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Abstract

Transmission intensity, movement of human and vector hosts, biogeographical features,
and malaria control measures are some of the important factors that determine Plasmodium
falciparum parasite genetic variability and population structure. Kenya has different malaria
ecologies which might require different disease intervention methods. Refined parasite
population genetic studies are critical for informing malaria control and elimination strategies.
This study describes the genetic diversity and population structure of P. falciparum parasites
from the different malaria ecological zones in Kenya. Twelve multi-locus microsatellite (MS)
loci previously described were genotyped in 225 P. falciparum isolates collected between 2012
and 2013 from five sites; three in lowland endemic regions (Kisumu, Kombewa, and Malindi)
and two in highland, epidemic regions (Kisii and Kericho). Parasites from the lowland endemic
and highland epidemic regions of western Kenya had high genetic diversity compared to coastal
lowland endemic region of Kenya [Malindi]. The Kenyan parasites had a mean genetic
differentiation index (Fst) of 0.072 (P=0.011). The multi-locus genetic analysis of the 12 MS
revealed all the parasites had unique haplotypes. Significant linkage disequilibrium (LD) was
observed in all the five parasite populations. Kisumu had the most significant index of
association values (0.16; P < 0.0001) whereas Kisii had the least significant index of association
values (0.03; P <0.0001). Our data suggest high genetic diversity in Kenyan parasite population
with the exception of parasite from Malindi where malaria has been on the decline. The presence
of significant LD suggests that there is occurrence of inbreeding in the parasite population.
Parasite populations from Kisii showed the strongest evidence for epidemic population structure
whereas the rest of the regions showed panmixia. Defining the genetic diversity of the parasites

in different ecological regions of Kenya after introduction of the artemether-lumefantrine is



important in refining the spread of drug resistant strains and malaria transmission for more

effective control and eventual elimination of malaria in Kenya.



1. Introduction

Plasmodium falciparum genetic variability, population structure and gene flow across
regions are critical in malaria control and elimination strategies since they impact parasite
genotypic and phenotypic characteristics. These characteristics include clonal diversity
(Anderson et al., 2000), response to host immunity (Gupta and Anderson, 1999; Klein et al.,
2008), virulence (Mackinnon and Read, 2004), and dynamics in the emergence and the spread of
drug resistance traits (Ariey et al., 2013; Mehlotra et al., 2008; Mita et al., 2011). Differences in
parasite genetic diversity and population structure may result from differences in the effective
population size, the intensity of malaria transmission and the levels of inbreeding in low and high
transmission regions (Anderson et al., 2000).

Neutral microsatellite markers sampled across the genome have been used to analyze
parasites from different parts of the world. Parasites from regions with low transmission intensity
have strong linkage disequilibrium (LD), low diversity, and extensive population differentiation
(are highly structured). For instant, parasite populations in Southeast Asia have moderate to high
levels of population structure and those in South America are clonal and highly structured
(Anderson et al., 2000; Griffing et al., 2011; Mu et al., 2010). In contrast, parasites from high
transmission intensity regions such as sub-Saharan Africa (SSA) have weak LD, high diversity,
and low levels of differentiation (Anderson et al., 2000). However, exceptions have been
reported in parasites from urban populations of Senegal, Niger and the Republic of Djibouti
which have been described as having significant population structure, low levels of genetic
diversity and significant LD (Bogreau et al., 2006). Significant LD has also been found in
regions of high transmission and diversity in Zimbabwe, Republic of Congo (DRC), and Senegal

(Anderson et al., 2000; Durand et al., 2003; Leclerc et al., 2002). It is yet to be determined



whether regions of high transmission intensity with low genetic differentiation have parasite
populations that are genetically similar or identical with heritable traits.

Evidence suggests that transmission intensity is important in determining parasite genetic
variability and population structure (Anderson et al., 2000; Susomboon et al., 2008). Other
important factors include the movement of human and vector hosts (Schultz et al., 2010), the
biogeographical features that may interrupt or promote the gene flow (Anderson et al., 2000; Joy
et al., 2003) and the local malaria control measures (Anthony et al., 2005; Zhong et al., 2007).
This underscores the importance of doing refined parasite population genetic studies at the local
level, which can clarify the implications of parasite genetics in order to inform local control
(Anthony et al., 2005; Schultz et al., 2010) and elimination strategies.

