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Abstract

Understanding how malaria parasites move between populations is important, particularly given 

the potential for malaria to be reintroduced into areas where it was previously eliminated. We 

examine the distribution of malaria genetics across seven sites within the Democratic Republic of 

Congo (DRC) and two nearby countries, Ghana and Kenya, in order to understand how the 

relatedness of malaria parasites varies across space, and whether there are barriers to the flow of 

malaria parasites within the DRC or across borders. Parasite DNA was retrieved from dried blood 

spots from 7 Demographic and Health Survey sample clusters in the DRC. Malaria genetic 

characteristics of parasites from Ghana and Kenya were also obtained. For each of 9 geographic 

sites (7 DRC, 1 Ghana and 1 Kenya), a pair-wise RST statistic was calculated, indicating the 

genetic distance between malaria parasites found in those locations. Mapping genetics across the 

spatial extent of the study area indicates a complex genetic landscape, where relatedness between 

two proximal sites may be relatively high (RST > 0.64) or low (RST < 0.05), and where distal sites 
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also exhibit both high and low genetic similarity. Mantel’s tests suggest that malaria genetics 

differ as geographic distances increase. Principal Coordinate Analysis suggests that genetically 

related samples are not co-located. Barrier analysis reveals no significant barriers to gene flow 

between locations. Malaria genetics in the DRC have a complex and fragmented landscape. 

Limited exchange of genes across space is reflected in greater genetic distance between malaria 

parasites isolated at greater geographic distances. There is, however, evidence for close genetic 

ties between distally located sample locations, indicating that movement of malaria parasites and 

flow of genes is being driven by factors other than distance decay. This research demonstrates the 

contributions that spatial disease ecology and landscape genetics can make to understanding the 

evolutionary dynamics of infectious diseases.
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1. Introduction

Malaria remains endemic in 104 countries, despite rollback and eradication efforts, and 

caused an estimated 207 million cases and 627,000 deaths in 2012, primarily in Africa 

(World Health Organization, 2013). The Democratic Republic of Congo (DRC) in particular 

suffers one of the highest burdens of malaria in sub-Saharan Africa: health surveys indicate 

that over a third of adults in the DRC have malaria parasites in their blood (Hay et al., 2010; 

Taylor et al., 2011). Plasmodium falciparum, one species of malaria parasite, causes nearly 

all infections within the DRC (Taylor et al., 2011). The success of malaria eradication 

efforts depends not only on local anti-malaria campaigns, but also on preventing 

reintroduction of malaria parasites from poorly-controlled areas into places newly free of the 

disease (Le Menach et al., 2011; Moonen et al., 2010). Given the potential for malaria 

reintroduction to undo progress in control efforts, an understanding of how malaria diffuses 

across a landscape, and how this diffusion can be limited or stopped, is essential. As yet, 

however, we have limited insight into how malaria spreads geographically (Lynch and 

Roper, 2011).

A landscape genetics approach holds promise for filling in this key knowledge gap. Indeed, 

because of limited movement of mosquitoes (a maximum of 10 km), the most likely means 

by which malaria spreads is through the movement of people carrying the parasites in their 

blood (Kaufmann and Briegel, 2004). Landscape genetics allows us to observe parasites in 

different locations and infer population movement from the distribution of the parasite’s 

genetic markers, while also measuring geographic and landscape factors driving that 

distribution, either by promoting or by preventing dispersal (Biek and Real, 2010; 

Holderegger and Wagner, 2006; Manel et al., 2003; Storfer et al., 2010; Storfer et al., 2007). 

