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Abstract. Malaria control in West Africa is impeded by the large reservoir of chronic asymptomatic Plasmodium
falciparum infections in the human population. This study aimed to assess the extent of diversity in the P. falciparum
reservoir in Bongo District (BD), Ghana, at the end of the dry season, the lowest point in malaria transmission over the
course of the year. Analysis of the variation in 12 microsatellite loci was completed for 200 P. falciparum isolates collected
from a cross-sectional survey of residents of all ages from two catchment areas in BD. Analysis of the multilocus
haplotypes showed high levels of genetic diversity (H. = 0.74), no population differentiation yet significant linkage
disequilibrium (LD) (54 =0.0127, P = 0.006) in BD. Multilocus LD was significant between and within catchment areas even
though every haplotype in the population was unique and the majority of individuals (84.0%) harbored multiple-clone
infections. The linkage structure among multilocus haplotypes was not associated with sampling location. These data
provide the first study with deep sampling of the P. falciparum reservoir in an area of seasonal malaria transmission in West
Africa. The co-occurrence of high multiplicity of infection (multiple-clone infections) with significant multilocus LD is
surprising given the likelihood of high recombination rates in BD. The results suggest that the linkage structure among
multilocus haplotypes has not been shaped by geographic separation of parasite populations. Furthermore, the observed
LD levels provide a baseline population genetic metric with putatively neutral markers to evaluate the effects of seasonality

and malaria control efforts in BD.

INTRODUCTION

The majority of Plasmodium falciparum infections in areas of
high malaria transmission in West Africa are asymptomatic
with few infections developing into uncomplicated or severe
clinical disease. These chronic, asymptomatic infections pose
a major challenge to elimination efforts in high-transmission
areas across sub-Saharan Africa (SSA) as they continuously
fuel transmission. A limited number of contemporary com-
munity surveys in this region have reported that > 75% of
individuals of all ages harbor asymptomatic infections in
malaria-endemic areas.’ These infections comprise the res-
ervoir of infection and are often undetected by conventional
screening programs; thus, they remain untreated and can
persist for over a year in an individual.>® In areas of highly
seasonal malaria transmission in West Africa, there is a
marked rainy season when transmission peaks and a sub-
sequent dry season when transmission drops. Asymptomatic
infections persist through the dry season and can act as a
reservoir that can initiate transmission when the mosquito
population reemerges during the following wet season.
Therefore, understanding parasite population structure in this
reservoir, in areas with seasonal transmission, could inform
local control and elimination strategies by providing insight
into isolated parasite populations that could be targeted and/
or patterns of gene flow in the context of seasonality.

Multilocus microsatellite genotyping has allowed us to map
the worldwide P. falciparum population genetic structure and
detect ancestral migration patterns; it has also proven to be a
valuable molecular tool to characterize parasite population
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structure on a global, national, and local level.*® In the West
African region, multilocus microsatellite genotyping has
revealed high levels of genetic diversity and multiple-clone
infections across a malaria endemicity gradient spanning
from Senegal to the Republic of Guinea.” Additionally, no mul-
tilocus linkage disequilibrium (LD) and limited evidence of
population genetic differentiation were reported. In contrast,
other studies in the region have reported high levels of genetic
diversity with significant LD and evidence of genetic structure
in P. falciparum populations from Zimbabwe,* Senegal,® and
the Republic of Congo® due to a Wahlund effect, whereby
geographical separation of parasite populations results in
genetic heterogeneities. These contrasting results in the re-
gion may be due to differences in sampling method with
respect to the epidemiology of the isolates collected, geo-
graphical space, as well as malaria transmission intensity.
Indeed, individual studies have tended to focus on genotyping
clinical isolates, often over broad catchment areas, with in-
sufficient sampling. Population genetic studies in West Africa
that characterize parasite population structure on a local
scale, especially with deep sampling, are limited. Within this
context, it is critical to perform community-level genetic
studies of the local reservoir of P. falciparum infections and
consider “all infections,” not just clinical episodes in children
to accurately inform control and elimination efforts.

This study describes the population genetics of P. falciparum
populations sampled from individuals of all ages who resided
in two proximal catchment areas in Bongo District (BD),
Ghana, during June 2012. We determined the patterns of
parasite diversity at the end of the dry season, when diversity
is predicted to be at its lowest point over the course of the
year, to describe the genetic structure of the P. falciparum
reservoir in an area of highly seasonal malaria transmis-
sion. Using a panel of 12 microsatellite markers to define
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multilocus infection haplotypes, we investigated the extent of
genetic diversity, LD, and local population structure in these
proximal P. falciparum populations. To our knowledge, this is the
first study to use multilocus microsatellite genotyping to in-
vestigate the population structure of the P. falciparum reservoir
in an area of highly seasonal malaria transmission in Ghana.

