, W. (1970). Chemotherapeutische Wirkung von Standard-
Malariamitteln in einem vereinfachten Prüfverfahren an der Plasmodium vinckei— 
Infektion der NMRI—Maus . Zeitschrift für Tropenmedizin und Parasitologie 21, 
167-181. 

Fitch, C D . (1969). Chloroquine resistance in malaria, a deficiency of chloroquine 
binding. Proceedings of the National Academy of Sciences of the United States of America 
64, 1181-1187. 

Fitch, C. D. (1970). Plasmodium falciparum in owl monkeys. Drug resistance and 
chloroquine binding capacity. Science, New York 169, 289-290. 

Fitch, C. D. (1972). Chloroquine resistance in malaria: drug binding and cross 
resistance patterns. Proceedings of the Helminthological Society of Washington 39 (Special 
Issue), 265-271. 

Fitch, C. D. , Cheuli, R. and Gonzalez, Y. (1974a). Chloroquine accumulation by 
erythrocytes: a latent capability. Life Sciences 14, 2441-2446. 

Fitch, C. D., Cheuli, R. and Gonzalez, Y. (1974b). Chloroquine-resistant Plasmodium 
falciparum: effects of substrate on chloroquine and amodiaquine accumulation. 
Antimicrobial Agents and Chemotherapy 6, 757-762. 

Fitch, C. D., Yunis, N. G., Cheuli, R. and Gonzalez, Y. (1974c). High affinity 



386 W . P E T E R S and R. E. H O W E L L S 

accumulation of chloroquine by mouse erythrocytes infected with Plasmodium 
berghei. Journal of Clinical Investigation 54, 24-33. 

Fitch, G. D., Gheuli, R. and Gonzalez, Y. (1975a). Chloroquine resistance in malaria. 
Variations of substrate stimulated chloroquine accumulation. Journal of Pharma-
cology and Experimental Therapeutics 195, 389-396. 

Fitch, C. D., Gonzalez, Y. and Gheuli, R. (1975b). Amodiaquine accumulation by 
mouse erythrocytes infected with Plasmodium berghei. Journal of Pharmacology and 
Experimental Therapeutics 195, 397-403. 

Gerberg, E. J. (1971). Evaluation of antimalarial compounds in mosquito test 
systems. Transactions of the Royal Society of Tropical Medicine and Hygiene 65, 358-363. 

Gerberg, E. J., Gentry, J. W. and Diven, L. H. (1968). Mass rearing of Anopheles 
stephensi Liston. Mosquito News 28, 342-346. 

Goodwin, L. G. (1952). Daraprim (B.W. 50-63)—a new antimalarial. Trials in 
human volunteers. British Medical Journal 1, 732. 

Gregory, K. G. and Peters, W. (1970). The chemotherapy of rodent malaria. IX. 
Causal prophylaxis, part 1 : a method for demonstrating drug action on exo-
erythrocytic stages. Annals of Tropical Medicine and Parasitology 64, 15-24. 

Gutteridge, W. E. and Trigg, P. I. (1972). Some studies on the D N A of Plasmodium 
knowlesi. In: "Comparative biochemistry of parasites" (H. Van den Bossche, ed.). 
Academic Press, New York and London, pp. 199-218. 

Hahn, F. Ε. (1974). Chloroquine (Resochin). In: "Antibiotics, mechanisms of action 
of antimicrobial and antitumour agents," Vol. 3 (J. W. Corcoran and F. E. Hahn, 
eds). Springer-Verlag, Berlin, Heidelberg, New York, pp. 58-78. 

Hahn, F. Ε. and Krey, A. K. (1971). Interactions of alkaloids with DNA. In: 
"Progress in molecular and subcellular biology," Vol. 2 (F. E. Hahn, ed.). 
Springer-Verlag, Berlin, Heidelberg, New York, pp. 134—151. 

Hawking, F. (1953). Milk diet, />-aminobenzoic acid and malaria (P.berghei). British 
Medical Journal 1, 425-429. 

Heischkeil, R. (1974). Pyrimidin-und Purinderivate als Antimetaboliten in Plas-
modienstoffwechsel (Plasmodium vinckei). (Derivatives of pyrimidine and purine as 
antimetabolites in the metabolism of Plasmodium (P.vinckei). Tropenmedizin und 
Parasitologie 25, 105-115. 

Hill, J. (1963). Chemotherapy of malaria, part 2. The antimalarial drugs. In: 
"Experimental chemotherapy," Vol. 1 (R. J. Schnitzer and F. Hawking, eds). 
Academic Press, New York and London, pp. 513-601. 

Holbrook, D. J., Jr., Whichard, L. P., Morris, C. R. and White, L. A. (1971). 
Interaction of antimalarial aminoquinolines (primaquine, pentaquine and chloro-
quine) with nucleic acids, and effects on various enzymatic reactions in vitro. In: 
"Progress in molecular and subcellular biology," Vol. 2 (F. E. Hahn, ed.). 
Springer-Verlag, Berlin, Heidelberg, New York, pp. 113-125. 

Homewood, C. A. and Neame, K. D. (1974). Malaria and the permeability of the 
host erythrocyte. Nature, London 252, 718-719. 

Homewood, C. Α., Warhurst, D . C. and Baggaley, V. C. (1971). Incorporation of 
radioactive precursors into Plasmodium berghei in vitro. Transactions of the Royal 
Society of Tropical Medicine and Hygiene 65, 10. 

Homewood, C. Α., Warhurst, D. C , Peters, W. and Baggaley, V. C. (1972). Electron 
transport in intraerythrocytic Plasmodium berghei. Proceedings of the Helminthological 
Society of Washington 39 (Special Issue), 382-386. 

Howells, R. E. and Maxwell, L. M. (1973). Citric acid cycle activity and chloroquine 
resistance in rodent malaria parasites. The role of the reticulocytes. Annals of 
Tropical Medicine and Parasitology 67, 285-300. 



C H E M O T H E R A P Y 387 

Howells, R. E., Peters, W., Homewood, C. A. and Warhurst, D. G. (1970a). Theory 
for the mechanism of chloroquine-resistance in rodent malaria. Nature, London 228, 
625-628. 

Howells, R. E., Peters, W. and Fullard, J. (1970b). The chemotherapy of rodent 
malaria, XII I . Fine structural changes observed in the erythrocytic stages of 
Plasmodium berghei berghei following exposure to primaquine and menoctone. Annals 
of Tropical Medicine and Parasitology 64, 203-207. 

Hulls, R. G. (1971). The influence of a microsporidian on Plasmodium berghei. Comptes 
Rendus 1er Multicolloque Européen de Parasitologie, Rennes 213. 

Jacobs, R. L. (1965). Selection of strains of Plasmodium berghei resistant to quinine, 
chloroquine and pyrimethamine. Journal of Parasitology 51, 481-482. 

Jacobs, R. L., Miller, L. H. and Koontz, L. G. (1974). Labelling of sporozoites 
of Plasmodium berghei with tritiated purines. Journal of Parasitology 60, 340-
343. 

Jadin, J. (1965). Bibliographie du Plasmodium berghei I. H. Vincke et M. Lips (1948-
1964). Annales de la Société Belge de Médecine Tropicale 45, 473-496. 

Jaffe, J. J . (1972). Dihydrofolate reductase in parasitic protozoa and helminths. In: 
"Comparative biochemistry of parasites" (H. Van den Bossche, ed.). Academic 
Press, London and New York, pp. 219-233. 

Jung, Α., Jackisch, R., Picard-Maureau, A. and Heischkeil, R. (1975). DNA-RNA-
und Lipidsynthese sowie die spezifische Aktivität von Glucose-6-phosphatdehydro-
genase and Glucose-6-phosphatase in den verschiedenen morphologischen Stadien 
von Plasmodium vinckei. Tropenmedizin und Parasitologie 26, 27-34. 