The flow of malaria genes across landscapes has been explored previously and such work 

has indicate a geographic structure to malaria genetics, that parasite populations can be 

fragmented depending on the connectivity (i.e. coastal or inland) of locations, that border 

regions can act as spaces of origin of drug resistance and that population movement 

threatens success of local eradication programs by re-introduction of malaria (Alam et al., 
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2011b; Griffing et al., 2011; Rebaudet et al., 2010; Schultz et al., 2010). Additionally, 

molecular epidemiology has been used to conclusively determine the source of a malaria 

outbreak among UN peacekeeping soldiers from Guatemala returning from the DRC, 

emphasizing the need for molecular surveillance as an integral part of malaria control and 

elimination program (Patel et al., 2014). As yet, however, few studies have focused on 

malaria genetics within DRC or connections to other sub-Saharan African countries, which, 

given the high burden of malaria in DRC and the focus of the global health community on 

malaria eradication in this region, indicates a need for greater research in this geographic 

and topical area. Medical geography in particular, with its emphasis on disease ecology and 

spatial statistics, can make valuable contributions to understanding how infectious diseases 

of humans are transmitted across spaces and places (Carrel and Emch, 2013).

Using spatial methods to explore the genetic characteristics of malaria parasites found in 

humans across seven sites in the DRC, and a site each in Ghana and Kenya, we sought to 

understand whether genetic variation between sites is correlated with geographic space 

between those sites, how scaling up or down from national to sub-national scale changes the 

observed relationship between genetics and geography, and whether significant barriers to 

malaria gene flow exist. Given the complex ecology of malaria, dependent on mosquito 

vectors from the Anopheles genus, and the mobility of infected and susceptible populations 

across the DRC, we did not anticipate finding a strong correlation between genetic variation 

and geographic distances, as has been found for other infectious diseases such as H5N1 

influenza and rabies (Carrel et al., 2010; Real et al., 2005). Instead, we hypothesized that a 

more fragmented genetic landscape would be found, reflecting variations in land cover, 

transportation routes, population movement, and conflict zones that are seen across the 

DRC.

2. Data and methods

In 2007 a Demographic and Health Survey (DHS) was completed on a spatially and 

statistically representative sample of individuals within the DRC, grouped within household 

clusters across the country. Survey participants had blood spots taken, from which we were 

able to retroactively detect malaria parasites via real-time polymerase chain reaction (real-

time PCR), as has been previously described (Taylor et al., 2011). This research received 

institutional review board approval at the Kinshasa School of Public Health, the University 

of North Carolina–Chapel Hill and the University of Iowa.

To explore how genetic characteristics of malaria parasites vary across the DRC, we 

selected seven DHS clusters, each with ten or more asymptomatic P. falciparum-positive 

individuals, for analysis. The clusters were selected based on the hypothesis that the Congo 

River, a principal route of human transportation, would facilitate diffusion of plasmodium 

parasites. Three clusters (81, 88 and 183) were chosen because they were located on or near 

the Congo River, a principal route of human transportation (Herderschee et al., 2011); two 

clusters (164 and 211) were chosen because they were not on the river but were 

approximately the same distance apart from the three river sites as the river sites were from 

one another; and two final clusters (29 and 203) were chosen because they were far away (> 

1000 km on average) from the other clusters (Fig.1). The median distance between clusters 

Carrel et al. Page 3

Soc Sci Med. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was 709 km (IQR = 883 km). This geographic diversity allowed us to explore whether sites 

linked via the river, sites the same distance from one another but not river linked and sites 

geographically distant had differing patterns of genetic relatedness.

These seven clusters contained 82 individuals infected with P. falciparum. In addition to the 

samples from the DRC, 72 and 62 infected individuals previously reported from Ghana and 

Kenya respectively were included for comparative analyses of parasite microsatellites across 

political borders (Alam et al., 2011a; McCollum et al., 2012).

Five neutral, meaning not under selective pressure, microsatellite markers on two different 

chromosomes (C2M33, C2M34, C2M29, C2M27 on chromosome 2; and C3M40 on 

chromosome 3) were chosen to assess the population structure of parasites. Microsatellites 

are short repeating sequences of DNA base pairs, typically with high heterozygosity, that 

can be used to determine genetic relatedness of individuals. All specimens were amplified 

either through a single-round or hemi-nested Polymerase Chain Reaction as described 

previously; (Anderson et al., 2000, 1999; Roper et al., 2003). PCR products were then 

separated by capillary electrophoresis using an ABI 3130xl genetic analyzer. The alleles 

were scored using GeneMapper software, version 3.7 (Applied Biosystems, Foster City, 

CA). Alleles were binned, depending on the size of the repeat unit, to the nearest 2 or 3 

nucleotides in length.

