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T HE effects of microbes on higher animals have certainly and under- 
standably received more consideration than the converse, the effects 

of the vertebrate host on the parasite. Since this symposium deals with 
resistance and immunity in parasitic infections it seems legitimate to 
inquire into the effects that resistance and immunity of the host may 
have upon the parasites. Admittedly this general subject is too vast to be 
presented in a single paper or even in a single symposium. I am, however, 
going to look at a very narrow segment of the question-namely, the 
inflt~ences of the hosts, both vertebrate and mosquito, upon some malarial 
parasites. 

Since the host constitutes the environment for the parasite we may look 
at the problem as a study of the environment upon the organisms serving 
as parasites. Now the free-living organism offers much more favorable 
material for such a study, and much progress has been achieved over 
the past forty years in analyzing the principles involved in the effect of 
the environment on the free-living protozoa. Moreover, among the para- 
sitic protozoa the flagellates have served as subjects for much research 
with the result that the action of immune substances of the host upon 
the parasitic haemoflagellates has been well studied. Malarial parasites 
are not as favorable material for this kind of study. They are intracellular 
(in the vertebrate host) and are not easily removed from their host cells. 
Hence much of the experimentation has to be made upon the parasite- 
host-cell complex, Another disadvantage they offer is the fact that they 
do not elicit in the blood of the host, antibodies which are as susceptible 
to in vitro studies as some of the other parasitic protozoa. In spite of the 
disadvantages of this kind offered by malarial parasites it nevertheIess 
is important to continue studies on the effects of their environment (that 
is, their hosts) upon them. I t  is dangerous to extrapolate from conclusions 
reached after the study of one group of organisms to another group and 
especially so when the differences between groups are as great as the 
differences which exist between intracellular sporozoa and extracellular 
flagellates. 

"The opinions and statements contained herein are the private ones of the writer 
and are not to be construed as official or reflecting the views of the Navy Department 
or the naval service at large. 
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The discussion which follows is an attempt to evaluate the information 

available from my own published and unpublished work and from the 
publications of others which in any way bears upon the iduence of both 
the mosquito host and the vertebrate host upon their malarial parasites. 
An effect of the host which results in the death of the parasite will be 
excluded from consideration since this aspect of the subject has had 
extensive beatrnent in the published literature. We shall be looking at 
(1) effects which are definitely brought about by residence in certain hosts 
but which do not persist when the parasite is transferred to another host, 
(2) effects of one host that persist long enough to be recognized when 
the parasite has been transferred to another host, and (3) more permanent 
effects which may be inherited through many passages through hosts. 

Although a discussion of the susceptibility of mosquitoes to malarial 
parasites might be strictly thought of as falling outside of a consideration 
of the effects of the host on its parasites (since one must assume suscepti- 
bility on the part of the mosquito before there can be  any parasitism), 
nevertheless it seems appropriate to mention it, at least briefly. Mecha- 
nisms similar to those which prevent infection of the mosquito by malarial 
parasites may possibly produce some effect upon parasites which have 
succeeded in establishing themselves in the mosquito. Moreover, one may 
have to contend with the effects of such mechanisms when attempting 
to assess any possible effects of the vertebrate host exhibited by the para- 
site after it has been transferred to the mosquito. 

I t  was almost 30 years ago that I found susceptibility to malaria to be 
a characteristic of the mosquito capable of change by experimental 
selection of progenies from infected and uninfected females (Huff, 1929). 
Subsequent studies proved that little or no correlation existed between 
the susceptibility of individuals of a species of mosquitoes to one species 
of parasite and their susceptibility to a different species, When, however, 
the same individual mosquitoes were fed at two different times on blood 
infected with the same species of parasites there was a very high correla- 
tion between the infections resulting from the two feedings (Huff, 1930). 
Genetic studies on Plasmodium cathenzerium in Culex pipiens revealed 
the fact that susceptibility behaved as a simple Mendelian recessive 
character (1931). Many attempts, since that work was done, which have 
been made by breeding and selection to determine whether the degree 
of susceptibility of mosquitoes to malaria is hereditary have been incon- 
clusive. However, statistical studies on the number of oocysts resulting 
from feedings of Culex pipiens on P. cathemerium and P. relictum gave 
indirect evidence that the degree of susceptibility of this mosquito to 
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each of these parasites is determined by inherent characteristics of the 
individual (1934). 

Oocysts. The stages of malarial parasites which occur in mosquitoes 
are not very suitable for studying the possible effects of the host. Neither 
oocyst nor sporozoite continues for more than one generation. Of the two, 
the oocyst is the more favorable for study. Since its normal shape is 
spherical, simple measurement of its diameter makes possible the calcu- 
lation of its surface and volume. In statistical studies on oocysts (Huff, 
1940), I found that the variance of oocyst size &ween mosquitoes fed on 
the same infected bird, kept under similar conditions, and dissected a t  
a given time after feeding was significantly greater than the variance 
within mosquitoes. In other words, the different environments offered 
by individual mosquitoes were responsible for greater variance than 
would occur as a result of the natural variabiIity of the parasites within 
the same mosquito. As will be shown later, wide variations have been 
found (Huff and Marchbank, 1955) in oocyst size in mosquitoes fed on 
the same infected bird day after day. Also when variation due to indi- 
vidual mosquitoes was discounted there was some evidence that oocyst 
size varied when the feeding of mosquitoes was done upon different 
infected birds. 

I t  has never been determined whether, when alI other sources of 
variation are excluded, oocysts from the same species of parasite would 
differ significantly in size when grown in different species of mosquitoes. 
I have some unpublished data on the size of oocysts of P. cathenwrium in 
Cdex pipiens and C. tarsalis. In two instances the oocysts in C. tarsalis 
are significantly larger than those in C. pipiens while in a third they are 
not. The amount of work involved in determining this point would appear 
to be out of all proportion to the significance of the finding. It would 
certainly appear to be expected that species differences in mosquitoes 
would be a contributing factor toward variation in oocysts, since the 
differences in individual mosquitoes of the same species are so strongly 
reflected in the variations among the oocysts growing in them. 

