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IN VITRO OOXINETE DEVELOPMENT OF THE RODENT
MALARIAL PARASITE, PLASMODIUM BERGHEI*

Maris €. Rosales-Renquillo and Paul H. Silverman

Department of Biology, University of New Mexico, Albuquerque, New Muxico 87131

ABSTRACT: In vitro development of Plasmodium berghei ookinetes ocvuired in primary cell cultures as
well as established cell lines from Anopheles stephensi Liston (Diptera: Culicidac). Two morphological
forms of viable ookinetes were observed in cultures conditioned within a constant temperature ranging
from 18 =1 Cto 21 =1 C for 2 to 24 hr in fresh serum-free mmnimum essential medium (MEM) prior
to inoculation of infected blood. Ookinetes exlubited either ghding, snakelike, or spiral forward move-
ments. Some ookinetes apparently attempted to penetrate red blood cells (RBC), usually indenting the
surface of the RBC. Factors whicl. micht mfluence oohinete formation such as temperature, pH, age of
cell cultures employed, and length of tune the cultures were maintained at constant temperatures (rang-
ing from 18 = 1 C to 21 = 1 C) prior to inoculation of infected blood are discussed.

Many unsuccessful attempts have been made
to develop an in vitro substrate that is physio-
logically and biochemically favorable to the
cultivation of the complete mosquito cycle of
the malarnal parasite (Ball and Chao, 1957;
Schneider, 1968; Walliker and Robertson,
1970). Recently, actively growing mosquito
cells have been used to support in vitro devel-
opment of the late stages of sporogonic forms
of the malana parasite (Ball and Chao, 1971,
Schneider, 1972). However, the substrate
appears to be madequate to the cultivation of
the carly sporogonic forns

The successful n vitro induction of the ex-
flagellation of nucrogametocytes, fertihzation
of macrogametocytes ard formation of viable
ooknetes of the rodent malarial parasite, Plas-
modium berghei, using actively growing pri-
mary cell cultuies denved from the immature
stage of Anopheles stephensi (Rosales-Ron-
quillo, Simons, and Silverman, 1972) or an
established A. stephensi cell line (Schneider,
1969) is reported herem.

MATERIALS AND METHODS

The NK65 strain of P berghei was maintamed
:outinely by blood passage in hamsters alternating
with cyclic transmission throngh the mosquitoes

Primary cell cultures of A. stephensi (Roscles-
Ronquillo, Simons, and Silverman, 19872) and
monolayer cultures of A stepliensi cells (Schneider,
1968) were grown on 10- by 50-mm cover slips
in 1 ml of their respective medium in Leighton
tubes (16 mm by 125 mm) at 27 =1 C in the

Received for publication 25 March 1974,

* Supported by the Agency for Intemational
Development, U. S. Department of State, Con-
tract No, AID/csd-3689.

dark. Five- and 30-day-old primary cell cultures
as well as monolayer cultures of anopheline cells,
5 to 7 days after subculture, were used. Cultures
were conditioned prior to inoculation of injected
blood at a constant temperature ranging from
15+1C to 21 =1 C in the dark. The length of
conditoning time varied from 2 to 24 hr. Cultures
were condstioned either n their old medium or in
1 ml fresl: serum-free mednun after removing the
old medium. The serum-free medium consisted of
90%e Eagle’s mimmum essential medium (MEM)
with Lagle’s salt solution but without sodium
bicarbonate or glutamine, The pH of the medium
was adjusted to 7.6 with 0 1455 NallCQs. Cell-free
medha (MEM) with or without inactivated fets]
bovme serum (FBS) were conditioned and used as
the control cultures. Two-tenths ml of heparinized
weptically drawn mfected hamster blood (0.35 ml
hepann to 1 ml infected blood) was inoculated
mto cach experimental and control tube using a
sterihized 3-cc syrmge equipped with an 18-gauge,
15-inch needle. Inoculated cultures were main-
taned at a constant temperature ranging from
15+ 1 C to 24 2= 1 C in the dark. No antibiotics
were employed throughout the experiments. The
pII of the mediin was measured 1n a Metrohm pH
102 model before and after the cultivation period.
Prior to oculation into eaperunental and control
tubes, blood was taken from the tail of gametocyte-
carryving hanisters, placed on a slide, covered, and
exanuned with o  Zewss-Nomarski  interference-
contrast nucroscope for high peak of macrogameto-
cytes and erflagellating nucrogametocytes.
Appraisal of the cultivation experiments was
done within a penod of 50 hr after the initial
moculation of the infected blood Cultures were
exammed under a Zeiss-Nomarski interference-
contrast microscope at 15 mmn after inoculation of
infected blood, and at 5-hr intervals thereafter
until the termination of the eaperitnent. Prior 1o
withdrawmng a drop of the supernatant for ap-
praisal of the culture, the experiinental tube was
agitated slightly. The culture drop was placed
on slides, covered with a cover slip, and examined.