Based on the malaria risk map and the eco-epidemiology of malaria, Kenya is stratified
into four malaria ecological regions: The endemic lake and coastal regions (risk class equal to or
above 20%); epidemic-prone highland region (risk class 5 to less than 20%); seasonal
transmission risk region (risk class less than 5%); and the low-risk region (risk class less than
0.1%). The endemic regions have high, stable malaria transmission whereas epidemic highlands
are characterized by unstable transmission (Wanjala et al., 2011; Noor et al., 2009). Due to
increased malaria interventions, some regions in Kenya such as the endemic coastal region have
experienced significant decline in malaria transmission (Okiro et al., 2007; Okiro et al., 2009;
O’Meara et al., 2008). Such changes may not only impact parasite genetic diversity, but also the
need to modify control and intervention strategies to reflect the new transmission and disease
rates. Genetic diversity and population structure of the parasite populations using multilocus
microsatellite markers have mostly focused on the western part of Kenya (Bonizzoni et al., 2009;

Gatei et al., 2010; Vardo-Zalik et al., 2012; Zhong et al., 2007). There is a gap in knowledge on



the Plasmodium genetic diversity and the population structure across the different malaria
transmission regions of Kenya. This information is critical for tracking the spread of drug
resistant strains in the parasite population, malaria transmission, control and eventual
elimination. The goal of this study was to determine the genetic diversity and population
structure of P. falciparum malaria parasite populations from endemic lake and coastal regions,
and the epidemic-prone highland regions of Kenya, which differ in malaria transmission and

disease endemicity.

2. Materials and Methods

2.1 Study sites and sample collection

The samples used in this study were collected from five different sites between 2012 and
2013 under the approved protocol titled “Epidemiology of malaria drug sensitivity patterns in
Kenya.” This protocol was approved by the ethical review committee of the Kenya Medical
Research Institute (KEMRI, Protocol # 1330), Nairobi, Kenya and Walter Reed Army Institute
of Research (WRAIR, Protocol # 1384) Institutional Review Board (IRB), Silver Spring, MD.
The samples were obtained from consenting patients presenting with uncomplicated malaria at
the study site clinics, aged between 6 months and 65 years. Eligibility criteria included a history
of fever (temperature of > 37.5°C) within 24 h prior to presentation, mono-infection with P.
falciparum and a baseline parasitemia of 2,000-200,000 asexual parasites/mL. Persons treated for
malaria within the preceding 2 weeks were excluded from the study. Written informed consent
was obtained from adult subjects (>18 years of age) or legal guardians for subjects < 18 years of
age. The presence of malaria was confirmed by microscopy and rapid diagnostic test (RDT;

Parascreen®, Zephyr Biomedicals, Verna Goa, India). Whole blood was collected and aliquots



preserved for analysis as specified in the study protocols. The study subjects were treated with
oral AL (Coartem) administered over three consecutive days, a standard of care for P. falciparum
malaria in Kenya. On enrollment, the patients demographics, (including age and gender), place
of birth, place of residence, occupation and travel history in the last 2 months was captured on a
clinical data sheet. The study samples were collected from patients residing near the clinical
collection locations (district hospitals) in Kisumu, Kombewa, Malindi, Kisii and Kericho. These
sites were selected because they capture diverse malaria ecological zones of Kenya. Kisumu and
Kombewa are in the endemic lake region and Malindi is in the coastal lowland region, both with
stable high malaria transmission whereas Kisii and Kericho are epidemic-prone highland regions
with unstable malaria transmission (Fig. 1).
2.2 Sample size calculation
Sample size was calculated using the Raosoft® sample size calculator formula (Raosoft) taking
into consideration the incidence of malaria reduced to 15% as reported by Kenya malaria
indicator survey 2010.
x =Z(c/100)2r (100-r)
E = Sqrt [(N - n) x/n (N-1)] =4.63
Confidence level at 95%

n=N x/ (N-1) E2 + x) = 271

The samples were collected from a study primarily designed to provide a description of the
epidemiology of malaria and drug sensitivity pattern in Kenya. However, while considering that
that each study site was able to enroll a minimum of 1 subject and a maximum of 3 subjects per

week, a total of between 48 and 144 subjects per site per year were expected. A total of 909



samples were collected between 2012 and 2013 from the study sites Kisumu, Kisii, Kericho
Malindi and Kombewa). Therefore, an average of 48 samples per site was randomly selected.
2.3 Plasmodium falciparum genotyping of microsatellite loci

Genomic DNA was prepared from whole blood samples using the Qiagen DNA Mini
extraction protocol (Qiagen, Valencia, CA), as recommended by the manufacturer. The samples
were genotyped using a hemi-nested PCR strategy to amplify twelve microsatellite loci
distributed across the P. falciparum genome as previously described by Anderson et al. (1999).
The loci assayed were Polya (Chromosome 4), TA42 (Chr5), TA81 (Chr5), TA1 (Chr6), TA109
(Chr6), TA87 (Chr6), TA40 (Chr10), 2490 (Chr10), ARAII (Chrl1), pfG377 (Chr12), PfPk2
(12), and TA60 (Chr13). GENEMAPPER software Version 4.1 (Applied Biosystems, Foster
City, CA) was used to automate measurement of allele length and to quantify peak heights.
Microsatellite genotyping was used to identify infections containing >1 parasite clone in one or
more loci. Isolates for which alleles were successfully amplified in at least10 loci out of 12 were
included in the analyses while those isolates in which alleles were amplified in fewer than 10 loci
were excluded.

