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Abstract

Background: The epidemiological control of malaria has been hampered by the appearance of parasite resistance to
anti-malarial drugs and by the resistance of mosquito vectors to control measures. This has also been associated with
weak transmission control, mostly due to poor control of asymptomatic patients associated with host-vector transmis-
sion. This highlights the importance of studying the parasite’s sexual forms (gametocytes) which are involved in this
phase of the parasite’s life-cycle. Some African and Asian strains of Plasmodium falciparum have been fully character-
ized regarding sexual forms' production; however, few Latin-American strains have been so characterized. This study
was aimed at characterizing the Colombian FCB2 strain as a gametocyte producer able to infect mosquitoes.

Methods: Gametocyte production was induced in in vitro cultured P, falciparum FCB2 and 3D7 strains. Pfap2g and
Pfs25 gene expression was detected in FCB2 strain gametocyte culture by RT-PCR. Comparative analysis of gameto-
cytes obtained from both strains was made (counts and morphological changes). In vitro zygote formation from FCB2
gametocytes was induced by incubating a gametocyte culture sample at 27 °C for 20 min. A controlled Anopheles
albimanus infection was made using an artificial feed system with cultured FCB2 gametocytes (14-15 days old). Mos-
quito midgut dissection was then carried out for analyzing oocysts.

Results: The FCB2 strain expressed Pfap2g, Pfs16, Pfg27/25 and Pfs25 sexual differentiation-related genes after in vitro
sexual differentiation induction, producing gametocytes that conserved the expected morphological features. The
amount of FCB2 gametocytes produced was similar to that from the 3D7 strain. FCB2 gametocytes were differenti-
ated into zygotes and ookinetes after an in vitro low-temperature stimulus and infected An. albimanus mosquitoes,
developing to oocyst stage.

Conclusions: Even with the history of long-term FCB2 strain in vitro culture maintenance, it has retained its sexual
differentiation ability. The gametocytes produced here preserved these parasite forms'usual characteristics and An.
albimanus infection capability, thus enabling its use as a tool for studying sexual form biology, An. albimanus infection
comparative analysis and anti-malarial drug and vaccine development.
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Background

Almost half of the world’s population is at risk of malaria
infection caused by the intracellular parasite Plasmo-
dium. The World Health Organization (WHO) estimated
219 million cases for 2017, representing a 2 million case
increase compared to 2016 [1]. Two hosts are involved
in the parasite’s biological cycle: the mosquito vector
(where parasite sexual differentiation occurs) and the
human host (where asexual replication prevails) [2]. The
parasite’s sexual phase (related to human-vector trans-
mission) starts just after the female Anopheles mosquito’s
uptake of infected erythrocytes having parasite sexual
forms (gametocytes) after biting an infected human. Sex-
ual form fusion (macrogamete and microgamete) occurs
inside the mosquito midgut; gametes then mate to form
zygotes, which transform into ookinetes and embed
themselves within insect midgut epithelial cells [3, 4].
Physiological conditions occur simultaneously during the
ookinete stage thereby facilitating parasite mobility and
oocyst formation and maturation; ookinetes differenti-
ate into oocysts and release large amounts of sporozoites
into the haemocoel upon maturation which are responsi-
ble for mosquito vector-human transmission [3, 5].

Gametocyte blockade is thus considered a good target
for vaccine development because it is intended to stall the
disease at human-vector transmission level [6, 7]. Small
quantities of gametocytes circulate in infected humans’
bloodstreams, being exposed to the host immune system;
ookinetes could come into contact with the mosquito’s
immune system that includes a complement-like immune
response [8—10]. The host’s immune response gradually
controls Plasmodium dispersal by reducing the amount
of circulating gametocytes and limiting parasite devel-
opment inside the mosquito vector, making this Plasmo-
dium sexual stage an important biological bottleneck [11,
12]. However, even with such biological control, natu-
ral response against the parasite leaves asymptomatic
human parasite carriers (i.e. an important cause of trans-
mission) [7, 8]. Parasite culture and the biological study
of sexual-stage parasite antigens are important for iden-
tifying and selecting effective vaccine candidates to stop
this never-ending infection cycle [13].

