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Abstract 

Background  Malaria remains a significant global health threat, with sub-Saharan Africa (SSA) bearing the high-
est burden of the disease. Plasmodium falciparum is the predominant species in the region, leading to substantial 
morbidity and mortality. Despite intensified control efforts over the last two decades, P. falciparum genetic diversity 
and multiplicity of infections (MOI) continue to pose significant challenges to malaria elimination in the region. This 
study assessed P. falciparum genetic diversity and population structure in areas with low, medium, and high malaria 
transmission intensities in Uganda.

Methods  A total of 288 P. falciparum-positive samples from children (6 months to 10 years) and adults (≥ 18 years) 
living in Jinja (low transmission), Kanungu (medium transmission), and Tororo (high transmission) were genotyped 
using seven neutral microsatellite markers. Genetic diversity was assessed based on the number of alleles (Na), allelic 
richness (Ar), and expected heterozygosity (He). Population structure was assessed using the fixation index, analysis 
of molecular variance (AMOVA), and clustering analysis.

Results  High P. falciparum genetic diversity was observed across all study sites, with Kanungu exhibiting the highest 
mean He (0.81 ± 0.14), while Jinja and Tororo had lower mean He (0.78 ± 0.16). P. falciparum MOI varied significantly, 
with Tororo showing the highest mean MOI (2.5 ± 0.5) and 70% of samples exhibiting polyclonal infections, com-
pared to Jinja’s mean MOI of 1.9 ± 0.3 and 58% polyclonal infections. Significant multilocus linkage disequilibrium 
(LD) was noted (p < 0.01), ranging from 0.07 in Tororo to 0.14 in Jinja. Parasite population structure showed minimal 
genetic differentiation (FST ranged from 0.011 to 0.021) and a low AMOVA value (0.03), indicating high gene flow.

Conclusion  This study demonstrates high P. falciparum genetic diversity and MOI but low population structure, 
suggesting significant parasite gene flow between study sites. This highlights the need for integrated malaria control 
strategies across areas with varying malaria transmission intensities in Uganda.
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Background
Despite the intensification of malaria control measures, 
malaria remains a significant health challenge, especially 
in sub-Saharan Africa (SSA). According to the World 
Malaria Report 2024, there were 263 million recorded 
malaria cases globally, with 246 million occurring in 
SSA in 2023 alone. Uganda accounted for 4.8% of global 
malaria cases and ranked as the third-highest contributor 
to malaria cases globally [1]. Over 90% of these cases are 
caused by Plasmodium falciparum, the species responsi-
ble for the highest levels of morbidity and mortality [2]. 
Furthermore, P. falciparum infections exhibit consider-
able genetic diversity, which contributes to anti-malarial 
drug resistance and complicates control and elimination 
efforts [3].

Plasmodium falciparum genetic diversity, which refers 
to variation within its populations, primarily arises from 
genetic recombination during sexual reproduction in 
the mosquito vector. This recombination leads to exten-
sive allelic polymorphisms. Additionally, recombination 
events and epigenetic modifications contribute to anti-
genic variation during the asexual stages of the parasite 
within the human host [4–7]. Increased genetic recombi-
nation results in low linkage disequilibrium (LD), which 
refers to the non-random association of alleles at differ-
ent loci within a population [8]. In P. falciparum, low LD 
is commonly observed due to frequent genetic recombi-
nation in the mosquito vector, allowing alleles at differ-
ent loci to assort independently. This low LD facilitates 
the spread of beneficial traits, such as drug resistance, 
across various loci [3, 8, 9]. Therefore, monitoring LD is 
crucial for understanding the spread of drug resistance 
and the overall genetic diversity of the parasite—both of 
which are essential for developing effective malaria con-
trol strategies.

In malaria-endemic areas, individuals can experience 
repeated mosquito bites with different parasite strains, or 
a single mosquito bite may carry multiple strains, result-
ing in a condition known as multiplicity of infection 
(MOI) [10, 11]. Plasmodium falciparum MOI refers to 
the presence of multiple parasite strains within an indi-
vidual [12]. This can occur through two mechanisms: 
superinfection, where a person is bitten by mosquitoes 
carrying different parasite strains, and co-transmission, 
where a single mosquito carries multiple strains. Both 
mechanisms lead to infection with more than one strain, 
though the transmission processes differ [13–15]. While 
genetic diversity can involve several distinct strains, it 
does not necessarily indicate that multiple strains are 
present within an individual at the same time.

The genetic diversity of P. falciparum strains compli-
cates malaria control by increasing parasite virulence, 
disease severity, and contributing to drug resistance 

[16–18] Some strains may evolve greater resistance to 
anti-malarial drugs, making treatment more difficult 
[19–22]. Mutations in key genes, such as pfcrt (chloro-
quine resistance transporter), pfmdr1 (multidrug resist-
ance 1), and pfk13 (kelch protein), drive anti-malarial 
drug resistance, which remains a major obstacle to 
malaria control and elimination in Uganda [23].