2.4 Assessment of Multiple Infections

Multiple infections (MlIs) were defined as those specimens in which one or more of the
twelve loci showed multiple alleles. Data points (alleles) from samples that amplified poorly for
particular loci (maximum peak height of 200 fluorescent units) were discarded. Multiple alleles
per locus were scored if fluorescence peaks corresponding to minor alleles were > 33% the
height of that of the predominant allele in the isolate. Allele scoring was determined for each
parasite clone where the greatest number of alleles amplified at any locus was considered the

multiplicity of infection for that sample.



2.5 Estimation of genetic diversity and population structure

Genetic diversity was measured by the number of alleles per locus and expected
heterozygosity on the basis of allele frequency data in each population. The allele frequencies
were determined using the predominant allele at each locus within each infection. The
predominant allele at each locus was defined as the highest peak height in electropherogram
traces. The expected heterozygosity (H,) was measured at each locus in each of the five parasite
locations as (1 - Sum pi*2), where pi is the frequency of the i"™ allele. In addition, the variance in
allele size and the number of alleles (Na) at each locus was determined in the five populations.
The level of genetic diversity, estimated effective population size and number of effective alleles
(Ne) in the different populations was compared using Kruskal-Wallis H test. The population
subdivision was measured using Wright’s F statistics and the genetic distance between parasites
populations using Nei’s method (1978) while the genetic relationships among individual parasite
haplotypes was determined by counting the proportion of alleles shared among the 12-locus
haplotypes (Ps).

2.6 Constructing Multi-locus Microsatellite haplotypes and Linkage Disequilibrium
The median-joining network were constructed in NETWORK version 4.6.1.1

(http://www .fluxus-engineering.com/sharenet.htm) to visualize the relationships among P.

falciparum isolates from different malaria transmission regions in Kenya. The predominant allele
at each locus was used to construct the infection haplotypes. In addition, all the observed alleles
with peak heights greater than 33% of the height of the predominant allele in each locus were
used to construct haplotypes by permutation. This imposed additional recombination of the data
in the construction of the infection haplotypes. We conducted analyses of both the complete data

set with all the alleles and an abridged data set in which predominant alleles were used. A
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permutation procedure was used to test the null hypothesis of random association among loci for
each parasite population (Haubold et al., 1998; Souza et al., 1992). The program LIAN, version 3
(Haubold and Hudson, 2000), was used to compute the number of alleles shared (D) between all
pairwise comparisons of complete 12-locus haplotypes and to measure the variance of this
distance measure (VD). To investigate if the observed data differed from random expectations,
the observed VD was compared with the distribution of VD values in 100,000 simulated data
sets in which alleles at each locus were randomly reshuffled among genotypes. The index of
association (/4) was used to measure the strength of LD. The standardized 14 statistic (/45) was
calculated as ((Vp/Ve — 1)/(1 — 1)), where r is the number of loci, a measure of haplotype-wide
linkage and the 95% confidence limits determined by Monte Carlo simulations (LMC) (Hudson,

1994).

3. Results
3.1 Genetic diversity

Complete allelic data was obtained from 188 of 225 (83.6%) malaria infected blood
samples collected from the five sites. These included 140 samples with full genotypes from the
twelve loci and 48 samples with allelic data from eleven loci. The number of samples analyzed
per site ranged from 23 to 46, with Malindi having the lowest and Kericho having the highest
(Table 1). Multiply-infected parasite samples were determined by the number of alleles per
locus; parasites with more than one allele at any of the loci were considered to be polyclonal. All
the samples analyzed in this study were polyclonal. Parasites were either analyzed by use of
predominant allele at each locus or by combination of possible permutations for all alleles

present.