It is known that infection susceptibility and disease
transmission through Amnopheles is determined by the
genetic characteristics of the mosquito and the para-
site [4]. Mosquito immune pressure generates genetic
changes in P falciparum, thereby enabling its gradual
adaptation to mosquitoes from different geographi-
cal regions [11]. Parasite-vector interaction has been
extensively followed up in African mosquitoes because
of the ease of parasite isolate availability and the ease
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of establishing mosquito colonies to facilitate studying
the mosquito’s immune response [14-17]. Comparative
analysis of parasite compatibility with mosquitoes from
Africa and Southeast Asia has found parasite adaptive
mechanisms regarding each Anopheles species; a similar
approach has been followed with the Latin-American P,
falciparum strain 7G8 and Anopheles albimanus [15].
Even so, knowledge is still lacking about the interaction
of other Latin-American parasite strains with New World
mosquitoes [18]. This has mostly been due to difficulties
in establishing Anopheles colonies (from the New World,
especially regarding epidemiologically important mos-
quito strains) and also the lack of parasite strains from
this geographical area having characterized sexual differ-
entiation capability [18-21].

Plasmodium falciparum strains can be stimulated
in vitro for gametocyte production; these sexual forms
could be used in antibody invasion inhibition studies and
testing candidate antigens for vaccine development [22].
Some P. falciparum strains (such as NF54) continuously
cultured in vitro keep their sexual differentiation capabil-
ity; however, many lose it because of spontaneous genetic
mutations of sexual differentiation-related transcription
factors, like the apetala 2-gametes (ap2-g) transcription
factor [23].

A group of Colombian P falciparum isolates were
adapted to continuous in vitro culture more than 30 years
ago; the falciparum Colombia Bogotd 2 (FCB2) strain (an
in vitro culture-adapted isolate from Colombia’s Eastern
Plains) from that group was described as having sexual
differentiation capability [24]. This strain has been used
for antigen analysis when developing an anti-malarial
vaccine and in studies of the human immune response
against the parasite [25-27]. This strain has been main-
tained in in vitro continuous culture since then but it was
not known if it conserved its sexual differentiation abil-
ity or whether sexual forms could evolve to mature forms
and infect local Anopheles species [24].

The purpose of this study was thus to induce Colom-
bian FCB2 strain gametocyte production and prove its
infective ability by controlled female Anopheles mosquito
infection using an artificial feeding system involving par-
asitized erythrocytes. These FCB2 strain sexual forms
(having mosquito infective capability) could thus be used
in comparative studies with other P falciparum strains
for evaluating antibodies produced against antigens,
representing promising candidates for blocking malarial
transmission [28, 29]. This information increases knowl-
edge about this specific Colombian parasite strain and
provides another tool for developing anti-malarial drugs
and vaccine candidates tackling parasite transmission.
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Methods

Plasmodium falciparum in vitro culture

3D7 (BEI Resources Repository, NIAID, NIH: Plasmo-
dium falciparum, Strain 3D7, MRA-102, contributed
by Daniel J. Carucci) and FCB2 parasite strains were
cultured with O+ human erythrocytes in RPMI 1640
culture media, supplemented with human inactivated
serum, in a 90% Ny, 5% O,, 5% CO, atmosphere [30].
The maintenance protocol of asexual and sexual forms
of Delves et al. was followed [22]. Briefly, asexual para-
site form culture was checked every 48 h, maintaining
0.5% culture parasitaemia in 4% haematocrit until game-
tocytes became mature (gametocyte stage V) after 12
to 15 days culture involving daily medium replacement,
without adding fresh erythrocytes. The gametocytes were
then tested regarding their sexual differentiation capa-
bility in vitro, using 100 pL gametocyte culture (stage
V) at 27 °C for 20 min [31]. Samples were then spun at
2500 rpm for 3 min, pellets were analysed by Giemsa
staining and gametes were visualized at 40x using a
Primo Star Carl Zeiss microscope [32].

