Adomako-Ankomah et al. Malar J (2017) 16:473

DOI 10.1186/512936-017-2123-2 MalariaJournaI

RESEARCH Open Access

Host age and Plasmodium falciparum @
multiclonality are associated with gametocyte
prevalence: a 1-year prospective cohort study

Yaw Adomako-Ankomah', Matthew S. Chenoweth', Aaron M. Tocker!, Saibou Doumbia?, Drissa Konate?,
Mory Doumbouya?, Abdoul S. Keita?, Jennifer M. Anderson’, Rick M. Fairhurst', Mahamadou Diakite?,
Kazutoyo Miura' and Carole A. Long'

Abstract

Background: Since Plasmodium falciparum transmission relies exclusively on sexual-stage parasites, several malaria
control strategies aim to disrupt this step of the life cycle. Thus, a better understanding of which individuals constitute
the primary gametocyte reservoir within an endemic population, and the temporal dynamics of gametocyte carriage,
especially in seasonal transmission settings, will not only support the effective implementation of current transmis-
sion control programmes, but also inform the design of more targeted strategies.

Methods: A 1-year prospective cohort study was initiated in June 2013 with the goal of assessing the longitudinal
dynamics of P falciparum gametocyte carriage in a village in Mali with intense seasonal malaria transmission. A cohort
of 500 individuals aged 1-65 years was recruited for this study. Gametocyte prevalence was measured monthly using
Pfs25-specific RT-PCR, and analysed for the effects of host age and gender, seasonality, and multiclonality of P falcipa-
rum infection over 1 year.

Results: Most P, falciparum infections (51-89%) in this population were accompanied by gametocytaemia through-
out the 1-year period. Gametocyte prevalence among P, falciparum-positive individuals (proportion of gametocyte
positive infections) was associated with age (p = 0.003) but not with seasonality (wet vs. dry) or gender. The propor-
tion of gametocyte positive infections were similarly high in children aged 1-17 years (74-82% on median among 5
age groups), while older individuals had relatively lower proportion, and those aged > 35 years (median of 43%) had
significantly lower than those aged 1-17 years (p < 0.05). Plasmodium falciparum-positive individuals with gameto-
cytaemia were found to have significantly higher P, falciparum multiclonality than those without gametocytaemia

(p < 0.033 in two different analyses).

Conclusions: Taken together, these results suggest that a substantial proportion of Pf-positive individuals carries
gametocytes throughout the year, and that age is a significant determinant of gametocyte prevalence among these P
falciparum-positive individuals. Furthermore, the presence of multiple P, falciparum genotypes in an infection, a com-
mon feature of P, falciparum infections in high transmission areas, is associated with gametocyte prevalence.
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Background mortality rate; 41% decline in incidence rate; [1]), malaria
Although malaria incidence and mortality rates have remains a major threat to global public health, especially
steadily declined from 2000 to 2015 (62% decline in  in Africa where > 92% of malaria-related deaths occurred

in 2015 [1]. Plasmodium falciparum, the most lethal
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exclusively on the gametocyte stage of parasite develop-
ment, and this step in the transmission cycle has been
targeted by several malaria control strategies. A better
understanding of which individuals constitute the pri-
mary gametocyte reservoir within an endemic popula-
tion, and the temporal dynamics of gametocyte carriage,
especially in seasonal transmission settings, is needed to
support the effective implementation of existing strat-
egies, and to further guide the design of more effective
transmission control programmes.

In hyperendemic areas, where repeated exposure to
P falciparum infections is commonplace, individuals
develop non-sterile immunity to clinical malaria over
time [2]. The consequence of this partial immunity is
that many people tend to carry untreated asymptomatic
infections for up to several months [3-5], with varying
contributions to the gametocyte reservoir. Gametocyte
prevalence is not homogeneous within a population, and
factors such as host age and asexual-stage parasitaemia
[6-8] have been associated with gametocyte carriage
in natural P falciparum infections. A recent system-
atic review has shown that younger age, lower asexual
parasite density, lower haemoglobin concentration, and
absence of fever were risks for gametocyte positivity in
uncomplicated malaria patients before artemisinin-based
combination therapy [9]. The existing gametocyte preva-
lence data derive mostly from cross-sectional studies and
rely heavily on microscopic analysis of blood smears, a
method well documented for its limited sensitivity. Infec-
tions with submicroscopic gametocytaemia constitute a
significant component of the transmission reservoir in
many endemic areas [10-12]. Nevertheless, there is lim-
ited information on longitudinal gametocyte carriage
measured by sensitive molecular methods, particularly
in areas with seasonal variation in transmission intensity
[13].

To gain a better understanding of the year-round
dynamics of P. falciparum infections (including total par-
asite and gametocyte carriage) in a seasonal transmission
area, a 1-year prospective cohort study was conducted
in Kenieroba, Mali, from June 2013 to May 2014 [14].
Gametocyte prevalence was measured at monthly inter-
vals using gametocyte-specific RT-PCR, and then tested
for association with several host and parasite factors.