819



820

THE JOURNAL OF PARASITOLOGY, VOL. 60, NO. 5, OCTOBER 1974

2
e

wp e M T

2

< i
st

e




ROSALES-RONQUILLO AND SILVERMAN—IN VITRO DEVELOPMENT OF OOKINETE 821

At the termination of the experiment, the super-
natant was drawn out, centrifuged at 500 rpm
(RCF = 36.3) for 5 min. A few drops of the
pellet were placed on slides and examined under
a Zeiss-Nomarski interference-contrast microscope.
Sincars of the remaing pellet were made on slides,
fixed and stamed with either Giemsa or Oil red O,
and exanuned under a bright-field microscope. The
cover shp m each culture was removed, washed
gently with fresh <erem-free MEM, fived and
stained with cither Giemsa or Oil red O, and
examined with brght-field microscopy.

Photomicrographs were taken with a Zeiss C-35
cameira. Motihty of the ockinetes vas recorded
under Zeiss-Nomarski nterference-contrast normal
speed cinephotomicrography.

RESULTS

Development of fertilized macrogametes into
well-developed ookinetes was observed only in
both preconditioned cultures within the first 24
hr of cultivation. Exflagellating nucrogameto-
cytes were first observed at about 7 to 10 min
after the mitial blood inoculation of these
cultures. The process of fertilization was never
observed. Early developing zvgotes were sim-
ilar in some structural characteristics to macro-
gametes (Fig. 1), being irregular in shape, with
a nucleus located 1n the posterior one-half of
the body. At 15 to 20 hr, ookinetes appeared
to uncoill or clongate. During this time, a
promment bulbous structure, containing the
dense mass of nuclear material, was present at
the posterior end (Figs. 2, 3). As development
proceeded, the nucleus moved antenorly into
the body of the ookinete, at which time the
bulblike structure simultancously decreased in
size so that only a small protubcrance remained
(Fig. 4). In some vokinetes, the nucleus re-
mained within the bulblike posterior end (Fig.

5). Mature ookinetes appeared commalike,
blunt anteriorly and tapered posteriorly (Fig.
6). Each one measured approximately 12 u
long and 2.5 p wide. An ovate nucleus en-
closed by a nondescript nuclear membrane was
usually located in the posterior half of the body.
Pigment granules were observed in the anterior
half of the body and circular patches were seen
within the cytoplasm.

Occasionally, aggregation and clumping of
macrogametocvtes occurred in both cultures
as early as 15 lir after blood inoculation (Fig.
7). At 20 hr, well-developed ookinetes, both
commalike and elongated forms with a posterior
bulbous end, were observed moving away
singly from the aggregates or clusters.

Some mature ookinetes attempted to pene-
trate red blood cells (RBC) (Fig. 8). These
ookmetes became motionless immediately after
failing to penetrate 1ed blood cells (RBC).
This period of mnactivity was then followed by
degeneration of the ookinete.

The extent and mode of locomotion of the
ookinete was hest seen with Zeiss—Nomarski
interference-contrast normal speed cinephoto-
micrography. Motile ookinetes were first seen
at 18 hr mto the cultivation period. Some
exhibited a snakelike (Figs. 10-12) or a slight,
wnggly, ghding movement (Figs. 13-18). Im-
mature ookmetes which still had a posterior
globular structure were also capable of similar
movements. These activities lasted for as long
as 15 hr in culture. At 40 hr, ookinetes pro-
gressively decreased in motility and ultimately
remained stationary. Decgeneration became
evident about the 48th hr; ookinetes swelled
to a rotund shape with indistinct nucleus and
ill-defined cytoplasmic inclusions (Fig. 9).