An exflagellation test was made on gametocyte culture;
50 pL mature gametocyte culture mixed with human
serum was kept at room temperature for 10 min. The
cells were visualized in a Neubauer chamber at 40x using
a Primo Star Carl Zeiss microscope. Exflagellation cen-
tres were counted and exflagellation percentage calcu-
lated using the following equations [22]:

Culture exflagellation per mL
= mean of exflagellation on 4 grids

X 2(dilutionfactor) x 10*

Erythrocytes per mL
= mean erythrocytes in 16 small squares

x 100 x 2(dilution factor) x 10*

Percentage exflagellating cells

It lati L
__ culture exflagellation per m < 100

erythrocytes per mL

PCR and DNA sequencing

Plasmodium falciparum FCB2 strain genomic DNA was
extracted from parasite in vitro culture using an Ultra-
Clean BloodSpin DNA Isolation Kit (MO BIO) and
stored at —70 °C until use. The PfRh1 and Pfimsp2 genes
were amplified using previously reported primers for
PfRI [33] (PfrhIE-AATACACATAATAAGAAGAACC,
PfrhIR-TAGTGAATGTTCGTTATCTTG) and the fol-
lowing primers for Pfinsp2 (Pfimsp2F-AAAACATTGTCT
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ATTATAAATTTC, Pfmsp2R-TGCATCATTAGTAGT
TGTGG). Phusion Hot Start II High-Fidelity PCR Master
Mix (ThermoFisher) in a BioRad T100 thermal cycler was
used for PCR amplification. A Wizard SV Gel and PCR
Clean-Up System (Promega) was used for purifying PCR
products which were then sequenced using the Sanger
method (Macrogen).

SnapGene software (from GSL Biotech; available
at snapgene.com) was used for manually editing the
DNA sequences and ClustalW for aligning them [34].
EMBL-EBI MUSCLE software was used for multiple
sequence alignment against reported Pfril and Pfinsp2
sequences from other P, falciparum strains (3D7, NF54,
HB3, FVO, CAMP/Malaysia, Senegal, D10, IT and 7G8)
and visualized using MView software.

RNA extraction and cDNA synthesis

In vitro gametocytes (from parasite culture) were used
for RNA extraction; 0.2% saponin was used in game-
tocyte-parasitized erythrocyte soft lysis. TRIzol LS
(Invitrogen)-chloroform treatment was then used for
RNA extraction, following the manufacturer’s recom-
mendations. A SuperScript III Reverse Transcriptase
kit (Thermo Fischer Scientific) was used for cDNA syn-
thesis, following the manufacturer’s recommendations.
All samples’ concentrations were measured by spectro-
photometry (at 260 nm) and stored at — 70 °C until use.

RT-PCR

Primers were designed for analysing Pfs25
(PF3D7_1031000), Pfg27/25 (PF3D7_1302100), Pfsi6
(PF3D7_0406200) and Pfap2g (PF3D7_1222600) gene
transcription, using the 3D7 sequence as reference.
BLAST was used for aligning these genome sequences
with other P, falciparum strains; Primer3web software
(http://www.primer3plus.com/primer3web/prime
r3web_input.htm) was used for designing the primers,
using conserved regions. A pair of primers was
designed from each gene (Pfs25F-CCATGTGGAGAT
TTTTCCAAATGTA, Pfs25R-CATTTACCGTTACCA
CAAGTTACATTC; Pfg27/25F-TGACAATGTTATCTT
GGACACGT, Pfg27/25R-CCCCTCTCTCACCTCGTA
TT; Pfs16F-CCCCTCTCTCACCTCGTATT, PfsI6R-
CCCCTCTCTCACCTCGTATT;  Pfap2gF-CGAATG
GGAAGAGAGCATGC, Pfap2gR-TCGCTTTCTTGT
CCATGCAA). The NCBI Primer-BLAST tool (https://
www.ncbi.nlm.nih.gov/tools/primer-blast/) was used
for testing primer specificity. Go Taq DNA polymerase
(Promega) was used for RT-PCR which was carried out
on a Bio-Rad T100 thermal cycler. All PCR amplifica-
tions were resolved on 1.5% agarose gel stained with
SYBR safe.
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Anopheles albimanus and Anopheles stephensi infection
and dissection