Since there is a possibility that individuals could be infected with multiple variants of P. 

falciparum, it would be difficult to accurately assign microsatellite allele sizes to particular 

variants within each individual using capillary electrophoresis. However, because the 

genetic relatedness index above is calculated at microsatellite marker, the linkage between 

each marker (i.e. that they were inherited together as an intact unit) is not necessary to 

ascertain. Therefore, we included all individuals even if they were infected by mixtures of P. 

falciparum variants, as evidenced by mixtures at one or more microsatellite markers. 

Because the data format for GenAlEx and SPAGeDi requires that each individual have 

unique microsatellite marker profile, we created “virtual” unique variants for individuals 

that were infected with multiple variants to ensure we include all possible variants in 

circulation in our study populations. If two or more alleles were detected on one 

microsatellite marker, then distinct variants were created that differed from each other only 

at the marker with multiple alleles. If multiple microsatellite markers contained two alleles, 

then two distinct variants were created where alleles were randomly assorted for each 

marker. The same was done if multiple microsatellite markers contained three alleles. If one 

or more marker had two alleles and one or more marker had three alleles, then two full 

variants were created using random assortment as above along with a third variant with 

missing data on marker with two alleles.

2.1. Measuring genetic relatedness

We quantified β diversity (or the degree of genetic differentiation between populations) 

using Slatkin’s RST. This measure assumes that microsatellites evolve according to the 

stepwise mutation model (SMM) in which novel alleles are created either by deletion or 

addition of a single repeated unit of microsatellite with equal probability μ/2 in both 

directions (Balloux and Lugon-Moulin, 2002). The RST also incorporates the relatedness 
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between allele sizes into its calculation of relatedness between populations (Anderson et al., 

2000; Balloux and Lugon-Moulin, 2002; Holsinger and Weir, 2009). RST was calculated in 

SPAGeDi v1.3 (Hardy and Vekemans, 2002) using the following formula:

where S is the average squared difference in allele size between all pairs of alleles and Sw is 

the average sum of squares of the differences in allele size within each subpopulation. 

Pairwise RST comparisons were calculated using a nested ANOVA approach. Pairwise RST 

genetic distance matrices were created for each of the five microsatellite markers, and one 

overall RST distance matrix was generated, taking into account genetic variation on each 

marker.

2.2. Data analysis

A geographic information systems (GIS) database was built that included DHS cluster 

locations (offset randomly by the DHS by up to 5 km in order to maintain confidentiality of 

survey respondents) and was associated with the RST distance measures to visualize how 

genetic relatedness varies across space.

A pair-wise geographic distance matrix was generated for the 7 DRC and Ghana and Kenya 

sites. First, scatterplots were used to explore how genetic distance between sites varies with 

the geographic distance between sites. Given the non-independence of the distance matrices, 

where measures of genetic relatedness or spatial proximity are pair-wise, we then used 

Mantel tests to quantify the correlation between matrices (Lichstein, 2007; Mantel, 1967). 

These tests indicate how genetic relatedness increases or decreases as geographic space 

between locations varies. A Mantel test is a global measure, indicating overall correlation 

between matrices. Mantel correlograms, in contrast, indicate how this relationship varies 

across different spatial bands, a local measure of the positive or negative correlation 

between matrices across various thresholds. Mantel tests and Mantel correlograms were 

generated for the RST and geographic distance matrices measured at 9 sites (7 in DRC, 

Ghana, Kenya).

As changing the scale of analysis can change the way we understand a phenomenon, we 

then aggregated the 7 DRC sites into one measure of genetic variability and re-ran the 

Mantel tests and Mantel correlograms at the national rather than the subnational scale. 