Table 2 shows the genetic diversity of parasites from all the five regions in Kenya.
Parasites were highly polymorphic with a mean number of alleles of 13.02. The Polya locus was
the most polymorphic with a mean of 18.40 alleles whereas 2490 and PfG377 were the least
polymorphic loci with means of 8.20 and 8.60 alleles, respectively. Allelic diversity at each locus
was summarized as the H, from the distribution of allele frequencies while factoring in sample
sizes of different populations. Parasites from Kenya showed high genetic diversity with the mean
unbiased H, of 0.81. The Polya locus had the highest H, (0.92) whereas PfG377 had the lowest
(0.63). Table 1 shows the genetic diversity of isolates from each of the five sites. Levels of
genetic diversity showed heterogeneity among the different malaria transmission regions in
Kenya. Kisumu parasites showed the highest diversity whereas those from Malindi were the least
diverse; the mean number of alleles in all the loci for Kisumu parasites was 14.75 whereas
Malindi was 10.33. The difference in numbers of alleles between the different sites did not reach
statistical significance. TA1 was the most polymorphic locus with 24 alleles in Kombewa
parasites whereas TA42 in Malindi parasites and 2490 in Kisii parasite isolates were the least
polymorphic with 5 alleles each. From the number of distinct alleles observed at each locus, the
H, estimated per locus is shown in Table 1. Kisumu parasites had the highest mean H, (0.86)
whereas Kisii had the lowest (0.79). Analysis of each the locus across the five sites showed
Polya had the highest H, mean (0.92) whereas TA42 had the lowest (0.63). From regional and
locus-specific analyses, the highest H, was observed in TA1 among Kombewa parasites (0.95)
whereas TA42 was lowest in Malindi parasites (0.37). Most alleles were distributed widely in all
the five parasite populations, with Kisumu having the largest number of private alleles (5)
compared to Malindi which had the least (1). Shannon diversity index (I) is a quantification

measure of abundance and evenness of species present, which gives more information about the



composition of a population. Kisumu had the highest I value (2.3) compared to Malindi, which
had the lowest (2), further confirming higher genetic diversity in Kisumu compared to Malindi.
3.2 Genetic differentiation

AMOVA analyses is performed using the mean of squares to compute the evolutionary
distance between the haplotypes and describes the genetic distance into within and among
populations. The AMOV A analysis revealed that most (93%) of the variance in allele
frequencies was within the parasite populations whereas 7% of the variation was explained by
differences amongst parasite populations from the different malaria transmission regions in
Kenya (Table 3a). Tables 3b, c, and d show AMOVA analysis between specific sites. The largest
within-haplotype genetic distance was observed between Kisumu and Malindi parasite
populations (96%). In addition, Kisumu and Malindi had the smallest genetic difference among
the parasite populations (4%) (Table 3b). The smallest variance in allele frequencies among
individuals was observed in parasite populations from Kisii and Kericho (90%); these two sites
also had the largest difference in genetic variation among parasite populations (10%) (Table 3c).

Genetic distance evaluates the degree of genetic differentiation achieved during the
speciation process or any other stage of evolution divergence. Nei’s genetic distance estimates
the mean number of substitutions that occurred since two populations shared their last common
ancestor. The pairwise population matrix values for the Nei’s genetic distance ranged between
0.27 - 0.90 with Malindi vs. Kombewa having the least distance at 0.27 (parasites are more
closely related) and Kisumu vs. Kisii having the largest value at 0.90 (Table 4).

Wright’s fixation index is a measure of population differentiation caused by genetic
structure. It measures the amount of genetic variation explained by population structure and

provides insights into the evolutionary process that influences the structure of genetic variation



within and among populations. Wright’s F-statistics revealed a mean genetic differentiation
index (Fst) of 0.07 among the parasite populations for all the 12 MS loci (Table 2). TA60 locus
had the largest Fst (0.15) whereas Polya had the lowest (0.03). The majority (8 of 12) of markers
showed moderate genetic differentiation. The pairwise population values for the fixation index
ranged between 0.027 - 0.067 with Kombewa vs. Malindi having the lowest F'st whereas Kisii
vs. Kericho had the largest (Table 5). Interpretation of the Fsr values at each locus was based on
three categories defined earlier as no differentiation (0), low genetic differentiation (0 - 0.05),
moderate differentiation (0.05 - 0.15) and great differentiation (0.15 - 0.25) (Balloux et al., 2002;
Weir et al., 1984).

Multi-locus genetic analysis of the 12 MS showed that there were no matching
haplotypes; a total of 188 unique haplotypes were generated (Fig. 2). The highest multi-locus
combination was seen in two samples from Kisumu which had identical alleles at 9 of 12 loci
while six samples (2 from Kisii, 2 from Malindi and 2 from Kericho) had identical alleles at 8 of
12 loci. A distance-based approach was used to determine the relationships among individual
parasite haplotypes. Principal coordinate analysis revealed strong clustering of haplotypes by
location; parasite isolates from Kisii were distinct from the rest of the regions in Kenya included
in the study (Fig. 3). Furthermore, the network joining tree showed Kisii parasites grouping
separately from other isolates (Fig. 4).