The An. albimanus Buenaventura strain (originated from
Colombia, kindly provided by the Instituto Nacional de
Salud de Colombia) and Anopheles stephensi STE2 strain
(originated from India, kindly provided by Doctors Ana
Catarina Alves, Henrique Silveira and Jodo Pinto, from
the Instituto de Higiene e Medicina Tropical, Universi-
dade Nova de Lisboa, Portugal) mosquitoes were bred
at 26+ 2 °C temperature, 60—80% relative humidity and
12 h light/dark cycles. Adults were fed with 10% sugar
solution. Two to three days after eggs hatched, a maxi-
mum of 250 larvae were placed in plastic recipients and
fed daily with powdered sterilized cat food [16]. Three-
to six-day-old emerged female mosquitoes were used for
infection assays; this involved collecting 100-150 indi-
viduals in plastic recipients covered with fine pore black
netting [35]. Gametocyte culture (14—15 days old) for
mosquito feeding was pelleted and diluted at 40% haema-
tocrit with human O+ erythrocytes, supplemented with
inactivated human plasma [36]. Females were then fed
for 20 to 30 min on pig membranes, using an artificial
feed system. After being fed with gametocytes, mosqui-
toes were kept for 12 to 15 days in the aforementioned
conditions [35, 36].

Parasite forms in the mosquitoes’ midgut were fol-
lowed-up by dissection during different parasite growth
stages. A standard 0.5% mercurochrome midgut stain
was used for parasite form count. Each individual’s infec-
tion rate (percentage of mosquitoes infected in the mid-
gut) and infection intensity (the median of oocysts in
mosquito midgut) was recorded and compared to experi-
mental groups (FCB2) [5]. In vivo gametocyte infectivity
was determined by analysing oocysts’ phenotypical char-
acteristics in mosquito midgut [17].

Statistical analysis

STATA 14 software was used for all statistical analysis
(0.05 significance level). Data was reported as percent-
ages. A Chi” test was used for establishing statistical dif-
ferences between group percentages; the quantitative
variables in this study were described with their respec-
tive medians and interquartile ranges (IQR). A Mann—
Whitney U test was used for comparing median values.

Results

Plasmodium falciparum FCB2 strain molecular
characterization

The P falciparum FCB2 strain has been maintained
for a long time under in vitro culture. Pfrhl [33], and
Pfimsp2 were sequenced and aligned against 3D7, NF54,
FVO, HB3, Camp/Malaysia, Senegal, D10, 7G8 and IT
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P falciparum strains for determining that the FCB2
strain was not contaminated with other P falciparum
strains. Some nucleotide changes are seen for Pfrhl
(3086A>T SNP in FVO, Camp/Malaysia and Senegal
strains sequences 3064T>C SNP in 3D7, NF54, HB3 and
3921A>G SNP in Camp/Malaysia and Senegal strains), as
well as multiple changes in the Pfinsp2 sequence (Addi-
tional file 1).