Regarding the nature of the real causes of variation in oocyst size 
we know very little. I have previously shown (1941a) that oocyst size is 
not influenced by (1) the degree of infection in the individual mosquito, 
(2) by the activity or age of the mosquito, or by (3) the humidity of the 
environment of the mosquito. The variability in size of oocysts in a clon 
was less than that in the parent strain but when the clon was passed 
through a mosquito, thus undergoing sexual reproduction, the larger 
variability of the parent strain was not restored (1941b). This is in sharp 
contrast to similar studies made by Taliaferro (1926) on Trypanosomu 
lewisi. A clon of this trypanosome showed no differences in variability 
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within different rats even when passed through a long series of subinocu- 
lations. However, after this clon had undergone a passage through the 
flea, Xenopsylla cheopis, the variability in its total length had increased. 
One is tempted to question whether a malarial parasite is protected more 
by its intracellular position than a trypanosome which is exposed to the 
changes which occur in its habitat, the blood plasma of its host. 

Although one can conjecture that all of these effects produced on the 
malarial oocysts are the results of changes in the immediate environment 
of the parasite, that is, the biochemical conditions in the host cell, we 
must admit our lack of direct knowledge on this subject. 

Sporozoites. The sporozoite stage does not offer the same opportunity 
for quantitative measurement as oocysts do. I t  is, at present, impossible 
to determine accurately the numbers of sporozoites produced in a given 
mosquito and it is very difficult, if not impossible, to determine the num- 
bers which reach the salivary glands of the mosquito. Barber (1936) 
could find no single factor which seemed to be responsible for the de- 
generation of sporozoites in the salivary glands of mosquitoes. It was not 
associated with humidity nor with the food of the mosquitoes. He did 
not believe that age or low temperatures were necessarily factors in 
causing degeneration of sporozoites in any of the species which he 
studied. He did, however, find a greater degree of degeneration of sporo- 
zoites in Anopheles superpictus than in A. elutus thus proving the very 
effect of species of host on the sporozoite which we have aIready noted 
would be difficult to prove for oocysts. 

Molphologicnl changes. Differences in the morphology of the parasite 
and of the infected erythrocytes have been noted in several species of 
malarial parasites when observed in different species of hosts. Knowles 
and Das Gupta (1932) studied the morphology of a malarial parasite 
from the monkey, Cercopithecus pyge~ythrus (which was later named 
Plnsnzodizcm knowlesi by Sinton and Mulligan, 1932) experimentally 
established in seven different species of primates including man. In the 
host from which it was isolated they found this parasite resembled mor- 
phologicaIIy P. vivax in man; the infected erythrocytes were pale and 
enlarged, they contained distinct Schiiffner's dots, and the growing 
trophozoites were very ameboid. In Macncus r h e ~ c s  the infected elythro- 
cytes were not enlarged and they exhibited no stippling. In many respects 
it resembled P. fnlciparzcm in man. When observed in human infections 
there was little or no ameboid activity of the trophozoites, the erythro- 
cytes were not enlarged, and there was no stippling of the infected cell; 
in some respects it resembled P. malarias in man. 
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Similarly, the Taliaferros (193413) observed differences in the mor- 

phology of Plasniodium brasilianum in various Panamanian monkeys. 
This species of parasite was studied either in natural or experimental 
infections in black and red spider monkeys, black and brown howlers, the 
night monkey, the white-throated monkey and the maimoset. Among the 
differences observed in the parasites in the different primates studied 
were: slight differences in the size of the infected red cells, the f ~ q u e n c e  
of occurrence of band forms and the numbers of nuclei in the schizonts. 
The most spectacular difference observed was in the preponderance of 
band forms in black and brown howlers (Alouatta palliata inconsonans 
and A. p, pallinta) and to a lesser degree in the night monkey (Aotus 
zonalis) as contrasted to other species such as the white throat (Cebus 
capucinus). On the other hand the Taliaferros (1934a) observed no mor- 
phological differences in the asexual stages of the human parasite, P. 
falciparum, after it was transferred to the howler monkey. 

Wolfson (1939) observed that the gametocytes of a matutinal strain 
of P. relictu?n which are round in the canary became elongated when 
produced in domestic ducks. ManweIl (1943) noted that P. nucleophilum 
and P. relictum mtutinum were altered more by residence in chickens 
than they were in ducks. P. nucleophibum, which received its name be- 
cause of its affinity for the nucleus of the host cell when grown in the 
canary, was seldom in contact with the nucleus when grown in the 
chicken. 

In addition to effects of the host on the erythrocytic parasites which 
have been recorded, some effects on the exoerythrocytic stages have been 
found. Many interesting differences were observed in the morphology of 
the pre-erythrocytic stages of P. bophurae in different species of hosts 
(Huff, Coulston, Laird, Porter, 1947). Some of these obviously represented 
degenerative changes; others appeared to be less severe. The effects of 
residence in some hosts such as the duck appeared to be more harmful 
than in others (guinea fowl, chicken). In addition, some of the morpho- 
logical abnormalities observed in the parasites in turkeys might possibly 
have been due to slight interference with the normal processes of 
schizogony. Similar abnormalities to those observed in P. lophurae have 
also been seen in pre-erythrocytic forms of both P. relictum and P. gal- 
linaceum in ducks (Huff, 1951). 

When these morphological changes are studied carefully the conclusion 
seems justified that they are of very little significance as evidence that any 
real change has been brought about by the host. Such criteria as enlarge- 
ment or stippling of the host cell are actually changes brought about by 
the parasite upon the host cell. The particular form or position in the 
cell assumed by the parasite may be the result of slight physical or 
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chemical differences in the host cell and differs in no manner or degree 
from the changes in behavior exhibited by all animals when placed in 
different environments. Since most of the observations on changes of the 
parasites resulting from residence in different species of hosts were made 
on fixed and stained preparations it may be that many of the differences 
observed do not even represent behavior differences but may be brought 
about by different reactions of the host cells to the fixing and staining 
reagents. 

If wide differences in host cells were to be expected to produce real 
morphological changes in the parasites one might expect that they would 
be spectacularly in evidence in the experiments of McGhee (1951), He 
was able to adapt the avian parasite, Plasmodium lophurae, to continuous 
passage in infant mice. Although slight alterations in morphology of this 
parasite were observed in its first few passages in mice i t  very quickly 
tended to approach the morphology which it exhibited while parasitizing 
the cells of the bird. 