Methods

Ethical statement

Ethical clearance for this study was provided by the Insti-
tutional Review Board of the National Institute of Allergy
and Infectious Diseases and the Ethics Committee of the
Faculty of Medicine, Pharmacy, and Odontostomatol-
ogy, University of Bamako. The study is registered with
Clinicaltrials.gov (Identifier No. NCT01829737). Written
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informed consent was obtained from all participants
aged > 18 years, or the parents or guardians of individu-
als aged < 18 years.

Study site and population

In June 2013, a prospective cohort study was initiated in
Kenieroba, Mali, to assess the population-level dynam-
ics of asexual and sexual parasite carriage over 1 year.
Malaria transmission in this area is seasonal, with most
cases occurring during the June-December rainy season
[14, 15]. The remainder of the year is mostly dry, with rel-
atively few malaria cases reported. A cohort of 500 indi-
viduals aged 1-65 years, selected to have a similar age
distribution as that of the entire village population, was
recruited for the study. Enrollment was based on age and
residency within Kenieroba for the 1-year study period.
The average retention rate for the study period was 84%.
The demographic characteristics of the cohort, and infor-
mation on clinical malaria and total parasite (asexual
and sexual parasites) prevalence during the 1-year study
period have been previously reported [14].

Sample collection and malaria case detection

Finger-prick blood samples were collected as dried blood
spots (DBS) on Whatman 3MM filter paper and also
as whole blood in RNAprotect® Cell Reagent (Qiagen)
for nucleic acid stabilization. Filter paper samples were
stored under dry conditions at room temperature, and
used for total parasite detection [14]. RNAprotect® sam-
ples were stored at — 80 °C until nucleic acid extraction
and molecular analyses were performed. For participants
who reported malaria symptoms (i.e., history of fever,
headache, body ache, and/or malaise) at any time dur-
ing the study, thin and thick blood smears were prepared,
Giemsa-stained, and read by experienced microscopists
for parasitological diagnosis. Confirmed cases were
referred to the Kenieroba Health Centre for standard-
of-care anti-malarial treatment after samples collection.
It should be noted that microscopic detection of para-
sites was only performed on samples collected from such
symptomatic individuals for parasitological diagnosis of
malaria cases, and not for general detection of P, falcipa-
rum infection in asymptomatic individuals in this study.

Molecular detection of Plasmodium falciparum infection
and gametocyte carriage

DBS samples were screened for P, falciparum infection by
species-specific nested-PCR as previously described [14].
Using whole blood samples collected in RNAprotect®
Cell Reagent, P. falciparum gametocyte prevalence was
measured by RT-PCR targeting expression of the female
gametocyte specific Pfs25 gene. Total RNA extraction
was performed using the RNeasy Plus 96 Kit (Qiagen),
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with an additional on-column DNase I treatment to
eliminate any remaining contaminating genomic DNA
(gDNA). RNA was eluted in 100 pL of RNase-free H,0
and stored at — 80 °C until molecular assays were per-
formed. Prior to the RT-PCR assay for gametocyte detec-
tion, all extracted RNA samples were tested for gDNA
contamination with a 40-cycle Pfs25-targeted PCR,
which was analysed with the LabChip GX and the HT-
DNA 5 K LabChip capillary electrophoresis setup in
accordance with the manufacturer’s protocol (Caliper
Life Sciences). After confirming absence of gDNA, RNA
samples were used as templates in a 1-step Pfs25-tar-
geted RT-PCR assay for gametocyte detection. Primers
and probe used in this assay were previously described
by Wampfler et al. [16]. The RT-PCR assays were per-
formed on CFX Connect” Real-Time PCR Detection
System (Bio-Rad), with the One Step PrimeScript’ RT-
PCR Kit (Clontech). Each reaction included 7.5 uL of
reaction buffer, 0.3 uL each of Ex Taq and RT enzymes,
400 nmols of each primer, 200 nmols of probe, and 2 pL
of extracted RNA for a total reaction volume of 15 pL.
The following thermocycler protocol was used: 1 cycle of
42 °C for 5 min and 95 °C for 10 s, 45 cycles of 95 °C for
5 s and 58 °C for 30 s. Assays were performed in dupli-
cates for each sample. The threshold for positivity was
set at 40 cycles based on testing with quadruplicate serial
dilutions of a plasmid standard carrying one copy of the
Pfs25 target sequence [16]: the lower detection limit of
this assay occurred at a one plasmid copy per pL concen-
tration with an average threshold cycle (Ct) of 40 cycles
(StDev = 0.19). This limit of detection is equivalent to
0.05 gametocytes/pL [16]. Therefore, samples with one or
both replicates at Ct of < 40 cycles were considered posi-
tive. No-template negative controls were included in each
run.