Kinnamon, Κ. E. and Rothe, W. E. (1975). Biological screening in the U S Army 
antimalarial drug development program. American Journal of Tropical Medicine and 
Hygiene 24, 174-176. 

Kramer, P. A. and Matusik, J. E. (1971). Location of chloroquine binding sites in 
Plasmodium berghei. Biochemical Pharmacology 20, 1619-1626. 

Ladda, R. (1966). Morphologic observations on the effect of antimalarial agents on 
the erythrocytic forms of Plasmodium berghei in vitro. Military Medicine 131 (Supple-
ment), 993-1008. 

Laing, A. B. G. (1968). Antimalarial effects of sulphormethoxine, diaphenylsulfone 
and separate combinations of these with pyrimethamine. A review of preliminary 
investigations carried out in Tanzania. Journal of Tropical Medicine and Hygiene 71, 
27-35. 

Laing, A. B. G. (1974). Studies on the chemotherapy of malaria. ( I l l ) Treatment of 
falciparum malaria in the Gambia, with BRL 50216 (4,6-diamino-(3,4-dichloro-
benzyloxy)-l,2-dihydro-2,2-dimethyl-l,3,5-triazine hydrochloride) alone and in 
combination with sulphonamides. Transactions of the Royal Society of Tropical 
Medicine and Hygiene 68, 133-138. 

Landau, I. (1965). Description de Plasmodium chabaudi η sp. parasite de rongeurs 
africains. Compte rendu hebdomadaire des séances de VAcadémie des sciences 260, 3758-3761. 

Landau, I. (1973). Diversité des mécanismes assurant la pérennité de l'infection chez 
les sporozoaires coccidiomorphes. Mémoires du Muséum Nationale d'Histoire Naturelle, 
Série A 77, 44. 

Landau, I. and Killick-Kendrick, R. (1966). Note préliminaire sur le cycle évolutif 
des deux Plasmodium du rongeur Thamnomys rutilans de la République Centrafri-
caine. Compte Rendu Hebdomadaire des Séances de l'Académie des Sciences 262, 1113-1116. 

Macomber, P. B., O'Brien, R. L. and Hahn, F. E. (1966). Chloroquine : physiological 
basis of drug resistance in Plasmodium berghei. Science, New York 152, 1374— 
1375. 



388 W . P E T E R S and R. E. H O W E L L S 

Macomber, P. B., Sprinz, H. and Tousimis, A. J. (1967). Morphological effects of 
chloroquine on Plasmodium berghei in mice. Nature, London 214, 937-939. 

Maegraith, B. G., Deegan, T. and Jones, E. S. (1952). Suppression of malaria 
(P.berghei) by milk. British Medical Journal 2, 1382-1384. 

Olenick, J. G. (1974). Primaquine. In: "Antibiotics, mechanisms of action of anti-
microbial and antitumor agents," Vol. 3 (J. W. Corcoran and F. E. Hahn, eds). 
Springer-Verlag, Berlin, Heidelberg and New York, pp. 516-520. 

Peters, W. (1965). Drug resistance in Plasmodium berghei Vincke and Lips, 1948. 
I. Chloroquine resistance. Experimental Parasitology 17, 80-89. 

Peters, W. (1967). Chemotherapy of Plasmodium chabaudi infection in albino mice. 
Annals of Tropical Medicine and Parasitology 61, 52-56. 

Peters, W. (1968). The chemotherapy of rodent malaria, V. The action of some 
sulphonamides alone or with folic reductase inhibitors against malaria vectors and 
parasites. Part 2. Schizontocidal action in the albino mouse. Annals of Tropical 
Medicine and Parasitology 62, 488-494. 

Peters, W. (1970a). "Chemotherapy and drug resistance in malaria." Academic 
Press, London and New York. 

Peters, W. (1970b). A new type of antimalarial drug potentiation. Transactions of the 
Royal Society of Tropical Medicine and Hygiene 64, 462-464. 

Peters, W. (1971). Potentiating action of sulfalene-pyrimethamine mixtures against 
drug-resistant strains of Plasmodium berghei. Chemotherapy 16, 389-398. 

Peters, W. (1973). The chemotherapy of rodent malaria, X V I I I . The action of some 
sulphonamides alone or with folic reductase inhibitors against malaria vectors and 
parasites, part 5. The blood schizontocidal action of some newer sulphonamides. 
Annals of Tropical Medicine and Parasitology 67, 155-167. 

Peters, W. (1974a). Recent advances in antimalarial chemotherapy and drug 
resistance. In: "Advances in parasitology," Vol. 12 (B. Dawes, ed.). Academic 
Press, London and New York, pp. 69-114. 

Peters, W. (1974b). Prevention of drug resistance in rodent malaria by the use of drug 
mixtures. Bulletin of the World Health Organization 51, 379-383. 

Peters, W., Bafort, J., Ramkaran, A. E., Portus, J. H. and Robinson, B. L. (1970). 
The chemotherapy of rodent malaria, X I . Cyclically transmitted chloroquine-
resistant variants of the Keyberg 173 strain of Plasmodium berghei. Annals of Tropical 
Medicine and Parasitology 64, 41-51 . 

Peters, W., Portus, J. H. and Robinson, B. L. (1973). The chemotherapy of rodent 
malaria, X V I I . Dynamics of drug resistance, part 3 : Influence of drug combina-
tions on the development of resistance to chloroquine in P.berghei. Annals of Tropical 
Medicine and Parasitology 67, 143-154. 

Peters, W., Davies, Ε. E. and Robinson, B. L. (1975a). The chemotherapy of rodent 
malaria, X X I I I . Causal prophylaxis, part 2. Practical experience with Plasmodium 
yoelii nigeriensis in drug screening. Annals of Tropical Medicine and Parasitology 69, 
311-328. 

Peters, W., Portus, J. and Robinson, B. L. (1975b). The chemotherapy of rodent 
malaria, X X I I . The value of drug-resistant strains of P.berghei in screening for 
blood schizontocidal activity. Annals of Tropical Medicine and Parasitology 69, 155— 
171. 

Pinder, R. M. (1973). Malaria, the Design, Use and Mode of Action of Chemo-
therapeutic Agents. Scientechnica Publishers, Bristol. 

Polet, H. and Barr, C. F. (1969). Uptake of chloroquine-
3
H by Plasmodium knowlesi 

in vitro. Journal of Pharmacology and Experimental Therapy 168, 187-192. 
Porter, M. and Peters, W. (1976). The chemotherapy of rodent malaria, X X V . 



C H E M O T H E R A P Y 389 

Antimalarial activity of W R 122,455 (a 9-phenanthrenemethanol) in vivo and 
in vitro. Annals of Tropical Medicine and Parasitology 70, 259-270. 

Rabinovitch, S. A. (1968). Experimental investigation of drug resistance in malarial 
parasites. Proceedings of the 8th International Congress of Tropical Medicine and Malaria, 
Teheran 1390-1392. 

Ramakrishnan, S. P., Satya Prakash and Sen Gupta, G. P. (1956). Studies on 
Plasmodium berghei, Vincke and Lips, 1948, X X I I I . Isolation and observations on 
a "milk-resistant" strain. Indian Journal of Malariology 10, 175-182. 

Ramkaran, A. E. and Peters, W. (1969). Infectivity of chloroquine resistant Plas-
modium berghei to Anopheles stephensi enhanced by chloroquine. Nature, London 223, 
635-636. 