*

Figures 1-9. Development of Plasmodium berghei ookinete in cell cultures. All are living specime:u
photographed with Zeiss=Nomarski nterference-contrast microscopy  Fige, 10-12, Ookinete movement
taken at 30-sec intervals with Zeiss-Nomarski interference-contrast microscopy. Figs. 13-18, Ookinete
movement tahen at 1-min ntervals, Hours after inoculation of infected blood 1nto the culture substrate
and magmfication arc listed in parentheses. Abbreviations: B, bulbous posterior end; CP, circular cyto-
plasmic patches, M, fertilized macrogametocyte, M, macrogametocyte, N, nucleus; Oo, ookinete; P,
posterior protuberance; G, pigment granules; RBC, red blond cells. 1. Fertilized macrogametocyte and
young developing ookimete (15, X 980). 2. Early stage of zygote beginming to uncoil; nole presence of
a small elongatmg antenior end (arrow) (8; X 960). 3. Elongating zy gote, note presence of cytoplasmic
inclusions al the anterior region (arrow) (8, x 1,100). 4. Later stage of developing ookinetes; note
presence of small protuberance at posterior end (arrow) (24, X 1,500). 5. Well-developed ookinete with
nuclear matenal within bulblike posterior end (24; % 1,400), 6. Mature conunalike* cokinete with well-
defined cytoplasimic patches, nucleus, pigment granule, and a small posterior protuberance; note lysed
infected red blood cell (arrow) (24; X 1,500).
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Ficunes 7-18. Development of P. berghei ookmete cont’d 7. An aggregate of well-developed oo-
kinetes and macrogametocytes (24; X 1,500). 8. A mature ookimete attempting to pencetrate a red blood
cell (24; x 1,500). 9. Degenerated ookincte (50; x 1,200). 10-12. Snakelike movement of an vokinete

(sce arrow) (24; X 750). 13-18. Mature ookinete exhibuting a slight, wriggly gliding movement (24;
X 760).
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DISCUSSION

Genesis of the early stages of the sporogonic
forms of the malarial parasite, P. berghei, has
been successfully demonstrated in  primary
cultures of cells of A. stephensi (Rosales-Ron-
quillo, Simons, and Silverman, 1972) and in
an established cell Ime of A. stephenst (Schnei-
der, 1969). After moculation of these cultures
with ervthroeytic gametocytes obtained from
plasmodium-nfected hamsters, exflagellation of
microgametoytes, fertihzed macrogametes (zy-
gotes), and formation of two structural foims
of viable oohmetes were obscrved. Morplio-
logical charactensstics and motility of the oo-
kinetes do not differ from those found in
vivo.

Culture eapernnents reported by earher
workers (Micks, de Cares, and Franco, 1948,
Ball and Chao, 1964; Yocli and Upmanis,
1968) indicated that the mosquito stomach
probably possessed some substances necessary
for mamtaming the viability of the gametocytes,
insuring exflagellation of mcrogametocytes,
fertitization of macrogametes, and ookinete
formation, Weathersby (1954, 1960) found
that the mosquito stomach is not necessary to
msure sporogonie development of the parasite
by obtaming formation of oocysts in the hemo-
coel of mosqutoes. Alger (1968) demonstiated
ookinete formation m heparimzed and non-
leparmzed mfected mouse blood sealed m
capillary tubes, In the present study, we found
that the mosquito gut is not essential for devel-
opmnent of the early stages (ookinetes) of the
sporogonic foun of P berghei Smce the cul-
tures employed consist of cells and cellular
outgrowths from mosquito larval fragments,
the parasite 15 apparently not dependent upon
specific host organs for development i vitro,

The carly development of the sporogonic
stages is eppaiently mfluenced by the tem-
perature emploved dunng  cultivation, the
particular age of both cultures used, the length
of time the cultnes were conditioned at 21
C in serum-free MEM, as well as the pIT of the
culture.

