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Abstract 

Background: Anopheles funestus (s.s.) is a primary vector of the malaria parasite Plasmodium falciparum in Africa, 
a human pathogen that causes almost half a million deaths each year. The population structure of An. funestus 
was examined in samples from Uganda and the southern African countries of Malawi, Mozambique, Zambia and 
Zimbabwe.

Methods: Twelve microsatellites were used to estimate the genetic diversity and differentiation of An. funestus from 
13 representative locations across five countries. These were comprised of four sites from Uganda, three from Malawi 
and two each from Mozambique, Zambia and Zimbabwe.

Results: All loci were highly polymorphic across the populations with high allelic richness and heterozygosity. A high 
genetic diversity was observed with 2–19 alleles per locus and an average number of seven alleles. Overall, expected 
heterozygosity  (He) ranged from 0.65 to 0.79. When samples were pooled three of the 12 microsatellite loci showed 
Hardy–Weinberg equilibrium. Unsupervised Bayesian clustering analysis of microsatellite data revealed two clusters 
with An. funestus samples from Mozambique, Uganda and Zambia falling into one group and Malawi and Zimbabwe 
into another. The overall genetic differentiation between the populations was moderate  (FST = 0.116). Pairwise dif-
ferentiation between the pairs was low but significant. A weak but significant correlation was established between 
genetic and geographical distance for most populations.

Conclusions: High genetic diversity revealed by the loci with low to moderate differentiation, identified two clusters 
among the An. funestus populations. Further research on the population dynamics of An. funestus in east and southern 
Africa is essential to understand the implications of this structuring and what effect it may have on the efficient imple-
mentation of mosquito vector control strategies.
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Background
Anopheles funestus (sensu stricto) is present throughout 
most of sub-Saharan Africa and is one of the four most 
important vectors of human malaria parasites [1–3]. In 
parts of east and southern Africa, its importance as a vec-
tor exceeds that of members of the An. gambiae complex 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13071-020-3962-1&domain=pdf


Page 2 of 13Kaddumukasa et al. Parasites Vectors           (2020) 13:87 

[1, 4]. The traditional methods of vector control, insecti-
cide-treated bednets and indoor residual house spraying, 
have been very effective in controlling An. funestus due 
to its strong association with humans and human habi-
tations [1, 2]. However, the development of insecticide 
resistance across the region [5, 6] has seen vector con-
trol programs compromised in some places [7–9]. This 
has also played an important role in the slow-down of 
the gains made in malaria control over the past 10 years 
in Africa [10, 11]. To achieve the goals of malaria elimi-
nation and eradication, not only are new products and 
interventions needed, but monitoring the effectiveness of 
all vector control interventions is crucial.

Mosquito vector surveillance covers the monitoring of 
all aspects of mosquito biology, from geographical dis-
tribution to the more complex genetic diversity within 
and between populations. Studies of population genetics 
provide insight into gene flow between mosquito popu-
lations and through that, the likelihood of the spread of 
genes (e.g. those conferring insecticide resistance) across 
geographical regions. In east and southern Africa, studies 
focused on the population structure of An. funestus have 
been carried out in Uganda [12–14], Malawi [12, 15–17], 
Kenya [18], Tanzania [19], Mozambique [12, 16, 17] and 
Zambia [16]. These and other studies have revealed vari-
ous levels of differentiation over the African continent, 
from no or very low structure to high population struc-
ture of An. funestus [12–19].

Understanding the gene flow dynamics of populations 
of malaria vector mosquitoes is important for strategic 
planning of vector control interventions. In this study, the 
population structure of An. funestus was examined using 
specimens from one country in east Africa (Uganda) and 
four countries in southern Africa (Malawi, Mozambique, 
Zambia and Zimbabwe). Twelve microsatellite markers 
distributed across all five chromosome arms were used to 
address the questions: (i) Is there any evidence for popu-
lation genetic subdivision within this collection of An. 
funestus? and (ii) What is the maximum amount of differ-
entiation observed within each selected site? Population 
structure analysis quantifies the amount of genetic exchange 
that occurs between sample sets and provides insight on 
how these underlying genetic components may be used to 
address biological phenomena such as insecticide resistance, 
parasite transmission and dispersal of the mosquito.