Malaria control strategies, including insecticide-
treated bed nets (ITNs), indoor residual spraying (IRS), 
and chemotherapy, are essential components of malaria 
prevention [24, 25]. However, their effectiveness can be 
compromised by the development of insecticide resist-
ance in mosquito populations [26]. Additionally, para-
site genetic diversity and MOI, which are shaped by 
evolutionary processes such as genetic drift, mutation, 
natural selection, and migration, influence the effec-
tiveness of these control measures and the spread of P. 
falciparum across different transmission settings [27, 
28].

P. falciparum genetic diversity varies across individu-
als, transmission settings, and seasons, highlighting the 
need for continuous monitoring [29]. In areas with high 
malaria transmission, P. falciparum exhibits high genetic 
diversity and low genetic differentiation, while in low 
transmission areas, the parasites are less diverse [30–32]. 
Monitoring parasite genetic diversity and population 
structure is crucial for assessing malaria transmission 
dynamics, understanding connectivity between parasite 
populations, and evaluating the effectiveness of control 
interventions [28, 31, 33, 34]. This monitoring also helps 
in understanding malaria epidemiology and resistance 
patterns, which are vital for global malaria elimination 
strategies [12, 35, 36].

Although some studies have assessed the genetic 
diversity of P. falciparum in Uganda, most have focused 
on symptomatic children living in areas with moder-
ate to high malaria transmission  intensities [16, 37, 38]. 
No studies have examined the genetic diversity of P. 
falciparum across different malaria transmission set-
tings (low, medium, and high) in Uganda, nor have any 
included asymptomatic individuals, who are also impor-
tant reservoirs of malaria transmission. This gap high-
lights the need for a better understanding of how P. 
falciparum genetic diversity and population structure 
vary across these settings. This study aimed to assess 
the genetic diversity and population structure of P. fal-
ciparum in individuals from low, medium, and high 
malaria transmission areas. By comparing these set-
tings, the study sought to understand how transmis-
sion intensity influences parasite gene flow and genetic 
diversity. These insights are crucial for implementing 
effective malaria control strategies and provide valuable 
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data to guide malaria elimination efforts in Uganda and 
other regions with similar malaria transmission patterns.

Methods
Study settings
The study utilized dried blood spot (DBS) samples col-
lected between August 2011 and July 2017 from par-
ticipants enrolled in cohort studies conducted in three 
sub-counties: Walukuba in Jinja District, Kihihi in 
Kanungu District, and Nagongera in Tororo District, 

under the Program for Resistance, Immunology, and 
Modelling of Malaria (PRISM) study. Walukuba is a 
relatively low-transmission, peri-urban area near Lake 
Victoria in the south-central part of the country. Kihihi 
is a rural area with moderate transmission intensity, bor-
dering Bwindi Impenetrable National Park in the south-
western part of the country. Nagongera is a rural area 
with high transmission intensity in the south-eastern 
part of the country, near the border with Kenya. Malaria 
transmission intensity in these regions was characterized 

Fig. 1  Map of Uganda showing the malaria endemicity of the study sites at the time of sample collection. Adapted from Kamya et al., 2015 [40]
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by the estimated entomological inoculation rates (EIR): 
3.8 for Jinja (Walukuba), 26.6 for Kanungu (Kihihi), and 
125 for Tororo (Nagongera) (Fig. 1) [39].

Study population
Details of the study population have been previously 
described [40]. Briefly, all households in each of the 
three sub-counties were enumerated and mapped, and 
100 households were randomly selected to participate 
in the cohort. The selection of households was done 
irrespective of the presence of fever at the time of 
selection, to ensure that both symptomatic and asymp-
tomatic individuals were included in the study. Within 
each selected household, both male and female chil-
dren aged 0.5–10  years, as well as one primary adult 
caregiver (with no specific gender requirement), were 
enrolled in the study. The inclusion criteria were based 
on the household enumeration and mapping process, 
with no additional requirements beyond age for chil-
dren and the selection of one primary caregiver per 
household. Study participants were encouraged to 
visit a dedicated study clinic open 7  days a week for 
all their medical care. Routine visits were conducted 
every 3 months and included a standardized evaluation 
and collection of blood by finger prick for thick blood 
smear, haemoglobin measurement, and DBS filter paper 
samples for molecular analysis. Study participants who 
had a fever (tympanic temperature > 38.0  °C) or a his-
tory of fever in the previous 24  h at the time of any 
clinic visit had a thick blood smear read immediately. 
If the thick blood smear was positive by light micros-
copy, the patient was diagnosed with malaria and man-
aged according to national guidelines. The cohort was 
dynamic, with newly eligible children from participat-
ing households being enrolled, and participants who 
reached 11  years of age being excluded from further 
follow-up. Study subjects who missed their scheduled 
routine visits were visited at home and requested to 
come to the study clinic as soon as possible.

