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In vitro cultivation of the sporogonic stages
of Plasmodium: a review *
JEROME P. VANDERBERG,' MARTIN M. WEISS,2 & STEPHEN R. MACK 2

Complete and continuous in vitro development of the sporogonic stages of the malarial
parasite has not yet been accomplished, although success with erythrocytic stages (Jalci-
parum malaria) and exoerythrocytic stages (avian malaria) has been achieved. This lag in
progress appears to be due to several inherent differences between sporogony and these other
sequences of development. The Trager-Jensen system for in vitro development of erythro-
cytic stages of Plasmodium falciparum results in the formation of gametocytes, although
these gametocytes have not yet been shown to be functionally mature. An improvement in
culture conditions, leading to the formation of infective gametocytes, would be an important
advance. Culture systems for the transformation of gametocytes to ookinetes have been
described, but whether this can be easily accomplishedfor falciparum malaria remains to be
determined. The subsequent stages of sporogony, leading from oocyst differentiation to the
formation of mature, infective sporozoites, have been successfully grown in short-term in
vitro cultures. The entire developmental sequence, however, has been obtained only by
overlapping successive stages in different cultures. This has established that all phases of
sporogony are inherently capable of being supported in vitro. Further improvements may
come through a better understanding of appropriate culture conditions.

In a series of reviews by Ball (8-10) on the
progress that he and his co-workers had made on in
vitro cultivation of the mosquito stages of avian
malaria, he cited a number of justifications for this
research. These included a better understanding of,
on the one hand, the host-parasite relationship and
the nutritional needs of the developing parasite and,
on the other, the elucidation of ways in which this
development could be interfered with for the control
of malaria. Recent successes in vaccinating humans
against sporozoite-induced malaria (38-40, 83, 100)
have provided a new and compelling stimulus to this
line of research. It seems clear that further progress
towards the production of sporozoites for use as a
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vaccine depends on the development of an in vitro
culture system.
Complete and continuous in vitro development of

life cycle stages of the malarial parasite, other than
the sporogonic ones, has already been accomplished.
The exoerythrocytic cycle of avian malaria has been
successfully cultured in vitro on a regular basis for
many years (see review by Beaudoin, this issue,
pages 373-376), although similar success with mam-
malian species of malaria continues to elude us.
Continuous cyclical development in vitro of the
erythrocytic stages of falciparum malaria has been
recently reported by Trager & Jensen (134). A
question that we may ask is: " Why has sporogonic
development proved to be the most difficult phase of
the malaria life cycle to reproduce in culture?"
A comparison of sporogony with the other stages

of development reveals several important and rele-
vant ways in which they differ. Examination of these
differences may first, allow us to understand better
why these stages have been so difficult to culture and
second, furnish some insight into ways in which the
problem of in vitro culture may be approached in the
future.
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Although the mosquito stages of the parasite are
often referred to as the sporogonic cycle, we should
appreciate that they do not constitute a true cycle.
The hallmark of a cycle such as the erythrocytic
cycle or of the Krebs cycle is that it is self-regenerat-
ing, the end products of the cycle being used to re-
initiate the next cycle. Because new gametocytes are
not regenerated at the completion of sporogonic
development, a continuous supply of fresh gameto-
cytes would be necessary to ensure a continuing
production of sporozoites. This shortcoming, which
up to about a year ago was considered one of the
chief limiting factors in the ultimate in vitro produc-
tion of sporozoites (154), may well have been re-
solved with the finding that the Trager-Jensen system
can be used to produce gametocytes.

Erythrocytic and exoerythrocytic development
take place entirely intracellularly, aside from the
brief interval between release of the merozoites and
invasion of new host cells. Erythrocytic development
takes place within red blood cells, while exoerythro-
cytic development takes place within either lym-
phoid-macrophage cells or haemopoietic cells for
avian malaria, and within hepatocytes for mam-
malian malaria. In vitro culture of these vertebrate
stages of the parasite thus consists largely of the
proper in vitro maintenance of their appropriate
vertebrate host cells. Because there exists a consider-
able background knowledge on the biochemistry and
physiology of these cells, as well as on their mainte-
nance, malariologists have been able to take advan-
tage of the experience of workers in these well-
charted areas. On the other hand, the insect stages of
sporogonic development take place largely extracel-
lularly within the haemocoele of the mosquito, an
environment that we are just beginning to under-
stand. It is thus not surprising that progress in
culturing these mosquito stages has come about
more slowly.

Erythrocytic and exoerythrocytic development
each takes place within a single cell type. Thus, for
successful culture of these stages, it was necessary to
focus only on a single environment in each case.
Sporogonic development, however, is a series of
developmental sequences occurring in no less than
four different environments in succession. Forma-
tion of gametocytes takes place within the erythro-
cyte, ookinete formation in the lumen of the mos-
quito midgut, oocyst development and sporozoite
formation within the haemocoele, and complete
sporozoite maturation primarily within the salivary
glands. Successful in vitro culture of the sporogonic

stages thus involves the simulation of these four
environments.
Our approach in this paper will be to describe

briefly the successive stages of development that take
place in the different environments, to review our
present state of knowledge regarding the in vitro
development of these stages, and to show how
knowledge gained from in vivo studies of sporogonic
development can be used to gain a better insight into
future attempts at in vitro culture. Finally, we shall
discuss attempts to design a rational medium for
support of those stages that develop within mosquito
haemolymph.

GAMETOCYTOGENESIS

The requirement of continually obtaining gameto-
cytes from mammalian carriers would impose severe
limitations on the usefulness of any in vitro sporo-
zoite production system. What is needed as a start-
ing point is an in vitro system for the production of
gametocytes. Ideally, one would like to have a
system into which noninfected erythrocytes could be
introduced and from which mature gametocytes
could be harvested. The production of gametocytes,
gametocytogenesis, involves two distinct processes: a
genetic process that commits certain cells to become
gametocytes and a developmental process that sup-
ports the actual differentiation of these cells.

Induction ofgametocytogenesis
That gametocytes can be formed directly from

asexual erythrocytic parasites seems incontrover-
tible. Strains of rodent malaria that had been pro-
ducing only asexual parasites during blood passages
over the course of several years have been shown to
re-initiate gametocyte production after low tempera-
ture treatment (4, 147). By means of cloning tech-
niques, Walliker et al. (148) demonstrated that indi-
vidual asexual parasites of rodent malaria can give
rise to complete infections leading to infective
gametocytes, thus establishing that asexual parasites
possess a complete genome that can lead to either
asexual or sexual development. Finally, Plasmodium
falciparum gametocytes have been shown to arise
continuously within the in vitro culture system of
Trager & Jensen (134) over several consecutive cycles
of development (Trager & Jensen, personal com-
munication, 1977; Weiss & Vanderberg, unpublished
observations, 1977).
The in vitro development of P. falciparum gameto-

cytes has also been reported to occur within other
culture systems (92, 97, 106, 118). However, because
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of the relatively short-term nature of these cultures,
it is likely that the gametocytes developed from
young gametocytes that had already been genetically
committed in the humans from whom blood had
been taken. Because the Trager-Jensen technique
(134) induces the formation of new gametocytes on a
regular basis, it is obvious that some property of the
culture system controls this genetic induction. This is
fortunate, since induction of gametocyte formation
in a culture system that failed to initiate it of its own
accord might have been a difficult problem to solve.