Plasmodium falciparum FCB2 strain genetic gametocyte
production capability

It is known that continuous in vitro Plasmodium strain
culture tends to delete genes which are important for sex-
ual differentiation, thereby decreasing or impairing para-
site gametocyte production capability [23, 37, 38]. The
most important genetic change associated with the loss
of the parasite sexual differentiation capability is related
to the deletion or absence of Pfap2g gene expression [37].
The P, falciparum FCB2 strain has been kept in continu-
ous in vitro culture for nearly 30 years, probably losing
sexual differentiation capability associated with a loss of
Pfap2g expression. Pfap2g gene expression was verified
by RT-PCR; Pfap2g gene expression was found in these
parasites after having induced parasite differentiation to
sexual forms in in vitro culture (Fig. 1); no Pfap2g expres-
sion was seen in non-induced culture (Fig. 1). RT-PCR
was used to verify the FCB2 strain’s genetic sexual dif-
ferentiation capability; it corroborated Pfs25, Pfs16 and

1 2

T —1 —1
M  Pfs25 Pfap2g Pfs25 Pfap2g NC

M1 2 NC c M 1 2NC

Fig. 1 Pfs25 and Pfap2g expression. RT-PCR was used for analysing
Pfs25, Pfs16, Pfg27/25 and Pfap2g gene expression in the in vitro
cultured P, falciparum FCB2 strain induced for sexual differentiation. a
FCB2 Pfap2g and Pfs25 amplification; b FCB2 Pfg27/25 amplification.
¢ FCB2 Pfs16 amplification. 1: Asexual parasite in vitro culture, 2:
Gametocyte in vitro culture, M: molecular weight marker, NC:
negative control
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Pfg27/25 gene transcription [39-42] by RT-PCR, ampli-
fying the specific band (Fig. 1).

Plasmodium falciparum FCB2 strain gametocyte
production

Pfap2g, Pfs16, Pfg27/25 and Pfs25 gene transcription sug-
gested the FCB2 strain’s sexual differentiation capability
but did not prove gametocyte development. Morphologi-
cal analysis of the forms produced by this parasite fol-
lowed gametocyte production induction; such changes
were evaluated for 12 to 15 days until the gametocytes
reached their full mature morphology [22]. The parasites
started to have clear morphological differentiation by day
4, beginning with a larger round shape which started to
differentiate from the trophozoite forms. They then pro-
gressed to a D form before progressing to full mature
gametocyte morphology from day 13 onwards (Figs. 2
and 3), as expected for gametocytogenesis [43]. FCB2
strain gametocytes conserved most of the expected fea-
tures, having smooth and normal-sized parasite forms
during each stage [44, 45] (Fig. 2).

FCB2 gametocyte production was analysed using the P
Jalciparum 3D7 strain as control. Sexual differentiation
was induced in both in vitro cultured strains; the sex-
ual forms obtained in each strain were counted, finding
similar FCB2 strain gametocyte production (0.2% game-
tocytaemia) compared to that for the 3D7 strain (0.8%
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gametocytaemia) (Fig. 3a). A previous study reported
maximum 0.8% 3D7 gametocytaemia, thereby support-
ing our findings [46].

An exflagellation test was made after inducing sexual
differentiation, finding 0.45% exflagellated cells in in vitro
gametocyte culture, compared to 1.08% in 3D7 gameto-
cyte culture (Fig. 4).

Plasmodium falciparum FCB2 strain gametocyte infectivity
In vitro zygote formation was evaluated after placing
FCB2 strain gametocyte culture samples in low temper-
ature conditions (23 °C) to assess whether FCB2 strain
gametocytes could infect mosquitoes. Round-shaped
parasite forms (i.e. zygote forms) were observed, almost
the same size as an erythrocyte (Fig. 2) [47]. Gametocyte
infectivity was then analysed in vivo determining the
amount of oocysts and their phenotypic characteristics in
the mosquitoes’ midgut.