MATERIALS AND METHODS

Human subjects ethical approval. The study was reviewed
and approved by the ethics committees at Navrongo Health
Research Centre (Ghana), Noguchi Memorial Institute for
Medical Research (Ghana), New York University (United
States), University of Melbourne (Australia), University of
Michigan (United States), and University of Chicago (United
States). Individual informed consent was obtained in the lo-
cal language from each enrolled participant by signature/
thumbprint accompanied by the signature of an independent
witness. A parent or guardian provided consent for children
under the age of 18 years, and all children between the ages
of 12 and 17 years also provided assent. Pregnant women,
individuals with disabilities, and individuals presenting with a
serious or acute disease (including symptomatic/clinical
malaria) on the day the survey was conducted were not eligible
for enrollment and were excluded. All individuals requiring
treatment were referred to the Vea or Soe Health Center and/or
the Bongo District Hospital for appropriate care.

Study area. This age-stratified cross-sectional survey was
designed to evaluate the reservoir of Plasmodium spp. in BD,
located in the Upper East Region of Ghana (a more detailed
description of the study area is published elsewhere'©).
Malaria in BD is hyperendemic (stable malaria) and is char-
acterized by marked seasonal transmission of P. falciparum
(minority: Plasmodium malariae and Plasmodium ovale) with a
short rainy season (May-September) and a prolonged dry
season (October—-April). The annual entomological inoculation
rate in BD is estimated to be > 25 (Dadzie, S. and Appawu, M.,
personal communication). Using demographic enumeration
data collected prior to the start of the survey, two broad
“catchment areas” in BD were selected (Vea/Gowrie and Soe)
as they were considered to be similar in population size and
ethnic composition (Figure 1). The two catchment areas were
hypothesized to differ in terms of malaria transmission in-
tensity. Vea/Gowrie is proximal to an irrigation dam and was
expected to have higher and less seasonal transmission
compared with Soe, which is not near a dam. In addition, the
enumeration data were also used to further classify the “vil-
lages” (Vea, Gowrie, Soe Boko, Soe Sanabisi) in each of the
catchment areas. Over a 2-week period in June 2012 at the
end of the dry season, blood samples (thick/thin blood films
and dried blood spots) and malaria-related questionnaires
were collected after obtaining informed consent from 698
participants between the ages of 1 and 85 years during this
cross-sectional survey (Supplemental Information).

Parasitological measurements. Parasite densities were
counted against white blood cells (WBCs) on 10% Giemsa-
stained thick film blood smears and examined under oil
immersion of a 100-fold magnification. Two experienced tech-
nicians independently read all the study slides and the results
were reported into separate structured laboratory books.
Parasite densities were counted per 200 WBCs and were
calculated by averaging the two independent readings. When
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Ficure 1. The location of the study area in Bongo District within
Ghana (insert map, upper left) and the distribution of compounds in-
cluded in the study (red dots) within each catchment area: Vea/Gowrie
catchment area (lower left) and Soe catchment area %Jpper right).
Reproduced with permission from Tiedje and others.'® This figure
appears in color at www.ajtmh.org.

the slide readings were non-concordant by more than 50%,
the slide was reread by a third independent technician,
recorded into a separate laboratory book, and used as the
tiebreaker. The parasite densities were further quantified as
parasites per microliter of blood assuming the average WBC
count was about 8,000 per pL of blood."" Parasite species
were also identified using a 100-fold magnification of the thin
film smears and categorized based on morphology.

DNA extraction. From each DBS sample two 5 mm x 5 mm
sections were cut and placed in a 1.5-mL centrifuge tube.
Genomic DNA was extracted from the DBS using the QlAamp
DNA blood mini kit extraction procedure as described by the
manufacturer (Qiagen, Valencia, CA). The DNA samples were
eluted into 50 pL of buffer AE and stored at —20°C for short-
term use and —-80°C for long-term storage.