Doing so allowed us to assess whether the relationships observed between geography and 

genetics were a function of scale and aggregation, or whether they persist across scales.

Principal Coordinate Analysis (PCoA) was employed to quantify the variation between the 

different parasite populations using pairwise RST comparisons. PCoA plots illustrating the 

genetic relatedness between the DRC clusters, Ghana and Kenya were generated using 

GenAlEx v.6.4 (Peakall and Smouse, 2006). By arranging the sites according to genetics 

rather than geography we were able to understand whether genetically related sites were also 

those that were geographically proximate.
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Identifying the presence of barriers to gene flow between sample locations can indicate if 

there are breaks in landscape or population mobility that act as stops on the transmission of 

malaria parasites. Barriers are located in spatial zones of rapid genetic change, and in the 

case of malaria indicated either low human or mosquito vector movement. Monmonier’s 

algorithm uses maximum-difference methods to determine genetically distinct malaria 

groups in space where samples on either side of the barrier are more similar to each other 

than to samples on the other side of the barrier (Manni and Guerard, 2004; Monmonier, 

1973; R Development Core Team, 2011). In Monmonier’s algorithm, a spatial network is 

created among the points by means of Voronoi tessellations and Delaunay triangulations. 

Following creation of the network, the genetic distances between sample locations are 

associated with the triangulation between those points. Using the method advocated by 

Monmonier, the exterior network connection with the highest genetic distance is taken as the 

starting point of the barrier. The barrier is drawn perpendicular to the line connecting the 

two sample points. From there, the barrier continues moving perpendicular to the next 

adjacent network connection with the highest value, until either the bounding edge of the 

network is reached or the barrier has formed a loop by closing on itself. Subsequent barriers 

start from exterior connections with the highest associated values, and continue until they 

meet either another barrier or the exterior of the network. Random permutations of the 

distance matrices and re-drawing of the barriers allows for statistical significance to be 

assessed. RST matrices were randomly permuted 999 times using the sna package in R. 

Barriers were determined using Barrier v2.2 (Manni and Guerard, 2004).

3. Results

Parasites from the DRC were genotyped at eight neutral microsatellite markers from 82 

parasitemic subjects tested via PCR in seven survey clusters (Fig. 1) either on the Congo 

River (81, 88, 183), near the Congo River (164, 211) or a substantial distance away (29, 

203). Eight subjects were excluded from further analysis, as we were unable to amplify the 

majority of the microsatellites. More than half of the remaining 74 subjects (52.7%, n = 39) 

were infected by single genetic variants with no mixtures at any locus. 36.5% (n = 27) of the 

subjects had 2 alleles at two or more loci and 10.8% (n = 8) of the subjects contained at least 

one locus with 3 alleles. Among the Kenyan subjects, 33.9% (n = 21) were infected by 

single variants with no mixtures at any locus. 48.4% (n = 30) of the subjects had 2 alleles at 

two or more loci and 17.7% (n = 11) of the subjects displayed at least one locus with 3 

alleles (McCollum et al., 2012). All Ghanaian parasitemias were selected for a previous 

study of haplotypes, so only infections containing single variants were genotyped (Alam et 

al., 2011a).

Pairwise RST values measuring genetic relatedness among DRC cluster sites and Ghana and 

Kenya ranged from below zero (signifying virtual identity) to above zero (indicating 

increasing divergence). Within the DRC, pairwise RST for both proximal and distal sites 

were high (88/183 = 0.1057, 29/164 = 0.1196) and low (88/164 = 0.008, 29/211 = 0.0381). 

Values between DRC clusters and Ghanaian and Kenyan parasites exhibited similar ranges 

of RST, some very high (164/Ghana = 0.1774) and some indicating nearly identical genetics 

(164/Kenya = 0.0055) (Table 1). Connections between sample locations with nearly 

identical malarial parasite genetics are seen in Fig. 2B.
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When the 7 DRC clusters were treated as a single observation, the lowest RST was between 

the DRC and Kenyan parasites (RST = 0.0494), then between DRC and Ghanaian parasites 

(RST = 0.0864), and the highest degree of genetic difference was observed between Kenyan 

and Ghanaian parasites (RST = 0.2155) (Fig. 2A). Plotting the relationship between pairwise 

RST and geographic distance appear to indicate a relationship between increased geographic 

distance and increased genetic distance, although only when the DRCwas considered as a 

single observation (Fig. 3).