Methods
Mosquito collection study sites
Preserved mosquito samples from selected sites (Table 1) 
in five African countries (Malawi, Mozambique, Uganda, 
Zambia and Zimbabwe) (Fig. 1) were used. From Malawi, 
sample collections were from three sites; Karonga, Majete 
and Likoma Island. Karonga is found in the far north of 

Malawi, Majete is an area near Majete Wildlife Reserve in 
the south-west of Malawi, and Likoma is an island in the 
north eastern corner of Lake Malawi close to Mozam-
bique. In Malawi, Karonga has two seasons, a dry season 
from May to mid-November and a wet season from mid-
November to April, temperature varies between 16.11–
33.3 °C and humidity varies between 54–79%. In Likoma, 
the wet season starts from November to April and the 
rest of the year from May to October is almost dry. Tem-
peratures vary between 22.4–31.4  °C and humidity var-
ies between 43.7–83.6%. In Majete there are two distinct 
seasons, the dry season from May to September and the 
wet season from November to April. Temperature varies 
between 22–34 °C and the average humidity is 71%. 

In Mozambique, samples were collected from Maci-
ana and Matola, near Maputo in southern Mozambique. 
Matola is the largest suburb of Maputo and lies on the 
coastal plain north of Espirito Santo estuary. In Matola, 
found 42 m above sea level, the climate is characterized 
by a warm and wet season from December to March, and 
a dry and cold season from June to August. Precipitation 
averages 1050  mm (41 inches) per year, with abundant 
rainfall from December to March, and rare rains from 
May to October. Temperature varies between 15–34  °C 
and relative humidity ranges between 28–89%. Maci-
ana, at 68 m above sea level is characterized by a warm 
and wet season from November to April, and a dry and 
cold season from May to October. Precipitation aver-
ages 815  mm (32 inches) per year, most of which falls 
from November to March. The rainiest month is Janu-
ary (170 mm). Temperature varies between 11–34 °C and 
relative humidity ranges between 59–67%.

Uganda experiences a warm tropical climate with 
heavy rains in March–May and September–Novem-
ber for the South. In northern Uganda, the wet sea-
son extends from April to November with peaks in 
April and August. Samples were obtained from Agule, 
Apac, Lira and Kamuli districts in North and central 
Uganda. Agule and Apac were originally one district so 
do not have much variation in climate characteristics. 
Agule lies 1034  m above sea level. Temperature varies 
between 20–34 °C and relative humidity varies between 
28–88%. Apac lies on 1040  m above sea level with a 
tropical climate, over the course of the year, the tem-
perature varies between 18–35  °C. Temperatures are 
highest in February, with an average of around 25.1 °C, 
whilst July is the coldest month of the year with an 
average of 22.1  °C. Precipitation over this area, aver-
ages 1305 mm. Humidity varies between 21% and 69%. 
Lira lies at 1091 m above sea level and has an average 
temperature of 23.2  °C and a yearly average precipita-
tion of 1376  mm. The wet season runs from April to 
mid-November and with two dry seasons (December 
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to February and June to August). February is the warm-
est month of the year with an average temperature of 
33  °C. July has the lowest average temperature, with 
an average of 21.6  °C. Overall, the average humidity 
for Lira is 58%. On the other hand, Kamuli lies 1185 m 
above sea level and temperature varies between 15.5–
32 °C. March is the warmest month of the year, with an 
average temperature of 22.7 °C, whilst July has the low-
est average temperature of 20.7 °C. There is a great deal 
of rainfall in Kamuli, even in the driest month (Janu-
ary) with 63 mm of rainfall. April is the wettest with an 
average of 193  mm. Average rainfall is 1325  mm over 
the year. Humidity varies between 62–95%.

Zambian collections were from Nchelenge and Nam-
wala. Namwala is located in the north-western corner 
of the southern province next to Kafue National Park. 
Zambia has a tropical climate, which experiences wet 
and dry periods. In Namwala, the wet season lasts from 
mid-November to March and the dry season from end 
of November to April. The cool season is from May to 
August with temperatures varying between 10–27 °C and 
the dry season from September to November with tem-
peratures around 26  °C to 37  °C and humidity between 
19–75%. Some days are particularly dry where humidity 
can be as low as 0%. Nchelenge district is located near 
the Democratic Republic of Congo next to Lake Mweru. 
For Nchelenge, the wet season lasts from September to 
May and the dry season from end of May to Septem-
ber. The cool season is from December to April with 

temperatures varying between 15–27 °C. The hot season 
is from September to October with temperatures around 
22 °C to 34 °C and humidity varying between 22–89%. In 
Nchelenge, humidity can also reach a low of 0%.