Identification of multiclonality by SNP DNA barcoding
Multiclonality was assessed among Pf-positive sam-
ples at four time-points (June, November, February, and
April), which were selected to reflect periods of varying
transmission intensities during the year. Multiclonality
was measured using a SNP DNA barcode assay as pre-
viously described [14, 17]. Plasmodium falciparum mul-
ticlonality was reported for each sample in two ways, as
described elsewhere [14]. In brief, polymorphic propor-
tion (PmP) was defined as the proportion (%) of poly-
morphic reactions among the total number of successful
reactions (reactions that yielded monomorphic or poly-
morphic nucleotide calls) from the 24 reactions that
comprise the 24-SNP barcode assay, and complexity of
infection (COI) was the estimated number of unique P,
falciparum genotypes in each infection calculated by the
COIL program [14].
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Data analysis

Cross-sectional Pf gametocyte prevalence was calcu-
lated at each time-point in two ways; (1) the number of
gametocyte-positive blood samples out of the total num-
ber of blood samples collected at the respective time-
point, termed “population gametocyte prevalence” in this
manuscript, and (2) the number of gametocyte-positive
samples out of P falciparum-positive (by nPCR) blood
samples (called “proportion of gametocyte positive infec-
tions”). The latter measure was used for all statistical
analysis. The proportion of gametocyte positive infec-
tions between wet (June to December) and dry (January
to May) season time-points were compared by Mann—
Whitney test. To analyse the effect of age on proportion
of gametocyte positive infections, the cohort was catego-
rized into seven age groups such that each group had a
similar number of individuals (60-91 in each group).
Proportion of gametocyte positive infections in each age
group was then determined at each of the 12 time-points
(one data point per month). Age-effect (12 propor-
tion data for each age group) was analysed by One-way
ANOVA test followed by Tukey’s multiple comparison
test. Similarly, the proportion of gametocyte positive
infections in each gender was calculated for each of the
12 time-points, and the gender-effect (n = 12 for each
gender) was evaluated using Mann—Whitney test. Mul-
ticlonality was compared between gametocyte-positive
and -negative samples using Mann—Whitney test for
PmP, and Chi square test for COL.

Results

Clinical malaria incidence and population Plasmodium
falciparum gametocyte prevalence

During the 1-year study period, a total of 469 clinical
malaria cases were recorded among 232 individuals; viz.
46.4% (232 out of 500) of all study participants experi-
enced at least one clinical malaria episode during the
year [14]. The highest monthly incidence of 116 malaria
episodes was measured in October, and the lowest inci-
dence of no malaria episodes in May 2014 (Fig. 1). Nearly
all Plasmodium infections were caused by P falcipa-
rum (Plasmodium malariae was the only other species
detected, at < 5% prevalence throughout the year) [14];
therefore, only P, falciparum parasites (total P, falciparum
positivity and P. falciparum gametocyte positivity) were
evaluated in this study, irrespective of potential, but rare
infections by other Plasmodium spp.

Population P. falciparum prevalence (by nested PCR)
was previously determined at 2-week intervals within
this cohort over the 1-year study period [14]. Here,
gametocyte positivity was assessed at one of two time-
points for each month by Pfs25-targeted RT-PCR among
P falciparum-positive samples (i.e., samples showing



Adomako-Ankomah et al. Malar J (2017) 16:473

Page 4 of 8

—_ - 140
X
3 L 120
& L 100 &
© 3
5 Ls0 T
2 @
c 60 2
o o
T L 40 §
3
3 Lo
o

Lo

B Total Pf prevalence Il Pf gametocyte prevalence
I Clinical malaria incidence

Fig. 1 Population total Plasmodium falciparum prevalence, P, falci-
parum gametocyte prevalence and clinical malaria incidence. Total

P, falciparum prevalence (include both asexual and sexual parasites)
and P, falciparum gametocyte prevalence in the entire cohort at each
month for 1 year are shown with the 95% confidence intervals (left
y-axis). Total P, falciparum positivity was measured by species-specific
nested PCR, and, P, falciparum gametocyte positivity by Pfs25 mRNA
RT-PCR. In addition, the number of malaria cases over each 1-month
period preceding sample collection is shown (right y-axis)

parasitaemia as detected by nested-PCR, regardless of
their clinical status). Cross-sectional P. falciparum game-
tocyte prevalence in the entire cohort (population game-
tocyte prevalence) showed a seasonal profile, ranging
from a minimum of 8.3% in May 2014 to a maximum of
30.1% in October 2013, similar to the seasonal effect seen
in population total P, falciparum prevalence (Fig. 1).