We may conclude, therefore, that differences in morphology observed 
in parasites in different species of host reflect nothing more than transient 
expressions of reaction to changed environments. 

Merozoite number. Beginning with the work of Boyd and Allen (1934) 
various workers have found that the mean numbers of merozoites in the 
mature schizont fall significantly during the crisis in parasitemia. The 
Taliaferros found this to occur in infections of monkeys with P. brasili- 
anzlm, P. cynomologi and P. knowlesi (1944, 1947, 1949); and Thompson 
(1944) described similar findings for P. floriderne in lizards. This effect 
of the host on the parasite is very interesting since i t  is susceptible to 
statistical treatment. The cause of the decrease in number of merozoites 
produced by a schizont has been attributed by the autllors mentioned 
to the development of immunity by the host. We have failed to find any 
decrease in merozoite number either in P. cathemerium (Huff and March- 
bank, 1955) or P. gallinaceum (Huff, Marchbank, and Shiroishi, 1958) 
infections. In the latter case we were attempting to determine the effects 
of various additives to the blood and diet of the hosts upon infectiousness 
of gametocytes. Merozoite counts on P. gallinaceum which received sup- 
plement of calcium pantothenate in their diet were significantly higher 
than counts made on birds which had not received this supplement. In 
an earlier paper, Brackett, Waletzky, and Baker (1946), found the mero- 
zoite counts were lowered in the schizonts of P. gnllimceum in chickens 
fed upon diets deficient in pantothenic acid as compared with the counts 
in birds on diets supplemented by pantothenic acid. Because of the dis- 
crepancy in the results reported by these two groups of workers more 
work is needed to estabIish whether the cause of the decrease in mero- 
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zoite numbers is the result of immunity or of a developing nutritive 
deficiency in the animal during the course of infection. Whatever the 
explanation turns out to be it still remains as one of the most interesting 
effects of the host on the parasite. It is, however, a temporary effect which 
is not transmitted to subsequent generations of parasites in other indi- 
vidual hosts. 

Strain diferences. I shall discuss next certain differences in strains of 
parasites which have been observed during experimentation upon them 
and their hosts. I t  will be apparent from this discussion that it is question- 
able whether one can justify including this section under Effects of the 
Vertebrate Host on the Parasite. Regardless of where it is placed, how- 
ever, I feel that it does belong, at least indirectly, in any treatise of this 
kind. 

Haas and co-workers found that certain chicks which had been inocu- 
lated with sporozoites of P. gallinaceurn developed fatal infections and 
were found at autopsy to have exoerythrocytic stages in their brains 
(Hass, et al., 1946). Death resulted either before erythrocytic parasites had 
made their appearance or (in the opinion of these authors) before there 
were sufficient numbers of exoerythrocytic stages to account for fatality. 
They observed that infections of this type resulted in 90 per cent of chicks 
infected by mosquitos infected from a strain passed alternately from 
mosquito to chick. 

Subsequently they (Haas, et nl., 1948) reported that these infections 
characterized by heavy exoe~ythrocytic infection early, which caused the 
death of the chick before erythrocytic development appeared, couId re- 
sult from a number of different experimental treatments. These were: 
(a) inoculation of chicks with emulsions of brains containing exoerythro- 
cytic stages, (b) similar inoculations into embryos, (c) occasionally in 
embryos infected by mosquitoes infected from a strain alternately passed 
from mosquito to chick, (d) inoculation into chicks of sporozoites derived 
from parasites of a blood-inoculated strain, and (e) by suppression of the 
erythrocytic forms by quinine. They remarked upon the regularity of 
occurrence of such infections under the artificial treatment in the labo- 
ratory and the rapidity with which the patterns thus produced could be 
changed. Lewert (1950a) found that similiar infections resulted in chicks 
inoculated with tissue cultures containing only erythrocytic forms. 
Lewert (1950b) also found that such strains maintained their character- 
istics through 26 serial passages in young chicks and that in some of the 
animals unpigmented erythrocytic parasites appeared in the blood. SeriaI 
passage of blood starting from birds dying of the exoeryth~*ocytic strain 
resulted in reversion to the more normal type of infection which results 
in the usual serial transfer by blood of the unaltered strain. Lewert postu- 
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lated that such strains resulted from separation of one stage of the para- 
site from another through survival in tissue culture of parasites with the 
potentiality of living in fixed tissue cells whereas in strains passed regu- 
larly by blood inoculations there is a selection in favor of parasites which 
are prone to enter red cells. 

Although the strain differences which were described in the publica- 
tions just cited would appear to be mainly the result of differential selec- 
tion effects of various experimental procedures on populations of parasites 
(usually referred to as "strains") the longer-term experiments of Green- 
berg, and co-workers indicate that more permanent alterations may occur 
in strains (Greenberg, Trembley, and Coatney, 1950, '51; Trembley, 
Greenberg and Coatney, 1951a, b; Greenberg, 1955). They observed the 
appearance and behavior of two strains (BI and M) differing markedly 
from each other and from the parent strain (SP) in pathogenicity, in the 
production of exoerythrocytic and of erythrocytic stages. These strains re- 
tained their distinguishing characteristics for 6 to 12 years even when 
transmitted by means of the techniques believed to be responsible for 
changes in strains previously. Although this work is extremely important 
and interesting it is hardly pertinent here, for it is difficult to assess the 
relative importance of mutation of the parasite and effect of the host. In 
fact it would appear from careful consideration of all of their findings 
that the effect of the host may be only an accidental one in which, by vir- 
tue of the obligate alternation of vertebrate with invertebrate host, the 
host acts as a screening agent to remove the mutations which may be per- 
petuated in the artificial methods of transfer in the laboratory. 

Host cell selectivity by  the parasite. As long as only the erythrocytic 
stages of malarial parasites were known one of the most interesting char- 
acteristics of the parasite - namely its preference for certain types of host 
cells -was unknown. With the discovery of exoerythrocytic stages it was 
soon shown that (1) the species of host inhabited was important in deter- 
mining the types of cells selected by the parasites and (2) that during this 
residence in a particular host the parasite underwent notable changes in 
its preference for different types of cells of this host. 