Nevertheless, it is still of practical importance to
learn more about the specific factors that may induce
gametocyte formation, the better to control this
phenomenon in vitro. One of the shortcomings of the
present in vitro system is that progressively fewer
gametocytes are produced over a series of several
consecutive asexual generations. A review of what is
known about gametocyte induction in vivo may
suggest some new approaches for future in vitro
studies.
The ability to produce gametocytes in vivo is

known to be an intrinsic quality of the parasite
as well as a response to its environment. Some
strains of a given species of Plasmodium have been
consistently shown to produce more gametocytes
than others under similar conditions (41, 54). That
the environment is also important is demonstrated
by the fact that a strain of the parasite may produce
gametocytes when inoculated into one species of
host but not into another (84, 127). The physiologi-
cal condition as well as the age of the host may play
a significant role in gametocyte induction (20). For
instance, the greater frequency of P. falciparum
gametocytes in children than in adults has been
recorded by many observers (28, 93, 153), although
the role that host immunity plays here is not yet
clear.
The important role of the environment has also

been shown in repeated findings that malarial strains
maintained by continuous syringe passage of asexual
parasites may lose the ability to produce gameto-
cytes (23, 146), and that this ability may reappear
again after various treatments (4, 96, 147). Peters
(96) has suggested that in these instances the genes
directing gametocyte development had been
" repressed " in the agametocytic strains, and had
then become " derepressed " by the action of some
inducer associated with chloroquine or cold treat-
ment. It has been suggested that several antimalarial
drugs may increase gametocyte production (53, 99,
114).

After the induction of gametocytogenesis in falci-
parum malaria, the gametocytes generally develop
within internal organs and appear in the peripheral
blood about 7-12 days after the asexual parasites are
first seen (69, 73). The gametocytes often appear in a
wave coinciding with a decline in asexual parasitae-
mia. Pioneers in malariology tended to attribute the
development of gametocytes to the effect of immu-
nity (20), although the evidence that gametocyte
induction can now take place in a culture system
clearly indicates otherwise. At the present time, one
can only speculate on the environmental factors that
lead to the " derepression " of the genes responsible
for the development of gametocytes. However, the
fact that these conditions normally occur within the
Trager-Jensen culture system suggests that relatively
simple factors are involved, and that their elucida-
tion should be possible by an experimental analysis
of the system.

Gametocyte differentiation

Because the development of the P. falciparum
gametocyte generally takes place within internal
organs, most of the early morphological studies
describing this differentiation were based on spleen
or bone marrow aspirations, as well as on autopsy
material (3, 80, 128). Some studies, however, were
based on cases where the development stages could
be observed in the peripheral blood (129). It was
thus possible to fit together the different stages
observed so as to form a morphological continuum
of development from asexual ring forms to apparent-
ly mature gametocytes. This entire process has been
conjectured to take approximately 10 days, at which
point the gametocytes are released into the circula-
tion (69, 73). Various descriptive classifications have
been proposed (52, 65) and, although the fine struc-
ture of this entire sequence has not yet been de-
scribed, several fine-structure studies of relatively
mature P. falciparum gametocytes have been pub-
lished (1, 71, 91, 119).

Further maturation of P. falciparum gametocytes
continues even after their release into the peripheral
circulation, as indicated by the lack of infectivity of
these gametocytes to mosquitos for several days after
their appearance in the peripheral blood (19, 43, 82).
Jeffery & Eyles (70) showed that the lack of infec-
tivity was actually due to gametocyte immaturity
rather than to a deficiency in numbers. Because these
circulating, noninfective gametocytes cannot be
distinguished from mature, infective ones by light
microscopy, at the present time the only useful
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criterion for complete gametocyte maturation is
infectivity to susceptible mosquitos.

Several different studies have shown that gameto-
cyte differentiation can take place under in vitro
conditions, resulting in the formation of gametocytes
that appear to be morphologically mature (92, 97,
106,118,134; Trager & Jensen, personal communica-
tion, 1977). Our own studies, using the Trager-Jensen
system, have confirmed these results (Weiss & Van-
derberg, unpublished results, 1977). Unfortunately,
none of the gametocytes that differentiated within any
of these systems have been shown to be functionally
mature, as indicated by either exflagellation ofmicro-
gametocytes or infection ofmosquitos. Our collabora-
tive studies with Trager & Jensen, in which these in
vitro-formed gametocytes were fed to susceptible
mosquitos via artificial membranes, have been uni-
formly unsuccessful. The resolution of this problem
would make available large numbers of infective
gametocytes without any requirement for a human
or simian host. Attention could next be focused on
obtaining further in vitro development of this para-
site through the stages that normally occur within
the mosquito.
What is now needed is an improvement in culture

techniques, leading to complete gametocyte matura-
tion. In view of the fact that the Trager-Jensen
system is the only one that has been shown to
support induction of gametocytogenesis from
asexual parasites, and in addition supports parasite
development for far longer periods than any other
described system, this is obviously the procedure to
be taken as a starting point for further culture
studies. However, because gametocytes take much
longer to mature than asexual parasites, appropriate
culture conditions for gametocyte production may
be more rigorous and may have to be controlled for
much longer periods of time.
Our first approach has been not to modify the

technique that Trager & Jensen described, but in-
stead to extend the culture period of gametocytes
within this system. This is based on the previous
observation that, under in vivo conditions, apparent-
ly mature gametocytes must continue to develop for
several days in the peripheral blood before they can
become infective. So far, we have been able to
maintain P. falciparum gametocytes in vitro for up to
20 days, although we have not yet been able to infect
mosquitos with them (Weiss & Vanderberg, unpub-
lished results, 1977).
A problem in maintaining gametocyte cultures for

such long periods is caused by competition from the

considerable multiplication of asexual parasites
within these cultures. The metabolic demands of this
increasing population makes the maintenance of
adequate culture conditions more difficult. One solu-
tion may be to control the asexual parasitaemia with
small doses of an antimalarial drug such as quinine.
It was shown long ago by Bastianelli & Bignami (18)
that quinine taken by a patient to control malaria
did not prevent gametocytes from being infective to
mosquitos. The practice of controlling asexual para-
sitaemias with small doses of quinine, while at the
same time permitting normal maturation of gameto-
cytes for further development in mosquitos, became
a standard procedure in experimental falciparum
malaria (82).