Sample size determination
To determine the required sample size, a formula for 
comparing two proportions was used:

where Zα/2 is the critical value of the normal distribu-
tion at the 95% confidence level, which is 1.96; Zβ is the 
critical value of the normal distribution for a power of 
80%, which is 0.84; p1 = 62% is the moderate estimate 

n =

[

(Zα/2+ Zβ)2 ∗
(

p1
(

1− p1
))

+ p2
(

1− p2
)

]

/
(

p1 − p2
)2
] = 95.7,

of the proportion of multiple infections; and p2 = 80% is 
the higher estimate of the proportion of multiple infec-
tions as per the studies from the East African region [7, 
41]. Since there are three transmission settings, a total of 
96 × 3 = 288 samples was required.

Laboratory methods
Determination of parasite density
Microscopy slides for parasite density and species detec-
tion were prepared using a 2% Giemsa solution and 
stained for 30 min, with both thick and thin blood films 
being prepared. Experienced microscopists examined the 
slides under a light microscope at 100 × oil immersion. 
P. falciparum parasite density was determined by count-
ing asexual parasites against 200 leukocytes. The parasite 
density per µL of blood was calculated by multiplying the 
total parasite count by 40, assuming an average of 8000 
leukocytes per µL of blood [42].

For quality control, each smear was independently read 
by two microscopists. Though discrepancies—defined as 
differences in species diagnosis, parasite density > 50%, or 
presence of parasites—were rare, any identified discrep-
ancy prompted a review by a third trained and experi-
enced microscopist. Final parasitaemia was determined 
by averaging the readings of the two microscopists or, in 
cases of disagreement, by averaging the third microsco-
pist’s reading with that of the closest of the initial two. 
In cases where the third microscopist’s reading was sig-
nificantly different, it was used as the final for determina-
tion of both  parasite density, and  species. To minimize 
discrepancies, all microscopists underwent thorough 
training on standardized techniques and parasite identi-
fication prior to the study, and regular assessments were 
conducted to ensure consistent performance. Slides were 
not blinded to the microscopists, but each microscopist 
independently read the slides without knowledge of the 
other’s results.

Selection of the samples for molecular analysis
During the study period, a total of 1466 samples were col-
lected from study participants: 495 from Walukuba (Jinja 
District), 396 from Kihihi (Kanungu District), and 575 
from Nagongera (Tororo District). A total of 288 DBS fil-
ter paper samples, collected from P. falciparum infected 
individuals on the day of participant enrollment for par-
asite detection, were randomly selected for molecular 
analysis. These samples included 92 from Walukuba, 81 
from Kihihi, and 115 from Nagongera. The samples were 
retrieved from the IDRC biorepository at the Central 
Public Health Laboratory in Butabika, Kampala, Uganda, 
where they had been stored at − 20 °C to maintain DNA 
integrity over time. To ensure that the samples were 
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representative of the broader study population, a strati-
fied random sampling approach was employed. Selection 
criteria included P. falciparum mono-infection positivity 
and the availability of sufficient demographic and clinical 
data for each participant.

DNA extraction
P. falciparum  genomic DNA was extracted from DBS 
using Chelex 100 Resin (Sigma-Aldrich, USA), following 
the method described by Musapa et al. [43]. The Chelex 
extraction method was chosen for its simplicity, cost-
effectiveness, and efficiency in processing DBS samples. 
It effectively isolates P. falciparum DNA, reduces PCR 
inhibitors, and requires fewer reagents, offering a prac-
tical and reliable alternative to silica-based or column-
based methods. Briefly, 6  mm discs were punched out 
from the DBS into 1.5  mL microcentrifuge tubes con-
taining 1 mL of 1X phosphate-buffered saline (PBS) and 
incubated overnight at 4 °C. The punching machine was 
cleaned with DNase, and a clean blank piece of What-
man 3MM filter paper was pre-cut between samples to 
prevent cross-contamination. The discs were washed 
twice with 1 mL PBS and then boiled at 99 °C in 200 μL 
of 20% Chelex (Sigma-Aldrich, USA) in DNase/RNase-
free water. After a final centrifugation step (14,000 × g 
for 1  min), the extracted DNA was transferred into a 
labelled 0.6 mL microcentrifuge tube with a 100 µL elu-
tion volume and then stored at − 20 °C until further use. 
P.  falciparum detection and confirmation was performed 
through genotyping of P. falciparum 18S rRNA using 
nested PCR [44].  As an internal control, every eighth 
sample consisted of a blank filter paper sample that was 
cut, extracted, and processed alongside the field samples 
to identify any contamination that could lead to false 
positives.