In Zimbabwe, samples were obtained from Honde and 
Mangwanda. Both sites are located within Mutasa dis-
trict. In Zimbabwe, Honde, from late October to around 
the end of April, the weather is hot and humid. Tempera-
tures rise up to 28  °C and is when most of the convec-
tional rainfall is received. Average rainfall is 1150  mm. 
From May to the beginning of July, the temperatures are 
very low, up to 2  °C, whilst August is very windy. Dur-
ing September to October very hot temperatures are 
recorded, where the maximum temperature may average 
30 °C. Humidity varies between 11–45%. In Mangwanda, 
the climate is warm and temperate. The summers have 
much more rainfall with an average of 809  mm. From 
May to August the temperatures are very low, varying 
between 9–16 °C, while August is very windy. From Sep-
tember to December, it is very hot and the temperatures 
range between 16–28 °C. The average humidity is 73%.

Mosquito collection and identification
Specimens were collected using indoor aspirations for 
all mosquitoes mainly in the living/sleeping area of the 
houses (huts), but for two sites human landing catches 
were carried out (Table 1). Anopheline mosquitoes were 
identified morphologically [2] and preserved individually 

Table 1 Country and sampling sites, number of specimens collected, collection method, and malaria transmission intensity

a Latitude, longitude
b Human landing and indoor aspiration collections were done in the living/sleeping areas of the huts IAC, Indoor aspiration catch, HLC, Human Landing Catch

Note: Reference https ://www.who.int/malar ia/publi catio ns/count ry-profi les/profi le_

Abbreviation: n, number of specimens collected

Country Site Coordinatesa n Clade I Clade II Methodb Collection date Transmission intensity

Malawi Karonga − 9.933, 33.933 13 13 – IAC December 2007, 2010 High (> 1 case per 1000 population)

Majete − 15.785, 34.008 26 26 – IAC May 2012 High (> 1 case per 1000 population)

Likoma − 12.067, 34.733 21 21 – IAC May 2010 High (> 1 case per 1000 population)

Mozambique Maciana − 25.449, 32.781 34 28 6 IAC April 2011 High (> 1 case per 1000 population)

Matola − 25.962, 32.459 36 30 6 IAC October 2012 High (> 1 case per 1000 population)

Uganda Agule 1.667, 33.817 13 13 – HLC April 2013 High (> 1 case per 1000 population)

Apac 1.983, 32.533 20 20 – IAC August 2016 High (> 1 case per 1000 population)

Lira 2.235, 32.909 10 10 – HLC April 2013 High (> 1 case per 1000 population)

Kamuli 0.947, 33.120 20 19 1 IAC August 2016 High (> 1 case per 1000 population)

Zambia Nchelenge − 9.345, 28.734 30 22 8 IAC April 2013, 2015 High (> 1 case per 1000 population)

Namwala − 15.750, 26.450 30 18 12 IAC January 2012 Low (< 1 case per 1000 population)

Zimbabwe Honde − 18.497, 32.853 35 35 – IAC February 2013 Seasonal and geographic variation in malaria 
transmission

Mangwanda − 18.570, 31.526 35 35 – IAC March 2013, May 2014 Seasonal and geographic variation in malaria 
transmission

https://www.who.int/malaria/publications/country-profiles/profile_
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in 0.6 ml microcentrifuge tubes with silica gel and stored 
at room temperature until processing. Molecular iden-
tification was carried out using the standard method of 
Koekemoer et  al. [20] and the clade TaqMan assay of 
Choi et al. [21].

DNA extraction and microsatellite genotyping
Genomic DNA extractions were performed on the legs of 
the individual An. funestus mosquitoes using a DNA extrac-
tion kit  prepGEM®Insect (Cat. No. PIN0050; ZyGEM, 
Hamilton, New Zealand) following the manufacturer’s 
instructions. In short, a leg of an individual mosquito was 
homogenized with reagents, incubated for 15 min at 75 °C 
and at 95 °C for 5 min. A 10 µl elution of genomic DNA was 
obtained for each sample from the extraction.