Richards, W. H. G. (1966). Antimalarial activity of sulphonamides and a sulphone, 
singly and in combination with pyrimethamine against drug resistant and normal 
strains of laboratory plasmodia. Nature, London 212, 1494—1495. 

Rieckmann, Κ. H. (1971). Drug potentiation against pre-erythrocytic stages of 
Plasmodium falciparum. Transactions of the Royal Society of Tropical Medicine and Hygiene 
65, 533-535. 

Robinson, B. L. and Warhurst, D . G. (1972). Antimalarial activity of erythromycin. 
Transactions of the Royal Society of Tropical Medicine and Hygiene 66, 525. 

Ryley, J. F. and Peters, W. (1970). The antimalarial activity of some quinoline 
esters. Annals of Tropical Medicine and Parasitology 64, 209-222. 

Schellenberg, Κ. A. and Coatney, G. R. (1961). The influence of antimalarial drugs 
on nucleic acid synthesis in Plasmodium gallinaceum and Plasmodium berghei. Bio-
chemical Pharmacology 6, 143-152. 

Schmidt, L. H., Rossan, R. N., Fradkin, R. and Woods, J. (1966). Studies on the 
antimalarial activity of l,2-dimethoxy-4-(bis-diethylaminoethyl)-amino-5 bromo-
benzene. Bulletin of the World Health Organization 34, 783-788. 

Sherman, I. W., Cox, R. Α., Higginson, B., McLaren D. J. and Williamson J. 
(1975). The ribosomes of the simian malaria Plasmodium knowlesi. I. Isolation and 
characterization. Journal of Protozoology 22, 568-572. 

Skelton, F. S., Pardini, R. S., Heidker, J. C. and Folkers, K. (1968). Inhibition of 
coenzyme Q systems by chloroquine and other antimalarials. Journal of the 
American Chemical Society 90, 5334-5336. 

Skelton, F. S., Rieta, P .J . and Folkers, K. (1970). Coenzymes Q C X X I I . Identifica-
tion of ubiquinone 8 biosynthesized by Plasmodium knowlesi, P.cynomolgi and 
P.berghei. Journal of Medicinal Chemistry 13, 602-606. 

Steck, Ε. Α. (1971). "The chemotherapy of protozoan diseases," Vol. I l l , Sections 
4-5 . Division of Medicinal Chemistry, Walter Reed Army Institute of Research, 
Washington DC. 

Terzian, L. A. (1947). A method for screening antimalarial compounds in the 
mosquito host. Science, New York 106, 449. 

Terzian, L. A. (1968). Differences in drug response in the sporogonous cycles of two 
strains of Plasmodium falciparum. Proceedings of the 8th International Congress of Tropical 
Medicine and Malaria, Teheran 1474-1475. 

Thompson, P. E. (1972). Studies on a quinolinemethanol (WR 30, 090) and on a 
phenanthrenemethanol (WR 33,063) against drug-resistant Plasmodium berghei in 
mice. Proceedings of the Helminthological Society of Washington 39 (Supplement), 
297-308. 

Thompson, P. E. and Werbel, L. M. (1972). "Antimalarial agents. Chemistry and 
Parasitology." Academic Press, New York and London. 



390 W . P E T E R S and R. E. H O W E L L S 

Thurston, J. P. (1950a). The action of antimalarial drugs in mice infected with 
Plasmodium berghei. British Journal of Pharmacology 5, 409-416. 

Thurston, J. P. (1950b). Action of proguanil on P.berghei. Inhibition by p-
aminobenzoic acid. Lancet 2, 438-439. 

Thurston, J. P. (1953). The chemotherapy of Plasmodium berghei, I. Resistance to 
drugs. Parasitology 43, 246-252. 

Thurston, J. P. (1954). The chemotherapy of Plasmodium berghei, II. Antagonism of 
the action of drugs. Parasitology 44, 99-110. 

Tokuyasu, K., Ilan, J. and Ilan, J. (1969). Biogenesis of ribosomes in Plasmodium 
berghei. Military Medicine 134, 1032-1038. 

Tonkin, I. M. (1946). The testing of drugs against exo-erythrocytic forms of 
P.gallinaceum in tissue culture. British Journal of Pharmacology and Chemotherapy 1, 
163-173. 

Trager, W. (1967). Adenosine triphosphate and the pyruvic and phosphoglyceric 
kinases of the malaria parasite Plasmodium lophurae. Journal of Protozoology 14, 
110-114. 

Trigg, P. I., Gutteridge, W. E. and Williamson, J. (1971). The effect of Gordycepin 
on malaria parasites. Transactions of the Royal Society of Tropical Medicine and Hygiene 
65, 514-520. 

Vincke, I. H. (1970). The effects of pyrimethamine and sulphormethoxine on the 
pre-erythrocytic and sporogonous cycle of Plasmodium berghei berghei. Annales de la 
Société Belge de Médecine Tropicale 50, 339-358. 

Vincke, I. H. and Lips, M. (1952). "Bibliographie du Plasmodium berghei (1948-
1952)." Institut pour Recherches Scientifique en Afrique Centrale (5° rapp. ann), 
pp. 157-165. 

Walker, H. A. and Richardson, R. P. (1948). Potentiation of the curative action of 
8-aminoquinolines and napthoquinones in avian malaria. Journal of the National 
Malaria Society 7, 4-11 . 

Walter, R. D. and Königk, Ε. (1971). Plasmodium chabaudi: Die enzymatische 
Synthese von Dihydropteroat und ihre Hemmung durch Sulfonamide. Zeitschrift 

für Tropenmedizin und Parasitologie 22, 256-259. 
Walter, R. D., Mühlpfordt, H. and Königk, E. (1970). Vergleichende Unter-

suchungen der Desoxythmidylat-synthese bei Plasmodium chabaudi, Trypanosoma 
gambiense and Trypanosoma lewisi. Zeitschrift für Tropenmedizin und Parasitologie 21, 
347-357. 

Ward, R. A. and Savage, Κ. Ε. (1972). Effects of microsporidian parasites upon 
anopheline mosquitoes and malarial infection. Proceedings of the Helminthological 
Society of Washington 39 (Supplement), 434—438. 

Warhurst, D. C. (1969). Some aspects of the antimalarial action of chloroquine. 
Transactions of the Royal Society of Tropical Medicine and Hygiene 63, 4. 

Warhurst, D. C. (1973). Ghemotherapeutic agents and malaria. In: "Chemothera-
peutic agents in the study of parasites", Symposia of the British Society for 
Parasitology, Vol. 12 (A. E. R. Taylor and R. Muller, eds). Blackwell, Oxford, 
pp. 1-28. 

Warhurst, D. C. and Baggaley, V. G. (1972). Autophagic vacuole formation in 
P.berghei. Transactions of the Royal Society of Tropical Medicine and Hygiene 66, 5. 

Warhurst, D. G. and Hockley, D. J. (1967). Mode of action of chloroquine on 
Plasmodium berghei and P.cynomolgi. Nature, London 214, 935-936. 

Warhurst, D . G. and Robinson, B. L. (1971). Cytotoxic agents and haemozoin 
pigment in malaria parasites (Plasmodium berghei). Life Sciences 10, 755-760. 

Warhurst, D. C. and Thomas, S. G. (1975a). Pharmacology of the malaria parasites— 



C H E M O T H E R A P Y 391 

a study of dose-response relationships in chloroquine-induced autophagic vacuole 
formation in Plasmodium berghei. Biochemical Pharmacology 24, 2047-2056. 

Warhurst, D . G. and Thomas, S. G. (1975b). Localization of mepacrine in Plasmodium 
berghei and Plasmodium falciparum by fluorescence microscopy. Annals of Tropical 
Medicine and Parasitology 69, 417-420. 