Microsatellite genotyping
Microsatellite markers, including Poly-α, TA1, TA109, 
and PfPK2, exhibit a high level of variability and have 
been widely used to assess P. falciparum genetic diver-
sity and population structure in malaria-endemic regions 
[9, 45]. P.   falciparum genetic diversity and population 
structure were evaluated using a panel of seven neutral 
polymorphic microsatellites: TA1 (Chr6), Poly-α (Chr4), 
PfPK2 (Chr12), TA109 (Chr6), 2490 (Chr10), C2M34–
313 (Chr2), and C3M69–383 (Chr3). These microsatel-
lites were genotyped using primers labelled with HEX or 
6-FAM (Additional file  1: Table  S1). The microsatellites 
Poly-α, TA1, TA109, PfPK2, and 2490 were nested, while 
C2M34–313 and C3M69–383 were unnested.

For the nested PCR reactions, the primary reaction for 
each marker was carried out in a total volume of 15 µL, 
containing 10.5 µL of molecular-grade PCR water, 1.5 µL 

of 10 × reaction buffer, 0.3 µL of dNTPs (1.25  mM), 0.3 
µL of Forward Primer (10 μM), 0.3 µL of Reverse Primer 
(10 μM), 0.25 µL of AmpliTaq Gold (5 U/µL), and 2 µL 
of DNA template. The Round 1 PCR conditions were as 
follows: 94 °C for 2 min, followed by 25 cycles of (94 °C 
for 30 s, 42 °C for 30 s, 40 °C for 30 s, 65 °C for 40 s), and 
ending with 65  °C for 2  min. The secondary reaction 
contained the same reagents as the primary reaction, 
with the addition of 0.3 µL of the labeled primer for each 
marker. A 2 µL aliquot of the primary reaction product 
was used in a final volume of 15 µL for the nested PCR 
reactions. The Round 2 PCR conditions were: 94  °C for 
2 min, followed by 25 cycles of (94 °C for 20 s, 45 °C for 
20 s, 65 °C for 30 s), and ending with 65 °C for 2 min.

PCR conditions for the C2M34–313 and C3M69–383 
reactions were as follows: 94 °C for 2 min, followed by 5 
cycles of (94  °C for 30 s, 50  °C for 30 s, 60  °C for 30 s), 
then 40 cycles of (94  °C for 30  s, 45  °C for 30  s, 60  °C 
for 30 s), and ending with 60 °C for 2 min. A 2 µL sam-
ple of the PCR product was then run on a 2% agarose 
gel to confirm amplification before being analysed on 
the sequencer. The amplified PCR products were trans-
ferred to safe-lock DNA amplicon storage tubes, securely 
wrapped in aluminum foil, and sent to Inqaba Biotec in 
South Africa for microsatellite fragment analysis using an 
ABI capillary electrophoresis platform.

Microsatellite analysis
Microsatellite fluorescent-labelled PCR products were 
analysed to determine their fragment lengths using the 
ABI 3730xl (ThermoFisher/Hitachi) genetic analyzer. 
Peak scoring was performed with GeneMarker HID 
V2.9.5 software. For samples with multiple peaks, the 
highest peak was defined as the dominant allele, while 
peaks with a height greater than 200 relative fluorescence 
units (RFU) and more than 20% of the dominant peak 
height were considered minor alleles. To ensure the qual-
ity and reliability of the data, the raw electropherogram 
data in.fsa files, generated by the ABI 3730xl, were first 
analyzed by the Inqaba Biotec team. A thorough review 
and revalidation of the data were then conducted using 
the.fsa files to ensure its accuracy before proceeding with 
the final analysis.

Data analysis
Participants’ demographic and clinical data, including 
age, gender, parasite density, and haemoglobin levels, 
were extracted from the primary PRISM cohort database 
and exported to STATA version 17 (Stata Corp., College 
Station, TX, USA) for analysis. Microsatellite data were 
retrieved from the ABI 3730xl Genetic Analyzer. Subse-
quent genetic analysis was conducted only on samples 
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where at least five microsatellite markers were success-
fully amplified, using only the predominant alleles to 
minimize bias associated with analysing samples with 
multiple infections.

Plasmodium falciparum genetic diversity
P. falciparum  genetic diversity, defined as variation in 
genetic composition [46] resulting from genetic recom-
bination or mutation [47], was assessed in each parasite 
population from each study site by calculating the mean 
number of alleles (Na), allele richness (Ar), allele fre-
quency, the number of effective alleles (Ne) and expected 
heterozygosity (He) across each locus. These metrics were 
calculated from the predominant allele dataset using 
GENALEX 6.5 software [48]. The He, defined as the prob-
ability that two randomly selected clones from a popula-
tion will carry distinct alleles at each marker locus, was 
calculated using ARLEQUIN software version 3.11 [49] 
with the formula:

where ‘n’ represents the number of isolates analysed and 
‘pi’ is the frequency of the ith allele in a given population. 
He values range between 0 (no genetic diversity) and 1 
(high genetic diversity) [9]. The average Na, Ne, and He 
values for each study site were computed as the mean of 
the values from each locus. Significant differences in Na, 
Ar, Ne, and He across study sites were detected using the 
Kruskal–Wallis test at p < 0.05.