The temperature range which permits oo-
kinete formation in vivo (18 to 21 C) in the
natural host (Yoeh, 1965) also applies to our
in vitro system. No ookinetes were observed
in cultures maintained below 18 C or above
21 C

Schneider (1972) and Ball and Chao (1971)
suggested that primary mosquito cell cultures
are probably more smtable for cnlturing the
malaria parasite than the established unopheline
cell line. Cells in primary culture probably
retain more physiological and biochemical
charactenstics of the cells of their origin than
cells in the established cell line which without
doubt have already undergone extensive change
and adaptation throngh a long period of sub-
culturmg, Iowever, we found that more oo-
kinetes developed n the anopheline cell line
than in the 3-day-old and 30-day-old primary
cultures  Presently, notlung conclusive can yet
be stated, as to which will serve 2s a better
culture system, until the capabilities of primary
cultures of varymg ages, e g, 10-day-old, 15-
day -0ld, 20-day-old, and 25-day-old, have been
fully eaplored.

No development of the parasites was ob-
served 1 cither cell substrate which were
conditioned 1 their old medium prior to inocu-
lation with parasitized hamster blood. Failure
of ookmetes to develop in these cultures may
he due to toaaty caused by the accumulation
of metabolie waste m the old medium which
might have adverse effect on ihe gametocytes,
No development was evident in medium alone
(MEM) erther with o without inactivated
fetal bovie seruin (FBS). It is hkely that the
MEM ualone cannot fulfill the nutritional re-
quirements of the developing parasite. Qn the
other hand, MEM, which was fortified with
mactivated FBS, also failed to support ookinete
development.

The apparent conditioning period (2 to 24
In} of the cell substrates at constant temper-
ature (at either 18, 19, 20 or 21 =1 C) in
fresh scrum-free MEM prior to cultivation may
have a direct and nnmediate beanng on the
matwmation of gametes, fertilization, and oo-
kimete development. During this period the
hiving cells may have enriched the media by
release of substances that mitiate eaflagellation,
msure fertihzation, and support ookinete for-
mation.  Failure of the ookincte to develop
further inight be due to depletion or lack of
some essential substances in the eulture. How-
ever, prolonged conditioning for more than
24 hir did not elicit any sign of development
bevond the ookinete stage.'

Micks. de Caires, and Franco (1948) demon-
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strated that the exflagcllation of the male
gametocvtes of two malarial parasites, Plasmo-
dium cathemerium and Plasmodium relictum,
has no correlation to pH. Ball and Chao
(1964) showed that early oocyst development
of Plasmodium relirzium in vitro occurred at a
pH of about 7 and an alkalme medium of pH
8 is favorable to sporozoite production. We
obtained successful ookinete formation of P
berghei in both cultivat:en substrates within an
initial pH range of 7.4 to 7.6 Structural -
tegrity of the cell substrates and the foimed
ookinetes, as well as the motilitv of the latter,
were still noted within a pIH range of 7.6 to
8.0 40 br into the cultivation period. Thus
increase in alkalimty of the culture substrates
as cultivation progresses mav be due to the buf-
fering capaaity of the ioculated infected blood.
Ball and Chao (1964) pomted out that a lugh
pH is favorable to the development of the
later stages of the sporogonic forms, therefore,
this increase m alkalimity as cultivation pro-
gresses night be one of the essential factors for
successful cultination of the malarial parasite.

This investigation showed that a single
culture of the entne sporogonic form of P.
berghei cannot be obtained under the present
cultural environment. 1t is apparent that our
cultures can approvimate the in vivo conditions
for only a limited time, Ball and Chao (1964,
1971) and Schneider (1968, 1972) in then
attempts to culture later stages obtained es-
sentially similar results in that the oocysts
developed for a short perniod of time, ranging
from 4 to 5 days using primary cultures and
established c¢ell lmes of mosquitoes.  Their
work as well as our investigation strongly indi-
cate that the physiological as well as bio-
chemical requirements of the different stages
of the sporogonic forms are exacting. Efforts
towards improving our cultivation substrate are
presently in progress.
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Plasmodium berghei Ookinete Formation in a Nonvector Cell Line

Rosales-Ronquillo and Silverman (1974, J.
Parasit. 60: 819-824) reported successtul in
vitro cultivation of ookinetes of Plasmodium
berghei in primary cultures of mosquito cells
(Rosales-Ronquillo et al., 1972, Ann. Entomol.
Soc. Am. 65: 721-729) and an established
anophchne cell ine (Schneider, 1969, J. Cell
Biol. 42: 603-606). llowever, both cultuies
were insufficient in supporting development
beyond the ookinete stage. Dutky (1964, Am.
J. Trop. Med. 13: 193-194) suggested that
nonvector cell lines might be more suitable
for cultivating the entire mosquito cycle of the
malarial parasite. Screening of varivus vector
and nonvector host cell lines is currently bemg
explored.