Gametocyte positivity among P. falciparum carriers

Figure 2 shows gametocyte prevalence among all P fal-
ciparum-positive individuals (proportion of gametocyte
positive infections) at one-month intervals over 1 year.
The proportion of gametocyte positive infections ranged
from 51.3% (61/119, July 2013) to 88.9% (32/36, May
2014), with no significant effect of seasonality on propor-
tion (wet vs. dry season, p = 0.343, Mann—Whitney test).
A previous assessment of the impact of several host fac-
tors, including age, gender, and red blood cell polymor-
phisms (i.e., ABO/Rh types, haemoglobin phenotype,
and G6PD deficiency and a-thalassaemia genotypes)
identified significant age and gender effects on persis-
tent total P. falciparum positivity, while all other factors
tested showed no significant association [14]. Since more
than half of P, falciparum-positive individuals were iden-
tified as gametocyte-positive throughout the year, when
cross-sectional population gametocyte prevalence was
analysed, similar age and gender effects were observed
on gametocyte positivity as was observed on total P
Sfalciparum-positivity ([14], Additional file 1). Therefore,
subsequent analyses were performed using proportion of
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Fig. 2 Monthly proportion of gametocyte positive infections over

1 year. Proportion of gametocyte positive infections among all P, falci-
parum positive individuals were assessed once per month, regardless
of their treatment status. The error bars indicate the 95% confidence
intervals. Number of P, falciparum-positive individuals screened for
gametocyte-positivity at each month is shown at the top

gametocyte positive infections, not the population game-
tocyte prevalence.

Effects of age and gender on proportion of gametocyte
positive infections

To assess age effect, the cohort was categorized into
seven age groups and the proportion was measured for
each age group at each of the 12 months during the year
(Fig. 3a). Proportion of gametocyte positive infections
was similarly high (74-82%, median of 12 time-points in
each age group) in the five age groups < 17 years. Older
individuals had relatively lower proportions (medians of
58 and 43% in 18-35 and > 35 age groups, respectively),
and the > 35 age group showed significantly lower pro-
portion than age groups < 17 years (p = 0.003, One-way
ANOVA; p < 0.05, Tukey’s multiple comparison test).
Similarly, the proportion of gametocyte positive infec-
tions in each gender group was determined at 12 time-
points (Fig. 3b), and there was no significant difference
between males and females (p = 0.755, Mann—Whitney
test). In both analyses, there was no appreciable effect
of seasonality on proportion (Fig. 3). Furthermore, none
of the RBC polymorphisms listed above were associated
with gametocyte positive rate (number of gametocyte
positive samples among all P. falciparum positive samples
tested throughout a year in each individual) in a multi-
ple linear regression analysis after adjusting for age and
gender (Additional file 2). Out of the 1176 P. falciparum-
positive samples, 57 RNA samples were collected from
participants with symptomatic malaria at the time of
sampling. Of those, 54 (94%) samples were identified as
gametocyte positive. Hence, the chance of gametocyte
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Fig. 3 Proportion of gametocyte positive infections stratified by age (a) and gender (b). Each data-point represents the proportion among the
respective age group at one of 12 time-points over the 1-year period. Number of individuals (N) in each age and gender group is shown in blue.
Triangles represent wet season time-points (June-December) and circles represent dry season time-points (January—May). a There was a significant
age-effect on proportion of gametocyte positive infections (p = 0.003, One-way ANOVA). Groups of children aged 1-17 years have similarly high
proportions. The > 35 age-group has significantly lower proportion than age-groups < 17 years (each of all age groups was compared to all other
groups by Tukey’s multiple comparison tests, and only significant p-values are shown). b There was no significant difference in gametocyte propor-
tion between males and females (p = 0.755, Mann-Whitney test)

positivity in symptomatic individuals was significantly
higher than that in asymptomatic individuals (786/1119,
70%; p < 0.0001 by a Fisher’s exact test).

Relationship between P. falciparum multiclonality

and gametocyte carriage

It was previously observed that there was a significant
positive correlation between persistent P falciparum
positivity over 1 year and multiclonality at multiple time-
points throughout the year [14]. Additionally, multi-
clonality, as measured by either PmP or COI, remained
stable between wet and dry season time-points. Here,
the relationship between multiclonality of P. falciparum
infections and gametocyte positivity was investigated.
Both PmP and COI were compared between gametocyte-
positive and gametocyte-negative infections at 2 wet
season and 2 dry season time-points. There was a gen-
eral trend of higher PmP and COI in gametocyte-positive
compared to gametocyte-negative infections throughout
the year, although these differences were not statistically
significant at individual time-points except in November
(Additional file 3). When data from all four time-points
were combined, PmP and COI were significantly higher

in gametocyte-positive than gametocyte-negative infec-
tions (Fig. 4a, p = 0.009, Mann—Whitney test; Fig. 4b,
p = 0.033, Chi square test).