Plasmodium falciparum MOI across the study sites
P.falciparum MOI defined as the number of distinct 
parasite genotypes coexisting within a given infection 
[12] was determined based on the maximum number of 
alleles per locus. Isolates with only one allele were con-
sidered monoclonal infections, whereas those with more 
than one allele were considered polyclonal [31]. The 
results were summarized by counting the number of par-
ticipants exhibiting a certain number of clones and com-
pared across study sites.

Plasmodium falciparum parasite population structure 
analysis
P. falciparum population structure across the three study 
sites was assessed based on Wright’s F-statistics (FST), 
linkage disequilibrium, and cluster analysis. FST values 
were calculated using Arlequin 3.11 [49]. The FST val-
ues were classified as follows: 0 to 0.05 for low genetic 
variability, 0.05–0.15 for moderate genetic variability, 
0.15–0.25 for high genetic differentiation, and > 0.25 for 
substantial genetic differentiation [50]. Inter- and intra-
population variance was determined using analysis of 

He = [n/(n − 1)]
[

1−�pi2
]

,

molecular variance (AMOVA). Multilocus LD, measured 
as the standardized index of association (IA

S), was calcu-
lated using LIAN version 3.5 [51] for the whole dataset. 
This index was calculated as:

where VE is the expected variance of the nth  num-
ber of loci for which two individuals differ, and VD is 
the observed variance. The significance of IA

S values 
was tested using the Monte Carlo method. The distance 
between isolates from the study sites was estimated 
through Principal Component Analysis (PCoA) using 
GENALEX 6.5 software [48] to assess parasite popula-
tion substructure. Additionally, cluster analysis was per-
formed using STRU​CTU​RE v2.1 software [52].

Results
Characteristics of the study population
Of the 288 P. falciparum samples retrieved and geno-
typed using seven neutral microsatellites, 211 (73.3%) 
samples successfully amplified on at least five microsatel-
lites and were included in the genetic analysis. Of these 
211 samples, 109 (51.7%) were from male participants, 
and the majority (54%) were from participants less than 
five years of age. The parasite densities in the selected 
samples ranged from 48 to 1,600,000 parasites/µL. Par-
ticipants from Kanungu had significantly higher mean 
temperatures (38.3  °C) compared to those from Tororo 
(37.9 °C) and Jinja (37.9 °C), while participants from Jinja 
had significantly lower parasite densities compared to 
those from other sites (Table 1).

Plasmodium falciparum genetic diversity
The mean number of alleles (Na) observed was 
11.29 ± 3.82 in Jinja, 13.43 ± 4.58 in Kanungu, and 
12.57 ± 5.47 in Tororo. The markers C2M34–313 (Chr2), 
Poly-α, and TA1 exhibited the highest number of alleles, 
ranging from 13 to 21 across the three study sites. The 
mean expected heterozygosity (He) for P. falciparum was 
0.78 ± 0.16 in Jinja, 0.81 ± 0.14 in Kanungu, and 0.78 ± 0.16 
in Tororo (Table 2).

The mean number of effective alleles (Ne) was 
6.13 ± 3.27 in Jinja, 6.85 ± 3.73 in Kanungu, and 6.59 ± 4.20 
in Tororo. The mean allele richness (Ar) was 10.84 ± 3.76 
in Jinja, 12.42 ± 4.24 in Kanungu, and 12.13 ± 5.59 in 
Tororo (Additional file  2: Table  S2). A Kruskal–Wal-
lis test revealed no significant differences in the num-
ber of alleles (Na) or expected heterozygosity (He) 
values across the three study sites (p > 0.05). Similarly, 
no significant differences were observed for the effective 

ISA = (1/n − 1((VD/(VE) − 1),
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number of alleles (Ne) or allele richness (Ar) across the 
sites (p > 0.05).