Wolfson (1940) found that a strain of P. cathemerium isolated from a 
wood-thrush produced exoerythrocytic stages when maintained in ca- 
naries but failed to produce them when transferred to ducks. Likewise 
Rodhain (1938a, b) found that a strain of Plnsmodium relidurn found in 
penguins produced abundant exoerythrocytic stages whereas when it was 
transferred to canaries no exoerythrocytic stages could be found. 

Thompson and Huff (1944) studied the distribution among various 
blood cells of the asexual forms of Plasmodium mexicanum while living in 
five different species of lizards. The predominant cell types infected in 
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Sce1opo1.u~ undtclatus and S. olivaceous were erythrocytes, normoblasts, 
and erythroblasts. In Crotaphytus collaris and Phrynosoma cornutum the 
cells most preferred were lymphocytes and monocytes, whereas throm- 
bocytes were preferred above all others in Phrynosmna asio. It should be 
emphasized that all blood cell types were parasitized in all five species of 
these lizards. The great differences were in the distribution of the para- 
sites among the different cell types. In the observations just described we 
were dealing with a species of parasite with a wide range of ability to 
live in various types of cells of the host including all of the blood cells, 
the blood-forming cells, the cells of the lymphoid-macrophage system, 
and the true endothelial cells. In species the exoerythrocytic stages of 
which belong to the gallinaceum-type, the kinds of cells are narrowed 
down to the lymphoid-macrophage system and endothelial cells. Con- 
sequently in observations made on the cell preferences of these parasites 
in various hosts it may only be known that exoerythrocytic stages are or 
are not present. A comprehensive study was made upon the presence or 
absence of erythrocytic and exoerythrocytic stages of P. relicturn in sev- 
eral birds of the family Columbidae (Huff, 1948). In  some of the birds 
inoculated by infected blood and in some inoculated with sporozoites 
parasitemia was established but no exoerythrocytic stages could be dem- 
onstrated. Many instances of this kind are on record in which para- 
sitemia may be produced without any indication that exoerythrocytic 
infection may occur. Moreover, pre-erythocytic stages of P. gallindceum 
have been found in the canary, a host in which no parasitemia with this 
parasite has yet been produced either by sporozoite or trophozoite inocu- 
lation (Huff, 1951). One may question, however, whether these examples 
represent true inabilities on the part of the parasites to live in particular 
cell types or whether, as in the case of P. mexicanurn which we have just 
discussed, the differences are relative. In  instances where tissue stages 
have not been described in animals exhibiting frank parasitemia the 
parasites may have been so difficult to detect that they were not found. 
In the example just cited of a parasite capable of producing pre-erythro- 
cytic stages but no erythrocytic stages, we may likewise ask whether the 
numbers entering erythrocytes were small initially and were removed 
from the blood by the immune mechanisms faster than they could 
multiply. 

Changes during the course of infection in the vertebrate. Interesting 
as are these differences in host cell preferences in different species of host 
the changes which take place in the selectivity of host cells by the para- 
site during the course of infection in an individual host are of more in- 
terest to us here; for there would seem to be  hope of analyzing the 
changes occurring during the course of infection in an individual which 
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affect this characteristic of the parasite more readily than of determining 
the differences between host species which bring about similar differences 
in the preferences shown by the parasite for the various types of host 
cells. 

In infections produced by sporozoites of avian malaria it has been 
established (at least in certain species) that a few generations of pre- 
erythrocytic stages live in cells of the lymphoid-macrophage system 
followed by a shift to the endothelial cells of veins and capillaries (Porter, 
1942; Huff and Coulston, 1944). Erythrocytes are invaded concomitant 
with or subsequent to the invasion of the endothelial cells. In blood- 
induced infections (of the gallinaceum-type) rapid development of para- 
sitemia occurs for several days followed by invasion of the reticular cells 
of the Schweigger-Seidel sheaths of the spleen. Endothelial cell invasion 
occurs last and, in infections such as P. fallax and P. lophurae in turkeys, 
brings about death of the animal after it has survived the parasitemia 
(Huff, 1954, 1957). I should like to point out that the endothelial cells 
of the veins and capillaries are so situated that they must be passed over 
a great many times by the various stages of the parasite which circulate 
in the blood. In spite of their strategic location they are usually the last 
to be invaded. However, when their invasion does take place it is massive 
and apparently unresisted. 

Many unpublished experiments have been carried out in my laboratory 
aimed at determining, first, whether this spectacular change comes about 
as the result of some change in the host which causes certain cells to 
change their susceptibility to attack by the parasites; whether during the 
course of the infection the parasite somehow changes in its ability to 
select these cells; or whether the changes come about as the result of 
some influence affecting both the susceptibility of the host cells and the 
ability of the parasite to approach and invade these cells; and second, 
aimed at determining what mechanisms bring about this change. As yet, 
there is no definite answer to either question. At least three things can 
be thought of as resulting in a host during its infection with malarial 
parasites: (1) it may be depleted of some of its normal substances; (2) it 
may develop immunity to the malarial antigens; and (3)  some malfunction 
in one or more organs may develop. lhly experiments have been aimed at 
altering the usual relations in such ways that the changes which are 
observed to occur in the host cell selectivities by the parasite can be 
explained on one or more of these hypotheses. The hypothesis that some 
inherent and spontaneous change such as mutation may occur in the 
parasite is discarded because of the close correlation between the changes 
observed in the parasites and the time that has elapsed since the host ac- 
quired its infection. I must leave you in suspense regarding the outcome 
of this mystery story for at this point it cannot be written. 
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Tissue culture. For the past three years we have been studying exo- 