3.3 Linkage Disequilibrium

Analysis of multilocus index of association was performed using the Monte Carlo method
(100,000 random re-sampling) to test the significance of LD both for the complete data set and
after removal of the isolates which matched at 8 or more loci. Significant LD was observed in all

the five populations from Kenya for the complete data set. Kisumu had the most significant



index of association values (0.16; p < 0.0001) while Kisii had the least significant index of

association values (0.03; p < 0.0001) (Table 6).

4. Discussion

This study showed Kenyan P. falciparum parasites have significantly high number of
alleles and high expected heterozygosity. Further, parasites in the endemic lake lowland and the
epidemic highland regions of western Kenya have comparable genetic diversity. These results
corroborate those of previous studies (Bonizzoni et al., 2009; Gatei et al., 2010; Vardo-Zalik et
al., 2012; Zhong et al., 2007). Interestingly, in the highlands, the He increased from 0.66-0.69 in
2005 (Zhong et al., 2007) to 0.79-0.80 in 2012-2013 (the current study). This coincides with the
reported increase in malaria transmission in the highlands (Wanjala et al., 2011). Parasites from
Malindi, the lowland coastal region of Kenya had the lowest parasite genetic diversity which
coincides with reports of reduction of malaria infections and transmission in this region
(Kalayjian et al., 2013; Okiro et al., 2007; Okiro et al., 2009; O’Meara et al., 2008).

Previous studies conducted in Kombewa using samples collected in 2005 by Zhong et al.
(2007) and Vardo-Zalik et al. (2012) showed that parasites from this region had H, values of
0.75 and 0.74, respectively. By 2008 in the same parasite population, the H, had a slightly
increased to 0.80 with a mean number of alleles of 13.50 (Vardo-Zalik et al., 2012). Our data
show that about five years later, the genetic diversity of parasites in Kombewa remained
unchanged with a H, of 0.82 and mean number of alleles of 13.42. These findings are in-line with
our recent data which showed parasites from western Kenya (collected after the introduction of
artemether-lumefantrine (AL) in 2006) were significantly more diverse compared to those

collected before the introduction of AL (p < 0.0001)(Chebon et al., 2015: manuscript submitted



for publication). There are two hypotheses for this observation: First, the data may imply that
transmission intensity in this region has remained unchanged in the last five years or has not
dropped below a threshold value (parasite population bottleneck) that would result in reduction
of genetic diversity. As a result, the genetic diversity in the parasite population has remained
unchanged over the study period. Second, it may indicate that AL is not exerting as much
pressure to the parasite population compared to chloroquine and SP. The genetic data in this and
the previous studies (Vardo-Zalik et al., 2012) suggest that malaria transmission has remained
unchanged over time, which suggests there is need for new or improved malaria interventions if
elimination is to be attained. The current malaria control initiatives in Kombewa include
insecticide treated bed net (ITN) usage, residual sprays and AL for case management of malaria
illness.

In the last decade, there has been a sharp decline in hospital admissions for malaria
infections and transmission in the coastal region of Kenya (Kalayjian et al., 2013; Okiro et al.,
2007; Okiro et al., 2009; O’Meara et al., 2008). This decline is attributed to the expanded malaria
control efforts including the ITN usage, and the adoption of AL as the first-line treatment for
uncomplicated malaria (Amin et al 2007; Fegan et al., 2007; Gikandi et al., 2008). To the best of
our knowledge, this study presents for the first time genetic evidence indicating a change in
malaria transmission levels in the coastal region of Kenya. To conclusively verify our findings
however, it is important to perform genetic analysis of parasite samples collected longitudinally
from the coastal regions of Kenya, preferably before AL was adopted as the first-line treatment.

A statistically significant population structure was observed in parasites collected from
the different ecological regions (Fst 0.0072, P = 0.011). Previous studies reported low genetic

differentiation in Kenyan parasite populations (Gatei et al., 2010; Vardo-Zalik et al., 2012;



Zhong et al., 2007). The observed moderate genetic differentiation between highland and
lowland parasite populations is consistent with the notion of parasite introduction by human
travel from the malaria-endemic lowland to the epidemic highland region (Bonizzoni et al.,
2009; Vardo-Zalik et al., 2012). This indicates that there may be limited barriers to gene flow.
This would possibly impact parasite migration through natural selection and genetic drift. In
addition to human travel, population structure of malaria parasite populations may be affected by
parasite life history, site-specific epidemiology, and malaria control measures such as ITNs and
indoor residual spray.