While scatter plots suggest an isolation-by-distance phenomenon, with increased genetic 

change associated with increased geographic space between points, the non-independence of 

pairwise measures necessitates a more formal statistical analysis. Results of the global 

Mantel tests for each of the 5 markers and an overall RST measure, at both the subnational (7 

DRC clusters) and national (1 DRC measure) scales indicate positive but not statistically 

significant correlation between genetic and geographic distance (Table 2).

Mantel correlograms, representing genetic similarity across geographic distances, indicate 

that the five microsatellites have varying relationships across geographic space. Points 

above the zero line indicate similarity (i.e. parasites that are more alike genetically), while 

points below the zero line indicate dissimilarity. Microsatellites C2M33, C2M34 and the 

overall measure exhibit a more classically isolation-by-distance pattern, where sites that are 

geographically proximate have higher similarity, and points fall below the zero line as 

geographic distance increases (Fig. 4).

Correlograms of 1 DRC measure versus Ghanaian and Kenyan parasites in Fig. 5 exhibit an 

unusual relationship, with highest genetic similarity at the middle distance (i.e. DRC and 

Ghana), and a Mantel r of zero at the low and high geographic distances (i.e DRC and 

Kenya, Kenya and Ghana), in contrast to the scatterplot in Fig. 3. Marker C2M29 is an 

exception to this pattern, however, with high dissimilarity at the middle geographic distance.

The results of the PCoA further reflect the complexity of the relationships between genetics 

and geography among DRC malarial parasites, in that sites that are proximal geographically, 

connected by the Congo River (i.e.183 and 88) are located in opposite spaces in the 

ordination (Fig. 6). These results do not appear to support the hypothesis that parasite flow is 

facilitated by the Congo River. Ghanaian parasites are located closest to those in clusters 29 

and 203, found in southern and western DRC, while Kenyan parasites in the PCoA are 

located closets to DRC clusters the north.

Barrier analysis on individual microsatellite matrices and an overall RST matrix indicated 

that no statistically significant barriers to gene flow exist in the dataset. While a large 

number of potential barriers were returned (Fig. 7), some dividing clusters within the DRC 

into separate areas and some following political boundaries and separating the DRC from 

Ghana and Kenya, none were detected in the randomly permuted matrices enough times to 

achieve significance.
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4. Discussion

The prevalence of malaria varies geographically, even within a highly malarious country 

such as the DRC (Taylor et al., 2011). In this study, we show that there is a high level of 

complexity in the relationships between parasite populations across space. Using the genetic 

relatedness as a proxy for intermingling of parasite populations, the principle of isolation by 

distance does appear to hold true for P. falciparum at a country level as indicated by the 

relationships between the DRC, Ghana, and Kenya, even though the Mantel tests did not 

show a statistically significant relationship. Indeed, the non-linearity of the relationship 

between genetic and geographic distance observed in the Mantel correlogram, with greater 

genetic similarity between DRC and Ghanaian samples than between DRC and Kenyan or 

Kenyan and Ghanaian, suggests that there is potentially greater “friction” to genetic 

exchange associated with some geographies. Previous research on road connectivity within 

Sub-Saharan Africa has indicated a relative disconnect between the DRC and cities of East 

Africa (Gray et al., 2009).

The general isolation by distance relationship observed nationally does not hold true, 

however, when looking at within-DRC malarial genetic relatedness. Some DRC clusters are 

closely related to a West African (Ghanaian) site, while others are more closely related to an 

East African site (Kenya), suggesting that the DRC constitutes a watershed for parasite 

populations across sub-Saharan Africa. Additionally, when trying to study parasite 

population structure in a high transmission area, neutral microsatellite markers might not 

provide the level of resolution needed to draw precise conclusions.