Female An. albimanus Buenaventura strain were fed
with FCB2 gametocyte culture at 40% haematocrit, with
human O+ erythrocytes. An initial FCB2 oocyst quan-
tification in mosquito midgut until 10 to 12 days post-
feeding show that the median value was higher on day
8 (median 64, interquartile range (IQR) 40) compared
to day 12 (median 35, IQR 48); median distribution
regarding the days evaluated here was statistically sig-
nificant (p =0.0147, U test) (Fig. 5). Oocyst development
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Fig. 2 Morphological characteristics of gametocytes produced by the Plasmodium falciparum FCB2 strain. FCB2 strain gametocytes obtained from
parasite culture at 0.3% parasitaemia were analysed by Giemsa staining. Gametocytes were visualized at 100X on a Primo Star Carl Zeiss microscope
and 3 biological replicates were performed, counting minimum 3 fields per replica. Black arrows indicate parasite forms. A FCB2 gametocyte stage
I-Il; B FCB2 gametocyte stage II-Ill; C-E FCB2 gametocyte stage IV-V; F, G FCB2 form similar to zygote stage; H FCB2 form suggesting ookinete
stage
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Fig. 3 Plasmodium falciparum FCB2 and 3D7 gametocyte production. FCB2 and 3D7 strains’' gametocytes were obtained from parasite culture at
0.3% parasitaemia, analysed by Giemsa staining and parasitaemia and gametocyte stages were estimated by counting at 40X on a Primo Star Carl
Zeiss microscope. 3 experimental replicates were made. a Relationship between FCB2 strain days’ culture and parasitaemia (Lines) and that for 3D7
strain (grey bars); b Number of FCB2 strain gametocytes at different stages according to the days in culture
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were followed by days 8, 9, 12 and also 15 post-feeding
(Fig. 6). This was followed by oocyst detection in the
mosquito midgut until 10 to 12 days post-feeding; the
lowest amount of oocysts in An. albimanus midgut was
observed on day 8 for 3D7 (16.7%) and FCB2 (33.3%),
having no statistically significant difference between both
strains (p=0.833), compared to day 12 (53.3% for 3D7

and 60% for FCB2, p=0.378) (Fig. 7). A similar pattern
was seen for An. stephensi infection for 3D7 (33.3%) and
FCB2 (50%) on day 8 (»=0.800) and 3D7 (66.7%) and
FCB2 (80%) on day 12 (p=0.264) (Fig. 7). 3D7 and FCB2
strain oocysts’ morphological characteristics were com-
pared. It was found that most FCB2 oocysts were similar
to those from the 3D7 strain regarding their roundness
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Fig. 4 Plasmodium falciparum FCB2 exflagellation. FCB2 and 3D7 gametocyte culture exflagellation was induced by putting 50ul gametocyte
culture sample at room temperature for 10 min. A-C FCB2 exflagellated microgametes; D exflagellation percentages (EP) were calculated for each
strain (3D7 and FCB2); 3 experimental replicates were made. Exflagellated forms, analysed by Giemsa staining, were visualized at 100X on a Primo

and size, although many oocysts’ growth became stalled,
indicating their atrophy (Fig. 8).

Even when the percentage of infected mosquito mid-
guts was high on the 1st days studied, only 1.75% of mos-
quito females had normal oocyst development by day
12 (Figs. 6 and 8). Many factors affect parasite develop-
ment inside a mosquito midgut, such as the mosquito’s
immune response against the parasite (limiting Plas-
modium growth and survival in mosquito midgut and
haemolymph) [2, 48, 49]) and parasite mechanisms for
evading mosquito immune systems (Pfs47-mediated
[50, 51] and Pfs47 haplotype variation associated with
its geographical origin [11]). Moreover, long-time FCB2
strain in vitro culture could contribute to such low oocyst

maturation; it was thus hypothesized that a controlled
in vitro environment may induce genomic and/or tran-
scriptomic changes affecting gametocyte production
and oocyst maturation. In-depth studies about genomic
changes and transcriptional variation in oocyst growth-
related genes must be made regarding the parasite’s sex-
ual development in in vitro strains.