Significant LD has implication on the spread of multi-locus drug resistance haplotypes
with high levels of inbreeding, which increases their dispersal (Schultz et al., 2010). Significant
LD was found in both highland and lowland populations in the present study. None of the
significant LD involved loci located on the same chromosome, which suggested that these loci
are only statistically linked and not physically linked. Of interest, parasite population from
Kisumu was present with a substantially stronger index of association (IAS _ 0.16) than those
reported in other African countries (IAS < 0.02) with comparable malaria prevalence (Anderson
et al., 2000). Studies conducted in Zimbabwe and the DRC, regions of high malaria transmission,
described the parasite population as having high genetic diversity and significant LD (Anderson
et al., 2000; Durand et al., 2003). This data suggests the occurrence of inbreeding even in areas
with intense and perennial malaria transmission. The data obtained in our study is consistent with
the trends observed in Zimbabwe and the DRC.

The regions in our study are connected by a vast network of roads, with extensive human
migration and transit of goods among the different regions, especially in western Kenya. Human

travel from the lowlands to the highlands of western Kenya has been shown to play an important



role in introducing parasites from one region to the other (Bonizzoni et al., 2009; Shanks et al.,
2005). An isolation-by-distance model could not explain the observed structure; the parasite
population separated by the largest distance (Kombewa versus Malindi which is separated by a
distance of ~ 1000 kilometers) had the lowest genetic differentiation whereas parasites separated
by shorter distances showed stronger genetic differentiation (Kisii versus Kericho or Kisumu,
which are bordering each other and the sample collection sites are separated by ~ 100
kilometers). The study by Schultz et al. (2010) showed similar results, whereby genetic
differentiation in Papua New Guinea parasite populations from different regions did not correlate
with geographic distance. Vector densities and transmission intensity in the highlands are
generally much lower than in the adjacent lowland areas (Minakawa et al., 2006). Kisii and
Kericho are both highland regions located in western Kenya (elevation > 1,500 m), with
comparable amounts of total annual rainfall (2,243 vs. 1718 mm, respectively) and mean annual
temperature (21.0 °C vs. 18 °C, respectively) (Wanjala et al., 2011). Our data suggest genetic
flow between these two regions is lower compared to the other regions. This is intriguing given
that Kisii and Kericho share a border and there is as much human travel between these two
regions as there is in other surrounding regions that show evidence of parasite genetic flow
(Gatei et al., 2010; Vardo-Zalik et al., 2012; Zhong et al., 2007). To further elucidate our
findings, a larger number of samples must be analyzed. It would also be important to capture the
GPS coordinates of where the samples (patient) originate from.

Parasite populations from Kisii showed the strongest evidence for epidemic population
structure (Fig. 3). Kisii is characterized by ecosystems that have epidemic hotspots with
localized micro-epidemics (Wanjala et al., 2011). These localized micro-epidemics might be

driven by small-scale fishing farming whereby abandonment of these farms has resulted in



increased numbers of malaria vectors (Howard and Omlin, 2008). Epidemic population
structures have also been reported in South American and Southeast Asian populations of P.
falciparum (Anderson et al., 2000). This might explain the unique parasite structure which could
lead to parasite isolation and local selfing. Thus, a small increase in the abundance of vectors

may lead to a significant malaria outbreak in the highlands.

5. Conclusion

This study shows the genetic diversity in Kenyan P. falciparum parasites remain high,
with the lake lowland endemic and epidemic highland regions of western Kenya having
comparable genetic diversity. However, the parasite genetic diversity is lower in Kenyan coastal
lowland endemic region which can be attributed to reduction in malaria disease burden and
transmission. Further, for the first time, we have shown the existence of Kenyan parasite
populations with moderate genetic differentiation and significant LD. The data presented here
suggest that there is panmixia which leads to sufficient genetic flow between the different
regions of Kenya, likely driven by both human travel and local transmission. Interestingly, an
isolation-by-distance model could not explain the observed structure because the genetic
differentiation between different parasite populations did not correlate with the distance.
Parasites from some of the highland regions seemed to be slightly isolated, which has led to
stronger genetic differentiation. This information is important in helping guide the malaria

control and elimination agenda as well as malaria vaccine development.
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Figure caption

Fig. 1. Spatial distribution of P. falciparum malaria in 2012 stratified by endemicity class
in Kenya. The study sites are showed on the map with the different ecological zones.