Geographic proximity, or distance, were not the sole determinants of genetic similarity or 

dissimilarity with the DRC. Additionally, it does not appear that the movement of human 

hosts along the Congo River increases the interchange of parasite populations. Two clusters 

which are near each other on the river (88 and 183) were not closely related genetically. 

Indeed, cluster 183 was genetically anomalous: parasites from this cluster were not 

genetically related to those from nearby clusters, but were closely related to those from two 

distant clusters (29 and 203) and to parasites from Kenya. Importantly, cluster 183 was the 

only cluster in Orientale province. In a separate study of drug resistance haplotypes, 

parasites from Eastern DRC – including Orientale province – clustered into a population 

genetically-distinct from those in the balance of the country (Taylor et al., 2013). The 

reasons for this divergence of parasite populations is unclear, but this province may have 

been significantly affected by a civil war which lasted until 2006 (Raleigh et al., 2010), 

particularly, the Tshopo district where cluster 183 is located (Bakari, 2011; United Nations 

High Commissioner for Human Rights, 2010). This would have possibly limited trade and 

movement of humans to other parts of the country including the clusters in our study. 

Additionally, it is possible that individuals in cluster 183, if they were to travel, would go 

towards Kisangani, a major urban center (Fig. 1), as opposed to traveling along the river 

towards Kinshasa. Because we did not include data from Kisangani in the analysis, we 

cannot test this hypothesis in this paper. The DHS also has data on length of residence. In 

cluster 183, over 97% of survey respondents reported always living in their current village, 

while the remaining 3% lived in the same village for 12 years. In cluster 88, 87% of 

respondents reported always living in the same village, while the remaining 13% had lived 
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there for 9 years or more. As such, this lack of population migration, the potential for short-

term movement in different directions (88 towards Kinshasa, 183 towards Kisangani), and 

potentially less travel along the river due to safety concerns, may explain the genetic 

unrelatedness between survey clusters.

Other factors that may be involved in gene flow include environmental factors such as land 

cover change, particularly deforestation, which has been identified as an important 

mechanism in increased malaria transmission in Latin America and parts of Africa (Guerra 

et al., 2006). Deforestation rates in DRC have remained low, however, owing to the conflict 

in the country and lack of international investment, driven by small-scale farming over the 

long term rather than commercial logging operations. Additionally, long term exposure to 

deforestation is hypothesized to have little to no effect on transmission, as people begin to 

adopt protective behavior such as using a bed net (de Castro et al., 2006). Unfortunately, no 

large-scale study of deforestation in Sub-Saharan Africa has been published, and as such it is 

difficult to assess the degree to which it has an effect.

This study has several limitations. For the purposes of this study, we selected samples from 

only seven out of 300 DHS clusters to be characterized on five neutral microsatellites. 

Selecting more clusters along with additional unlinked microsatellites would have given our 

results more precision. While statistical significance was not frequently achieved in the 

Mantel tests or correlograms, potentially due to small sample sizes, the results indicate that 

there is need for larger studies to examine malaria genetic exchange within and between 

countries. In particular, incorporating data on human movement between clusters and 

environmental variation would potentially explain why parasites from geographically close 

clusters were genetically unrelated. We included only monoinfections from Ghana and this 

could have underestimated the genetic relationships with other parasite populations. 

However, we were limited to this as the samples were collected and analyzed as part of a 

previous study (Alam et al., 2011a).

Malaria genetics in the DRC have a complex and fragmented landscape. Diffusion of 

malaria parasites is not restricted by political borders, as has been shown for other pathogens 

such as influenza viruses and as could be hypothesized given that the majority of malaria 

treatment or eradication programs are self-contained within countries and are not 

coordinated across border regions (Wallace and Fitch, 2008). This is especially true in the 

DRC, where malaria control efforts exist in only a few provinces. Additionally, given the 

unstable socio-political context and conflict prone areas of the DRC and its neighboring 

countries, movement of people across borders is a frequent event, complicating efforts at 

malaria control and also shifting patterns of genetic relatedness of parasites.