Plasmodium falciparum MOI
The highest rate of polyclonal infection was observed 
in Tororo, with 50 out of 71 samples (70%). In Jinja, 
40 out of 69 samples (58%) exhibited polyclonal infec-
tions, and in Kanungu, 40 out of 71 samples (56%) 
showed polyclonal infections. The highest polyclonal 
infection rates were recorded with marker C3M69–
383, showing rates of 83% in Jinja, 80.3% in Kanungu, 
and 88.2% in Tororo. Conversely, the lowest rates of 
polyclonal infection were recorded with marker 2490, 
with rates of 33.3% in Jinja, 24.9% in Kanungu, and 
46.5% in Tororo. The mean MOI varied slightly across 
the study sites: Jinja had a mean of 1.9 ± 0.3, Kanungu 
had a mean of 2.0 ± 0.05, and Tororo had a mean of 
2.5 ± 0.05 (Table 3). Across the sites, the microsatellites 
C3M69–383 and TA1 identified more polyclonal infec-
tions (number of clones ≥ 2), while 2490 identified the 

most monoclonal infections. The Poly-α and PfPK2 
markers recorded the maximum number of alleles [5] 
(Fig. 2).

Plasmodium falciparum parasite population structure 
between sites
Plasmodium falciparum genetic differentiation
The pairwise FST values between the three study sites 
revealed low genetic differentiation (< 0.05). The low-
est genetic differentiation was observed between Jinja 
and Tororo (0.011), while the highest genetic differentia-
tion was observed between Kanungu and Tororo (0.021) 
(Table 4).

Linkage disequilibrium (LD)
Multilocus Index of Association (IA

S) analysis was per-
formed to assess the non-random association of all com-
plete haplotypes at the individual study sites. The LD 
ranged from 0.07 in Tororo to 0.14 in Jinja. Significant 

Table 1  Demographic characteristics of the cohort participants whose samples are included in the analysis

Characteristic Overall
N = 211

Jinja
N = 69

Kanungu
N = 71

Tororo
N = 71

P value

Age in years

 < 5 years 35 43 37

 5–11 years 25 28 26

 ≥ 18 years 9 0 8

Gender (%)

 Male 53.6 50.7 50.7

Mean axillary temperature, °C (SD) 37.9 ± 1.17 38.3 ± 1.3 37.9 ± 1.1 0.006

Geometric mean parasite density/µL (GSD) 41,367.9 ± 7372 109,734.5 ± 4833.4 277,424.6 ± 9245.1  < 0.001

Mean Hb g/dL (SD) 11.34 ± 1.89 10.36 ± 2.33 11.37 ± 1.84  < 0.001

Table 2  P. falciparum genetic diversity based on number of alleles, and expected heterozygosity

Locus Jinja Kanungu Tororo

Na He Na He Na He

2490 6 0.47 6 0.52 5 0.47

Poly-ɑ 13 0.89 15 0.91 16 0.91

C2M34–313 18 0.92 20 0.93 21 0.93

TA1 13 0.87 17 0.88 16 0.86

TA109 10 0.8 10 0.82 8 0.8

C3M69–383 9 0.69 13 0.82 12 0.7

PfPK2 10 0.84 13 0.78 10 0.82

Mean 11.29 0.78 13.43 0.81 12.57 0.78

SD 3.82 0.16 4.58 0.14 5.47 0.16
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multilocus LD was observed across all study sites 
(p < 0.01) (Table 5).

Principal Component Analysis (PCoA) revealed no 
distinct clusters of parasites based on their geographic 
origins (Additional file  4: Fig. S4). Subsequent cluster 
analysis with STRU​CTU​RE identified significant genetic 
admixture within the population. Parasite samples from 
all three regions displayed varying proportions of blue, 
orange, and black clusters, reflecting the complex genetic 
diversity among the isolates. The mixed genetic herit-
age of the parasites is evident from the overlapping and 
diverse color proportions within the columns, underscor-
ing the intricate genetic landscape across the three study 
sites (Fig. 3).

Discussion
The current study utilized seven neutral microsatellite 
markers to characterize P. falciparum genetic diversity 
and population structure across three regions in Uganda 
with varying malaria transmission intensities. The influ-
ence of transmission intensity on P. falciparum genetic 
diversity is well-documented. High transmission areas 
typically exhibit greater genetic diversity and weaker 
population structure, while low transmission areas often 
show reduced genetic diversity, stronger LD, and more 
defined population structure [9, 30–32, 53, 54]. How-
ever, the findings of this study revealed high P. falciparum 
genetic diversity and MOI, with limited population struc-
ture across the study sites.