Fig. 2. Summary of multilocus matches by locus for increasing combinations of the 12
loci for Kenyan P. falciparum isolates. A total of 188 unique parasites genotypes were
constructed using the 12 multilocus haplotype combinations. The x-axis shows the
number of combined genotypes (loci) and the y-axis shows the number of parasites
carrying the combined genotype.

Fig. 3. The graphical presentation of the first two coordinates for 188 individual
infections genotypes with the twelve MS. The eigen vectors and eigen values were used
to plot the infection haplotypes of the parasite from different ecological regions in Kenya.
Color codes shows subgroups infection partitioned by the different malaria endemic
regions in Kenya.

Fig. 4. Median joining network diagram showing relationship of the parasites from the
five different sites. The multilocus microsatellite haplotypes profiles were constructed for
each of the parasite generation using the 12 MS. The 188 P. falciparum field isolates
analyzed formed 188 unique 12-loci MS haplotypes. Each circle in the network
represents a unique MS haplotypes with the size of the circle being proportional to the
number of isolates showing that particular haplotypes. The grey dots are hypothetical
median vectors generated by the software to connect existing haplotypes within the
network with maximum parsimony



Table(s)

Table 1: Genetic diversity of P. falciparum populations from different endemic regions (western and coastal regions) in Kenya

KISUMU KOMBEWA MALINDI KISII KERICHO
N=37 N=37 N=23 N=45 N=46

Locus Na Ne H. Na Ne H. Na Ne H. Na Ne H. Na Ne H.
2490 12.00 5.26 0.81 8.00 2.74 0.64 7.00 4.17 0.76 5.00 1.95 0.49 9.00 3.68 0.73
ARA2 13.00 8.72 0.89 | 15.00 10.45 0.90| 10.00 5.69 0.82 | 11.00 5.10 0.80| 11.00 7.15 0.86
PFG377 8.00 3.41 0.71 8.00 1.95 0.49 6.00 2.35 0.58 | 11.00 6.60 0.85| 10.00 3.35 0.70
PFPK2 18.00 11.70 092 16.00 13.55 093 | 14.00 11.26 0.91| 11.00 4.70 0.79 | 17.00 9.98 0.90
POLY 19.00 12.56 0.92] 19.00 14.11 093] 14.00 9.62 0.90| 21.00 15.13 093] 19.00 12.16 0.92
TAl 17.00 11.70 092 24.00 18.25 0.95]| 11.00 7.45 0.87 | 13.00 9.13 0.89| 19.00 11.50 0.91
TA109 19.00 12.79 092 ] 16.00 8.83 0.89 8.00 5.81 0.83 | 19.00 9.98 090 | 18.00 13.06 0.92
TA40 17.00 13.54 093] 12.00 7.09 0.86| 14.00 11.26 0.91 8.00 1.85 0.46| 15.00 9.13 0.89
TA42 12.00 2.99 0.67 8.00 3.16 0.68 5.00 1.60 0.37 | 15.00 4.63 0.78 | 10.00 2.82 0.65
TA60 13.00 7.17 0.86 8.00 5.63 0.82 9.00 5.81 0.83 | 13.00 4.63 0.78 6.00 2.78 0.64
TA81 13.00 6.22 0.84 | 11.00 7.73 0.87 | 13.00 9.62 0.90| 14.00 9.68 0.90 8.00 2.65 0.62
TA87 16.00 12.33 092]| 16.00 10.14 090| 13.00 10.80 0.91| 21.00 14.36 0.93 | 15.00 8.60 0.88
Mean 14.75 9.03 0.86| 13.42 8.64 0.82 ] 10.33 7.12 0.80| 13.50 7.31 0.79 1 13.08 7.24 0.80

SE 0.99 1.12 0.03 1.49 1.44 0.04 0.96 0.98 0.05 1.42 1.27 0.05 1.33 1.16 0.04

The table show the genetic diversity for Isolates collected in 2012-2013 from 5 regions in Kenya (western part; Kisumu, Kisii, Kericho, Kombewa and

coastal region; Malindi) *Na = number of different alleles, Ne = number of effective alleles, He = biased expected heterozygosity