Molecular estimation of P. falciparum multiplicity
of infection. For all Plasmodium spp. microscopy-positive
samples, a nested polymerase chain reaction (PCR) was
performed to determine P. falciparum positivity and the
number of P. falciparum merozoite surface protein 2 (msp2)
(IC/3D7 and FC27) gene clones. The PCR was completed as
described by Snounou and others with modifications.'? The
first round was carried out in a 20 pL reaction mixture con-
sisting of 10 pL Tag PCR Master Mix (Qiagen), 0.25 pL of each
primer (OF and OR, 10 uM), 1 uL of sample DNA, and 8.5 L of
ddH,0. The second round of the nested PCR was carried out in
two separate tubes, each containing a single msp2 primer pair
as previously described in the literature.'® The 20 pL reaction
mixture contained 10 yL Tag PCR Master Mix (Qiagen), 0.25
uL of each primer (FC1/FC2 or IC1/1C2, 10uM), 1 pL of PCR
product fromround 1, and 8.5 uL of ddH,0. Modifications were
made to the cycling conditions for both the first and second
rounds: Round 1 (95°C for 15 minutes, 25 cycles of 94°C for
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1 minute, 58°C for 2 minutes, and 72°C for 2 minutes, followed
by 72°C for 10 minutes) and Round 2 (95°C for 15 minutes, 30
cycles of 94°C for 1 minute, 58°C for 2 minutes, and 72°C for
2 minutes, followed by 72°C for 10 minutes). For each PCR
reaction, positive and negative controls were included for
quality control and all PCRs were carried out on an Eppendorf
Mastercycler Nexus and visualized on a 1.5% agarose gel
stained with EZ Vision™ DNA Dye/Loading Buffer (Amresco,
Solon, OH) to determine the number of infecting 1C/3D7 and
FC27 clones, and to calculate the multiplicity of infection (MOI).
Microsatellite genotyping. Each P. falciparum isolate was
genotyped using 12 neutral microsatellite markers previously
developed by Anderson and colleagues: TA1, 2490, TA81,
TA109, TA60, TA87, POLYa, TA42, ARA2, PfG377, PfPK2,
and TA40."® Each field isolate was genotyped using a pre-
viously described hemi-nested PCR strategy with modifica-
tions. Briefly, first-round PCR reactions were multiplexed so
that each PCR reaction was performed for pairs of primers (six
reactions). In each first-round reaction, a total of 2uL of isolate
genomic DNA was amplified with 1.5uL of 25 mM MgCls,
1.5puL of 2 MM dNTPs, 3pL of 5x buffer, 1uL of each primer ata
starting concentration of 5 pmol, 0.2uL of GoTaq Hot Start
polymerase (Promega, Madison, WI), and water up to 15uL
total reaction volume. The cycling conditions for the first round
were as follows: 2 minutes at 95°C, 25 cycles of (30 seconds at
94°C, 30 seconds at 42°C, 30 seconds at 60°C, and 40
seconds at 65°C), and 2 minutes at 65°C. The second-round
reactions contained fluorescent-labeled primers as de-
scribed in Anderson and others,’® with the same reaction
conditions as the first round except for the addition of 1L of
PCR product. The cycling conditions were as follows: 2 minutes
at 95°C, 25 cycles of (20 seconds at 94°C, 20 seconds at 45°C,
and 30 seconds at 65°C), and 2 minutes at 65°C.
Fluorescent-labeled PCR products were sent to the Bio-
technology Resource Center at Cornell Institute of Bio-
technology for fragment analysis. Capillary electrophoresis
was performed on an Applied Biosystems 3730xI DNA ana-
lyzer (ThermoFisher Scientific, Waltham, MA). After electro-
phoresis, raw data files were imported and scored using
GeneMarker (SoftGenetics LLC, State College, PA). Raw data
files were analyzed using customized panels and normalized
automatically based on the size standard LIZ500 by the
scoring software. All major peaks for a sample were consid-
ered true alleles if they were spaced at intervals corresponding
to trinucleotide repeats and within the expected marker base
pair range. Any peaks less than 33% of the primary peak (local
max) for a locus were considered stutter peaks and not
interpreted as true alleles. Background noise was defined as
any peak less than 200 fluorescent units. All microsatellites
amplified are single-copy genes; therefore, the presence of
two or more alleles at one or more loci was interpreted as a
multiple infection®. “True” single-clone infections were de-
fined as any isolate that had only one peak at all microsatellite
loci. Multiple-clone infections were defined as any isolate that
had more than two peaks at one or more loci. For multiple-
clone infections, infection haplotypes were reconstructed
from the predominant peaks at each locus.* Results from each
panel analysis were merged and exported for further analysis.
Population genetic analysis. The exported data from
GeneMarker were processed using TANDEM v1.09,' which
automatically bins the observed microsatellite alleles and is
optimal for use with microsatellite loci that have tri-nucleotide

repeats. Binned data files were then processed using Convert
v1.31"® to calculate allele frequencies and to generate input
files for various population genetics software. We used the
software LOSITAN v1.0'® to confirm that all loci were neutral
and not under positive or balancing selection. We ran 100,000
simulations under both an infinite alleles and stepwise model.
Patterns of genetic diversity were analyzed using ARLEQUIN
v3.5,"” which calculates the number of haplotypes, number of
alleles per locus, expected heterozygosity, and pairwise LD
between microsatellite marker pairs. To minimize the effects of
small sample sizes on allelic measures, allelic richness was
also calculated using FSTAT v2.9,'® which takes into account
the smallest sample size and normalizes the number of alleles
per locus accordingly. We examined the genetic relatedness
between complete infection haplotypes (i.e., no missing data)
by calculating pairwise allele sharing (Pas). Specifically, Pas
was calculated as the number of alleles shared between two
infection haplotypes divided by the number of microsatellite
markers (i.e., 12). Multilocus LD was investigated using LIAN
v3.7'° to calculate the standardized index of association (/°4)
among loci using a Monte Carlo simulation method and 10,000
resamplings, where alleles are reshuffled at random among
haplotypes. The LIAN software cannot process datasets with
missing data; therefore, the standardized index of association
was calculated only for isolates with complete haplotypes. Jost’s
differentiation indices D were calculated using the R package
DEMEtics v0.8-7.%° The D differentiation index is a robust esti-
mator of population differentiation when within-population di-
versity (i.e., allelic diversity within a locus) is high and when the
number of observed alleles per locus is greater than two.?° A
minimum spanning tree was constructed using Phylovizv1.1%" to
display the relationship among haplotypes and possible asso-
ciations to geographic origin and sampling location, where
haplotypes matched at least four out of 12 loci.