Discussion

Malaria still remains a critical infectious disease because
of the stalemate in controlling its progress since 2015
[1]. This problem has mostly been associated with the
appearance of parasite resistance to anti-malarial treat-
ment and the mosquito’s resistance to currently available
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Fig. 5 Plasmodium falciparum FCB2 oocyst production. FCB2
oocyst median production on day 9 and 12 post-infection in female
mosquitoes infected with FCB2 gametocytes obtained from parasite

culture at 0.3% parasitaemia were analysed by Giemsa staining

insecticides [52, 53]. Asymptomatic patients (associated
with silent host-vector transmission) are related to the
disease’s epidemiological persistence thereby highlight-
ing an increasing need for tools enabling the study of par-
asite transmissible forms [54—57].

As the parasite’s sexual forms are directly related to
host-vector transmission, the in vitro study of antigens
blocking this parasite stage is important for attacking
this infection. Most studies usually involve using P. fal-
ciparum strains which have an already described dif-
ferentiation capability [43, 58, 59]. Many studies use the
NF54 parasite strain because of the ease of gametocyte
production; some approaches in Latin-America have
used the 7G8 strain [18, 19, 43]. Increasing the amount of
characterized P. falciparum strains from other geographi-
cal regions having sexual differentiation ability might
upgrade variability analysis and provide a better response
to the need for anti-malarial drugs and vaccines.

The P falciparum FCB2 strain was adapted from
a severe malaria patient’s isolate and has been kept
in in vitro culture for more than 30 years [24]. Most
in vitro cultured parasite strains lose their sexual dif-
ferentiation ability because of mutations in genes asso-
ciated with the proteins needed for it, such as Pfap2-g
[37]. This study has analysed the P. falciparum Colom-
bian FCB2 strain’s sexual differentiation capability by
initially verifying Pfap2g, Pfsi16, Pfg27/25 and Pfs25
gene expression used for detecting infected patients
who could have gametocytes and female parasite sex-
ual forms (Fig. 1) [39-42, 60]. It is worth noting that
the FCB2 strain has preserved its gametocyte produc-
tion (although to a low degree: 0.2% gametocytes after
12 days culture) after more than 30 years of in vitro
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culture; it has conserved its characteristic phenotype
during each gametocyte stage as seen in other sexu-
ally differentiated parasite strains (Fig. 2). These game-
tocytes were able to form zygotes and ookinetes and
exflagellate after in vitro culture with low-temperature
stimuli (Figs. 2, 3, 4).

The results highlighted the FCB2 strain’s differentiation
ability and indicated its ability to infect mosquitoes. FCB2
strain gametocytes infected Colombian An. albimanus
and An. stephensi using a controlled artificial mosquito
feeding system; they differentiated into oocyst forms
inside mosquito midgut, thereby confirming the conser-
vation of the mosquitoes’ infection ability (Figs. 6 and
8). It is known that culture conditions influence game-
tocyte formation, i.e. erythrocyte percentage, hypoxan-
thine and glucose concentration [22, 61, 62]. Serum also
influences gametocyte production; gametocyte produc-
tion and their infectivity become decreased when using
serum replacement substances [63]. Probably, such con-
served FCB2 gametocyte production could have been
associated with culture maintenance conditions, mostly
related to parasite culture media always being supple-
mented with human plasma and this might have helped
conserve this feature. Considering the implications of
in vitro culture conditions regarding gametocytogen-
esis, it could be supposed that such conditions may also
affect oocyst growth-associated genes, thereby causing
impaired development of most of FCB2 oocysts. Genetic
comparative analysis comparing high (e.g. NF54) and low
(e.g. FCB2) oocyst-producing strains may help to resolve
this question and also support the study of possible tar-
gets for anti-malarial drugs and vaccine development.