If it should not prove possible to produce infective
gametocytes with the Trager-Jensen system, even
after allowing for a more prolonged period of devel-
opment, attempts should be made to supplement the
system with components that are either lacking or in
short supply. RPMI-1640 (Gibco) is a relatively
simple tissue culture medium that supplies all nutri-
tional requirements for asexual parasites; gameto-
cytes, however, may require additional growth fac-
tors for full development.

GAMETOGENESIS

Almost immediately after their ingestion by a
suitable mosquito, the mature gametocytes undergo
a further maturation process, gametogenesis, which
results in the formation of gametes. Macrogameto-
cytes do not appear to undergo any observable
morphological changes aside from emergence from
their host red blood cells, whereas microgametocytes
go through a series of developmental changes cul-
minating in the formation of 8 flagellated micro-
gametes (117). This process, exflagellation, is the
most striking and most easily assessed component of
gametogenesis, and it is therefore not surprising that
virtually all studies on gametogenesis have centred
on exflagellation. Morphologically, it involves cyto-
plasmic as well as nuclear changes. Within the
cytoplasm of the " activated " microgametocyte,
kinetosome-axoneme complexes are formed, with
eventual inclusion of the developed axoneme within
the flagellum of the microgamete. Concurrently, the
nuclear material of the microgametocyte is segre-
gated into eight distinct microgamete nuclei in asso-
ciation with three successive nuclear spindle forma-
tions and nuclear divisions (117).
The evolutionary survival of the malarial parasite

is dependent on its ability to avoid premature

380



CULTIVATION IN VITRO OF PLASMODIUM SPOROGONIC STAGES

gametogenesis in an inappropriate environment, the
vertebrate host where the gametocytes develop, and
its facility to undergo prompt gametogenesis on
ingestion by the mosquito. Thus, the fundamental
questions for us to ask are: " What are the factors
that inhibit and then stimulate gametogenesis by
mature gametocytes? " and " How can these factors
be controlled in an in vitro culture system?"

Induction of exflagellation
Exflagellation readily occurs in vitro when a drop

of blood containing mature gametocytes is placed
under a cover slip on a microscope slide. Indeed, the
discovery of this phenomenon coincided with the
discovery of the malarial parasite itself (76). There is
a common belief, even among malariologists, that
the factor that induces exflagellation is the drop in
temperature that occurs when the gametocytes pass
from the vertebrate host into the mosquito stomach.
However, it was shown long ago by Ross (105) in
India that exflagellation of P. falciparum gameto-
cytes occurred in his laboratory even when the
temperature was close to that of the human body.
He thus argued that temperature could not be the
prime inducing factor and suggested instead that
exflagellation is induced by an increase in the specific
gravity of the blood brought about through water
evaporation.
Marchoux & Chorine (81) working with Haemo-

proteus, and then Chorine (34) with P. falciparum,
concluded that exflagellation was inhibited in the
vertebrate host by normal levels of CO2 in the blood.
It was suggested that exflagellation was induced by
the escape of CO2 from the blood and the associated
rise in blood pH. However, Micks et al. (90) were
not able to correlate exflagellation of P. elongatum
or P. cathemerium gametocytes with pH changes
occurring within mosquito midguts subsequent to
the ingestion of blood. These authors concluded,
instead, that exflagellation and fertilization were
stimulated by a chemical factor released by the
midgut of the vector mosquito after its ingestion of
blood. Similar suggestions regarding a possibly
important role played by a secretion from the mos-
quito midgut were made by Ball & Chao (12) and by
Yoeli & Upmanis (156).
An extensive series of studies on the factors

affecting gametogenesis in P. gallinaceum was under-
taken by Bishop & McConnachie (21, 22). These
workers confirmed previous findings that loss of CO2
from the blood stimulated gametogenesis. They
showed further that exflagellation of gametocytes in

drawn blood could be completely inhibited by con-
tinued exposure to an atmosphere containing 5%
CO2. However, a rise in pH did not appear to be the
prime factor in stimulation of gametogenesis, since it
could be induced even when pH elevation was
prevented by appropriate buffers. Bishop & McCon-
nachie further showed that apparently normal
exflagellation could occur in solutions containing
only Na, Cl, and HCO3 ions. Omission of these ions
from buffered salt solutions effectively inhibited
exflagellation.

Carter & Nijhout (31) confirmed the necessity of
these three ions for the induction of exflagellation of
P. gallinaceum, although they found that glucose was
also required. With this information, they were able
to prepare a " suspended animation" solution con-
sisting of a tris-buffered NaCl solution at pH 7.4
with added glucose. Because washed gametocytes
could be held in this solution without exflagellating,
it became possible to control and assess added
factors that would induce exflagellation. Their
results indicated that the induction of exflagellation
was directly related to an increase in pH between
pH 7.7 and 8.0, provided that bicarbonate was
present. This range of pH correlates with the range
reported by Bishop & McConnachie (21) in the
midgut of Aedes aegypti after a blood meal.

It thus seems clear that exflagellation can be
induced by simple environmental stimuli, and that
gametocytes that develop normally in a vertebrate
host can be induced to exflagellate in vitro with
relative ease. What is not yet clear is how easily this
process can first be inhibited in an in vitro system
within which the gametocytes are differentiating, and
can subsequently be induced under a new set of in
vitro conditions designed to permit fertilization and
further development of the sporogonic stages. One
study with avian malaria suggests that this may be
possible. Trager (131, 132) used the ability of
P. lophurae microgametocytes to exflagellate as a
measure of their survival and development in vitro.
That the differentiation of microgametocytes was
actually occurring in vitro was indicated by the
increasing numbers of exflagellating forms observed
on successive days. Nevertheless, exflagellation did
not occur until the microgametocytes were removed
from the cultures in which they had differentiated.

"Infectiousness " ofgametes
In view of the fact that not all gametocytes are

infective to mosquitos, malariologists have long been
interested in understanding the different factors that
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influence this infectiousness. A better understanding
of these factors could help in our attempts to achieve
further in vitro development of the gametes formed
during gametogenesis.

