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Achieving malaria elimination requires a better understanding
of the transmissibility of human infections in different
transmission settings. This study aimed to characterize the
human infectious reservoir in a high endemicity setting in
eastern Uganda, using gametocyte quantification and
mosquito feeding assays. In asymptomatic infections,
gametocyte densities were positively associated with the
proportion of infected mosquitoes (β= 1.60; 95% CI, 1.32–
1.92; P, .0001). Combining transmissibility and abundance
in the population, symptomatic and asymptomatic infections
were estimated to contribute to 5.3% and 94.7% of the
infectious reservoir, respectively. School-aged children (5–15
years old) contributed to 50.4% of transmission events and
were important drivers of malaria transmission.
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The declining global burden of malaria has resulted in a re-
newed interest in malaria elimination, which will depend on ef-
fective deployment of transmission-reducing interventions and

a good understanding of the infectious reservoir [1]. Human to
mosquito transmission of Plasmodium parasites is initiated
when a malaria vector takes a human blood meal containing
male and female gametocytes, the transmissible parasite stages
[2]. Mosquito feeding assays (MFAs) that allow malaria vectors
to feed on an individual’s venous blood are the only tools cur-
rently available for quantification of onward transmission [3].
Epidemiological assessments using MFAs to characterize the
human infectious reservoir are sparse and report conflicting
findings on the contribution of symptomatic, asymptomatic,
and submicroscopic infections to malaria transmission [4, 5].
The importance of submicroscopic infections in transmission
was underscored by a recent longitudinal cohort study con-
ducted in a low-transmission setting in Uganda, where submi-
croscopic infections were responsible for 15% of mosquito
infections and asymptomatic infections among school-aged
children were highly important for transmission [6]. In high-
transmission settings, the average age at which infections are
acquired is lower [7], asymptomatically infected individuals
may harbor higher parasite densities [8], and clinical malaria
episodes may occur in the presence of ongoing infections.
These differencesmake it unclear whether patterns in transmis-
sion potential and the relative contributions of different popu-
lations to the infectious reservoir are similar between high- and
low-transmission settings. Here, we examined gametocyte den-
sity and infectivity among symptomatic and asymptomatic ma-
laria infections to assess the human infectious reservoir in an
area of intense malaria transmission in Uganda.

METHODS

Study Site

Our study was conducted in an area that spans the border be-
tween Busia-Tororo Districts in Eastern Uganda and included
Buteba Parish (Busia District) and Kayoro and Osukuru
Parishes (Tororo District). Tororo is under intensive vector
control with long-lasting insecticidal nets (LLINs) and indoor-
residual spraying while Busia district receives only LLINs and is
characterized by intense P. falciparum malaria transmission
(Supplementary Table 1) [9].

Procedures

An all-age cohort consisting of 80 households with a maximum
of 9 residents, including at least 2 children younger than 10
years, was followed from August 2020 to June 2021.
Household and participant selection is described in detail else-
where [10]. Following baseline sampling, participants entered a
cohort with scheduled visits every 4 weeks and passive case de-
tection at a study clinic. At each visit, a standard clinical
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evaluation was done and venous blood samples were collected.
Participants with a parasite-positive thick blood smear and sub-
jective fever or a tympanic temperature above 38.0°C were clas-
sified as symptomatic and treated accordingly [10].
Symptomatic episodes were considered unique when occurring
at least 4 weeks apart. Asymptomatic infections were defined as
the detection of parasites in the absence of symptoms and were
not treated, in accordance with local guidelines.

The presence and density of P. falciparum parasites was as-
sessed by var gene acidic terminal sequence (varATS) quantita-
tive polymerase chain reaction (qPCR), with a lower limit of
detection of 0.05 parasites/µL using 200µLwhole-blood samples
[6]. Of all qPCR-positive samples (n= 1912), a subset was used
for gametocyte quantification, including all qPCR-positive
symptomatic follow-up visit samples (n= 244), the first asymp-
tomatic qPCR-positive follow-up visit sample for each cohort
participant (n= 306), and all samples included in direct mem-
brane feeding assays (n= 182). With 7 extraction failures, this
resulted in a total of 732 gametocyte measurements.
Gametocytes were quantified from 100 µL whole blood in
RNA preservative (RNAprotect Cell Reagent; Qiagen) by quan-
titative reverse transcriptase PCR (qRT-PCR) targeting male
(PfMGET) and female (CCp4) mRNA transcripts after auto-
mated extraction (Total Nucleic Acid Isolation Kit-High
Performance; Roche Applied Science) with a lower limit of
detection of 0.01 gametocytes/µL [11]. (Primer and probe
sequences are described in Supplementary Table 2.)
Gametocyte densities were adjusted for background transcripts
in asexual parasites [11].