Discussion

In this study, a highly sensitive molecular method was
used to measure changes in gametocyte positivity over
a 1-year period in an area with intense, seasonal malaria
transmission in Mali. Subsequently, the effects of age
and gender on the proportion of gametocyte positive
infections, as well as the relationship between gameto-
cyte positivity and multiclonality of P falciparum infec-
tions were analysed. Most P, falciparum infections in this
population over 1 year were found to be concurrently
gametocytaemic (51-89% of Pf-positive individuals).
There was no effect of seasonality or gender on propor-
tion of gametocyte positive infections. When age-effect
was assessed, the likelihood of carrying gametocytes
was similarly high in groups of children aged < 17 years.
However, adults aged > 35 years had a significantly lower
proportion of gametocyte infections than most groups of
children aged < 17 years, while adults aged 18—35 years
showed an intermediate proportion. Interestingly, this
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Fig. 4 Comparison of multiclonality between gametocyte-negative
(Nega) and —positive (Posi) individuals among P, falciparum-positive
individuals. a Polymorphic proportion (PmP, proportion of polymor-
phic reactions among the total number of successful reactions) and
b complexity of infection (COI, COIL-estimated number of unique P
falciparum genotypes in each infection) among P, falciparum-positive
individuals at four time-points (Jun,n = 119; Nov, n = 110; Feb,
n=>51;and Apr, n = 41) were pooled and stratified by gametocyte
status. Gametocyte positive individuals have significantly higher PmP
(p = 0.009, Mann-Whitney test) and COI (p = 0.033, Chi square test)
than gametocyte-negative individuals

study also found that P, falciparum infections with game-
tocytaemia had relatively higher multiclonality than
those without gametocytaemia.

The current report is an expansion of a year-long
cohort study conducted to investigate the longitudi-
nal dynamics of P. falciparum carriage in an area where
malaria transmission is intense and seasonal [14]. This
included an assessment of both asexual parasites and the
transmissible gametocyte stage. In a previous report, it
was observed that about 38% of this population carried
P falciparum infections at peak transmission and that
age and gender were significant determinants of Pf posi-
tivity throughout the year. Furthermore, persistent para-
site carriage was significantly associated with reduced
risk of developing clinical malaria over the 1-year study
period [14]. In the current study, it was found that most
P, falciparum-positive individuals in this population were
also gametocyte-positive. Therefore, it was not surprising
that the cross-sectional population gametocyte preva-
lence showed a generally similar profile over the 1-year
study period as population total P, falciparum prevalence
[14]. This observation is consistent with findings showing
gametocyte prevalence to broadly follow asexual para-
site prevalence in other transmission settings [9, 18-20],
although this pattern of association may be affected by
other factors including host age and transmission inten-
sity [13, 21].

Interestingly, while the total number of gametocyte
carriers was evidently higher in the wet season (Fig. 1),
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the proportion of concurrent gametocyte carriage among
P falciparum infections did not differ significantly
between the wet and dry seasons (Fig. 2). Several studies
have examined the effects of seasonality on population-
level gametocyte prevalence, and in some instances, they
found seasonal changes in gametocyte prevalence as a
function of rainfall and changes in asexual parasite den-
sity [13, 18, 22]. This is consistent with population game-
tocyte prevalence observed in this study. However, it is
unclear whether proportion of gametocyte positive infec-
tions is affected by the same determinants, such as rain-
fall and asexual parasite density, which affect population
gametocyte prevalence. In a report from Southeast Asia,
gametocyte prevalence among P falciparum-positive
individuals was found to be significantly higher in the dry
season than in the wet season, and negatively correlated
with rainfall [23]. Results from the present study indicate
little to no effect of seasonality on proportion of gameto-
cyte positive infections in this area of high transmission
intensity. Possible explanations for this disparity include
the high transmission intensity, and the use of a sensi-
tive molecular method to detect low-density infections
in this study (the Southeast Asia study used microscopic
detection [23]). Overall, the high level of gametocyte
prevalence among P falciparum-positive individuals
in this region (Fig. 2) is in line with a growing body of
evidence obtained through molecular monitoring [9,
24-26], which supports the premise that a much greater
proportion of P, falciparum infections produces gameto-
cytes and potentially contributes to the infectious reser-
voir than initially deduced from studies that relied largely
on microscopy for gametocyte detection [27, 28]. These
findings suggest the need to consider a larger proportion
of the population for targeted transmission control pro-
grammes, such as mass drug administration, to signifi-
cantly impact malaria transmission.

Age was found to be a significant determinant of pro-
portion of gametocyte positive infections in this area.
However, similarly high gametocyte proportion among
P, falciparum positive individuals was observed in chil-
dren aged 1-17 years. Children have commonly been
associated with higher risk of gametocyte carriage than
adults [7, 8]. In some instances, peak gametocyte preva-
lence was measured in school-age children (5-15 years),
with significantly lower prevalence in individuals outside
this age range [20, 28]. In this study population, while
population total parasite prevalence peaked in chil-
dren aged 9-16 years (both younger and older groups
showed lower prevalence) [14], the chance of carrying
gametocytes once infected was similarly high in all indi-
viduals up to age 17 years, but relatively lower in adults
aged > 18 years. Children aged 1-17 years constitute
66% of the entire village population (village-wide census
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conducted in May 2012), and therefore represent a dense
subpopulation of gametocyte carriers. Further stud-
ies, particularly assessing gametocyte density and mos-
quito infectivity measurements in each age group, will
be required to determine the importance of younger age
group on the actual transmission in the field.