Darling (44), one of the first workers to study the
problem quantitatively, estimated that only about
30% of the P. falciparum gametocytes ingested by
mosquitos in his studies went on to become oocysts.
This percentage may at times be considerably smal-
ler. Although such a low percentage must in part be
due to the failure of some fertilized macrogametes to
complete oocyst development in the mosquito, much
of it must be related to a lack of gametocyte
infectiousness. What are the factors that control
this ?
Boyd (24) cited four factors that he considered of

the greatest importance in determining gametocyte
infectiousness:

(1) the numerical density of gametocytes;

(2) their maturity, as demonstrated by exflagella-
tion;

(3) equal or unequal proportions of the sexes; and

(4) some elusive, indefinable characteristic that he
designated " quality ".

Number of gametocytes. In general, there appears
to be a relationship between the number of gameto-
cytes in the blood of the host and the percentage of
susceptible mosquitos infected, as well as the number
of oocysts produced (46, 50, 74, 112). The experience
of many workers with falciparum malaria has indi-
cated that a gametocyte density of roughly 50-100
per mm3 of blood is usually required for minimal
infections of susceptible mosquitos (26, 43, 68).
Higher gametocytaemias of about 1000 per mm3 are
required for heavy mosquito infection (25, 82).

Levels well above this have been regularly pro-
duced within our in vitro P. falciparum system based
on the procedure of Trager & Jensen (134). Gameto-
cytaemias of 0. 1 %-0.4% are commonly reached
with favourable strains of the parasite. If the cells in
such a culture are resuspended in human serum to
normal levels of, say, 6 000 000 red blood cells per
mm3, the gametocyte levels would range from 6000
to 24 000 per mm3.
None the less, although a minimal level of gameto-

cytes is usually required for infection of mosquitos,
small numbers do not always ensure failure, nor do
large numbers guarantee success. Several workers
have been able to infect mosquitos by feedings on
humans with gametocytaemias of less than 1 per

mm3, or even with gametocytaemias so low as to be
non-detectable by ordinary microscopic techniques
(94, 101, 157). On the other hand, humans with
substantial numbers of P. falciparum, P. vivax, or
P. malariae gametocytes sometimes totally fail to
infect mosquitos (68, 70, 74, 93).

Exflagellation. Even exflagellation of micro-
gametocytes is not always a useful indicator of
gametocyte infectivity. Thousands of gametocytes
per mm3 may be present without any resulting
mosquito infection. Assuming that the mosquitos
are actually susceptible, this failure may be due to
one of two reasons: either exflagellation is not an
adequate indicator of microgametocyte viability or
there is at the same time a lack of mature macro-
gametocytes in adequate numbers.

Gametocyte sex ratios. Obviously, a lop-sided
ratio of microgametocytes to macrogametocytes
would prevent adequate numbers of fertilizations
from taking place, even when substantial numbers of
gametocytes are present in the blood. Female P. fal-
ciparum gametocytes normally outnumber males by
5-20: 1 (114), although males have sometimes been
shown to be more numerous (65). It should be
recalled that as a consequence of gametogenesis,
each microgametocyte can generate eight gametes.
Thus, the potential ratio of male to female gametes
is even higher. The female gametocytes generally
appear in the circulation several days before the
males (114). Therefore, an appropriate sex ratio for
adequate numbers of fertilizations to take place may
occur only at certain times during an infection. This
may be an important consideration in attempts to
get high levels of fertilization from gametocytes
formed in vitro.

Gametocyte quality. The vague term " quality "
was proposed by Boyd (24) as the summation of a
number of unknown though obviously significant
factors that must play a role in the ultimate infec-
tivity of gametocytes. Two such possible factors have
begun to be elucidated in recent years: first, a
possible developmental synchrony and the short-
lived maturity of gametocytes and secondly, the role
of host immunity in interfering with the innate
"quality" of gametocytes.
Hawking et al. (64) presented evidence that

gametocytes of some species of malaria have a 24-h
or 48-h rhythm in their development to maturity,
and that once this maturity is attained, it may be
short lived (6-12 h). These results were later con-
firmed to some degree by Garnham & Powers (55).
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With specific reference to P. falciparum, Hawking et
al. (65) showed some indication of a 48-h synchronic
cycle in the ability of microgametocytes to exfiagel-
late, although Bray et al. (27) found no evidence for
a circadian rhythm in the infectivity of P. falciparum
gametocytes. This phenomenon requires further
investigation before the Hawking hypothesis can be
considered as fully verified. If it is confirmed, there
would appear to be two implications relevant to
future in vitro studies: (a) the short-lived infectious
maturity of P. falciparum gametocytes would
obviously limit the numbers of mature gametocytes
available within a culture at any given time; and
(b) it might eventually be possible to control this
synchrony in vitro, so as to synchronize the matura-
tion of a relatively large proportion of the gameto-
cytes present in a culture.
Host immunity may play a role in another pheno-

menon that controls gametocyte " quality ". Many
studies with avian, simian, and human malarias have
shown that, during the course of an infection in a
host, the gametocytes generally become less infective
to mosquitos later in the infection. This reduction in
infectivity may occur even in the face of rising
numbers of gametocytes in the blood. The gameto-
cytes may be protected from the host's immune
response by virtue of their residence within the red
blood cells. Thus, Cohen et al. (42) and Edozien et
al. (49) showed that immunoglobulin given to chil-
dren with falciparum malaria reduced the parasi-
taemia but had no effect on the number of gameto-
cytes present. However, several workers have shown
that once gametocytes are released from the protec-
tion of the red blood cells after ingestion by a
mosquito, the free gametocytes or their resulting
gametes may then be confronted by humoral or
cellular defence mechanisms.

Eyles (51) demonstrated that P. gallinaceum game-
tocytes past their peak of infectivity could have a
significant degree of this infectivity restored by wash-
ing and resuspension in serum from healthy unin-
fected chickens. Similar findings have been made
with P. cynomolgi and P. knowlesi (Gwadz, personal
communication, 1977). Huff et al. (67) followed this
up by immunizing birds with formalinized parasites
of P. gallinaceum or P. fallax and then challenging
them with homologous viable parasites. The result-
ing parasitaemia and gametocytaemia were equi-
valent in immunized and control birds, indicating
apparently normal development of gametocytes in
spite of immunization. However, the infectivity of
the gametocytes from the immunized birds was

significantly lowered. These studies were later
extended by Gwadz (62), and Carter & Chen (30),
who clearly demonstrated the immunological nature
of this phenomenon and improved upon the effec-
tiveness of immunization against gametes. Although
these studies indicate the importance of in vivo
humoral immunity in interfering with gametocyte
infectivity, this phenomenon can obviously be dis-
counted as being important in an in vitro system for
the production of gametocytes.