Direct membrane feeding assays were performed on selected
individuals (1) when diagnosed with symptomaticmalaria or (2)
at the scheduled visit following detection of parasites above a
qPCR threshold of 100 parasites/µL. This inclusion criteria
was implemented to avoidmany uninformative feeds, as parasite
densities below this threshold are unlikely to result in mosquito
infection [6]. Feeding procedures are described in detail else-
where [6] and involved locally rearedAnopheles gambiae ssmos-
quitoes being offered a heparin blood sample through glass
feeders. Ten days postfeeding, fully fed mosquitoes were dissect-
ed in 1% mercurochrome and oocysts were detected at 40×
magnification by 2 independent microscopists (J.O. and E.M.).

Statistical Analyses

Total parasite and gametocyte densities were log transformed
and modelled using a Gaussian distribution with clinical status
and age group as covariates. The association between gameto-
cyte density and total parasite density was determined bymixed
effects linear regression models for symptomatic and asymp-
tomatic infections separately, whilst including participant-
specific random effects to adjust for multiple observations
from the same individual. The association between proportion
of infected mosquitoes and gametocyte density was determined

using generalized linear models assuming a binomial distribu-
tion with a log-link for symptomatic and asymptomatic infec-
tions separately. Parasite-positive visits were used to estimate
the contribution of symptomatic and asymptomatic infections
to the infectious reservoir. The contribution of different age
groups (younger than 5 years, 5–15 years, 16 years and older)
to the infectious reservoir was estimated using all available vis-
its (including parasite-negative observations), as previously
performed and detailed in the Supplementary Methods [6].
All statistical analyses were performed in R (version 3.1.12).
Full details of statistical analyses are shown in the
Supplementary Material.

Ethical Approval

Written informed consent was received from all eligible study
participants. The Uganda National Council for Science and
Technology, Makerere University School of Medicine, the
University of California San Francisco, and the London
School of Hygiene and Tropical Medicine provided ethical ap-
proval for the study.

RESULTS

Between August 2020 and June 2021, 501 residents from 80
households were enrolled and followed up. As a consequence
of enrolment purposefully targeting the cross-border area, 20
households were located in Buteba, 40 in Kayoro, and 20 in
Osukuru. At enrolment, 37.4% (192/513) of participants were
aged younger than 5 years, 29.4% (151/513) were 5–15 years,
and 33.1% (170/513) were 16 years or older.
Parasite prevalence by qPCR at enrolment was 46.9% (61/

130) in Buteba, 39.0% (99/254) in Kayoro, and 39.3% (46/
117) in Osukuru (Supplementary Table 3). When combining
these parishes with similar overall levels of parasite carriage
and density (Supplementary Figure 1), parasite prevalence at
enrolment was 57.0% (85/149) in individuals aged 5–15 years,
which was higher than in individuals aged 16 years and older
(39.8%, 66/166, P= .003) and individuals younger than 5 years
(29.0%, 54/186, P, .0001; Supplementary Table 3). During the
study period, 323 episodes of symptomatic malaria were detect-
ed. Median parasite density among symptomatic infections was
2222.1 parasites/µL (interquartile range [IQR], 163.4–11 483)
compared to 4.22 parasites/µL (IQR, 0.21–83.29) for asymp-
tomatic infections (P, .0001) (Figure 1A and Supplementary
Table 4). Gametocyte prevalence by RT-qPCR was lower in
symptomatic infections (35.3%, 96/272), compared to asymp-
tomatic infections (55.0%, 231/420, P, .0001; Supplementary
Table 5). Median gametocyte density among qRT-PCR–posi-
tive samples was highest in asymptomatic individuals younger
than 5 years (2.04 gametocytes/µL; IQR, 0.22–16.14) compared
to asymptomatic individuals aged 5–15 years (0.99 gameto-
cytes/µL; IQR, 0.25–4.57; P, .007) and asymptomatic
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Figure 1. Parasite and gametocyte densities and the relationship between them. A, Total parasite density among qPCR-positive symptomatic and asymptomatic infections
from different age categories. B, Total gametocyte density among qRT-PCR–positive symptomatic and asymptomatic infections from different age categories. C, Total par-
asite density in relation to total gametocyte density by qRT-PCR. Closed and open symbols reflect asymptomatic and symptomatic infections, respectively. The best fitted
association for asymptomatic infections is represented by the line, and visualizes the association used for imputing gametocyte densities of asymptomatic samples. The
shaded area indicates the 95% confidence interval. Abbreviations: qPCR, quantitative polymerase chain reaction; qRT-PCR, quantitative reverse transcriptase polymerase
chain reaction.
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individuals aged 16 years and older (0.25 gametocytes/µL; IQR,
0.06–4.57; P, .015; Figure 1B, Supplementary Table 4, and
Supplementary Figure 2). Gametocyte density was positively
associated with total parasite density in asymptomatic infec-
tions (β= .42; 95% confidence interval [CI], .34–.49; P,
.0001) and negatively associated in symptomatic infections
(β=−.23; 95% CI, –.36 to –.11; P= .0003; Figure 1C).