The occurrence of multiple distinct parasite clones is a
common feature of P. falciparum infection. Multiclonal-
ity has effects on various aspects of P. falciparum infec-
tion, from outcome of infection [29, 30] to transmission
to mosquitoes [31, 32]. With respect to gametocyte car-
riage, multiclonal P falciparum infections have been
reported to last longer and have increased likelihood to
produce gametocytes relative to single-clone infections
[3], although another study found no association between
genetic diversity and gametocyte prevalence [33]. In this
cohort, multiclonality was higher among gametocyte-
positive relative to gametocyte-negative individuals over
the course of 1 year.

There are a few limitations to this study. First, the vol-
umes of blood samples collected in this study were not
standardized, making it impossible to measure total
parasite and gametocyte densities. With this limitation
in mind, it should be noted that several associations
found in this study may be explained by asexual parasite
or gametocyte densities. For example, children might be
more likely to carry infections at higher asexual parasite
densities, and consequently higher gametocyte positiv-
ity and also higher COIL Second, the study had limited
power to evaluate the relationship between gameto-
cyte carriage and RBC polymorphisms, such as ABO/
Rh types, haemoglobin phenotype, and G6PD deficiency
and a-thalassaemia genotypes. Third, the 1-year study
design places a limit on the study to assess these interac-
tions beyond a single transmission year. It may be nec-
essary to re-evaluate the effects of various risk factors of
gametocyte prevalence as transmission dynamics change
over time. Fourth, gametocyte positivity was analysed
only for P falciparum-positive individuals (detected by
nested PCR) at the time of sample collection. However,
Pfs25 transcript abundance can exceed DNA copy num-
ber, therefore, this study could miss some gametocyte
positive cases (with lower gametocyte density) in “P. fal-
ciparum-negative” samples. Lastly, direct skin feed and/
or direct membrane feeding assay was not performed in
this study. Therefore, gametocyte positivity may not nec-
essarily directly link with infectivity in the field.

Conclusions

Results from this study indicate that in this area of
intense, seasonal malaria transmission, there is a high
prevalence of gametocyte carriage among P. falciparum
infections, and that individuals aged < 17 years who have
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P. falciparum infections all have high likelihoods of also
carrying gametocytes. These findings will help guide the
design of transmission studies and intervention strategies
that target the gametocyte reservoir in this and perhaps
other areas with similar human population structure and
P, falciparum transmission dynamics. Furthermore, high
multiclonality is associated with high gametocyte positiv-
ity, suggesting that intra-species competition in P. falci-
parum infection favours gametocyte development in this
population.

Additional files

Additional file 1. Age and gender effects on cross-sectional population
gametocyte prevalence among the entire cohort during the wet and dry
seasons. Gametocyte positivity was measured by RT-PCR once a month for
1 year. Data from November (A) and April (B) are presented as representa-
tive time-points for wet and dry seasons, respectively. Black bars and gray
bars represent the proportion of gametocyte-positives and —negatives,
respectively, within each category. Similar age and gender patterns were
consistently observed at all other time-points throughout the year.

Additional file 2. Effect of RBC polymorphisms on gametocyte positive
rate.

Additional file 3. Comparison of multiclonality between gametocyte-
negative and -positive in Pf-positive individuals at four time-points. (A)
Polymorphic proportion (PmP, proportion of polymorphic reactions
among the total number of successful reactions) and (B) complexity of
infection (COI, COIL-estimated number of unique Pf genotypes in each
infection) among Pf-positive individuals at June (n = 119), November
(n=110), February (n = 51), and April (n = 42) time-points. For PmP, red
boxes represent gametocyte-negative (Nega) and blue boxes represent
gametocyte-positive (Posi) individuals. PmP and COI were compared
between gametocyte carriers and non-carriers using Mann-Whitney and
Chi square tests, respectively. Only the November time-point showed

a significant difference in PmP (p = 0.029) or COI (p = 0.025) based on
gametocyte status.

Abbreviations
COI: complexity of infection; gDNA: genomic DNA; Ct: threshold cycle; Pf:
Plasmodium falciparum; PmP: polymorphic proportion.

Authors’ contributions

YAA, MSC, KM and CAL designed the study; SD, DK, MD, ASK, JMA, RMF, and
MD coordinated and carried out field activities. YAA, MSC, and AMT carried
out laboratory procedures; YAA, MSC, and KM performed data analyses; YAA
prepared initial draft of the manuscript; RMF, JMA, KM, and CAL performed
critical review and revision of the manuscript. All authors read and approved
the final manuscript.

Author details

! Laboratory of Malaria and Vector Research, National Institute of Allergy

and Infectious Diseases, National Institutes of Health, Rockville, MD, USA.

2 Malaria Research and Training Center, Faculty of Medicine, Pharmacy,

and Odontostomatology, University of Sciences, Techniques, and Technologies
of Bamako, Bamako, Mali.

Acknowledgements

We thank all volunteers and the parents and guardians of children who partici-
pated in this study; Seidina Diakite and Karim Traore for their contributions to
the cohort study; and Michael Fay for statistical support.