erythrocytic stages of P. gallinaceum and P. fallax in cultures of chick 
embryo tissues in our laboratory, On the basis of this experience and 
from publications of others I am going to be bold enough to suggest that 
the differences between the behavior of malarial parasites in vivo and 
in vitro are comparable to the differences observed in their behavior in 
two species of host. I am not suggesting that tissue cultures be described 
as a new species of host! However, I believe it is helpful in thinking about 
the differences in behavior in the parasites to think of tissue culture as 
another kind of host. We are hopeful that the use of this new '?lost" will 
make possible some progress in analyzing the mechanisms which effect 
changes in the selectivity of cell types by the parasite. Dubin (1954) grew 
P. gallinaceum in cultures of chick liver and lung and after these cultures 
were fixed and stained he found all of the stages of exoerythrocytic 
schizogony in hepatic and pulmonary epithelium. We are inclined to be- 
lieve on the basis of our observations made by the phase contrast micro- 
scope on similar preparations that the hepatic epithelial cells are invaded 
by the parasites soon after the cultures have been made. These observa- 
tions and those of Dubin are entirely different from those made on the 
tissues of infected animals by my co-workers and me, for in no instances 
did we ever observe in the many thousands of preparations studied of 
avian and saurian tissues any evidence that hepatic cells of epithelial 
origin were invaded. We look toward the establishment of clans of host 
cells as a step in the direction of the solution of the fundamental changes 
which occur before the susceptibility of the host cell to the parasite is 
changed so spectacularly. 

Primate malaria. Although the cell types for a number of species of 
simian and human malarial parasites have been identified by Garnham, 
Shortt and their co-workers and several other investigators, I consider 
that these findings need to be put on a firmer basis before one would be 
warranted in making the kind of conclusions that I have made on the 
findings of avian and saurian malaria. 

Egect of t h e  vertebrate host o n  the  gametocyte. Of all effects produced 
on the parasite by the host the qualitative and quantitative changes in 
gametocytes are some of the most interesting and most amenable to 
study. Change in numbers (including total loss) of gametocytes is easily 
determined from studies of the blood of the host and changes in ability 
to initiate the sporogonous cycle can easily be tested by dissection of 
mosquitoes and determination of the presence and number of oocysts 
produced in them. The various effects known can be classified as to 
whether they result (I) from differences in species of host, or (2) from 
various changes within the species or individual hosts. 

The effects of different species of hosts on the presence of gametocytes 
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in the blood were clearly shown by Thompson and Huff (1944) in their 
studies of Plasmodium mexicanum in various kinds of lizards. This 
species produced gametocytes in Scelopo~us ferrariperezi, the Mexican 
lizard from which it was isolated. However, it was passed serially several 
times in the collared lizard (Crotaphytus collaris) without the appearance 
in the blood of any gametocytes even though asexual stages were abund- 
ant. After 4 or 5 passages in the collared lizard without the appearance 
of gametocytes it was passed to two different species from the same genus 
as the species from which it was originally isolated, namely, S. undulatus 
and S, oZiuaceous. No gametocytes were produced when transfers were 
made from these two species into Phrynosoma asio and in only two in- 
dividuals out of eleven Phrynosoma cornutum inoculated from lizards 
in which gametocytes were produced. It is interesting to note that in the 
collared lizard in which no gametocytes were observed the infection 
became predominantly exoerythrocytic although it is unknown whethes 
these two characteristics exhibited by the parasite in this host were in 
any way related. 

Another example of the inability of a malarial parasite to  produce 
gametocytes in an abnormal host was given by Taliaferro and Taliaferro 
(1934a). They succeeded in establishing blood infections of the human 
malarial parasite (P. falciparum) in howler monkeys (Alouatta sp.) but 
were unable to demonstrate any gametocytes in any of the monkeys 
infected. More recently, Bray (1958) has had similar results from inocu- 
lating P. falciparum into chimpanzees. 

Wide differences have been observed in the number of gametocytes 
produced by P. fallax in various birds in our laboratory (Huff and March- 
bank, 1955, and hitherto unpublished data). These numbers are low in 
chickens, goslings, and guinea fowl, regularly high in turkey poults and 
very irregular in pigeons. As we have previously shown (Huff and March- 
bank, 1955) the differences in numbers of gametocytes produced in dif- 
ferent individual pigeons are as great as any differences in the numbers 
produced in different species of birds. However, there was great regu- 
larity in the numbers produced in individual turkey poults. One is tempted 
to inquire whether the explanation for such differences in species of host 
may be due to the relative degrees of genetic homozygosity in the stocks 
used; the turkey poults were of the highly inbred Beltsville line whereas 
the pigeons were from a wide variety of sources. 

Similarly, wide differences in the degree of infectivity of gametocytes 
for mosquitoes is exihbited by P. fallax when grown in different species 
of birds. Gametocytes produced in turkey poults were regularly better 
infectors of mosquitoes than those produced in chickens. One of the most 
spectacular examples of these differences was recorded (Huff and March- 
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bank, 1955) in the infectivity of gametocytes produced in guinea fowl as 
compared with those produced in chickens. In spite of the fact that 
gametocytes were so low in number in guinea fowl as to escape being 
found on microscopic examination on 5 out of 8 days, oocysts were pro- 
duced in mosquitoes in numbers greater than those produced from much 
greater numbers of gametocytes in chickens. Qualitatively the gameto- 
cytes produced in the two species of birds were vastly different in ability 
to infect mosquitoes. Another striking example of this type of effect of the 
vertebrate host on the gametocyte is represented by the observations 
made on the 1 P strain of P. relicturn isolated by Coatney (1940) from a 
pigeon. Numerous attempts were made by various investigators, between 
the years 1938 and 1944, to infect several species of mosquitoes (Culex 
pipiens, C. quinquefasciatus, Aedes aegypti, A. albopictus, Anophelgs 
quadrimaculatus and A. crucians) by feeding them on the blood of 
pigeons infected with this strain. These attempts were unsuccessful. 
However, Redmond (1943, 1944) found that Culex pipiens could be 
readily infected by this strain after it had been adapted to canaries. We 
have since shown (unpublished data) that the infecting power of gameto- 
cytes of the 1 P strain produced in pigeons is not completely absent but 
can be shown to exist when Culex tarsalis is used as the test mosquito. 
The effect of the pigeon in reducing the infectability of the gametocytes 
is, nevertheless, as interesting as would be its ability to completely steril- 
ize them. In fact the same mechanisms are probably involved regardless 
of whether the infectability is completely destroyed or only greatly re- 
duced. This question will receive further elaboration in a paper now in 
preparation. 