Overall, 182 MFAs were performed with samples from 132
individuals, of which 63 samples were symptomatic and 119
asymptomatic (Supplementary Table 6). Altogether, 11.5%
(21/182) of feeding assays resulted in at least 1 infected mosqui-
to and 1.6% (196/12 398) of fed mosquitoes became infected.
Gametocyte densities were strongly associated with the propor-
tion of mosquitoes infected upon feeding from asymptomatic
samples (β= 1.60; 95% CI, 1.32–1.92; P, .0001), but not
from symptomatic samples (β= .18; 95% CI, −.88 to 1.01;
P= .68) (Figure 2A and 2B). Among the 4 symptomatic samples
that were infectious to mosquitoes, 2 had gametocyte densities
below our limit of detection (0.01 gametocyte/µL) and a third
sample had detectable gametocyte transcripts, but due to a
high total parasite density (36 091 parasites/µL) its gametocyte
density was censored as 0 gametocytes/µL [11] (Figure 2A).

For asymptomatic infections without gametocyte measure-
ments, gametocyte densities were first imputed using the asso-
ciation depicted in Figure 1C. For asymptomatic infections,
mosquito infection rates were imputed based on the association
with gametocyte densities (Figure 2A), as previously performed
[6]. For symptomatic samples, where gametocyte densities were
not significantly associated with the proportion of infected
mosquitoes, only direct measurements of infectivity were
used. We then considered both the infectivity and the relative
proportion of different populations in the total population to
estimate contributions to the infectious reservoir.

Asymptomatic microscopy-detected infections were esti-
mated to comprise 82.4% of the infectious reservoir, whereas
asymptomatic submicroscopic (ie, only detected by qPCR) in-
fections were responsible for 12.3% and symptomatic infec-
tions for 5.3% (Figure 2C). Children aged 5–15 years and
younger than 5 years were estimated to be responsible for
50.4% and 36.8% of the infectious reservoir, respectively
(Figure 2D). The contribution of individuals aged 16 years
and older was the lowest (12.8%), despite these individuals
comprising 50.8% of the total population.

DISCUSSION

Despite the importance of understanding the human infectious
reservoir for malaria control and elimination efforts [1], very
few studies have directly quantified this reservoir [4, 6]. The
present study aimed to characterize transmissibility in an
area of intense perennial transmission in Uganda.

Among asymptomatic infections, parasite density was posi-
tively associated with gametocyte density [3, 6]. As observed
before, this association was negative in the symptomatic popu-
lation [12] where recent infections may be associated with high
parasite densities but low or undetectable gametocytes due to
their maturation period [13]. The proportion of mosquitoes in-
fected upon feeding was strongly associated with gametocyte
density in asymptomatic, but not in symptomatic, parasite car-
riers. Whereas gametocyte infectivity may be lower during
symptoms [6, 13, 14], it is also possible that this lack of positive
association is explained by 3 infectious individuals without de-
tectable gametocytes. Given these uncertain associations
among symptomatic individuals, we used direct measurements
of infectivity for this population while missing observations
were imputed for asymptomatic parasite carriers [6].
When considering both the transmissibility and relative fre-

quency in our study cohort, asymptomatic infections were es-
timated to be responsible for 94.7% of the infectious
reservoir, whereas symptomatic infections only comprised
5.3%. Because participants in our study had access to prompt
treatment, the frequency and duration of symptomatic infec-
tions in a nonresearch settings may differ, potentially influenc-
ing their contribution to the infectious reservoir. The close
monitoring of our population allowed us to confirm that only
a minority of asymptomatic infections progressed to sympto-
matic episodes (Supplementary Table 7). Previous studies in
low-endemic settings in Ethiopia [5] and Uganda [6] also ob-
served a large contribution of asymptomatic malaria infections
to the human infectious reservoir. In our setting, submicro-
scopic infections were responsible for 12.3% of the mosquitoes
infected, which is similar to the contribution of submicroscopic
infections (15%) in a low-endemic setting [6], despite previous
suggestions that submicroscopic infections would contribute
less to transmission in high-endemic settings [7]. We further
estimated that school-aged children contribute highly to the in-
fectious reservoir (50.4%), followed by children younger than 5
years (36.8%). Compared to a previous study in a neighboring
low-endemic area in Tororo, we observed higher contributions
of the youngest age group and of symptomatic infections to the
infectious reservoir. Clinical cases may carry gametocytes from
a longer-term infection whilst a recent superinfection resulted
in symptoms. Despite these subtle differences, our findings are
in broad agreement with previous studies highlighting the im-
portant contribution of school-aged children to the malaria in-
fectious reservoir [6, 15]. A limitation of our study is that we
did not quantify (age-dependent) mosquito exposure; this is a
crucial component of onward transmission potential and re-
quires dedicated studies.
In conclusion, the present study highlights the importance of

asymptomatic infections in malaria transmission. We further
identified school-aged children as the most important drivers
of transmission in this setting. These findings support the
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hypotheses that both asymptomatic infections and school-aged
children form important contributors to the malaria infectious
reservoir, which could be targeted by malaria control
interventions.

Supplementary Data

Supplementary materials are available at The Journal of
Infectious Diseases online (http://jid.oxfordjournals.org/).
Supplementary materials consist of data provided by the author
that are published to benefit the reader. The posted materials
are not copyedited. The contents of all supplementary data
are the sole responsibility of the authors. Questions or messages
regarding errors should be addressed to the author.
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