Cellular defence mechanisms, on the other hand,
may play an important role not only in vivo but also
potentially in vitro. Ross (104) and Darling (44)
showed long ago that many of the gametocytes taken
in by a mosquito may be ingested by leucocytes from
the host. This phagocytosis of gametocytes by host
leucocytes was again recently shown to occur in vivo
within the mosquito midgut by Sinden & Smalley
(116). They also showed that the process occurred
even more efficiently in vitro after release of the
gametocytes from their host red blood cells. This
should be kept in mind for future in vitro studies,
where leucocytes may be introduced into the culture
together with fresh red blood cells. Fortunately, the
availability of an efficient and simple cellulose
column procedure for removal of leucocytes from
malaria-infected blood (66) indicates that this need
not be a serious problem.

FERTILIZATION AND OOKINETE FORMATION

The initial developmental sequence of sporogony
within the mosquito leads from exflagellation of the
microgametocyte to fertilization of the macro-
gamete, and ultimately to formation of the ookinete.
Fertilization has been observed by numerous
workers under simple in vitro conditions on a micro-
scope slide, ever since it was first recognized by
MacCallum (78) who used human blood infected
with gametocytes of P. falciparum. MacCallum,
however, was not able to obtain further in vitro
development to the differentiated ookinete, although
he was able to demonstrate this with Haemoproteus
sp. from birds (79).

Ball & Chao (12), working with P. relictum, found
that gametocytes in blood taken directly from
infected canaries would not form ookinetes when
transferred to an in vitro culture system. However, if
this blood was first ingested by mosquitos and then
removed to the culture system, they were able to
obtain apparently viable ookinetes. This could be
done either by transferring the entire blood-filled
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midgut to the culture vessel or by transferring
clotted blood removed from the midgut 2-3 h after
the mosquitos' blood meal.

Yoeli & Upmanis (156) had similar results with
P. berghei, in that they were unable to obtain
ookinetes from gametocytes in blood removed
directly from hamsters. However, blood first
ingested by Anopheles stephensi and then ejected via
the mosquito anus gave rise to ookinetes when
collected and cultured in heparinized capillary tubes.
Small numbers of ookinetes could also be obtained
when blood taken directly from hamsters was mixed
with an aqueous extract of the mosquito midgut.
Both of these studies thus concluded that a secre-

tion from the mosquito midgut was necessary to
obtain complete in vitro development of ookinetes
from gametocytes. Ideally, a culture system should
begin with gametocytes obtained directly from the
vertebrate host, or from another culture system, thus
bypassing mosquitos and the problems inherent in
working with them. Such an in vitro system for the
direct conversion of gametocytes to ookinetes was
described by Alger (2), and a more complex system
was later described by Rosales-Ronquillo et al. (102,
103). However, neither we (Weiss & Vanderberg,
unpublished results, 1976) nor other workers (113)
have been able to reproduce these results.

Studies conducted in our own laboratory (152)
have resulted in the development of a simple in vitro
technique that produces ookinetes of P. berghei
reproducibly and in relatively large numbers from
gametocytes taken directly from rodent hosts. Blood
is removed aseptically from infected hamsters and
cultured in commercially available media at 21-22°C
for 18-24 h. Provided that adequate numbers of
gametocytes are present, large numbers of ookinetes
are formed in any of several modifications of Eagle's
minimum essential medium with Earle's salts and
added fetal calf serum. A conversion rate of approx-
imately 1 ookinete per 250 gametocytes is thus
obtained. If we assume that 50% of these gameto-
cytes are female, then somewhere in the order of 1%
of the observed macrogametocytes go on to become
fertilized and form ookinetes. This is not dissimilar
to conversion rates that may occur in vivo. Previous
studies on in vivo-formed ookinetes (151) indicated
that the viability of ookinetes could be assessed by
means of several different parameters. We have
found that the motility of our in vitro-formed
ookinetes, as well as their ability to incorporate 3H-
leucine and 3H-adenosine, was indistinguishable
from that of in vivo-formed ones. It is of interest that

media designed for insect tissue cultures were far less
effective in supporting the in vitro conversion of
gametocytes to ookinetes. This is not too surprising,
however, when one considers that this conversion
normally takes place within the blood meal mass
ingested by a mosquito, an environment that is
basically that of the blood of the vertebrate host. It
is important to note that the presence of established
mosquito or fish cell lines, which had previously
been reported to be a requirement for ookinete
production in vitro (102, 103), did not enhance
ookinete production in our system. We found that
one of the chief factors influencing in vitro develop-
ment of ookinetes from gametocytes is the concen-
tration of gametocytes in the blood inoculum.
Gametocyte concentrations must be above a thresh-
old level before significant ookinete transformation
can take place. Presumably, this reflects the increas-
ing probability of microgamete-macrogamete fertil-
izations that would occur with increasing concentra-
tions of gametocytes. Gametocytes concentrated by
centrifugation (17, 107) or by column procedures
(71) might give even higher yields of ookinetes.
Whether our procedure can be easily extended to the
human malarias remains to be determined. This
possibility cannot be tested until infective P. falci-
parum gametocytes become available from in vitro
cultures.

OOCYST DIFFERENTIATION

After forming within the lumen of the midgut, the
ookinete moves through the epithelial wall, ulti-
mately coming to rest attached to the basal lamina
and projecting into the haemocoele. Here it rounds
up to become the oocyst, within which sporozoites
will be differentiated. Transformation of the
ookinete into the young oocyst has been described at
the fine-structural level by Garnham et al. (56),
Canning & Sinden (29), and Davies (45) and the
process of sporozoite differentiation within the
oocyst has been described by Vanderberg et al. (138),
Vanderberg & Rhodin (137), Terzakis (121), and
Terzakis et al. (122). During this process, the
solid cytoplasm of the oocyst interior becomes segre-
gated into a number of cytoplasmic masses, which
were first designated as sporoblastoid bodies by
Grassi (60). Sporozoite differentiation takes place at
the surface of the sporoblastoid bodies. The indi-
vidual sporozoites are budded off from the sporo-
blastoid bodies, from which the cytoplasmic compo-
nents pass into the elongating incipient sporozoites.
The first study on the in vitro development of these
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stages was reported by Ball (5, 6) with P. relictum, an
avian parasite transmittable in the laboratory by
Culex tarsalis. On the assumption that oocysts could
differentiate only in association with the mosquito
midgut, Ball initiated his cultures with whole mid-
guts removed 6-12 days after the mosquitos had fed
on infected canaries. Ball found that if he first
maintained the infected mosquitos at 180C without
food or water for about 2 days, bacterial and fungal
contaminants in the gut were lowered, although
residual contamination made it necessary to add
penicillin to the cultures. Three types of media were
chiefly employed:

1. A medium developed by Trager (130) for cul-
tivating the virus of western equine encephalitis
within mosquito tissues, and consisting of a buffered
mixture of simple salts, glucose, ovalbumin hydro-
lysate, and heparinized chicken plasma.