Malaria control and elimination efforts have made great progress in the past decade 

(Feachem et al., 2010a; Greenwood, 2009; Mendis et al., 2009). Now, 32 countries have or 

are planning malaria elimination programs (Feachem et al., 2010b). But previous malaria 

elimination efforts failed; new programs need to avoid the mistakes that led to these failures 

(Greenwood, 2009). Our findings about the relatedness of malaria parasites within the DRC 

and between DRC and Ghana and Kenya indicate one mistake often made in malaria control 

and elimination: considering countries as isolated entities rather than highly connected units 
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that need to be addressed simultaneously. The DRC is a large country, which bridges West 

and East Africa (it is French-speaking in the West and Swahili-speaking in the East). Its 

geography ranges from rainforest to savannah to mountains, with large urban and rural 

populations. It borders 9 other African countries. Accordingly, our findings on the spatial 

epidemiology of malaria in the DRC are likely to be generalizable to many other African 

countries.

Evidence of close genetic ties between distally located sample locations indicates that the 

movement of malaria parasites and the flow of genes is being driven by factors other than 

distance decay. That is, the movement of people across the landscape is helping malaria 

parasites to skip over geographic space and exchange genetic material with parasites located 

at great distances. This research demonstrates the contributions that medical geographers 

and spatial epidemiologists can make to understanding the evolutionary dynamics of 

infectious diseases. Integrated studies of genetic and spatial relationships may identify 

modifiable drivers or barriers to malaria parasite diffusion that can help guide malaria 

control efforts.
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Fig. 1. 
Location of the major cities and rivers of the DRC, and the seven DHS clusters (203, 81, 88, 

183, 211, 164, and 29) included in the study.
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Fig. 2. 
(A). Pairwise RST comparisons between the DRC (with all clusters treated as a single 

population), Ghana, and Kenya. (B) Genetic relatedness (pairwise RST < 0.05) between the 

DRC clusters, Ghana (1) and Kenya (2).
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Fig. 3. 
(A) Pairwise genetic relatedness and Euclidian distance between the seven DRC clusters. 

(B). Pairwise genetic relatedness and Euclidian distance between the DRC (with all clusters 

treated as a single population), Ghana, and Kenya. Black dots represent pairwise 

comparisons; black line is the linear trend line.
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Fig. 4. 
Mantel correlograms indicating genetic similarity (above the zero line) or dissimilarity 

(below the zero line) across geographic distance thresholds, treating each DRC cluster 

separately.
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Fig. 5. 
Mantel correlograms indicating genetic similarity (above the zero line) or dissimilarity 

(below the zero line) across geographic distance thresholds, treating the DRC malarial 

parasites as one population.
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Fig. 6. 
Principle Coordinates Analysis (PCoA) of genetic relatedness of all seven DRC clusters, 

Ghana, and Kenya using pairwise RST values. Coordinates 1 and 2 account for 54.09 and 

36.18% of the variation, respectively (including a 3rd coordinate explains another 9.35% of 

the variation).
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Fig. 7. 
Locations of barriers found, via Monmonier’s algorithm, between malarial parasite 

populations. The frequency of the barrier being detected by the algorithm is shown next to 

each barrier. For a barrier to achieve statistical significance it would need to be detected a 

high percentage of the time (i.e. 950 times out of 1000).
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Table 2

Mantel r (measure of correlation between two matrices) for RST and geographic distance between sites, at the 

subnational and national scales. Statistically significant (p < 0.05) values are in bold.

DRC as 7 clusters DRC as single site

Marker Mantel r p-value Mantel r p-value

C2M33 0.373 0.084 0.919 0.326

C2M34 0.496 0.020 0.948 0.344

C2M29 0.211 0.204 −0.277 0.665

C2M27 0.060 0.350 0.290 0.669

C3M40 −0.113 0.567 0.970 0.322

Overall 0.392 0.057 0.972 0.349
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