The mean number of alleles (Na) observed in this study 
ranged from 11.29 to 13.34, higher than values reported 
in low malaria transmission areas such as Djibouti [55], 
but comparable to findings in high transmission regions 
of SSA, where Na ranges from 5.3 to 13.5 [55, 56]. The 
high mean He (ranging from 0.78 to 0.81) suggests a 
large effective parasite population size, fostering genetic 

recombination and diversity [4, 57]. These values are con-
sistent with reports from other high malaria transmis-
sion regions in SSA, such as Madagascar, where mean He 
ranged from 0.82 to 0.89 across different malaria trans-
mission settings [58]. A study in Eswatini, a low transmis-
sion area, also observed a high mean He value (0.75) [59]. 
The persistence of higher genetic diversity in low malaria 
transmission areas may be explained by the influx of P. 
falciparum-infected individuals from high malaria-
endemic regions. This influx tend  to sustain genetic 
diversity even in areas with lower transmission rates. The 
observed high genetic diversity in this study poses chal-
lenges for malaria control programs, as it complicates 
immunity development, facilitates immune evasion, and 
promotes the emergence of drug-resistant strains [3]. 
These dynamics are particularly critical in high transmis-
sion areas, such as Uganda, where repeated exposure to 
diverse P. falciparum strains may hinder the development 
of immunity and reduce the effectiveness of vaccines and 
treatment regimens.

This study found significant variations in P. falciparum 
MOI across the study sites (p < 0.001), with Tororo (mean 
MOI = 2.5) exhibiting the highest values, followed by 
Kanungu (mean MOI = 2.1), and Jinja (mean MOI = 1.9). 
These results reflect the higher prevalence of polyclonal 
infections in the study areas, indicating high malaria 
transmission, despite Jinja being classified as a low trans-
mission area. This pattern mirrors findings in other SSA 
countries. For instance, in Rwanda, higher MOI values 
were reported in high malaria  transmission areas like 
Ruhaha (mean MOI = 2.13, polyclonal infection = 62%) 
compared to low transmission areas like Mubuga (mean 
MOI = 1.29, polyclonal infection = 26.9%) [35]. Increased 
MOI in high malaria  transmission areas is typically due 
to frequent exposure to multiple P. falciparum strains 
[60, 61]. Conversely, low transmission areas often 

Table 3  P. falciparum MOI in Jinja, Kanungu and Tororo

* Standard error (SE)

Locus Jinja (n = 69) Kanungu (n = 71) Tororo (n = 71)

Percentage 
polyclonal

Mean MOI Percentage 
polyclonal

Mean MOI Percentage 
polyclonal

Mean MOI

2490 33.3 1.4 24.9 1.3 46.5 1.6

Poly-ɑ 44.5 1.6 51.7 2.0 62.9 2.5

C2M34–313 73.2 2.1 31.9 1.4 54.5 2.1

TA1 69.1 2.2 81.7 2.4 80.7 2.6

TA109 47.6 1.9 43.8 1.8 74.6 2.7

C3M69–383 83.0 2.2 80.3 2.4 88.2 3.2

PfPK2 55.1 2.0 77.5 2.5 82.6 2.8

Mean 58 1.9 56 2.0 70 2.5

SD/*SE *6.7 0.3 *9.0 0.5 *5.9 0.5
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Fig. 2  Percentage of clones within each microsatellite marker with 1 clone (blue), 2 clones (green), 3 clones (red), 4 clones (yellow), and 5 clones 
(purple) in Jinja, Kanungu and Tororo. The vertical axis represents the percentage of samples while the horizontal axis represents the genetic 
markers
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exhibit monoclonal infections, likely due to fewer mos-
quito bites and reduced genetic recombination [62, 63]. 
The observation of higher MOI in Tororo suggests that 
malaria transmission rates are indeed high in this region, 
consistent with neighboring high transmission areas 
near Lake Victoria in Kenya, where polyclonal infections 
are more common [30]. Increased MOI also increases 
the likelihood of immune evasion and the emergence of 
drug-resistant strains [64].

Allele frequencies and genetic differentiation analy-
sis revealed minimal genetic differentiation (FST ranging 
from 0.011 to 0.021), consistent with previous studies 
from other SSA malaria-endemic regions. For instance, P. 
falciparum populations in Kenya have shown low genetic 

differentiation (FST = 0.072) between high and low 
malaria transmission areas [65]. Principal Component 
Analysis (PCoA) in this study further supported the low 
FST values, indicating minimal geographic structuring of 
P. falciparum populations. These findings suggest high 
levels of gene flow among parasite populations across 
the study sites, a pattern that mirrors previous research 
in SSA regions where high gene flow across subpopula-
tions has been attributed to factors like human migration 
and movement [30, 66, 67]. In Uganda, such gene flow 
may be facilitated by high rates of internal migration, as 
observed in other SSA countries, contributing to genetic 
similarities across P. falciparum populations in different 
malaria transmission settings.