Warhurst, D . C. and Williamson, J. (1968). Electrophoretic fractionation of ribo-
nucleic acid from Plasmodium knowlesi. Transactions of the Royal Society of Tropical 
Medicine and Hygiene 62, 3-4 . 

Warhurst, D . C. and Williamson, J. (1970). Ribonucleic acid from Plasmodium 
knowlesi before and after chloroquine treatment. Chemico-Biological Interactions 2, 
89-106. 

Warhurst, D . C., Robinson, B. L., Howells, R. E. and Peters, W. (1971). The effect 
of cytotoxic agents on autophagic vacuole formation in chloroquine-treated 
malaria parasites (Plasmodium berghei). Life Sciences 10, Part 2, 761-771. 

Warhurst, D . C., Homewood, G. Α., Peters, W. and Baggaley, V. G. (1972). Pigment 
changes in Plasmodium berghei as indicators of activity and mode of action of 
antimalarial drugs. Proceedings of the Helminthological Society of Washington 39 
(Supplement), 271-278. 

Warhurst, D . G., Homewood, G. A. and Baggaley, V. C. (1974). The chemotherapy 
of rodent malaria, X X . Autophagic vacuole formation in Plasmodium berghei in vitro. 
Annals of Tropical Medicine and Parasitology 68, 265-281. 

Weidekamm, Ε., Wallach, D. F. H., Lin, P. S. and Hendricks, J. (1973). Erythrocyte 
membrane alterations due to infection with Plasmodium. Biochimica et Biophysica Acta 
323, 539-546. 

Wéry, M. (1968). Studies on the sporogony of rodent malaria parasites. Annales de la 
Société Belge de Médecine Tropicale 48, 1-138. 

W H O (1973). Chemotherapy of malaria and resistance to antimalarials. World 
Health Organization Technical Report Series 529. W H O , Geneva. 

Yielding, K. L., Blodgett, L. W., Sternglanz, H. and Gaudin, D. (1971). Chloroquine 
binding to nucleic acids : Characteristics, biological consequences, and a proposed 
binding model for the interaction. In: "Progress in molecular and subcellular 
biology", Vol. 2 (F. E. Hahn, ed.). Springer-Verlag, Berlin, Heidelberg, New York 
pp. 69-90. 

Yoeli, M., Most, H. and Boné, G. (1964). Plasmodium berghei, cyclical transmissions 
by experimentally infected Anopheles quadrimaculatus. Science, New York 144, 1580-
1581. 



Subject Index 

A 

Acid phosphatase, 95, 109, 110, 184 
Acomys cahirinus, 10, 250 

Adenine phosphoribosyltransferase, 
189 

Adenosine deaminase, 190, 191 
Adenylate kinase, 191, 226 
Adjuvants, 278-279 
Allopurinol, 192 
Amino acid metabolism, 186-187 
Amino acid oxidase, 186 
Amino acids, influence on chloro-

quine-induced pigment 
clumping, 363 

Aminoacyl-tRNA synthetase, 189 
4-Aminoquinolines, see also Chloro-

quine, 351, 357, 366 
life cycle stages acted on, 358 

8-Aminoquinolines, see also Prima-
quine 

action on P.y.nigeriensis, 357 
life cycle stages acted on, 358 
mode of action, 377 

Amodiaquine, 366 
Anaemia, 282, 285-288, 291 
Anomalures, 43-44, 46 
Anopheles, concomitant infections 

with malaria, 331-332, 355 
Anopheles annulipes, 62 

Anopheles aztecus, 62 

Anopheles cinctus, 14, 31-33 

Anopheles durent millecampsi, 14, 16, 

31-34, 38, 46, 53-54, 67 
Anopheles gambiae, 62 

Anopheles labranchiae atroparvus, 62 

Anopheles quadrimaculatus, 54-55, 62 

Anopheles stephensi, 16, 33, 67, 368 

concomitant infections with mal-
aria, 331-332, 355 

cyclical transmission of rodent 

Plasmodium, 62-64, 353-354 
larval susceptibility to sulphona-

mides, 355 
tests for sporontocides, 355 

Anopheles sundaicus, 62 

Anthemosoma garnhami, 10, 325 

Antibodies, 138, 139, 253, 280, 286 
in immunopathology, 281, 284 
methods of detection, 257-259 
role in congenital transfer, 254-

255 

role in protection, 260, 266 
Antigens, 131, 138, 204-241, 274, 

280 
in immunopathology, 280-281, 

283 
Antithymocyte serum, 267, 269 
Apical complex, 89, 91-93, 99, 101, 

105, 108 
Apodemus sylvaticus, 250 

Arvicanthis, 10, 78 

Aryl sulphatase, 95, 184 
Aspartate aminotransferase, 186 



394 S U B J E C T INDEX 

Aspartate transcarbamylase, 194 
Autoantibodies, 286, 287 
Autoimmunity, 267, 284-285, 291 

Β 

Babesia hylomysci^ 327 

Babesia microti, 325, 335 

Babesia rodhaini, 283, 325, 335 

Bacteria 
Bordetella pertussin 317 

Borrelia species, 316, 335 
Corynebacterium parvum, 279, 280, 

317, 335, 336 
effects of malaria on bacteria, 317 
effects on malaria, 315-317 
Escherichia coli endotoxin, 279, 316 

Mycobacterium bovis, see also BGG, 

316 
Salmonella typhimurium, 317 

Bats, ancestral host of malaria para-
site, 42, 46 

BGG (Bacille, Calmette—Guérin), 
279-280, 316, 335, 336 

Bedsoniae, effects on malaria in-
fections, 322 

Beta-methasone, 321, 334 
Biochemistry, 170-200 

interference by immature red cells, 
171-172 

interference by white cells, 170-
171 

precautions in investigations of 
intraerythrocytic stages, 172-
173 

G 

Carbohydrate metabolism 
of intraerythrocytic stages, 174-

180 
of non-erythrocytic stages, 180 

Carbon dioxide fixation, 179-180 
Cell-mediated responses 

adoptive transfer by cells, 269-
270, 270-271 

in sporozoite-induced immunity, 
270-271 

lymphocyte numbers and func-
tion, 268-269, 271, 290 

role of the thymus, 266-267, 268, 
270 

to erythrocytic stages, 266-270 
Chemical compounds 

9-phenanthrenemethanol WR 
33,063, 350, 356 

9-phenanthrenemethanol WR 
122,455, 350, 357, 360, 364, 
380 

pyrocatechol RC 12, 350, 353, 356 
4-quinolinimethanol SN 10,275, 

350, 356 
4-quinolinemethanol WR 

142,490, see Mefloquine 
triazine WR 33,839, see Cloci-

guanil 
WR 30,090, 350 

Chemotherapy 
blood schizontocides, 347-351 
causal prophylaxis and anti-

relapse drugs, 351-353 
drug screening procedures, 350-

351, 352-353, 355 
relevance to human malaria, 355-

357 
sites of drug action in life cycle, 

358-359 
sporontocidal agents, 353-355 
tissue schizontocides, 351-353 

Chloramphenicol, 363 
Chloroquine, 148, 253, 254, 275, 347, 

351 
and nucleic acid synthesis, 378-

381 



S U B J E C T I N D E X 395 

-induced pigment clumping, 182-
183, 360, 362-365, 376 

influence on immunity of host, 252 
interaction with vacuole, 111, 364 
life cycle stages acted on, 358 
mode of action, 111, 131-133, 

360-369, 378-380 
pigment production in resistant 

lines, 111 
resistance, 234-237, 349 

inheritance, 235-236 
origins, 234-235 
selective advantage, 236-237 
transmission, 368-369 