Twelve microsatellite loci were selected from previously 
published An. funestus sequence data [22–25], based on 
their high polymorphism and no evidence for null alleles. 
These microsatellites were: FUNF and AFUB12 on chro-
mosomal arm 3L; AFND19, AFND20 and AFND41 on 
3R; AFUB10, AFUB11, FUNL and AFND23 located on 
2L; AFUB3 and FUNO located on 2R; and FUNQ on X 
(Table  2). PCR amplification of the microsatellite loci 
was carried out individually in a 25  µl reaction volume, 
using 5–10 ng of template DNA. The reaction mixture 
contained 2.5  µl (1× PCR) buffer (Takara Bio Inc, Shiga, 
Japan), 1.5  mM  MgCl2 (Takara Bio Inc), 0.2  mM of each 
dNTP (Takara Bio Inc), 10 pmol of each primer, 0.1 U of 
Taq DNA polymerase (Takara Bio Inc). The forward primer 
was labelled at the 5′-end with either PET, HEX or 6-FAM 

Fig. 1 Mosquito collection sites from five African countries
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fluorescent markers to allow multiplex electrophoresis. 
Amplification was carried out with a T100™ thermal cycler 
(Bio-Rad, Hercules, USA), under the following conditions: 
an initial denaturation step at 94  °C for 2  min; 36 cycles 
of 30 s at 94 °C, 30 s at 54 °C, 30 sec at 72 °C; and a final 
elongation step of 10 min at 72 °C. Fragment analysis was 
performed commercially at Macrogen (Seoul, South Korea) 
with an ABI PRISM 377 (Thermo Fisher Scientific, MA, 
USA). Alleles were sized relative to an internal size standard 
using Peak Scanner v1.0 (Applied Biosystems, Toulouse, 
France). Output files (*.fsa) generated by the autosequencer 
were loaded into Peak Scanner™ software. Determination 
of fragment size was performed using default settings, with 
GS500LIZ specified as size standard and ‘PP - Primers Pre-
sent’ in the ‘Analysis Method’ column. Peak information 
showing height, area and size were labelled and scored. The 
resulting fragment sizes were used for further analyses.

Microsatellite diversity, differentiation and structure 
analysis
Microsatellite allele and genotype frequencies were 
determined using Arlequin 3.5 [26] and FSTAT 2.9.3 

[27]. These frequencies were then used to assess devia-
tion from Hardy–Weinberg equilibrium at each locus, 
each population sample, and overall as indicated by 
the inbreeding coefficient  (FIS). Linkage disequilibrium 
between pairs of microsatellite loci was assessed using 
FSTAT 2.9.3 [27]. The level of genetic differentiation 
between sampling groups was assessed using  FST [28]. 
Pairwise  FST between sampling groups and their signifi-
cance was assessed using the randomization approach 
implemented in FSTAT 2.9.3 with Bonferroni-adjusted 
P-values.

The significance of genetic differentiation between 
populations based on allelic distribution across popula-
tions was examined using a Fisher exact test with FSTAT 
2.9.3 [27]. The pairwise  FST was assessed by estimating 
Wright’s F-statistics, calculated according to Weir & 
Cockerham [28]. A locus by locus analysis of molecular 
variance (AMOVA) [29] was performed using Arlequin 
3.5 to determine the relative contribution of within-sam-
pling groups and between sampling group’s genetic diver-
sity to the overall genetic diversity. Finally, population 
structure was inferred using a Bayesian model-based clus-
tering algorithm to assign individuals (probabilistically) 

Table 2 Primer sequences and characteristics of 12 polymorphic microsatellite loci

Locus Chromosome 
arm

Repeat motif No. of alleles Allele size Primer sequence (5′-3′) Reference

FunL F 2L (GT)8 12 181–197 HEX-AAC AGT GGA AGG CAA ATT GC Cohuet et al. [22]

FunL R GCA CGG TTA CCA CTG CTC A

AFUB10 F 2L (GCT)3+2+4+5 6 195–210 PET-TGT CCA TGT ACA ACC GCA AC Sharakov et al. [23]