Statistical analysis. Statistical analyses were carried out
using IBM SPSS v22 Statistics software (IBM, Armonk, NY).
For all analyses, study participants were categorized into
defined age groups (1-5, 6-10, 11-20, 21-39, and > 40 years),
catchment areas, and villages as described in the study de-
sign. Continuous variables are presented as medians with
inter quartile ranges (IQRs) and discrete variables are pre-
sented using the calculated/observed prevalence values.
Fisher exact or X tests were used for univariate analyses of
discrete variables to compare proportions; non-parametric
Mann-Whitney U (comparing distributions across two groups)
and Kruskal-Wallis (comparing distributions across k groups)
tests were used for comparing distributions across groups of
continuous variables. A test was deemed to be statistically
significant if the P value was less than 0.05.

RESULTS

For this cross-sectional study, 698 participants across all
ages were recruited in BD from two broad catchment areas
(Vea/Gowrie and Soe; Figure 1) that can be further classified
into four villages (Vea, Gowrie, Soe Sanabisi, and Soe Boko;
Figure 1). Using 12 microsatellite markers, a subset of 200
participants from the 267 participants identified to have a
Plasmodium spp. infection (including mixed P. falciparum/
P. malariae infection) (Supplemental Table 1) was used to
define the multilocus infection haplotypes and evaluate the
population structure of the P. falciparum reservoir in BD
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(Table 1). On microscopic analysis, one participant was found
to have P. malariae infection; this participant was also harboring
P. falciparum (determined by msp2 PCR), therefore they were
included in the analyses as a mixed P. falciparum/P. malariae
infection. Two hundred participants were chosen randomly and
there were no statistically significant differences between the 200
included and the 67 excluded individuals in the microsatellite
analyses for any of the key variables (P > 0.05) (Supplemental
Table 1) except for catchment area (P = 0.036) and village (P <
0.001). The demographic and parasitological characteristics of
the 200 P. falciparum infections analyzed by multilocus micro-
satellite genotyping are presented in Table 1.

For the 200 participants included in these analyses, there
were no significant differences observed in the proportion of
participants analyzed across all age categories and genders
for both the complete study population and within/between
the catchment areas or villages (Table 1). During the survey,
82.0% (95% confidence interval [Cl] = 79.7-84.4%) individu-
als reported sleeping under a bed net the previous night and
there were no significant differences in bed net usage between
age groups, gender, catchment area, or village. Overall 6.0%
(95% Cl = 4.5-7.4%) of participants reported taking an anti-
malarial medication in the previous 2 weeks prior to being
surveyed, with no significant differences between age groups,
gender, catchment area, or village. Utilizing msp2 genotyping,
MOI was successfully genotyped for 187 of the 200 (93.5%)
P. falciparum (including mixed P. falciparum/P. malariae
infections)-positive samples. MOI ranged from 1 to 6 (median =
2 [IQR = 1-3]) with 114 (61.0%) of infections having an MOI > 1.
Median MOI significantly varied across the age groups sur-
veyed (P = 0.001; Table 1) with younger age groups (1-5,

TaBLE 1

6-10, and 11-20 years) having median MOls that were greater
compared with the older participants surveyed (21-39, and > 40
years). There were no significant differences in the median MOI
between the catchment areas (P = 0.543; Table 1) or villages
(P =0.500).

Plasmodium spp. parasitemia. This study was focused
on describing the reservoir of Plasmodium spp. infections
in BD. As anticipated, we observed a high proportion of
participants—97.5% (N = 195)—with low-to-moderate para-
sitemias (40-9,999 parasites/pL), and only 2.5% (N = 5) having
parasitemias > 10,000 parasites/uL. For those participants
with more than 10,000 parasites/uL, generally described as
the fever threshold for malaria,?2® only one participant was
febrile (temperature > 37.5°C) on the day the survey was con-
ducted. For the 200 participants analyzed, median Plasmodium
spp. density was significantly higher for 1-5 year olds com-
pared with all other age groups (P < 0.001; Table 1), with
Plasmodium spp. density gradually decreasing with age
(Table 1). In this survey, the median Plasmodium spp. density
for the total study population was 280 parasites/jL (Table 1)
with no significant difference in median density between the
Vea/Gowrie and Soe catchment areas (280 parasites/pyL
versus 340 parasites/uL, respectively, P = 0.117; Table 1).