Competing interests
These authors declare that they have no competing interests.


https://doi.org/10.1186/s12936-017-2123-2
https://doi.org/10.1186/s12936-017-2123-2
https://doi.org/10.1186/s12936-017-2123-2

Adomako-Ankomah et al. Malar J (2017) 16:473

Funding

This work was supported by the Intramural Research Program of the National
Institute of Allergy and Infectious Diseases, National Institutes of Health. The
funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 17 July 2017 Accepted: 15 November 2017
Published online: 21 November 2017

References

1. WHO. World Malaria Report 2016. Geneva: World Health Organization;
2016.

2. Doolan DL, Dobano C, Baird JK. Acquired immunity to malaria. Clin Micro-
biol Rev. 2009;22:13-36.

3. Nassir E, Abdel-Muhsin AM, Suliaman S, Kenyon F, Kheir A, Geha H, et al.
Impact of genetic complexity on longevity and gametocytogenesis of
Plasmodium falciparum during the dry and transmission-free season of
eastern Sudan. Int J Parasitol. 2005;35:49-55.

4. TranTM, Li S, Doumbo S, Doumtabe D, Huang CY, Dia S, et al. An intensive
longitudinal cohort study of Malian children and adults reveals no
evidence of acquired immunity to Plasmodium falciparum infection. Clin
Infect Dis. 2013;57:40-7.

5. Diallo A, Ndam NT, Moussiliou A, Dos Santos S, Ndonky A, Borderon M,
et al. Asymptomatic carriage of Plasmodium in urban Dakar: the risk of
malaria should not be underestimated. PLoS ONE. 2012;7:231100.

6. Grange L, Loucoubar C, Telle O, Tall A, Faye J, Sokhna C, et al. Risk factors
for Plasmodium falciparum gametocyte positivity in a longitudinal cohort.
PLoS ONE. 2015;10:¢0123102.

7. Ouedraogo AL, Schneider P, de Kruijf M, Nebie |, Verhave JP, Cuzin-
Quattara N, et al. Age-dependent distribution of Plasmodium falciparum
gametocytes quantified by Pfs25 real-time QT-NASBA in a cross-sectional
study in Burkina Faso. Am J Trop Med Hyg. 2007,76:626-30.

8. Koepfli C, Robinson LJ, Rarau P, Salib M, Sambale N, Wampfler R, et al.
Blood-stage parasitaemia and age determine Plasmodium falcipa-
rum and P, vivax gametocytaemia in Papua New Guinea. PLoS ONE.
2015;10:e0126747.

9. WWARN Gametocyte Study Group. Gametocyte carriage in uncom-
plicated Plasmodium falciparum malaria following treatment with
artemisinin combination therapy: a systematic review and metaanalysis
of individual patient data. BMC Med. 2016;14:79.

10. Schneider P, Bousema JT, Gouagna LC, Otieno S, van de Vegte-Bolmer
M, Omar SA, et al. Submicroscopic Plasmodium falciparum gametocyte
densities frequently result in mosquito infection. Am J Trop Med Hyg.
2007,76:470-4.

11. Ouedraogo AL, Bousema T, Schneider P, de Vlas SJ, llboudo-Sanogo E,
Cuzin-Ouattara N, et al. Substantial contribution of submicroscopical
Plasmodium falciparum gametocyte carriage to the infectious reservoir in
an area of seasonal transmission. PLoS ONE. 2009;4:8410.

12. Slater HC, Ross A, Ouedraogo AL, White LJ, Nguon C, Walker PG,
et al. Assessing the impact of next-generation rapid diagnostic tests
on Plasmodium falciparum malaria elimination strategies. Nature.
2015;528:594-101.

13. BousemaT, Drakeley C. Epidemiology and infectivity of Plasmodium falci-
parum and Plasmodium vivax gametocytes in relation to malaria control
and elimination. Clin Microbiol Rev. 2011,24:377-410.

14.  Adomako-Ankomah'Y, Chenoweth MS, Durfee K, Doumbia S, Konate D,
Doumbouya M, et al. High Plasmodium falciparum longitudinal preva-
lence is associated with high multiclonality and reduced clinical malaria
risk in a seasonal transmission area of Mali. PLoS ONE. 2017;12:e0170948.

15. Crompton PD, Traore B, Kayentao K, Doumbo S, Ongoiba A, Diakite SA,
et al. Sickle cell trait is associated with a delayed onset of malaria: implica-
tions for time-to-event analysis in clinical studies of malaria. J Infect Dis.
2008;198:1265-75.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

Page 8 of 8

Wampfler R, Mwingira F, Javati S, Robinson L, Betuela |, Siba P, et al.
Strategies for detection of Plasmodium species gametocytes. PLoS ONE.
2013;8:¢76316.

Daniels R, Volkman SK, Milner DA, Mahesh N, Neafsey DE, Park DJ, et al. A
general SNP-based molecular barcode for Plasmodium falciparum identi-
fication and tracking. Malar J. 2008;7:223.