2. A defined medium that had been successfully
employed in the axenic culture of Tetrahymena geleii
(72).

3. Media based on those being used to culture
other stages of malarial parasites, including exoery-
throcytic forms of P. gallinaceum (63) erythrocytic
forms of P. knowlesi (85), and erythrocytic forms of
P. lophurae (133).

Ball was able to maintain oocysts for up to 20
days in these media, but without either an increase in
size or internal differentiation of the oocysts. Ragab
(98) reported similar negative results with P. gallina-
ceum oocysts attached to midguts of A. aegypti. He
employed Trager's (130) and Ball's (5) media in a
perfusion apparatus.

Further studies by Ball (7) with new media finally
resulted in a degree of successful oocyst growth and
development in vitro. The development of these new
media was based on two separate supporting lines of
research. First, a series of studies in the late 1940's
and early 1950's by workers attempting to culture
chick embryonic tissue in vitro led Ball to the use of
a number of different defined growth factors, as well
as the use of chick embryo extract in his tissue
culture system. Second, based on studies of the free
amino acids and the inorganic salt components of
whole body homogenates of the mosquito vector
(35-36), other components, especially additional
amino acids, were added to the media. Another
modification employed was initial " adaptation " of
the cultures by maintaining them at 17-18°C for
about 24 h prior to moving them to the normal
developmental temperature of 23-250C. The cultures

were maintained either in hanging drop cultures, to
facilitate observation of individual oocysts, or in a
flask-rocker system. The results showed up to a
three-fold increase in oocyst diameter, with corre-
sponding internal differentiation. This growth, which
ceased after 4-5 days in culture, was slower than in
vivo growth.
A new approach to the culture of the sporogonic

stages was suggested by the discovery of Weathersby
(150) that oocysts of P. gallinaceum could develop
normally in the mosquito without any attachment to
the midgut. This led Ball & Chao (11) to attempt to
culture oocysts that had been dissected away from
the mosquito midgut. There are several possible
advantages to culturing oocysts separated from the
midguts:

1. Keeping oocysts and adult mosquito organs
alive and normal within the same culture vessel
places greater demands on a culture system than
would be the case with oocysts alone.

2. Digestive enzymes from the degenerating mid-
gut probably have deleterious effects on the culture.

3. It is much easier to grow the free oocysts
uncontaminated by bacteria and fungi, which are
present in the lumen of the midgut.

In these studies (11), free oocysts or oocysts with
particles of midgut wall attached were cultured
either in sealed hanging drops or in flasks gassed
with 5% CO2 and 95% air. For this and subsequent
studies (12, 13), the medium was further enriched by
the addition of new components based on the tissue
culture media of Waymouth (149) and Eagle (48) for
vertebrate cells. The overall results of this series of
studies by Ball & Chao demonstrated in vitro devel-
opment of all stages of ookinetes to fully infective
sporozoites. However, because any given stage
removed from the mosquito would continue in vitro
development for only several days before cessation
of growth, it was never possible to obtain complete
sporogonic development in any single preparation.
To obtain the entire developmental sequence, it was
necessary to overlap successive stages in different
cultures, a process which took about twice as long as
normal in vivo development. These results have been
summarized by Ball (8) and Chao & Ball (32).
The in vitro cultivation of P. gallinaceum oocysts

was reported by Schneider (108). Small sections of
midgut of the host mosquito, A. aegypti, with at-
tached oocysts were placed in hanging or sitting
drop cultures at 25-26°C, and their further develop-
ment was observed over several days. Grace's cul-
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ture medium (58), modified to adjust osmotic pres-
sure and pH, was found to give the best results. The
medium was supplemented with chicken or fetal
bovine serum and low doses of penicillin-strepto-
mycin. The overall results showed that the older the
oocysts introduced into the culture, the better the
results, as measured by the percentage of oocysts
that continued development in vitro and the extent of
this development.
Complete in vivo development of P. gallinaceum

oocysts normally takes about 10 days at 25°C. When
Schneider introduced 6-7-day-old oocysts into cul-
ture, no significant differentiation took place. The
extent of development in 8-day-old oocysts de-
pended upon whether or not sporoblast formation
with subsequent budding of the sporozoites had
occurred before the oocysts were placed in culture. If
incipient sporozoites were already present, approxi-
mately 60% of the oocysts developed to the point of
releasing mature sporozoites; if not, the rate drop-
ped to less than 1 %. Nine-day-old oocysts usually
ruptured within 12-24 h and released viable sporo-
zoites, which remained infective under culture condi-
tions for 24 h. Schneider suggested that the older
oocysts with differentiating sporozoites made rela-
tively small demands on the culture system, merely
requiring it to support a differentiation process that
had already been initiated; the younger oocysts,
however, appeared to have more exacting require-
ments. The addition of adult ovaries or embryonic
cells to cultures of younger oocysts prolonged their
survival time almost two-fold. On the basis of this,
Schneider predicted that one would expect an even
better response in the presence of actively growing
cells.

Immediately following this study, an important
advance in the culture of sporogonic stages was
made with the introduction of tissue culture cells of
Grace's cell line (59) into these in vitro preparations
of P. gallinaceum oocysts (109). At the time, Grace's
cell line was thought to be an established cell strain
from A. aegypti. However, this line was later shown
to be of lepidopteran origin (61). When older P. gal-
linaceum oocysts (8-9 days) were grown together
with the cell line, a slight improvement in growth
and development was noted. More importantly,
when younger oocysts (7 days) were grown together
with appropriate numbers of the cells, these undiffer-
entiated oocysts began to develop in vitro for the first
time.

Schneider (111) followed up these studies with the
first attempts to culture the sporogonic stages of a

mammalian malarial parasite, P. cynomolgi. Cul-
tures were initiated with infected midguts of A. ste-
phensi mosquitos that had fed on gametocyte-carry-
ing rhesus monkeys. A modified Grace's medium
was again used, and the effects of A. stephensi cells
from either established cell lines (110) or primary cell
cultures was noted. In vivo, this species of malarial
parasite normally completes oocyst development in
11 days at 25-26°C. In vitro results were similar to
those that Schneider had previously reported for
P. gallinaceum, in that the older the oocysts taken to
initiate the culture, the better their subsequent in
vitro development. Growth and development of all
oocysts was considerably better in the presence of
mosquito cells, though there was no significant
difference between established and primary cell lines.
In vitro development of oocysts in any given culture
continued for only a few days, and was invariably
slower than normal in vivo development.
Based on Schneider's successes with oocysts cul-

tured in the presence of cell lines, the procedure was
tried by Ball & Chao (14) with their P. relictum
culture system. Grace's cell line was tested, as well as
Singh's cell line of A. aegypti. The best results were
obtained with Grace's medium with added fetal calf
serum and haemolymph from pupae of the silk-
worm, Samia, although the latter was omitted in
later studies (15). These results achieved approxi-
mately double the extent of in vitro development ob-
tained previously without added cells. It proved
possible to develop in vitro a 3-day-old oocyst to one
containing mature sporozoites, with only a single
overlap in cultures, in contrast to the four or five
cultures used previously. The rate of growth and
differentiation obtained with older (5-day-old)
oocysts was equivalent to the in vivo rate.
On an overall basis, the results that Ball & Chao

obtained with their P. relictum oocysts grown in vitro
in the presence of tissue culture cell lines showed
somewhat better development than those reported
by Schneider with P. gallinaceum or P. cynomolgi
oocysts. Whether this reflects a difference between
the different Plasmodium species used, or differences
in the technical aspects of their systems, remains to
be determined.