Microsatellite genetic diversity of P. falciparum in BD.
Microsatellite genotyping success ranged from 83.0% to
99.0% for each of the 12 microsatellite loci (Supplemental
Table 2). All the loci genotyped were polymorphic and ranged
from 5 to 26 alleles per locus (Supplemental Table 2). There was
no indication that any of the microsatellite loci were non-neutral
(i.e., under positive or balancing selection) using an infinite alleles
and stepwise model,’® thus, all microsatellite markers were

Demographics and parasitological characteristics of the 200 participants analyzed with P. falciparum infections (including mixed P. falciparum/

P. malariae infections)

Characteristic Total Vea/Gowrie Soe
Age groups*
All 200 116 (58.0) 84 (42.0)
1-5 years 41 (20.5) 23(19.8) 18 (21.4)
6-10 years 63 (31.5) 35(30.2) 28 (33.3)
11-20 years 58 (29.0) 38(32.8) 20 (23.8)
21-39 years 18 (8.0) 8(6.9) 8 (9.5
> 40 years 22 (11.0) 12 (10.3) 10 (11.9)
Gender*
Female 100 (50.0) 53 (45.7) 47 (56.0)
Male 100 (50.0) 63 (54.3) 37 (44.0)
Microscopic Plasmodium spp. prevalence (N = 200)
P. falciparum 196 (98.0) 112 (96.5) 84 (100.0)
P. falciparum/P. malariae 3(1.5) 3(2.6) 0(0.0)
P. malariae 1(0.5) 1(0.9) 0(0.0)
Plasmodium spp. median density (N = 200)t
All 280 [130-870] 280[120-680] 340 [160-990]
1-5 years 880 [500-1,800] 800 [520-1,280] 1,040 [480-3,080]
6-10 years 240 [120-920] 200 [120-600] 400 [200-1,000]
11-20 years 240 [120-480] 240 [110-450] 240 [130-510]
21-39 years 240 [90-390] 240[130-350] 240 [80-730]
>40 years 140 [80-250] 120 [50-280] 160 [80-210]
P. falciparum median MOI (N = 187)%
All 2[1-3] 2[1-3] 2[1-3]
1-5 years 2[1-3] 1.5[1-3] 2[1-4]
6-10 years 2.5[1-3.25] 2[1-3] 3[2-4]
11-20 years 2[1-3] 2[1.25-3] 2[1-3]
21-39 years 1[1-2] 1[1-3] 1[1-2]
> 40 years 1[1-2] 1[1-2] 1[1-2]

IQR = inter quartile range; MOI = multiplicity of infection; PCR = polymerase chain reaction.
*Data reflect No. (% (n/N)) of participants sampled that were positive for P. falciparum (including mixed P. falciparum/P. malariae infections) by microscopy and msp2 PCR.
1 Median parasite density for microscopically positive P. falciparum (including mixed P. falciparum/P. malariae infections) (value/uL, [IQR]) samples.
1 Data reflect the median MOI for the participants sampled that were positive for P. falciparum (including mixed P. falciparum/P. malariae infections) by msp2 PCR (median, [IQR]).
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Fiaure 2. Number of P. falciparum clones in each P. falciparum
isolate sampled in Bongo District based on microsatellite genotyping.

included for further analysis. A high number of isolates harbored
multiple-clone infections indicative of high transmission intensity
in the study area. There were 168 isolates (84.0%) with multiple-
clone infections and only 32 isolates (16.0%) with true single-
clone infections (Figure 2). In BD, there were high levels of genetic
diversity with similar patterns observed within each catchment
area (Vea/Gowrie and Soe) and within each of the four villages
(Vea, Gowrie, Soe Sanabisi and Soe Boko) (Table 2). We
observed the same number of haplotypes as isolates, in-
dicating that every haplotype in the population was unique
(Table 2). There was considerable allelic variation as defined
by number of alleles per locus (A) and allelic richness esti-
mates (Rs), which are normalized based on the smallest
sample size.'® In BD, there were 13.25 alleles per locus
(standard deviation [SD] = 6.36) and a comparable estimated
allelic richness of 13.20 (SD = 6.32) (Table 2). Similarly, the A
and R, within each catchment area were high (Table 2). Within
each of the four villages, the number of alleles per locus ranged
from 7.17 to 9.75 alleles and the estimated allelic richness
ranged from 7.07 to 8.60 alleles. Because the Soe Sanabisi
village had fewer participants included in the microsatellite
analyses (29 isolates), it also had a lower number of alleles per
locus. However, the normalized Rs was comparable to the
R estimates for the other villages. There was limited variability
of the expected heterozygosity (Hs) among the villages, with all
showing high H, values. In BD, H, was 0.74 (SD = 0.19)
and ranged from 0.73 to 0.75 within the catchment areas and
villages, indicative of high levels of heterozygosity in all
P. falciparum populations (Table 2). The allele frequencies for
each locus are presented in Supplemental Table 3.

This analysis was repeated for single-clone infections and
here any isolate with one or two alleles at a given locus was
included to maximize the analysis sample size. In the 42 iso-
lates with two alleles at any locus, the dominant peak is easily

identified based on fluorescence intensity when constructing
the infection haplotypes.* We thus considered these to be
“dominant” constructed haplotypes and included them in this
analysis. The dominant infection dataset comprised 74 iso-
lates and the patterns of genetic diversity were comparable to
the multiple-clone infections with high levels of expected H,
and allelic variation and only unique haplotypes (i.e., same
number of haplotypes as isolates) observed (Supplemental
Table 4). The allele frequencies for the 12 loci are presented in
Supplemental Table 3.