Chromosomes, 97, 149, 152-153 
Circumsporozoite reaction, 253, 260-

262, 277 
Citric acid cycle, 178-179, 368 
Clethrionomys glareolus, 250 

Clindamycin, 357, 358 
Clociguanil, 356 
Coenzyme A, 368 
Coenzyme Q , 181, 182, 376 
Complement, 282-283, 284 
Concomitant infections, 312-332 

effects of infections on malaria, 
334-336 

effects of malaria on other infec-
tions, 333-334 

epidemiology of, 336-337 
Cordycepin, 381 
Corynebacterium parvum, see Bacteria 

Crystalloid, see also Virus-like par-
ticles, 88, 93, 95 

Cyclical transmission, 54-55, 61-64 
Cycloguanil, 233, 362 

causal prophylaxis, 357 
life cycle stages acted on, 358 
mode of action, 371 
potentiation of, 374, 378 
resistance to, 349, 375 

Cycloheximide, 363 

Cytochrome oxidase, 106, 131, 132, 
133, 181, 182, 183 

Cytostome, 110, 143 
Cytotoxic reaction, 270 

D 

Dapsone, 373 
mode of action, 195-196 
resistance to, 349, 375 

Delayed hypersensitivity reaction, 
269 

Deoxyribonucleic acid, 98, 133, 144-
145, 148, 188-190 

interaction with antimalarial 
drugs, 360, 373, 379-380 

Dihydrofolate reductase, 196, 197, 
369, 371, 373 

Dihydroorotate dehydrogenase, 194 
Dihydropteroate synthetase, 195 
DPNH-oxidase, 376 
Drug resistance, 348-349, 375 

genetics of, 229-237 
Duffy group antigens, 139, 251 

Ε 

Electron transport chain in intra-
erythrocytic stages, 182-183, 
376-377 

Enzyme-linked immunoabsorbent 
assay (ELISA), 259 

Enzymes, see individual enzymes 
Enzyme variation 

genetic analysis of, 227-228 
in taxonomy, 10, 13, 14, 17, 224-

229 
methods used, 224-226 

Eperythrozoon coccoides, 318 

effects of malaria on E.coccoides, 
322 



396 S U B J E C T INDEX 

Eperythrozoon coccoides—(cont.) 

effects on malaria, 64, 318-322 
immune response to, 259 

Erythrocytes 
chloroquine accumulation, 365-

366 
glucose-6-phosphate dehydro-

genase-deficiency, 178, 251 
membrane antigens and receptors, 

see also Duffy group antigens, 
251 

membrane permeability, 198-199, 
365, 381 

metabolism of, 175, 176, 187 
Erythrocytic stages, see Intraerythro-

cytic stages 
Erythromycin, 363 
Exflagellation, 67, 69, 147, 149 
Exoerythrocytic schizont, see also 

Pre-erythrocytic schizont 
rate of development, 64-65 

Evolution, 19-20, 25-26 
of rodent hosts, 40-41 
origins of murine malaria para-

sites, 40-45 
speciation and subspeciation of 

rodent malaria, 45 

F 

Fertilization, 87, 146, 151-152 
Fibrin, 138, 284, 288 
Fine structure of malaria parasites, 

see also individual life cycle 
stages, 87-152 

methods used, 86-87 
Fluorescent antibody test, see Im-

munofluorescent test 
Folate metabolism, 195-198, 369, 

371 
Folate reductase, 197, 369, 381 
Fumarase, 179 

G 

Gametes, 87-88, 150-151 
Gametocytes, 3, 142-145 
Gametocytogenesis, 143-144 
Gametogenesis, 145-152 
Gel diffusion techniques, 258, 259, 

280 
Genetics 

cloning methods, 220-221 
cytogenetics, 152-155 
definitions of clone, isolate, line, 

220 
details of isolates used in studies, 

216-219 
genetic polymorphism, 20 
hybridization and analysis of pro-

geny, 221-223, 227 
of antigenic differences, 240-241 
of drug resistance, 229-237 
of enzyme variation, 224-227 
of virulence, 237-240 
of wild populations, 228-229 
synpholia, 223, 232 
types of variant, 223 

Geographical distribution, 11, 21-28 
Giardia muris, effect on malaria, 330 
Glomerulonephritis, 138, 283, 284, 

287 
Glucose-6-phosphate dehydrogenase, 

106, 133, 176-178 
Glucosephosphate isomerase, 176, 

225 
/^-Glucuronidase, 95 
Glutamate dehydrogenase, 186, 225 
Glycolysis, 174-176, 198 
Grammomys dolicurus, see Grammomys 

surdaster 

Grammomys surdaster, 14, 16, 30-31, 

46, 54, 64, 67 
distribution, behaviour and habi-

tat, 36-38 
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H 

Haemagglutination test, 258, 275 
Haematin, 110, 111, 137, 185 
Haemin, 185 
Haemobartonella muris, 318 

effects of malaria on H.muris, 322 
effects on malaria, 64, 318-322 

Haemoglobin, 110, 183, 187, 251 
digestion of, 183-184 

Haemozoin, see also Pigment, mal-
aria, 360, 362 

chloroquine-induced clumping, 
362 

Helminths, interactions with mal-
aria, 330-331, 335 

Hexokinase, 175-176, 226 
Histones, 134, 145 
Humoral immunity 

antibodies to blood stages, 257-
260 

antibodies to sporozoites, 260-266 
immunosuppression by P.yoelii in-

fection, 288-289 
Hybomys trivirgatus, 30, 31 
Hybomys univittatus, 64, 250 
Hydrocortisone, 267 
Hydroxymethyldihydropteridine py-

rophosphate kinase, 195 
Hypoxanthine, 191, 192 
Hypoxanthine-guanine phosphoribo-

syltransferase, 190 

I 

Immune complexes, 281-282, 283, 
287 

Immunity, see also Humoral im-
munity, Cell—mediated res-
ponses 

actively acquired to blood-induced 
infection, 252-253 

actively acquired to sporozoite 
induced infection, 253 

age-dependent immunity, 252 
innate resistance, 249-252 
passively acquired by congenital 

transfer, 254-255 
passively acquired by immune 

serum, 255-257 
rodent malaria model, 248-249 

Immunization 
cross-protection, 43, 240-241, 274-

275, 323-326 
non-specific protection, see also 

Concomitant infections, 279-
280 

use of adjuvants, 278-279 
using blood stages, 271-273, 278 
with sporozoites, 275-277, 278 

Immunofluorescent test, 258, 259, 
265, 274, 275, 277, 325 

Immunoglobulins, 256, 262, 265, 
281, 284, 286 

Immunopathology 
anaemia, 282, 285-288 
cerebral lesions, 138, 288 
complement levels, 282-283 
immune complexes, 138, 281-282, 

283-285 
of the kidney, 137-138, 283-285, 

287, 291 
role of antigens and antibodies, 

280-281 
Immunosuppression, 288-291, 315, 

333-335 
Interferon, 279-280, 312, 313 
Intraerythrocytic schizogony, 135, 

137, 152-153 
Intraerythrocytic schizont, 4-5 

fine structure, 135-138 
nucleic acid content and syn-

thesis, 188-190 
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Intraerythrocytic stages, metabolism 
of, 173-200 