Many of the effects produced on gametocytes by different species of 
vertebrate hosts are found to occur in the individual hosts of the same 
species and, in addition, some very interesting effects can be followed in 
a single vertebrate host during the course of the infection which it under- 
goes. I have already called attention to the great variations in the num- 
bers of gametocytes which appear in the blood of different individual 
infected birds. This is a common observation in other types of malarial 
infection, including human malaria. No progress has yet been made in 
working out the explanation of these large differences exhibited by the 
parasites in different individuals. 

Some very interesting examples have been described of the loss of the 
ability to produce gametocytes both in avian and in human malaria. The 
first record of such a strain was made by Barzilai-Vivaldi and Kauders in 
1924 who were working in Professor Wagner-Jauregg's clinic in Vienna. 
Cuboni (1926) reported that two other strains obtained from the same 
clinic did not produce gametocytes after undergoing 134 and 143 pas- 
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sages in patients. Similar observations have been made by Plehn (1925) 
in Palestine, and Kopeloff (1930) in New York. Boyd (1945) reported loss 
of gametocytes in a strain of P. falcipnrunz from Trinidad and Jeffery 
(1951) described the occurrence of a similar strain of this species isolated 
in a patient from Sot~th Carolina. 

In 1932, while I was at the University of Chicago, a strain of P. 
cnthemerium in canaries which had been producing gametocytes in large 
numbers ceased to produce them and continued to be unable to do SO 

for as long as the strain was kept - a period of well over 10 years (Huff 
and Gambrell, 1934). All experimental attempts to induce the production 
of gametocytes by this strain failed. The studies which Miss Gambrell 
and I made on this strain and those which Miss Gambrell (1937) sub- 
sequently made showed rather conclusively that the ability to produce 
gametocytes by a strain was capable of change but that, in general, strains 
tended to produce a certain level of gametocytes through many blood 
passages. Whether or not these changes came about as a result of some 
effect of the host upon the parasites was never clearly settIed. However, 
Caldwell (1944) noted that there was a concomitant loss in periodicity 
of asexual reproduction in a strain which was losing its gametocytes as a 
result of experimental exposure to a temperature of 50°C for 8 minutes. 
The strain subsequently lost its ability to produce gametocytes and its 
synchronism of asexual reproduction. Although these changes were pre- 
sumably due to heating of the parasites in nitro it seems likely that the 
host could effect similar changes. During the period when we were ob- 
serving the spontaneous appearance of gametocyteless strains in the 
laboratory we noted that they arose during epizootics of fowl pox in the 
canaries. Whether the parasites were affected by the virus of this disease 
was never proved but it is an interesting speculation. These gametocyte- 
less strains were apparently the result of some effect different from the 
temporary loss of garnetoctyes which were observed in lizards of different 
species. 

Relapse. The occurrence of relapse in human and animal malarias is a 
subject upon which there is a voluminous literature. Any change in the 
behavior of the parasite as marked as relapse should be examined with 
the query in mind as to whether this change is an effect produced by the 
host and, if so, what mechanism or mechanisms are involved. I believe I 
am correct in saying that the preponderant evidence favors the belief that 
relapse is due to some change in the host. Furthermore, the most gener- 
ally accepted view is that changes in the immunity of the host are the 
most likely cause of relapse. I t  would enlarge the scope of this discussion 
too much to attempt to review the significant literature dealing with the 
relationship between immunity in the host and relapse. However, one 



Some Haernosporidian Parasites 69 
other effect which may possibly fall within our arbitrarily chosen limits 
is the effect of hormonal changes upon relapse. 

O'Roke (1934) reported that in ducks which had survived an infection 
with Leucocytozoon simondi there was a subsequent decrease in para- 
sitemia until the middle of the winter when the blood became free from 
parasites. He found that parasites reappeared in the blood in the spring 
and he considered that this represented natural relapse of the infection. 
In the spring of 1941 I studied the blood of 28 semi-domesticated mallard 
ducks at Land O'Lakes, Wisconsin, at approximately monthly intervals 
and was able to confirm O'Roke's finding on the reappearance of the 
parasites in the blood of ducks in the springtime (Huff, 1942). In the 
paper reporting these findings I said in reference to this phenomenon of 
relapse, "It would be interesting to determine whether or not this 
phenomenon is in any way correlated with the physiological ossification 
of bone marrow antecedent to egg laying, with the consequent removal of 
myelocytopoietic cells from the tissue." Chernin (1952) ten years later 
was able to establish such a relationship between relapse of Lez~cocyto- 
zoon infections in ducks and the onset of reproductive activity in the 
host. He reported that ducks suffered relapses beginning in February 
and March. His animals were kept in the laboratory and, hence, the ap- 
pearance of new infections was ruled out. Moreover, he was able t~ 
precipitate egg-laying in ducks which carried latent infections several 
weeks to several months earlier by increasing the amount of time they 
were subjected to artificial light during the fall and winter months. There 
was a corresponding shift in the time of occurrence of the relapse; in- 
dicating that there is, in fact, some relationship between the hormones 
connected with reproduction in the host with the release of parasites to 
produce a relapse. We must not rule out, of course, the possibility that 
the action of hormones may not be a direct one but may bring their effect 
about indirectly by altering the state of acquired immunity in the host. 
I have introduced this subject under the heading, The Effect of the Host 
on the Gametocyte, because the parasitemia in Leucocytozoolz consists 
entirely of gametocytes. However, the production of gametocytes must 
involve the activity of shizogonous forms from which the young gameto- 
cytes develop and, therefore, the effect of the host may possibly be upon 
the exoerythrocytic or tissue stages. 