Genetic relatedness of P. falciparum infection haplotypes.
It is possible that although all infection haplotypes are unique,
they only differ at one or two loci and are in fact highly related
parasites.?* To investigate whether there were any highly related
infection haplotypes in our population, we calculated the genetic
relatedness of P. falciparum infections through Pas comparisons
between haplotypes. For this, we used only the more robust
dominant haplotype dataset. The dominant infection dataset
comprised 74 isolates, of which 55 isolates had complete hap-
lotypes, or no missing data (N haplotypes = 55, N pairwise
comparisons = 1,485). The P,s comparisons showed that the
majority of infection haplotype pairs shared on average < 0.2 of
their alleles (i.e., identical at only three loci) (Figure 3). There was
one highly related pair of isolates with haplotypes that were
identical at nine out of 12 loci (Pas = 0.75).

Multilocus LD. I°, was used to assess multilocus LD in the
more robust dataset of 55 dominant infections with complete
haplotypes. Similar patterns of significant multilocus LD in BD,
within each catchment area and also within each of the four vil-
lages, were found (Table 3). To investigate whether the inclusion of
isolates with two clones (i.e., a maximum of two alleles at any
locus) in the dominant infection dataset biased the LD values, only
the 32 “true” single-clone infections (i.e., only one allele at every
locus) were considered and /°, was recalculated for the 27 iso-
lates with complete haplotypes. Multilocus LD was no longer
significant in BD, Vea/Gowrie, or Soe catchment areas (Table 3),
however, it is likely that the small sample sizes did not enable
enough power to detect multilocus LD.

Exploration of significant multilocus LD. To further ex-
plore our observation of significant multilocus LD, we com-
pleted additional analyses. To examine the possible clonal
propagation of particular clones, I°4 can be recalculated by
only including unique haplotypes and treating any repeated
haplotype as an individual.?® In this study, however, this step
was not necessary since all the haplotypes in the population
were unique (Supplemental Table 4). Nonetheless, it is still
possible that although every haplotype is unique, highly
related parasites may still propagate in the population, thus
IS, can also be recalculated after excluding these parasite
pairs.*” There was one highly related pair of isolates with
haplotypes that were identical at nine out of 12 loci (Figure 3);

TaBLE 2
Patterns of genetic diversity for P. falciparum populations from Bongo District

Population n h AxSE Rs = SE He = SE
Vea/Gowrie catchment area 116 116 11.92 £ 5.30 11.37 £5.05 0.75+0.18
Vea 60 60 9.75+4.09 8.60 + 3.46 0.75+0.18
Gowrie 56 56 9.03 £ 3.80 8.29 +3.33 0.74 £0.20
Soe catchment area 84 84 10.42 + 5.02 10.00 £ 5.04 0.73+£0.20
Soe Sanabisi 29 29 717 £3.41 7.07 +3.54 0.73+0.19
Soe Boko 55 55 9.25+4.03 8.02 +3.48 0.73+£0.20
Total 200 200 13.25+6.36 13.20 £ 6.32 0.74 £0.19

A =number of alleles per locus; h = number of haplotypes; He = expected heterozygosity; n = number of isolates; Rs = allelic richness estimate.
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Ficure 3. Frequency distribution of the pairwise allele sharing scores between the dominant P. falciparum infection haplotypes.

however, multilocus LD was still significant after removing this
isolate pair (I°4 = 0.0131, P = 0.005).

Next we examined whether physical linkage between
microsatellite markers found on the same chromosome may
have confounded our results. Two of the markers used (TA42
and TA81) localize to chr5, three markers (TA109, TA87, and
TA1) localize to chr6, two markers (TA40, 2490) localize to
chr10, and two markers (Pfg377 and PfPk2) localize to chr12.
The overall /°, for BD was recalculated with only one marker
per chromosome (i.e., with seven markers located on seven
different chromosomes) and multilocus LD was no longer
significant except for two combinations (TA42-TA1-TA40-
Pfg377 and TA42-TA1-TA40-PfPk2) (Supplemental Table 5).

We cannot rule out the possibility that some of these micro-
satellite markers are physically linked to a gene under strong
selection (e.g., a drug resistance gene or antigen). Because two
known drug-resistant genes (Pfdhfr on chr4d and Pfmdri1
on chrb) also localize to the same chromosomes as three of the
microsatellite markers used (POLYa on chr4 and TA42-TA81
on chrb), multilocus LD was recalculated after removing the
markers on chr4 and chr5 separately. LD was no longer signif-
icant when the markers on chr5 (TA42 and TA81) were excluded
(data not shown). Together with the loss of significant LD when
only one marker per chromosome was considered (Supple-
mental Table 5), this suggests that the microsatellite markers
that localize to chr5 may be physically linked to the Pfmdr1

TaBLE 3
Multilocus linkage disequilibrium in P. falciparum populations from Bongo District.