Invertebrate hosts, see also Ano-
pheles, 31-34, 62-63 

Irradiation 
of blood stages, 272-273 
of sporozoites, 249, 262, 270, 276-

277 
Isocitrate dehydrogenase, 172, 179, 

180 

Isoenzymes, see Enzyme variation 

Κ 

Karyotype, 152 
Kidney 

immune complexes in the, 138, 
282, 283-285 

pathology, 137-138, 284, 285, 287, 
291, 315 

Kinetochore, 89, 97, 136, 148, 149, 
152, 153, 154 

Kinetosome, 148-149, 153 

L 

Lactate dehydrogenase, 176, 225 
Leggada bella, 14, 30 

Leishmania infantum, effect on malaria, 
330, 336 

Lemniscomys, 30, 61 

Lophuromys sikapusi, 30 

Leucocytes, 170-171, 172, 177 
Lipases, 140 
Lipid metabolism, 187-188 
Lysosomes, 110, 111, 133, 137, 184, 

367 

M 

Macrophages, 290-291, 334 
Malacomys edwardsi, 30 

Malate dehydrogenase, 172, 178— 
179, 226 

Malic enzyme, 179 
Mastomys coucha, 250 

Mastomys natalensis, 64, 250 

Mefloquine, 350, 369 
action on P.berghei, 356-357 
action on P.falciparum, 357 
mode of action, 364, 380 

Meiosis, 89, 154-155, 223, 228, 241 
Menoctone, 350, 356, 357, 360 

mode of action, 376-377 
potentiation of, 378 

Mepacrine, 254 
influence on immunity of host, 252 
life cycle stages acted on, 358 
mode of action, 367, 379 

Merozoite, 4-5 
and immune complexes, 283 
fine structure, 138-142 
formation, 107, 136-137 
invasion of the erythrocyte, 141-

142 
size and number in Vinckeia sub-

genus, 5 
Mesocricetus auratus, 250 

Metabolic window, 131, 135 
Microneme, 91-92, 98, 101, 102, 

105, 107, 108, 136-137, 140, 
142 

Micropore, 99, 100, 101, 102, 106, 
107 

Microsporidians, effect on malaria, 
64, 332, 355 

Microtubule organizing centre 
(MTOC), 89, 145, 148 

Microtus agrestis, 250 

Milk 

dietary effect on parasite growth, 
195 

transmission of immunity to off-
spring, 254 
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Mitochondria, 88, 98, 106, 132-133, 
135, 141, 180 

Mitosis, 96, 98, 152-153 
Mosquitoes, see Anopheles 
Mouse, susceptibility of strains, 249-

250 
Multilamellate organelle, 98, 110, 

131, 132, 135, 141 
Mycoplasmas, effects on malaria 

infections, 317-318 

Ν 

NADH-dehydrogenase, 132,181,182 
NADPH-dehydrogenase, 132 
Naphthoquinones, see also Menoc-

tone 
action on P.y.nigeriensis, 357 
life cycle stages acted on, 358 
mode of action, 376-377 

Nosema algerae, 332 

Nucleic Acids, see also Deoxyribo-
nucleic acid, Ribonucleic 
acid, 188-195 

purine and pyrimidine metabol-
ism, 190-195 

synthesis, 182-183, 189-190, 199 
synthesis, and antimalarial drugs, 

352, 378-381 
Nucleolus, 89, 96, 103, 133, 141, 

144 

Nucleus, 107, 141, 148 
nuclear fusion, 87-88 
nuclear division, 89, 97, 106, 148 
of gametocytes, 144-145, 148-149 
of the intraerythrocytic schizont, 

135-136 
of the oocyst, 96-98 
of the sporozoite, 103 
of the trophozoite, 133-135 
of the zygote, 88-89 

Ο 

Ondatra zibethica, 64 

Oocyst 
development and sporozoite for-

mation, 94-99 
fine structure, 93-100 
size, 64-65 

Ookinete 
fine structure, 89-93 
locomotion and penetration, 9 2 -

93 
Oxygen utilization by intraerythro-

cytic stages, 181-182 

Ρ 

Pamaquine, 377 
Para-aminobenzoic acid (PABA), 

256, 315, 375 
and milk diet, 145 
and resistance to pyrimethamine, 

233-234 
antagonism to antimalarial drugs, 

369-370 
influence on malaria infection, 

195, 238, 253 
influence on oocyst development, 

355, 370 
Parasitophorous vacuole, 110, 135, 

137, 140, 141, 144 
fine structure, 108-109 
formation, 142 

Pellicle, 88, 89-91, 101-102, 108 
Pentose phosphate pathway, 176-

178, 198 
Peromyscus maniculatus, 3, 250 

Phagocytosis, 106, 316, 317, 336 
Phagotrophy, 95, 106, 110 
Phenanthrenemethanols, 356, 357, 

358 
mode of action, 360, 362, 364 
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Phosphoenolpyruvate carboxykinase, 
179 

Phosphoenolpyruvate carboxylase, 
179 

6-Phosphogluconate dehydrogenase, 
106, 132, 133, 177, 225 

Pigment, malaria, 110-111, 137, 143, 
185, 187, 360, 362 

formation, 111, 131 
production in resistant lines, 111 

Pinocytosis, 109, 110 
Piroplasms, see also Babesia rodhaini, 

B.microti, B.hylomysci and An-

themosoma garnhami 

effects of malaria on piroplasms, 
326-327 

effects on malaria, 326 
Plasma, 170, 187 
Plasmodium, 2 

evolutionary pathways, 41, 44 
isolation and maintenance of 

strains, 59-61 
life cycle of the murine parasites, 

57-59, 65, 67-79 
relapses and chronic infections, 

79-82 
subgenera, 2-3, 41-42 

Plasmodium aegyptensis, 5, 10, 11, 22 

diagnosis and life cycle, 78-79 
Plasmodium anomaluri, 5 

Plasmodium atheruri, 5, 61, 311, 326-

327, 329 
cross-immunity, 43, 324-325 

Plasmodium berghei, 4, 10, 20, 86, 171, 

172, 311, 346, 348, 349, 351, 
353 

action of chloroquine, 360-368 
action of mepacrine, 367 
action of pyrimethamine, 371, 373 
blood stages, 68 
congenital transfer of immunity, 

254-255 

cross-immunity, 274-275, 323-
326 

cyclical transmission, 54-55, 62 
details of isolates used in genetic 

studies, 216 
discovery, xiii, 12, 53-54 
effect on host cell haemoglobin, 

183 
electron transport mechanisms in 

intraerythrocytic stages, 181 
enzyme electrophoretic forms, 14, 

68, 225-226 
evolution of, 43, 45, 46 
exoerythrocytic schizonts, 14, 5 4 -

55, 64-65, 67, 106 
gametocytes and gametes, 67-68 
geographical distribution, 11, 14, 

22-23, 26, 28 
immunity, 252, 255-256, 257, 258, 

259, 261-262, 265, 266, 267, 
268, 269, 272-273, 282, 283, 
286, 288, 290, 291 

immunization with sporozoites, 
275-277 

influence of concomitant infec-
tions, 312-313, 316-317, 317-
318, 318-319, 321-322, 323-
326, 327-329, 330, 331, 332, 
335 

invertebrate host, 14, 31, 34 
life cycle and diagnosis, 66-68 
lipid content and metabolism, 

187-188 
merozoites, 5, 67-68 
NS lines, 13-15, 356, 357 
oocysts, 14, 55, 66, 67, 354 
ookinetes, 67 

para-aminobenzoic acid, effect of, 
195 

resistance to chloroquine, 235, 
356, 365 

transmission, 368-369 
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resistance to cycloguanil, 349, 375, 
378 

resistance to dapsone, 349, 375 
resistance to primaquine, 349, 

378 
resistance to pyrimethamine, 230-

232, 356, 371, 375 
resistance to quinine, 349 
resistance to sulphonamides, 349, 

375 
sporogony, 14, 55, 62, 67, 353 
sporozoites, 14, 54, 66, 67, 262-264 
susceptibility of rodents to infec-

tion, 250, 252 
taxonomy, 12-15 
trophozoites, 68 
vertebrate host, 14, 30-31, 61 