Effects produced during the course of infection. We have, for several 
years, been attempting to analyze the very interesting effect noted by 
L~rmsden and Bertram (1940). They reported qualitative changes of the 
gametocytes of P. gallinacez~~n during the course of infection in chickens. 
This effect was exhibited as a decreasing ability of gametocytes to pro- 
duce infections in the n~osquito, Aedes negypti, as the infection in the 
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chicken progressed. Cantrell and Jordan (1946) and Eyles (1951, 1952a, b) 
made further studies on this characteristic of P. gallinaceurn and each 
offered hypotheses to explain the phenomenon. In our laboratory we 
extended the study to seven host-parasite combinations involving the 
parasites, P. gallinaceurn, P. fallax, and P,  cathemerium; the avian hosts, 
chicks, pigeons, guinea fowl, turkeys and canaries; and the mosquitoes, 
Aedes aegypti, A. albopictus, Culex pipiens, and C. tarsalis (Huff and 
Marchbank, 1955). Without exception we found the same pattern of 
change in gametocyte infectiousness in these combinations of host and 
parasite as had been found for P. gallinaceurn in the chicken by the 
authors just cited. In general, the typical result was like that shown in 
figure 1 (Fig. 3, Huff and Marchbank, 1955). There was an early rise in 
the mean number of oocysts produced in the mosquitoes followed by a 
fairly sharp and continuous fall, and the outstanding fact was that this 
fall in numbers of oocysts began at a time when the numbers of gameto- 
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FIG. 1 (From Huff and Marchbank, 1955; fig. 3). Oocysts of P. cathenzeriun produced 
in Culm pipiens mosquitoes fed on a canary daily during the course of its infection. 
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cytes in the blood of the bird at the time that the mosquitos took their 
blood meals was rising. That this indicated a real change in the quality of 
the gametocytes is shown even more clearly in figure 2 (Fig. 7, Huff and 
Marchbank, 1955). In  this experiment two species of mosquitoes (Culex 
pipiens and C. tarsalis) were fed daily on each of two canaries infected 
with P, cathemerium. The mean numbers of oocysts resulting in the two 
species of mosquitoes are indicated by the solid lines in the figure. Al- 

FIG. 2 (from Huff and Marchbank, 1955; fig. 7). The patterns of oocysts of P. 
cathemerium in two species of Culm fed daily on each of two canaries during the 
course of their infections. 
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though at all times the number of oocysts produced in C .  tarsalis were 
higher than those in C. pipiens there is a very close parallelism between 
the graphs for the oocysts in the two kinds of mosquitoes. This even holds 
for the slight upturn in infectiousness of the gametocytes in canary 486C 
on the 7th day of the infection - a characteristic of this particular species 
combination. 

A very extensive series of studies has been carried out attempting to 
determine the factors which bring about such changes in the garnetocyte. 
The results will be published in detail in the near future (Huff, March- 
bank, and Shiroishi, 1958). Two hypotheses to account for the changes 
were tested; namely (1) that they were the result of deficiencies in the 
host resulting from the infection of the bird, and (2) that they were the 
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result of the development of an active immunity. The first hypothesis was 
tested in experiments of two kinds: (a) the administration of substances 
assumed to be depleted from the blood of birds as the infection pro- 
gressed and (b) the experimental acceleration of a possible depleting 
action by bleeding the host during the infection. The substances injected 
at daily or half-daily intervals were: uninfected whole blood, coenzyme 
A, ferrous sulfate, sodium glutathione, calcium pantothenate, and sucrose. 
There was no evidence either that the substances supplied or the more 
rapid depletion from bleeding Muenced the pattern of gametocyte 
infectiousness. Some of these results are expressed in figures 3a and b. 

DAYS AFTER INOGULATKIN DAYS AFTER INOCULATION 

FIG. 3 (from Huff, Marchbank, and Shiroishi, 1958, fig. 1). A. Infectiousness of 
gametocytes of P. fallax for Aedes alboptictus in turkeys. Nunlber 1285 (left) received 
3 daily intravenous injections of 5 ml, of normal blood (days 4 through 6), and 1283 
(right) received. none. B. Infectiousness of garnetocytes of P. gallinaceurn for Aedes 
aegypti in  chickens. Numbers 6630 and 6631 received twice daily doses of 6 ml. of 
sucrose per os (beginning on day 1) and control 6632 received none. 

In explaining these figures it should be noted that we adopted a more 
direct way of indicating the differences in ability of the gametocyte to 
produce oocysts in the mosquito. The solid line here represents a value, 
I, which is the quotient of the numbers of oocysts produced divided by 
the number of gametocytes in the blood of the bird at the time of feeding. 
I t  will be seen that this value is independent of the actual numbers in- 
volved. When graphed in this manner it becomes clear that the gameto- 
cyte infectiousness, I, usually drops in value from the beginning of the 
test and that the gametocytes are most infectious for mosquitoes as soon 
as they appear in the bird. In these figures the treated animals are on the 
left; the controls on the right. In figure 3a three daily doses of 5 ml. of 
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normal blood were given intravenously on days 4, 5, and 6; in 3b, birds 
C6630 and C6634 received 6 ml. of 20% sucrose twice daily throughout 
the infection, C6632 received none. In figure 3a the infections were by 
P .  fallax in turkeys and the mosquitoes used were Aedes albopidus; those 
in 3b were by P. gallinaceurn in chickens tested by Aedes negypti. I t  is 
apparent that in these experiments no real differences were shown in the 
patterns of change in gametocyte infectiousness in the treated animals as 
compared with the controls, These figures are typical of the results ob- 
tained in 14 experiments involving the administration of supplements and 
in 2 experiments in which from 5 to 31 ml. of blood were taken from the 
experimental animaIs for 3 days in one experiment and for 5 in the other. 