LD is inversely correlated with malaria  transmission 
intensity, with high transmission areas typically show-
ing low LD values due to frequent genetic recombina-
tion [8, 9]. In this study, LD values ranged from 0.07 to 
0.14, which are considered low, indicating that alleles at 
different loci are largely independent within the popula-
tions. This finding is consistent with studies from other 
high  malaria transmission areas in SSA, such as Mali and 
Nigeria, where low LD values have been reported, sug-
gesting high rates of recombination and genetic mixing 
[66, 67]. Similarly, a study in Kenya found a low genetic 
differentiation index (FST = 0.072, p = 0.01) between low 
and high malaria transmission areas [65]. The low LD and 
observed admixture pattern in this study suggest limited 
population structure, likely due to high levels of gene 
flow and recombination across P. falciparum populations 
[68]. Human movement across regions may also contrib-
ute to this genetic mixing, as P. falciparum strains spread 
between urban, rural, and border areas [30, 68, 69]. 
This interconnectedness of parasite populations under-
scores the need for malaria control strategies that take 
into account the genetic connectivity between parasite 
strains, advocating for regional rather than strictly local 
interventions.

Table 4  Pairwise genetic differentiation (FST) among study sites

The AMOVA result (0.03) indicated that most of the genetic variation (97%) in 
P. falciparum parasites is contained within populations, with only 3% of the 
variation explained by differences between subpopulations across study sites 
(Additional file 3: Table S3)

Jinja Kanungu Tororo

Jinja 0 0.016 0.011

Kanungu 0.016 0 0.021

Tororo 0.011 0.021 0

Table 5  Linkage disequilibrium analysis for P. falciparum 
populations obtained in each study site

VD = variance; VE = expected variance if linkage equilibrium 
exists; IA

S = Standardized Index of Association

Test factor Jinja Kanungu Tororo

VD 21.95 19.28 12.96

VE 4.77 4.43 4.81

I AS 0.14 0.13 0.07

Var (VD) 0.27 0.26 0.20

P. value  < 0.01  < 0.01  < 0.01

Fig. 3  The Bayesian bar plot illustrates the population structure of P. falciparum parasite isolates collected from three different regions with varying 
levels of malaria transmission: Jinja (low malaria transmission), Kanungu (medium malaria transmission), and Tororo (high malaria transmission). 
Each vertical bar in the plot represents an individual parasite isolate. Each bar is divided into colored segments, with colours (green, red, 
and blue) representing different genetic clusters of P. falciparum. The size of each coloured segment within a bar corresponds to the proportion 
of that genetic cluster in the sample.
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Parasite density varied significantly between study 
sites, with higher parasite densities in high transmission 
areas, consistent with malaria transmission dynamics. In 
high transmission regions, more frequent cycles of trans-
mission lead to higher parasite burdens in infected indi-
viduals. Studies from Uganda, including those near Lake 
Victoria, have similarly reported higher parasite densities 
in high transmission areas, correlating with increased 
disease severity and inflammatory responses [70, 71]. In 
contrast, low transmission areas such as parts of central 
Uganda typically show lower parasite densities due to 
fewer opportunities for infection. This further reinforces 
the relationship between parasite density and transmis-
sion intensity.

This study provides valuable insights into the genetic 
diversity and population structure of P. falciparum 
in Uganda across different malaria transmission set-
tings. While the findings share similarities with studies 
from other African countries, such as Kenya, Rwanda, 
and Tanzania, the regional differences in transmission 
intensity observed in Uganda offer a unique perspec-
tive on the diversity and transmission dynamics of P. 
falciparum. However, this study has some limitations. 
It was conducted in only three regions, which limits the 
generalizability of the findings to other parts of Uganda 
with different ecological and epidemiological condi-
tions. Additionally, the relatively small number of adults 
included in the study may have impacted the analysis for 
this group.

Implication for future research and policy
The study findings highlight the dynamic nature of P. fal-
ciparum genetic diversity and population structure across 
varying malaria  transmission settings. High genetic 
diversity and MOI in high transmission areas pose chal-
lenges for immunity development, vaccine efficacy, treat-
ment effectiveness, and the emergence of drug-resistant 
strains. It is crucial for malaria control strategies to 
consider genetic connectivity between parasite popula-
tions to optimize interventions and move toward malaria 
elimination. Future studies should employ longitudinal 
designs to examine temporal and seasonal changes in P. 
falciparum genetic diversity and population structure to 
better understand malaria transmission dynamics. Addi-
tionally, further investigations are needed to clarify the 
underlying causes of low LD, which could be influenced 
by factors such as population dynamics, genetic drift, or 
natural selection.

Conclusion
This study reveals high P. falciparum genetic diversity 
and MOI, with low population structure, across various 
malaria transmission settings in Uganda. These findings 

present significant challenges for malaria control in 
regions with differing transmission intensities. The high 
genetic diversity and prevalence of polyclonal infections 
complicate immunity development and hinder efforts to 
manage drug resistance. These challenges emphasize the 
need for region-specific malaria control strategies that 
account for the genetic connectivity of P. falciparum pop-
ulations. Additionally, the study underscores the impor-
tance of continuous surveillance and the adaptation of 
control measures based on genetic data to ensure the 
sustainable elimination of malaria in Uganda.
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