Table 2: Genetic diversity of Kenyan Plasmodium falciparum populations

Na Ne HE F ST Nm

Mean SE Mean SE Mean SE

2490 8.20 1.16 3.56 0.57 0.68 0.06 0.092 2.46
ARA2 12.00 0.89 7.42 0.98 0.86 0.02 0.069 3.40
PFG377 8.60 0.87 3.53 0.82 0.66 0.06 0.057 4.14
PFPK2 15.20 1.24 10.24 1.50 0.89 0.03 0.048 4.95
POLY 18.40 1.17 12.72 0.94 0.92 0.01 0.033 7.42
TA1l 16.80 2.29 11.61 1.84 0.91 0.01 0.051 4.69
TA109 16.00 2.07 10.10 1.34 0.89 0.02 0.048 4.92
TA40 13.20 1.53 8.57 1.99 0.81 0.09 0.115 1.93
TA42 10.00 1.70 3.04 0.48 0.63 0.07 0.045 5.30
TA60 9.80 1.39 5.21 0.73 0.79 0.04 0.153 1.39
TAS81 11.80 1.07 7.18 1.30 0.83 0.05 0.119 1.85
TAS87 16.20 1.32 11.25 0.98 0.91 0.01 0.041 5.89

Mean 13.02 7.87 0.81 0.072 4.03
SE 0.57 0.53 0.02 0.011 0.53

The table show the genetic diversity of Kenyan Isolates collected in 2012-2013 from 5
regions in Kenya *Na = number of different alleles, Ne = number of effective alleles, He =
biased expected heterozygosity, F'st = wrights fixation index, Nm = number of migrants



Table 3a: Results of analysis of Molecular Variance for genetic variation in P. falciparum
populations from Kenya

Source of Degree of Sum of Mean Est. % Number

Variation freedom squares  Squares  Variance  variation of
component migrants

Among Populations 4 14850  37.12 0.36 7%

Among Individual 183 1840.56  10.06 5.03 93% 3.45

Within Individual 188 0.00 0.000 0.00 0%

Total 375 1989.04 5.39 100%

Table 3b: Results of analysis of Molecular Variance for genetic variation in P. falciparum
populations from the low land malaria endemic areas in western Kenya and coastal region
(Kisumu and Malindi)

Source of Degree of Sum of Mean Est. % Number

Variation freedom squares  Squares  Variance  variation of
component migrants

Among Pops 1 21.89 21.85 0.20 4%

Among Individual 58 602.59  10.39 5.20 96% 6.43

Within Individual 60 0.00 0.000 0.00 0%

Total 119 624.43 5.40 100%

Table 3c: Results of analysis of Molecular Variance for genetic variation in P. falciparum
populations from the highland areas in western Kenya (Kisii and Kericho)

Source of Degree of Sum of Mean Est. % Number

Variation freedom squares  Squares  Variance  variation of
component migrants

Among Pops 1 61.37 61.37 0.57 10%

Among Individual 89 873.42 9.81 491 90% 2.17

Within Individual 91 0.00 0.00 0.00 0%

Total 181 934.79 5.47 100%

Table 3d: Results of analysis of Molecular Variance for genetic variation in P. falciparum
populations from the low land malaria endemic areas in western Kenya (Kisumu and
Kombewa)

Source of Degree of Sum of Mean Est. % Number

Variation freedom squares  Squares  Variance  variation of
component migrants

Among Pops 1 31.08 31.08 0.28 5%

Among Individual 72 746.87  10.37 5.19 95% 4.63

Within Individual 74 0.00 0.00 0.00 0%

Total 147 777.95 5.47 100%




Table 4: Pair wise population matrix of Nei’s Genetic distance

KISUMU Kisll MALINDI KOMBEWA KERICHO
KISUMU 0.00
KISl 0.90 0.000
MALINDI 0.45 0.58 0.00
KOMBEWA 0.56 0.68 0.27 0.00
KERICHO 0.64 0.82 0.47 0.40 0.00

The table shows the pair wise Nei’s genetic distance for Isolates collected in 2012-2013
from 5 regions in Kenya (western part; Kisumu, Kisii, Kericho, Kombewa and coastal
region; Malindi) The Nei’s genetic distance values are below the diagonal.



Table 5: Pair wise population matrix of Wrights Fixation index (Fsr)

Pair wise Population Fg; Values

KISUMU
KISUMU 0.000
KISII 0.061
MALINDI 0.036
KOMBEWA 0.040
KERICHO 0.047

KISII

0.000
0.055
0.058
0.067

MALINDI KOMBEWA KERICHO

0.000
0.027
0.044

0.000
0.037

0.000

0.011

P




Table 6: Results of analysis of Linkage disequilibrium in P. falciparum

Source of Kenyan Kisumu  Kericho = Kombewa Kisii Malindi

Variation Parasites

Vb 1.41 3.38 2.22 2.03 1.88 2.19

Ve 1.08 1.24 1.42 1.46 1.41 1.43

14§ 0.03 0.16 0.05 0.04 0.03 0.05
<0.00001 <0.00001

P <0.01 <0.00001 <0.00001  <0.00001
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The network joining tree showed parasites grouping. Kisii (lime green) parasites separate from

other isolates.