Dominant infections

True single-clone infections

Population n 13,4 (P value) n 15,4 (P value)
Vea/Gowrie catchment area 27 0.0227 (0.005)* 12 0.0288 (0.058)
Vea 19 0.0438 (< 0.001)* 7 0.0694 (0.020)*
Gowrie 8 0.0640 (0.011)* 5 0.0926 (0.025)*
Soe catchment area 28 0.0216 (0.008)" 15 0.0233 (0.066)
Soe Sanabisi 10 0.0780 (< 0.001)* 6 0.0900 (0.009)*
Soe Boko 18 0.0351 (0.003)* 9 0.0443 (0.037)*
Total 55 0.0127 (0.006)* 27 0.0288 (0.051)

n =number of isolates.
*P<0.05.
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gene, which may be under strong selection. Although it is
possible that the significant LD may be influenced by Pfmar1
antimalarial drug pressures, we interpreted this observation with
care since pairwise LD for all 66 microsatellite marker pairs was
significant for 61/66 (92.4%) pairs in all infections (Figure 4A)
and 61/66 (92.4%) pairs in the dominant infections (Figure 4B),
including pairs of markers located on different chromosomes.
This may not simply reflect physical linkage between markers
but may actually occur when multilocus haplotypes are trans-
mitted together as a genomic unit.?®
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RUYBAL-PESANTEZ AND OTHERS

Geographic population structure between P.
falciparum populations. To measure levels of population
differentiation between the villages that were hypothe-
sized to differ in terms of transmission intensity, Jost’s
pairwise index of differentiation (D) was calculated. Pair-
wise Jost’s D indices were compared among the four
villages and resulted in relatively low pairwise D values
that ranged from 0.0127 to 0.0491 and no significant
pairwise values were identified (Table 4, lower diagonal).
To assess whether patterns of population differentiation
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Ficure 4. Pairwise linkage disequilibrium for (A) 144 Plasmodium falciparum isolates with complete haplotypes and (B) the 55 dominant
infections with complete haplotypes. The color key provided corresponds to the P value for each pairwise comparison where white indicates a
nonsignificant P value (> 0.05) and the reds represent significant P values. This figure appears in color at www.ajtmh.org.
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were detectable in the absence of possible false
recombinant haplotypes fromisolates with multiple-clone
infections, Jost’s D values were also measured for the
dominant infections. Overall, higher pairwise D values
were found ranging from 0.0870 to 0.2026 with significant
pairwise comparisons between Soe Boko and Vea (D =
0.1528, P < 0.05) as well as between Soe Boko and Soe
Sanabisi (D = 0.2026, P < 0.05) (Table 4, upper diagonal).
Jost’s D values can be interpreted as the mean proportion of
pairwise private alleles between populations, therefore < 5%
of alleles in each village were private when considering all
infections, whereas 9-20% of alleles were private in the
dominant infections. Although the significant D values in the
dominant infections are indicative of possible geographic
structure, these results must be interpreted with caution
since the sample sizes in each village were small, which may
also explain the large number of private alleles.

To explore possible patterns of geospatial population
structure further, a minimum spanning tree was used to display
the phylogenetic relationship among P. falciparum haplotypes
(Figure 5). There was evidence of substructuring among hap-
lotypes, although it was not associated with sampling location
by catchment area or village (Figure 5). We conclude that the
linkage structure and signal of relatedness among haplotypes
has not been shaped by spatiotemporal forces, such as geo-
graphical separation among parasite populations.

DISCUSSION

The goal of malaria elimination strategies is to reduce the local
reservoir of malaria infection to zero to achieve any real and
sustainable progress. Here we analyze the genetic structure of
the P. falciparum reservoir of infection at the community level
and across all ages in an area of highly seasonal malaria
transmission in Ghana, using multilocus microsatellite geno-
typing. Our data set, representing extensive sampling of a local
population, is the first to show the following features of pop-
ulation structure and diversity in P. falciparum from a West Af-
rican malaria-endemic area. These include a high proportion of
multiple-clone infections with high levels of genetic diversity
and, surprisingly, significant multilocus LD with no detectable
geographic population differentiation. In fact, our results con-
tradict the expectation that a high proportion of multiple-clone
P. falciparum infections in our population should translate into
linkage equilibrium, as frequent outcrossing would be expected.

There are a few possible explanations for our finding of
significant LD with no geographic population differentiation:
1) Increased levels of inbreeding (i.e., reduced levels of re-
combination) due to selfing or transmission of clonal or highly
related parasite clones*; 2) The rate of recombination may be
low relative to mutation, leading to increased mutation or
strand slippage events that generate new haplotypes but are
not sufficient to disrupt overall association patterns among
loci?”?8; (3) Vector behavior, whereby a reduction in trans-
mission events at the end of the dry season leads to limited
dispersion of the vector and may result in mosquitoes biting
locally on small spatial scales. However, in the asymptomatic
parasite reservoir in BD, the isolates shared on average three
alleles. This lack of any closely related parasite clones across
small distances (as little as ~5 km apart) provides evidence
against these explanations (i.e., 1-3) and is consistent with
free gene flow and no apparent barriers that may impact allele

TABLE 4

Genetic differentiation between local P. falciparum populations from
Bongo District

Vea Gowrie Soe Boko Soe Sanabisi
Vea - 0.0871 0.1528* 0.0870
Gowrie 0.0404 - 0.1257 0.1540
Soe Boko 0.0400 0.0446 - 0.2026*

Soe Sanabisi 0.0127 0.0491 0.0425 -

Lower diagonal: matrix of pairwise Jost’s D indices between villages for all infections (N =
200 isolates); upper diagonal: matrix of pairwise Jost’s D indices values between villages for
dominant infections (N = 74 isolates).