The FCB2 strain’s host geographical origin could also
have influenced the amount of infected An. albimanus
females and could have been related to the high percent-
age of oocysts recorded in this study. Mosquito infection
potential studies regarding some parasite strains from
different regions worldwide have shown that malarial
transmission success directly depends on the geographi-
cal origin of mosquitoes and parasites [64—66]. However,
further studies are needed (like the standard membrane-
feeding assay using different strains) to confirm this
hypothesis and confirming the compatibility between
this strain and the geographic origin of An. albimanus.

A mosquito’s parasite infectivity is related to the para-
site’s genetic factors enabling mosquitoes to avoid host
innate immune response resulting from coevolution of
both organisms [15]. Nevertheless, variation in mosquito
infectivity has been reported when using P. falciparum
isolates from the same geographical area, e.g. African
strain NF54 infected 90% of Anopheles gambiae, Ken-
yan strain K39 infected 86% of An. gambiae, whilst M24
infected only 6% of the same mosquito species [15, 66].
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10X and 40X on a Primo Star Carl Zeiss microscope

Fig. 6 Plasmodium falciparum FCB2 oocyst morphological characteristics. Female mosquito midguts infected with FCB2 gametocytes obtained
from parasite culture at 0.3% parasitaemia were analysed by 0.5% mercurochrome staining. A FCB2 oocysts day 8 post-infection; B FCB2 oocysts day
9 post-infection; C FCB2 oocysts day 12 post-infection; D FCB2 oocyst day 15 post-infection. All oocysts are indicated by black arrows, visualized at

Such huge difference regarding mosquito infection might
be explained by variations in parasite strain infection sus-
ceptibility associated with mosquito immune response;
specifically, increased An. gambiae thioester-containing
protein 1 (TEP1) has been shown to be involved in oocyst
killing, whilst parasite polymorphism in the Pfs47 gene
has enabled evading mosquito immune response [67].
Reports have shown that female An. albimanus infec-
tion with the 7G8 Brazilian strain was 68% and aver-
age oocyst production was 2 oocysts; such production
was small compared to the FCB2 strain studied here (56
oocysts by day 12) and highlighted differences regarding
compatibility between South American parasite strains
and mosquitoes from the same region [11, 68]. Mosquito

innate immune defence mechanisms may influence
midgut epithelial ookinete invasion [69, 70]; mosquito
immune responses could thus be related to the afore-
mentioned study’s findings. Gametocytaemia, mosquito
midgut xanthurenic acid concentration, haemozoin con-
centration, temperature and other intrinsic mosquito
characteristics also influenced FCB2 sporogony forma-
tion inside An. albimanus midgut [36, 71]; this might
explain the large amount of these forms found on initial
days post-feeding compared to the small amount of such
forms which finally developed. Moreover, the Anophe-
line late immune response against oocysts has been
described in other mosquito species; haemocytes have
been responsible for reduced parasite survival, using
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Fig. 8 Comparing Plasmodium falciparum 3D7 and FCB2 strains oocyst morphological characteristics. Female mosquito midguts infected with
FCB2 gametocytes obtained from parasite culture at 0.3% parasitaemia were analysed by 0.5% mercurochrome staining. A, B 3D7 oocysts on day
12 post-infection; C, D FCB2 oocysts on day 12 post-infection. Black arrows indicate viable oocysts; blue arrows show atrophic oocysts. All oocysts

visualized at 40X on a Primo Star Carl Zeiss microscope

.

unknown mechanisms [72]. Studying haemocyte cell
defence response in An. albimanus could be interesting
for recognizing its cellular immunity.

Conclusions

This study has thus proposed that the P falciparum
FCB2 strain could be a useful tool for gametocyte pro-
duction and mosquito infection studies, thereby ena-
bling antigen analysis and comparing anti-malarial
drug and vaccine effectiveness. Plasmodium falciparum
sexual differentiation and mosquito infection stud-
ies can facilitate the identification of parasite survival
mechanisms inside Anopheles, parasite strain infection
ability and further New World Anopheline malaria-
transmission characterization studies.
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