Plasmodium booliati, 5 

Plasmodium brasilianum, 39, 253 

Plasmodium brucei, 5 

Plasmodium bubalis, 4 

Plasmodium cathemerium, 377 

Plasmodium chabaudi, 4, 10-11, 18, 20, 

311, 346, 351, 353 

cross-immunity, 43, 274-275, 323-
326 

discovery, xviii, 55 
enzyme electrophoretic forms, 

225-226 
evolution of, 43, 45, 46 
geographical distribution, 21-23, 

28 
immunity, 262, 277, 334 
influence of concomitant infec-

tions, 313-314, 317, 320-321, 
323-326, 329, 335 

life cycle and diagnosis, 75-78 
merozoites, 5 
resistance to chloroquine, 235-236 
resistance to pyrimethamine, 230, 

233 
sporogony, 353 

susceptibility of rodents to infec-
tion, 250 

taxonomy of, 18-19 
vertebrate host, 29 

Plasmodium chabaudi adami, 12, 18, 75 

blood stages, 77-78 
cyclical transmission, 63 
details of isolates used in genetic 

studies, 219 
enzyme electrophoretic forms, 17, 

19, 78 
exoerythrocytic stages, 77 
geographical distribution, 11, 18 
oocysts, 66, 77 
sporozoites, 66, 77 
vertebrate host, 18 

Plasmodium chabaudi chabaudi, 18, 75 -

76, 228 
blood stages, 76-77 
cyclical transmission, 63 
details of isolates used in genetic 

studies, 218 
enzyme electrophoretic forms, 17, 

19, 77, 226, 229 
exoerythrocytic stages, 64-65, 76 
geographical distribution, 11, 18 
hybridization of lines, 227 
oocysts, 66, 76 
resistance to chloroquine, 235-237 
resistance to pyrimethamine, 232-

233, 234 
resistance to sulphadiazine, 233 -

234 
sporozoites, 66, 76 
vertebrate host, 18 

Plasmodium cephalophi, 5 

Plasmodium coatneyi, 282 

Plasmodium cynomolgi, 81, 262, 265, 

276, 351, 353 
Plasmodium falciparum, 41, 85, 143, 

240, 249, 255, 260, 281, 283, 
284, 287, 288, 353, 356, 368 
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Plasmodium falciparum—(cont.) 

chloroquine-resistant forms, 230, 
237, 283, 346, 348, 356, 366, 
369 

Plasmodium fallax, 377 

Plasmodium foleyi, 5 

Plasmodium gallinaceum, 214, 272, 275, 

282, 345, 348, 353, 377, 379 
Plasmodium girardi, 5 

Plasmodium knowlesi, 139, 142, 240, 

251, 259, 260, 281, 282, 
379 

Plasmodium landauae, 5, 44 

Plasmodium lemuris, see Plasmodium 

foleyi 

Plasmodium lophurae, 106, 197, 287, 

368, 376, 377 
Plasmodium malariae, 21, 40, 281, 284 

Plasmodium mexicanum, 108 

Plasmodium pitheci, 44 

Plasmodium pulmophilum, 5 

Plasmodium reichenowi, 41 

Plasmodium rousseti, 5 

Plasmodium sandoshami, 5 

Plasmodium traguli, 4, 5 

Plasmodium vinckei, 4, 10-11, 20, 70-

71, 86, 311, 346, 351, 353 
congenital transfer of immunity, 

254 
cross-immunity, 274-275, 323-326 
discovery, xv, 54 
enzyme electrophoretic forms, 

225-226 
evolution, 45, 46 
geographical distribution, 11, 18, 

21-23 
immunity, 252, 254, 259, 262, 277 

influence of concomitant infec-
tions, 316-317, 320-321, 323-
326, 328-329, 335 

life cycle and diagnosis, 70-75 
merozoites, 5 

resistance to pyrimethamine, 230-
232 

sporogony, 71, 353 
taxonomy of, 15-18 
vertebrate host, 16 

Plasmodium vinckei brucechwatti, 12, 16 

blood stages, 74-75 
cyclical transmission, 63 
details of isolates used in genetic 

studies, 219 
enzyme electrophoretic forms, 17-

18, 75 
exoerythrocytic stages, 74 
geographical distribution, 11 
oocysts, 66, 74 
sporogony, 63, 74 
sporozoites, 66, 74 
vertebrate host, 29-30 

Plasmodium vinckei lentum, 12, 16 

blood stages, 73-74 
cyclical transmission, 63 
details of isolates used in genetic 

studies, 219 
enzyme electrophoretic forms, 17-

18, 74 
exoerythrocytic stages, 16, 64-65, 

73 
geographical distribution, 11 
oocysts, 66, 73 
sporogony, 63 
sporozoites, 66, 73 
vertebrate host, 31, 61 

Plasmodium vinckei petteri, 11, 17, 228 

blood stages, 17, 72-73 
cyclical transmission, 63 
details of isolates used in genetic 

studies, 219 
enzyme electrophoretic forms, 17-

18, 73 
geographical distribution, 11 
oocysts, 66, 72 
sporogony, 63 
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sporozoites, 66, 72 
vertebrate host, 29 

Plasmodium vinckei vinckei, 16, 143 
blood stages, 71-72 
cyclical transmission, 63 
details of isolates used in genetic 

studies, 219 
enzyme electrophoretic forms, 17-

18, 72 
exoerythrocytic stages, 71, 106 
geographical distribution, 11, 26 
invertebrate hosts, 31 
oocysts, 66, 71 
ookinetes, 71 
sporogony, 63, 71 
sporozoites, 66, 71 
susceptibility of rodents to infec-

tion, 250-251, 252 
vertebrate host, 30, 61 

Plasmodium vivax, 21, 81 , 85, 249, 282, 

287, 347, 356 

Plasmodium voltaicum, 5 

Plasmodium watteni, 5 

Plasmodium yoelii, 4, 10, 20, 67, 86, 
311, 346, 351, 353 

cross-immunity, 240-241, 274— 
275, 323-326 

discovery, xviii, 12, 55 
enzyme electrophoretic forms, 14, 

225-226 
evolution, 45, 46 
exoerythrocytic schizonts, 14 
geographical distribution, 11, 14, 

21-23, 26-28 
immunity, 268-269, 270, 288, 

334 
immunosuppression and self-limit-

ing infections, 288-290, 313 
influence of concomitant infec-

tions, 316-317, 319, 321, 3 2 3 -
326, 328-329, 330-331, 332, 
336 

invertebrate host, 14 
life cycle and diagnosis, 65-67, 

68-70 
merozoites, 5 
NS lines, 13-15, 356, 357 
oocysts, 14 
resistance to chloroquine, 235 
resistance to pyrimethamine, 230-

231 
sporogony, 14, 353 
sporozoites, 14 
subspecies differences, 15 
taxonomy, 12-15 
vertebrate host, 14, 30, 61 

Plasmodium yoelii killicki, 13 
blood stages, 69 
cross-immunity, 324 
cyclical transmission, 62 
details of isolates used in genetic 

studies, 217 
enzyme electrophoretic forms, 15, 

69 
exoerythrocytic stages, 15, 64-65, 

69 
geographical distribution, 11, 28 
oocysts, 15, 66, 69 
sporogony, 62, 69 
sporozoites, 15, 66, 69 

Plasmodium yoelii nigeriensis, 13 
blood stages, 70 

cross-immunity, 240-241, 274, 324 
cyclical transmission, 62 
details of isolates used in genetic 

studies, 217 
enzyme electrophoretic forms, 15, 

70 
exoerythrocytic stages, 15, 70 
geographical distribution, 11 
microgametes, 69-70 
oocysts, 15, 66, 70, 354 
ookinetes, 70 
sporogony, 62 
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Plasmodium yoelii nigeriensis—(cont.) 