The ability of some fish cell lines to support
growth of viruses (Officer, 1968, Proc. Soc.

Exp. Bio. Med. 116: 190-194; Wolf et al,,
1968, J. Inf. Dis. 118: 253-262) led us to
investigate the feasibility of culturing the sporo-
gonic forms of the malarial parasites in either
the fathcad minnow (FHM) line of epithelial
cells (Gravell and Malsberger, 1965, .Avn. N. Y,
Acad. Sci. 126: 555-565) or rainbow trout
gonadal (RTG-2) cell line (Wolf and Quimby,
1962, Scaence 1335: 1065-1067).

Mecthods employed in this investigation were
essentially the same as those described by
Rosales-Ronquillo and Silverman (1974, loc.
cit.).

Exflagellation of microgametocytes, fertilized
macragametocytes (zygotes). and ookinete de-
velopment were scen in the fathead minnow cell
line and proceeded en a schedule similar to
that occurring in vivo (Gamham, 1965, Ann.
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Freunes 1-3. Photomicrographs of Plasmodium
ookinete formation in fathead minnow (FIIM)
line of epithelial cells, All are living specimens
photographed with Zciss-Nomaiski interference-

THE JOURNAL OF PARASITOLOGY, VOL. 60, NO. 6, DECEMSER 1974

Soc. Belge. Med. Trop. 45: 259-266) as well
as in the vector cultures in vitio (Rosales-
Ronquillo and Silverman, 1974, loc. cit.). Ag-
gregates of acrogametocytes (Fig. 1), the
development of twe forms of cokimetes at 18
to 24 In (g 2), and the mode and eatent
of locomotion of both forms of ackmetes were
sumilar e veetor as well as nomecton cultures,
Fertihzation of macogametes by micriogametes
was pot seen.

Although many ookmetes attempted to pene-
tiate cells, entry of the ookinete into the cell
was not obsenved. However, m some FIIM
cultures  ookmetes appeared to be locaild
within intracytoplasmic vacuoles of the host
cells (Iag. 3). This was not observed in
either of the mosquito culture systems.  Light
and election mictoscopie studies e curiently
i progress o order to deteimine  whether
these ookinetes wie intia- o extiacellular.
Ookinetes 1 mtracytoplasiic vacuoles did not
undergo any fuither devclopment.

The results of the present investigation sug-
gost that FHM cultwes might have more
potental capalnhties than cultures of mseet
origin an supporting the development of oo-
kinetes mto oocysts. Farther waork along this
line is cuntently m progiess.

Development of the malanal organism in
this nonveetor calture mdicates that the host-
cell parasite speaihicity which oceurs in vivo
does not apply to cells and parasites in vitro.
This 1s the fast report of the deyelopment of
ookmetes of P. berghei in an atypical pathogen-
vector culture system.,

Maria C. Rosales-Rorquillo, Gregory Nicnaber, and
Paul H. Silverman, Department of Biology, Univer-
sity of New Mexico, Albuquerque, New Mexico
87131 Supported by the Agency for International
Development, U S Department of State, Contract
No AID/csd-3689

contrast miucroscopy  Howrs after inoculation of m-
fected blood mto cell cultute and magmfication in
patentheses. Abbreviations  FM, fertihzed macro-
gametoeyte, FHM, fathead munnow eell, Oo, oo-
kinete. 1. An aggregate of fertilized macrogameto-
oste and ookmete (21, x L,300). 2, Two forins of
mature oohimete, one has a bulbous posterior end
(double arraws), the other ookmete 1 comma-
shaped, note parasites (single arrow) inside red
Llood cell (30, % 1,500). 3. An ookinete wluch
appeared to be located within the intracytoplasmnic
vacuole (sce arrow) of the culture cell (30,
% 1,500).