*P <0.05.

frequencies based on geography. Additionally, the multilocus
LD in BD cannot not be explained by “epidemics” of highly
resistance parasite clones, as was observed in clinical isolates
from Guinea, the Gambia, and Senegal’; 4) Selection at drug-
resistance genes seems the most plausible, whereby the
maintenance of resistance mutations in linked loci may lead to
hitchhiking or selective sweeps®® of otherwise neutral micro-
satellite markers on the same chromosomes.

In fact, the loss of significant multilocus LD when excluding
microsatellite markers that localize to chr5 suggests that the
detectable LD may be driven by Pfmdr1 selection. A previous
study in 2011 by Alam and colleagues demonstrated that
Pfmdr1 is under selection in Ghanaian parasites, likely due to
chloroquine use in the past since mutations in Pfmdr1 may
confer or modulate chloroquine resistance.®° Indeed, the ab-
sence of any evidence of geospatial clustering of parasite
populations (i.e., as defined by multilocus microsatellite hap-
lotypes; Figure 5) suggests that other selective forces such as
drug or host immune pressures may shape the parasite pop-
ulation such that there is an underlying linkage structure that
cannot be explained by geographical separation. This war-
rants further investigation to characterize drug resistance to a
succession of antimalarials and immune-selected markers in
this population to describe the combined effects of population
history and natural selection on parasite genetic structure.

The two catchment areas examined, Vea/Gowrie and Soe,
were hypothesized to differ in terms of their malaria transmission
intensity since Vea/Gowrie is proximal to an irrigation dam com-
pared with Soe (the study area is described in more detail in'™).
Contrary to our expectations, the genetic diversity estimates were
similar within and among all catchment areas and villages, con-
sistent with little or no geographic population structure. It is pos-
sible that the small spatial scales examined in our study may have
limited our ability to detect significant geographic differentiation
between catchment areas and/or villages. Sampling all asymp-
tomatic infections at the compound level may in fact reveal spatial
heterogeneities as has been observed in a spatially dense data-
set of P. vivax infections from Solomon Islands.3! Nevertheless, the
lack of population structure we observed may be advantageous
to maintain beneficial traits such as drug resistance genes.*?

Our cross-sectional survey of this population revealed a large
proportion of asymptomatic infections (99.5%; N = 199), con-
sistent with a large parasite reservoir contributing to trans-
mission. Interestingly, our findings are comparable to those
reported for P. vivax, where strong multilocus LD has been
shown to co-occur with high genetic diversity and a high pro-
portion of multiple-clone infections in P. vivax isolates from a
community-based study in Brazil.%® Additionally, P. vivax para-
site populations exhibit high genetic diversity and large effective
population sizes compared with sympatric P. falciparum
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Soe Sanabisi
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Ficure 5. Network analysis displaying the genetic relatedness among the multilocus Plasmodium falciparum haplotypes, where haplotypes
matched at at least 4 out of 12 loci. The haplotypes are colored based on geographical location as indicated in the map: light and dark blue
correspond to Vea and Gowrie, respectively, and together the blues correspond to the Vea/Gowrie catchment area. The light and dark red
corresponds to Soe Boko and Soe Sanabisi, respectively, and together the reds correspond to the Soe catchment area. Map reproduced with
permission from Tiedje and others.'® This figure appears in color at www.ajtmh.org.

populations in high-transmission areas of Papua New Guinea,*
as well as in areas of Sri Lanka®® and Colombia®* that have ex-
perienced significant reductions in malaria prevalence. Although
cross-species comparisons must be made with caution, it is in-
teresting to note that the dormant hypnozoite stage in P. vivax
provides a possible mechanism for maintaining high levels of
genetic diversity and chronicity, perhaps analogous to asymp-
tomatic infections in P. falciparum. Indeed, the high proportion of
asymptomatic infections maintained through the dry season in
the P. falciparum reservoir could facilitate superinfections and/or
coinfections with genetically distinct parasite clones, which may
in turn have major implications for the success of future control
strategies. It is, therefore, crucial to continuously monitor both
diversity and LD levels in the asymptomatic parasite reservoir
over time in response to interventions, since only sustained in-
terruption of transmission is likely to disrupt a highly diverse
parasite population with little genetic differentiation.3%34 Depth of
sampling must also be considered.

Importantly, the significant though relatively low LD (i.e., in-
dex of association measures) reported here in the P. falciparum
reservoir of infection can be used as a baseline population
genetic metric to examine the effects of seasonality (i.e., during
the wet season) and control interventions being implemented
by National Malaria Control Programmes. Monitoring the par-
asite reservoir in response to malaria control measures is cru-
cial if we are going to understand within-host competition
among genetically distinct parasite clones that are under se-
lection by antimalarial drug and/or host immune pressures.
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