sporozoites, 15, 66, 70, 100 
vertebrate host, 29-30 

Plasmodium yoelii yoelii, 13, 228 

blood stages, 69, 138 
cross-immunity, 240-241, 274, 324 
cyclical transmission, 62 
details of isolates used in genetic 

studies, 216-217 
enzyme electrophoretic forms, 15, 

69, 226 
exoerythrocytic stages, 15, 64-65, 

68-69 
geographical distribution, 11, 15 
immunity, 266, 267 
oocysts, 15, 66, 68 
resistance to pyrimethamine, 232 
sporogony, 62, 68 
sporozoites, 15, 66, 68 
susceptibility of rodents to infec-

tion, 250 
vertebrate host, 29, 31 
virulence, variation, 238-239 

Platelets, 138, 141, 170 
Ploidy, 144, 228, 241 
Polar ring, 89, 91 
Porcupine, African brush-tailed, 43, 

46 
Potentiation of antimalarial drugs, 

373-375 
Praomys jacksoni, 14, 30, 38 

Praomys tullbergi, 16 

Pre-erythrocytic schizont, fine struc-
ture, 106-108 

Prépaient period, 4, 61, 272 

Primaquine, 131, 134, 360, 362 
causal prophylaxis, 357 
influence on immunity of host, 252 
life cycle stages acted on, 358 
mode of action, 131, 377, 380 
potentiation of, 378 
resistance to, 131, 349 

Proguanil, 233, 347, 352, 362, 374 
action on pre-erythrocytic stages, 

352 
causal prophylaxis, 357 
life cycle stages acted on, 358 
mode of action, 371 

Proteases, 140, 184, 185 
Protein metabolism, 183-187 

digestion, 183-185 
synthesis, 182-183 

Pseudocytomere, 107 
Purine metabolism, 190-192, 199, 

381 
Puromycin, 363 

Pyrimethamine, 134, 348, 362 
causal prophylaxis, 357 
life cycle stages acted on, 358 
mode of action, 195, 197, 230, 371, 

373 
potentiation of, 373-374, 378 
resistance, 215, 230, 234, 349 

characteristics of mutants, 233-
234 

inheritance, 231-232 
origin, 230-231 

selective disadvantage, 234 

Pyrimidine metabolism, 193-195, 

199, 381 

Pyruvate kinase, 176, 368 

CI 

Quinine, 357, 362 
life cycle stages acted on, 358 
mode of action, 360, 362, 363-364, 

379-380 
resistance to, 349 

Quinolinemethanols, see also Meflo-
quine, 356, 357, 358 

Quinolones, 357, 358 
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R 

Residual body, 360-362 
Respiration of intraerythrocytic 

stages, 180-183 
Reticulocytes, 171-172, 176, 187, 

189, 321-322 
Rhoptry, 91-92, 98, 99, 101, 102, 

105, 107, 108, 136-137, 140, 
141, 142 

Ribonucleic acid, 134, 188-190 
effect of chloroquine, 362, 378-379 

Ribosomes, 133, 189 
Rodents 

evolution, 40-41 
techniques for breeding, 59-61 
variation of susceptibility to mal-

aria parasites, 250-252 
Ross's black spores, 100 

S 

Sigmodon hispidus, 250 
Sontoquine, 134 
Species, 5-19 

definition, 6-7, 19 
differential criteria, 64-65 
speciation and subspeciation, 45 
trinomial nomenclature, 7-9 

Spindle, of the dividing nucleus, 89, 
96-97, 135, 148, 149, 152, 153 

Splenectomy, 267, 276 
Sporogony, 99-100, 153 
Sporozoite 

antigenic nature, 105, 260-262 
fine structure, 100-106, 262-265 
locomotion, release and penetra-

tion, 101-102, 103-105 
reaction with immune serum, 260-

265 
size, 65-66 
surface coat, 262-265 

Sporozoite neutralizing activity, 265 
Sterile immunity, 278 
Stochomys longicaudatus, 30 
Succinic dehydrogenase, 88, 106, 

133, 179, 180 
Succinoxidase, 376 
Sulphadiazine 

influence on immunity of host, 253 
mode of action, 195-196, 369-370 
potentiation of, 374, 378 
resistance in P.chabaudi, 233-234 

Sulphadoxine, potentiation with py-
rimethamine, 373-375 

Sulphaguanidine, 195 
Sulphalene, 374 
Sulphanilamide, 195, 369 
Sulphonamides 

and dihydrofolate reductase in-
hibitors, 349, 374 

causal prophylaxis, 357 
life cycle stages acted on, 358 
mode of action, 195, 355, 370-371 
resistance to, 349, 375 

Sulphones, see also Dapsone 
causal prophylaxis, 357 
life cycle stages acted on, 358 
mode of action, 370, 371 

Synpholia, see Genetics 

Τ 

Taxonomy and systematics, 2-19 
Temperature 

influence on gametogenesis, 147 
influence on sporogony, 47, 55, 

62-64, 65, 67, 353 
Tetracycline, 357, 358, 363 
Thamnomys dolicurus, see Grammomys 

surdaster 
Thamnomys rutilans, 14, 16, 18, 29-30, 

46, 55-56, 250 
chronic infections in, 79-81 
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Thamnomys rutilans—(cont.) 

distribution, behaviour and habi-
tat, 34-36, 56 

mixed infections, 228 
Thymectomy, 266, 267, 270, 288 
Thymus, 266-267, 268, 270, 288 
Thymidine kinase, 193 
Thymidylate synthetase, 189, 194, 

197 
Tissue culture 

and virulence of parasite, 272 
in drug screening, 352 

T-lymphocytes (thymus dependent), 
268-269, 271, 290 

Toxonemes, see Rhoptries, Micro-
nemes 

Toxoplasma gondii, effect on malaria 
infections, 327, 335 

Trimethoprim, 357 
Trophozoite 

effect of chloroquine, 111, 131 
fine structure, 108-111, 131-135 

Trypanosoma lewisi, effect on malaria, 
327 

Trypanosoma musculi, effect on mal-
aria, 328-329, 336 

U 

Ultrastructure, see Fine structure 

V 

Vectors, see Anopheles species, In-
vertebrate hosts 

Vertebrate hosts, see also names of 
hosts, 62-64 

distribution, 29-31 
habitats, 34-39 

Vinckeia, subgenus 
evolution of, 41-42 
exoerythrocytic schizont type,' 4 
taxonomy of, 2-5, 44-45 

Virulence 
attenuation by irradiation, 2 7 1 -

273 
attenuation by tissue culture pas-

sage, 272 
genetics of, 237-240 
influence of host's diet, 238, 253 

Viruses 
effects of malaria on viruses, 313-

315 
effects on malaria, 64, 312-313, 

335, 336 
effects on malaria in Anopheles 

stephensi, 331-332, 355 
influenza virus, 314 
Moloney lymphomagenic virus 

(MLV), 289, 313, 315 
Newcastle disease virus, 279, 280, 

312-313 
Rowson-Parr virus (RPV), 313, 

314 
Semliki Forest virus, 314 
urethane leukaemia virus (ULV), 

313 
vesicular stomatitis virus, 313 
West Nile virus, 312 

Virus-like particles, see also Crystal-
loid, 88, 95, 107, 355 

Vitamin K, 376 

W 

WR numbers, see Chemical com-
pounds 

X 

Xanthine oxidase, 192 

Ζ 

Zoogeography, 19-39, see also Geo-
graphical distribution 

Zygote, fine structure, 87-89 