. Ouedraogo AL, de Vlas SJ, Nebie |, llboudo-Sanogo E, Bousema JT, Ouat-

tara AS, et al. Seasonal patterns of Plasmodium falciparum gametocyte
prevalence and density in a rural population of Burkina Faso. Acta Trop.
2008;105:28-34.

Shekalaghe SA, Bousema JT, Kunei KK, Lushino P, Masokoto A, Wolters
LR, et al. Submicroscopic Plasmodium falciparum gametocyte carriage is
common in an area of low and seasonal transmission in Tanzania. Trop
Med Int Health. 2007;12:547-53.

Coalson JE, Walldorf JA, Cohee LM, Ismail MD, Mathanga D, Cordy RJ,

et al. High prevalence of Plasmodium falciparum gametocyte infec-
tions in school-age children using molecular detection: patterns and
predictors of risk from a cross-sectional study in southern Malawi. Malar J.
2016;15:527.

Drakeley C, Sutherland C, Bousema JT, Sauerwein RW, Targett GA. The
epidemiology of Plasmodium falciparum gametocytes: weapons of mass
dispersion. Trends Parasitol. 2006;22:424-30.

van der Kolk M, Tebo AE, Nimpaye H, Ndombol DN, Sauerwein RW,

Eling WM. Transmission of Plasmodium falciparum in urban Yaounde,
Cameroon, is seasonal and age-dependent. Trans R Soc Trop Med Hyg.
2003;97:375-9.

Nacher M, Carrara VI, Ashley E, McGready R, Hutagalung R, Nguen JV,
Thwai KL, et al. Seasonal variation in hyperparasitaemia and gametocyte
carriage in patients with Plasmodium falciparum malaria on the Thai-
Burmese border. Trans R Soc Trop Med Hyg. 2004;98:322-8.

Sinden RE. The cell biology of malaria infection of mosquito: advances
and opportunities. Cell Microbiol. 2015;17:451-66.

Babiker HA, Schneider P, Reece SE. Gametocytes: insights gained during a
decade of molecular monitoring. Trends Parasitol. 2008;24:525-30.
Schneider P, Bousema T, Omar S, Gouagna L, Sawa P, Schallig H, et al.
(Sub)microscopic Plasmodium falciparum gametocytaemia in Kenyan
children after treatment with sulphadoxine-pyrimethamine monother-
apy or in combination with artesunate. Int J Parasitol. 2006;36:403-8.
Stepniewska K, Price RN, Sutherland CJ, Drakeley CJ, von Seidlein L,
Nosten F, et al. Plasmodium falciparum gametocyte dynamics in areas of
different malaria endemicity. Malar J. 2008;7:249.

Zhou Z, Mitchell RM, Kariuki S, Odero C, Otieno P, Otieno K, et al.
Assessment of submicroscopic infections and gametocyte carriage of
Plasmodium falciparum during peak malaria transmission season in a
community-based cross-sectional survey in western Kenya, 2012. Malar J.
2016;15:421.

Kiwuwa MS, Ribacke U, Moll K, Byarugaba J, Lundblom K, Farnert A,

et al. Genetic diversity of Plasmodium falciparum infections in mild

and severe malaria of children from Kampala, Uganda. Parasitol Res.
2013;112:1691-700.

al-Yaman F, Genton B, Reeder JC, Anders RF, Smith T, Alpers MP. Reduced
risk of clinical malaria in children infected with multiple clones of Plas-
modium falciparum in a highly endemic area: a prospective community
study. Trans R Soc Trop Med Hyg. 1997,91:602-5.

. Nsango SE, Abate L, Thoma M, Pompon J, Fraiture M, Rademacher A, et al.

Genetic clonality of Plasmodium falciparum affects the outcome of infec-
tion in Anopheles gambiae. Int J Parasitol. 2012;42:589-95.

Morlais I, Nsango SE, Toussile W, Abate L, Annan Z, Tchioffo MT, et al. Plas-
modium falciparum mating patterns and mosquito infectivity of natural
isolates of gametocytes. PLoS ONE. 2015;10:e0123777.

Ayanful-Torgby R, Oppong A, Abankwa J, Acquah F, Williamson KC,
Amoah LE. Plasmodium falciparum genotype and gametocyte preva-
lence in children with uncomplicated malaria in coastal Ghana. Malar J.
2016;15:592.



	Host age and Plasmodium falciparum multiclonality are associated with gametocyte prevalence: a 1-year prospective cohort study
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Ethical statement
	Study site and population
	Sample collection and malaria case detection
	Molecular detection of Plasmodium falciparum infection and gametocyte carriage
	Identification of multiclonality by SNP DNA barcoding
	Data analysis

	Results
	Clinical malaria incidence and population Plasmodium falciparum gametocyte prevalence
	Gametocyte positivity among P. falciparum carriers
	Effects of age and gender on proportion of gametocyte positive infections
	Relationship between P. falciparum multiclonality and gametocyte carriage

	Discussion
	Conclusions
	Authors’ contributions
	References