SPOROZOITE MATURATION

The final phase of sporogonic development, the
maturation of the sporozoite, has been recognized
only recently. We have shown that several changes
take place in the P. berghei sporozoite after its
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release from the oocyst until its maturation in the
salivary gland. Maturation of the sporozoite of this
species can be assessed by changes in:

1. Fine structure. We have described the fine
structure of differentiated oocyst sporozoites of
P. berghei (137, 138) as well as of sporozoites that
have moved into the salivary glands of A. stephensi
(120). A substantial number of oocyst sporozoites
had a relatively electron-lucent cytoplasm, whereas
those found in the salivary glands invariably had a
denser cytoplasm. Sinden & Gamham (115), work-
ing with several different species of Plasmodium
sporozoites, reported that maturation and move-
ment of sporozoites into the salivary glands was
associated with an increase in the number of micro-
nemes present, while the rhoptries became less
apparent. We have not been able to confirm this
finding.

2. Infectivity. Vanderberg (136) demonstrated that
there is a gradual increase in the infectivity of
sporozoites as they move from the oocyst to the
haemocoele and then into the salivary gland, with a
continued increase in infectivity of P. berghei sporo-
zoites during their residence in the salivary gland.
Populations of salivary gland sporozoites were
found to be more than 10 000 times as infective as
populations of oocyst sporozoites from the same
mosquitos.

3. Motility. P. berghei sporozoites that have
invaded the salivary glands undergo a dramatic shift
in the nature of their motility (135).

4. Antigenicity. P. berghei sporozoites that have
moved into the salivary gland undergo changes in
their antigenicity (140). This maturation includes the
ability of the sporozoites to form circumsporozoite
precipitation (CSP) reactions (139) and the ability of
these sporozoites, when X-irradiated, to induce pro-
tective immunity in mice.

Later studies by Nussenzweig & Chen (95) demon-
strated that changes in infectivity and antigenicity
also take place as the sporozoite of P. cynomolgi
matures. From the standpoint of our future attempts
at in vitro production of sporozoites, the pheno-
menon of sporozoite maturation has two relevant
implications.

First, in attempting to culture sporozoites for use
in immunization, we should bear in mind that
sporozoites acquire most of their ability to induce
protective immunity after their movement to the
salivary glands (140). Thus, mere formation of spo-
rozoites in an in vitro culture system may not be

sufficient. It may be necessary to support the further
maturation of these sporozoites to their point of
peak immunogenicity. However, the development of
sporozoite infectivity, and probably sporozoite
maturation in general, appears to be time-dependent
rather than site-dependent (136). It should therefore
be possible to develop an in vitro culture system that
allows sporozoites, while extracellular, to reach their
full immunogenic potential. The requirement of
maturation in the intracellular environment of the
salivary glands would pose considerable difficulties
for the future development of in vitro culture.

Second, in any culture system, it is helpful to
choose parameters of development that can be asses-
sed relatively easily as an indication of successful
culture. In the case of sporozoite maturation, most
of this development appears to be functional rather
than morphological. These ontogenic changes in
function (infectivity, motility, antigenicity) seem to
occur concurrently during the differentiation pro-
cess. Thus, Vanderberg (135) found that the occa-
sional oocyst sporozoites that precociously devel-
oped a mature form of motility simultaneously
developed a mature form of antigenicity. These
parameters of development vary in ease of measure-
ment. The ability of sporozoites to induce protective
immunity may take weeks to assess and infectivity
takes a matter of days, whereas CSP reactivity and
changes in motile capability can be evaluated in
minutes. For instance, in an experiment comparing
the ability of several different media to support in
vitro maturation of sporozoites, we may find it
easiest to measure our progress by using those
parameters which can be quickly assessed. The ulti-
mate test of maturation will of course always be the
ability of sporozoites to induce protective immunity.

A RATIONAL APPROACH TO THE DEVELOPMENT OF A

MEDIUM FOR IN VITRO CULTURE OF OOCYSTS

From the time that the Plasmodium ookinete
moves through the midgut wall of the mosquito into
the haemocoele until the differentiated sporozoite
penetrates into the salivary gland, the malarial para-
site in its sporogonic stages is bathed in the mos-
quito's haemolymph. It appears as though the nutri-
tion of the oocyst is provided not via its attachment
to the midgut but through the haemolymph. This
theory is supported by the following evidence:

1. Weathersby (150) demonstrated that oocysts
could develop in vivo within the mosquito haemo-
coele, independent of any attachment to the midgut.
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2. Although earlier fine-structure studies (47) had
suggested that the oocyst capsule was of midgut
origin and that material for oocyst nutrition came
directly from the midgut cells, later studies (138)
demonstrated that the oocyst capsule was morpho-
logically different from, and completely independent
of, the midgut epithelium.

3. As previously stated, oocysts can develop in
vitro, removed from the midgut wall.

4. Tritium-labelled leucine, injected directly into
the haemocoele of infected mosquitos, is incorpor-
ated into the growing oocyst within a few minutes
(138).

Thus, to understand the nutrition of the mosquito
stages of the parasite, one must understand the
composition of the haemolymph. In spite of
this, virtually nothing has been published on the
nature of mosquito haemolymph. A number of
studies on the chemical composition of the adult
mosquito have been made by analysis of whole body
homogenates (16, 33, 35-37, 57, 75, 86-89, 124-126,
141-144). Virtually all of these were done with
culicine rather than anopheline mosquitos, and
none studied the haemolymph itself. It should be
obvious that studies of whole body homogenates
have limited value in establishing a haemolymph
composition.