In testing the hypothesis that the state of acquired immunity might 
have an effect on the infectiousness of the gametocytes, several types of 
experiments were performed. These were (1) transfusion of infected 
blood into a naturally immune host, (2) passive transfer of serum from 
hyperimmunized birds, (3) transfusion of infected blood to birds with 
acquired immunity and (4) active immunization of birds with infections 
of killed parasites prior to inoculation of live ones, The experiment on 
transfusion of blood infected with P. gallinacez~m into a duck indicated 
a rise in infectiousness of the gametocytes when transferred to the duck. 
No indication of effect of passive transfer of immunity was observed. In 
two experiments on transfusion of infected blood into birds with acquired 
immunity no effect was observed in one; in the other there was a rapid 
fall of infectiousness of gametocytes, All four experiments testing the 
effect of active immunization were consistent in showing a deleterious 
effect on the infectiousness of the gametocytes of active immunization. 
The results of all of these experiments can better be explained on the 
hypothesis that active immunity is one of the major causes, if not the only 
cause, of the observed decline in the ability of gametocytes to infect 
mosquitoes. Figure 4 depicts the res~hts of one of the experiments on 
active immunization of two chickens treated with killed parasites (C7008, 
C7009), and of one which received killed uninfected erythrocytes (C7013), 
in each instance the inoculations being given for 3 days prior to the in- 
fecting dose of parasites. The control chicken ((27015) received no inocu- 
lations other than the infecting blood. The mean vaIues for the forxr birds 
receiving killed parasites and for the two controls are depicted on the 
right of fig. 4. These results are significant in indicating an earlier decline 
of infectivity values in animals receiving killed parasites. Since active 
immunity begins to appear early even in the controls because of the de- 
veloping infections, one could not expect that any difference would be 
demonstrable between experimental animals and controls except in the 
very early part of the infection. 
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FIG. 4 (from Huff, Marchbank, and Shiroishi, 1958, fig. 5). Infectivi of gameto- 
cytes of P. gallinaceurn for Aedes aegypti in two chickens (7008, 7009) w 7 ich received 
daily intravenous inoculations of 3.5 ml. of killed parasites for 3 days prior to tlm 
inoculation of live parasites. Coatrol, 7013, received similar doses of killed norma1 
turkey erythrocytes and control, 7015, received no inoculations other than the in- 
fecting blood. The mean I-values (oocyst-gametocyte ratios) for 4 experimental and 2 
control birds are also portrayed. 
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One must assume that the observed decrease in infectiousness of the 
garnetocyte constitutes a very sensitive test of the production of immunity 
in the host by the antigens of the parasites since the effect could be 
observed before any appreciable effect could be observed upon the 
asexual stages. I t  must be a humoral immunity since its effect is observed 
after the gametocytes have been removed from the host in which cellular 
mechanisms are in operation. It is well known that the death of many 
parasites - both sexual and asexual- comes about as the result of im- 
munity of: the host. Is the effect on the ability of the gametocyte to infect 
the mosquito due to the same humoral mechanism which, perhaps, com- 
bined with the cellular mechanisms of the host brings about the death 
of the parasites in the vertebrate host? We do not know the answer, but 
we can only say that the end result on the individual parasite is the same 
since, although in the case of the gametocyte the immediate effect is not 
death, the gametocyte is prevented from reproducing. In spite of this 
spectacular action we must admit that usually this action is not effective 
in preventing malarial transmissions by mosquitoes for the reason that all 
gametocytes are usually not so affected and if a single oocyst is produced 
in the stomach of a mosquito, that mosquito may be capable of trans- 
mitting malaria. 
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DISCUSSION AND SUMMARY 

We have now passed in review a great variety of effects of both the 
invertebrate and vertebrate hosts upon their malarial parasites. Some of 
these occur under natural conditions but the majority of them have been 
brought into evidence through experimental studies in the laboratory. 
The actual mechanisms by which the host produces these effects are in 
most cases not well known. In some instances i t  is not clear as to whether 
the change which is observed in the parasites is caused by the host or 
whether other factors are responsible. 

More of the effects which we have discussed here fall into the group 
of effects which do not persist when the parasites are transferred to 
another host than into other categories. They include: (1) the effects of 
different individuals and different species of mosquitoes upon size of the 
oocysts; (2 )  the n~orphological changes in erythrocytic and exoerythro- 
cytic stages by the vertebrate host; (3) the possible effects of the verte- 
brate host on the number of merozoites per sclkont; (4) the effects of 
different hosts (and of tissue culture) upon the type of host cell which 
is invaded; (5) the effect of changes in the vertebrate host during the 
progress of the infection upon the kinds of host cells invaded; (6) the 
effects of different species of host and of different individual hosts upon 
numbers of the gametocytes produced; and (7) the effects of physiological 
changes in the hosts upon the numbers of gametocytes produced in 
Leuco ytozoon infections. One can be reasonably sure that these changes 
are all evanescent ones and play negligible, if any, effects upon the be- 
havior of the parasites in subsequent passages through other hosts. 

In the next category we may place those effects which are also tem- 
porary but which do not manifest themselves until they have reached the 
next host. They include: (I) the deleterious effects of residence in the 
mosquito upon infectivity of sporozoites for the vertebrate host; ( 2 )  
changes in the number of exoerythrocytic stages and of gametocytes 
which carry over to at least one subsequent passage; and (3) the effect of 
the vertebrate host upon the ability of the gametocyte to infect mos- 
quitoes. The effects listed in this category are not essentially different 
from those in the first but merely represent instances in which a second 
host is needed to bring the effect on a particuIar stage into evidence. 

The category for most lasting effects which may be exhibited through 
many passages in hosts includes: (1) the type of change described by 
Greenberg in which the characteristics of the strain are retained through 
many passages, even when alternating between vertebrate and mosquito 
hosts; and (2) the permanent loss in strains of the ability to produce 
gametocytes. These changes must be considered genetic either in the 
restricted meaning of the term to genic action or in the wider meaning of 
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any transmissible character regardless of the mechanism by which it is 
transmitted. Whether the host plays any role in influencing mutation 
rates in the parasites is questionable. Such a role has not been proved. 
Nor do we have any evidence for the type of rapid changes in antigenicity 
which results in certain organisms such as some spirochetes and trypano- 
somes in the presence of antibodies in the host. The apparently similar 
effects observed in drug fastness of malarial parasites fall outside the 
limits I have set for this paper but they may serve as useful tools in 
studying the results of hybridizations between different strains (see 
Trembley and Greenberg, 1954). 

We may conclude that, in spite of the many interesting effects which 
are produced upon the parasite by the host, there is little evidence that 
any of these effects play any part in producing any lasting change in the 
behavior or structure of the parasite. It may even be that, because of 
their intracellular location, malarial parasites are less lilcely to be changed 
by the effects of humoral substances of large molecular size than extra- 
celIular parasites such as trypanosomes. The mechanism for alternating 
between vertebrate and invertebrate hosts which comes into play in the 
natural epidemiology of malarial infections, together with the presence 
of regular sexual reproduction, may possibly be effective in quickly dis- 
posing of mutations which are detrimental to the species. 
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