In an attempt to learn more about haemolymph in
an anopheline vector of malaria, we have begun a
study of the chemical constituents and the physical
properties of the haemolymph of A. stephensi fe-
males (Mack et al., unpublished results, 1976). For
comparative purposes, haemolymph has been col-
lected by two different procedures: a whole body
centrifugation procedure adapted from a technique
for the collection of haemolymph from Drosophila
(Kambysellis, personal communication, 1976);
and a haemocoele perfusion technique (Spielman,
personal communication, 1976). In an attempt
to assess changes in haemolymph composition dur-
ing the life of the mosquito, haemolymph collections
were made shortly after adult emergence and at
various times after mosquito blood meals on either
non-infected or P. berghei-infected hamsters.
For the determination of various haemolymph

components, the collected haemolymph was first
separated by a series of extraction and precipitation
procedures. Individual amino acids, sugars, and
organic acids were identified by high-voltage electro-
phoresis and/or thin-layer chromatography, fol-
lowed by appropriate staining procedures. The pH

and osmotic pressure were determined by appro-
priate microtechniques. The following results were
obtained:

1. The pH of haemolymph from newly-emerged
mosquitos was 6.5, with a gradual rise after either
infected or non-infected blood meals.

2. The osmotic pressure of haemolymph from
newly-emerged mosquitos was 210 mmol/litre (NaCl
equivalents). There was no significant increase over
a period of several days following an infected blood
meal.

3. A total of 16 amino acids were identified in the
haemolymph of the newly emerged mosquito. The
most significant change that occurred in infected
mosquitos was the apparent disappearance of
methionine.

4. The carbohydrates found in the haemolymph
of newly-emerged mosquitos were glucose and treha-
lose. After blood meals, maltose, glucuronic acid,
and inositol were also identified.

5. A total of five organic acids and phosphate
esters were identified in the haemolymph of the
newly emerged mosquito. After blood meals, inor-
ganic phosphate and malate were eventually lost.

Studies on inorganic components are now in
progress.

Several reviews have discussed the shortcomings
associated with attempts to develop a satisfactory
tissue culture medium based on in vivo analyses (77,
145, 155). Nevertheless, a knowledge of the in vivo
components is usually an indispensable starting
point in the preparation of a satisfactory medium.

Aside from the defined components that can be
put into a medium, growth factors from insect cells
may be of considerable importance. As previously
stated, Schneider, as well as Ball & Chao, achieved
significantly better growth of oocysts in the presence
of insect cell lines. The specific contribution of these
cells requires further investigation.

CONCLUSIONS

The ultimate goal of the in vitro culture of the
sporogonic stages of malarial parasites is the devel-
opment of gametocytes taken from a culture system
to mature immunogenic sporozoites. Because sporo-
gonic development takes place in a series of different
in vivo environments, it is likely that successful in
vitro culture will eventually require different culture
systems to simulate, in turn: the circulation system
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of the mammalian host, where gametocytes develop;
the lumen of the mosquito midgut, where ookinete
formation takes place; and the haemolymph of the
mosquito, where subsequent development leading to
sporozoite formation occurs.
The pioneering studies by Ball & Chao, and

subsequently by Schneider, were restricted to oocyst
differentiation and sporozoite formation. Because
these workers were unable to obtain ookinetes
formed directly from gametocytes, they initiated
their cultures with partially developed sporogonic
stages obtained from mosquitos. This approach
often required tedious dissections, limiting the num-
bers of studies that could be conveniently done.
Furthermore, bacterial and fungal contaminants
were thereby introduced into their culture systems.
Although these contaminants could be reduced by
the use of antibiotics, the toxicity of these antibiotics
could pose problems for the developing parasites
(123).
Our demonstration that ookinetes can be pro-

duced in vitro from gametocytes on a regular basis
will make it possible to obtain large numbers of
these parasites free of bacteria and fungi. The next
important task is to accomplish this with gameto-
cytes taken directly from a culture system. The
Trager-Jensen system for the production of P. falci-
parum gametocytes has given fresh impetus and a
new direction to this area of research. It may now be
possible, for the first time, to work with sporogonic
stages of P. falciparum without any requirement for
human or simian hosts. No matter how much pro-
gress may be made with other species of malarial

parasite, we must ultimately turn to P. falciparum. It
now seems reasonable to confront this problem
directly.
A solution to the problem of in vitro maturation

of the P. falciparum gametocyte, with subsequent in
vitro ookinete formation, would enable us to move
ahead in a stepwise approach to the next problem:
the culture of the later phases of sporogonic develop-
ment leading to sporozoite formation. For insight
into the culture of these stages, we can turn to the
work of Ball & Chao and Schneider. The importance
of their studies was in showing that all phases of
sporogony were inherently capable of being sup-
ported in vitro, although the culture conditions were
not adequate for complete long-term development.
Improvements in these culture conditions might
come about through continued efforts to develop a
rational medium based on the mosquito haemo-
lymph. The culture problems that now confront us
were succinctly posed by Lewis Carroll in Through
the Looking-Glass:

" And what does it live on?"
" Weak tea with cream in it."
A new difficulty came into Alice's head. " Sup-

posing it couldn't find any?" she suggested.
" Then it would die of course. "

"But that must happen very often ", Alice
remarked thoughtfully.

" It always happens" said the Gnat.
What malariologists must now do is to find out

what our parasite " lives on " and how we can keep
it alive.

UME

CULTURE IN VITRO DES STADES SPOROGONIQUES DE PLASMODIUM: REVUE

On n'est pas encore parvenu A obtenir un eveloppe-
ment complet et continu in vitro des stades sp ogoniques
du parasite du paludisme, bien qu'on ait reussi A le faire
avec des stades erythrocytaires (P. falciparum) et des
stades exoerythrocytaires (paludisme aviaire). Cet echec
semble du A plusieurs differences inherentes A la sporo-
gonie et A ces autres phases du developpement. Le systeme
Trager-Jensen en vue de la culture des stades erythro-
cytaires de Plasmodium falciparum permet d'obtenir la
formation de gametocytes, mais ces derniers ne se sont
jamais reveles fonctionnellement matures. Des ameliora-
tions des conditions de culture conduisant A la formation
de gametocytes infectants seraient un progres important.
Des systemes de culture en vue de la transformation

des gametocytes en ookin&tes ont e decrits, mais il
reste A determiner si cette transformation peut etre ais&
ment obtenue dans le cas de P. falciparum. Les stades
ulterieurs de la sporogonie, allant de la differenciation
de l'oocyste A la formation de sporozoltes matures infec-
tants ont e cultives in vitro A court terme. L'entiere
sequence de developpement n'a cependant e obtenue
que par le chevauchement de stades successifs dans des
cultures differentes. Cela a permis de demontrer que
toutes les phases de la sporogonie sont, en soi, capables
d'etre assurees in vitro. De nouveaux progres pourront
Wtre faits grace A une meilleure connaissance des condi-
tions de culture appropriees.
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