AFUB10 R TTC TCC AGC ATC ATC AGC AC

AFUB11 F 2L (CTG)3+5+2+2 4 188–191 PET-CAG TTT CTG CGT GGA GGA AT Sharakov et al. [23]

AFUB11 R AGC AGC TGA TGA GCC ATC TC

AFND23 F 2L (GT)11 11 133–157 6-FAM-TTT GAT CGA CGG ACT AGT GTGT Schemerhorn et al. [25]

AFND23 R GGT TTG ATG GGT GGA AAC 

FunO F 2R (CA)6T(AC)4 10 110–132 PETGC ACA CAT TTC AGG CAG C Cohuet et al. [22]

FunO R GCC CAC ATT CTG CAC CTT 

AFUB3 F 2R (CAG)2+3+2 5 171–195 VIC- GGG AAG GAT TCG ACC TTA GC Sharakov et al. [23]

AFUB3 R GCC GCC ATT TAG TAG CAG TT

FunF F 3L (TG)9 7 104–118 6-FAM –GCC TTC AGT TTC GAT TGG CG Cohuet et al. [22]

FunF R AAT AAG ATG CGA CCG TGG C

AFUB12 F 3L (AGG)7(TG)4 3 152–158 VIC –TGG GGA ACT GGT CGT TAG AG Sharakov et al. [23]

AFUB12 R CTG GTG ATG GGA TTG AGG AT

AFND19 F 3R (AG)12(TG)5 8 251–285 HEX –GCA AGC TGT ACG CAG AGA G Sharakov et al. [24]

AFND19 R ATC GAT GGG AGT TAT TAT ACGC 

AFND20 F 3R (GAG)4+2+2+2(TGG)3 2 239–242 VIC- CGG CGC AGG TTT AGT AGC Sharakov et al. [24]

AFND20 R CCC TCG CTT TCC TCA TAA AA

AFND41 F 3R (CA)3TC(CA)6 6 222–246 6-FAM AGA ACA TAT GGC AAA TCG AC Schemerhorn et al. [25]

AFND41 R GAA AGA CTT GTC GGA CGT G

FunQ F X (TG)9 7 84–98 HEX –GCA AAC TGC TAG TAA ATG TTTCC Cohuet et al. [22]

FunQ R ACA TTT CCA CAA TTT GCG C
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to clusters without prior knowledge of population units 
and limits in STRU CTU RE  2.3.4 [29, 30]. This model 
calculates the probabilities of each individual for each 
subgroup within which Hardy–Weinberg (H–W) equi-
librium and linkage equilibrium are minimized. Using the 
STRU CTU RE program, the numbers of distinct genetic 
clusters in the data set (K) are estimated from 1 to 10 by 
posterior log probability of data under K, Ln [Pr (X|K)]. 
Each run was carried out with 1,000,000 iterations after 
a ‘burn-in’ period of 100,000, using the admixture model 
and correlated allele frequencies. To check for conver-
gence of the Markov Chain Monte Carlo (MCMC), 5 
replicates for each value of K were checked for the con-
sistency of results [29, 30]. Based on allele diversity, 
individuals with unique alleles were grouped together 
into assumed populations (K) which is pre-determined. 
The K value with the maximum posterior probability Pr 
(X|K) value was retained and assumed to be the most 
probable number of clusters in that population. The esti-
mated number of clusters (K) is taken to be the value of 
K with the highest Pr (X|K). All obtained files were run 
through Structure Harvester [31] followed by CLUMPP 
[32] and DISTRUCT [33]. The visual representations of 
the clusters were viewed in Ghostview, a graphical inter-
face for Ghostscript (https ://www.ghost scrip t.com). As 
an estimate of gene flow, the number of migrants per 
population per generation (Nm ≈ (1 − FST)/4FST was con-
ducted [34]. The correlation between genetic and geo-
graphical distances was assessed by the regression of  FST/
(1 − FST) on the logarithm (ln) of geographical distance, 
in GenALEx 6.503 [35, 36].

Principal coordinates analysis
For the majority of the time, principal coordinates analy-
sis (PCoA) uses Euclidean distance between two points 
that are being compared. To visualize the genetic relat-
edness among individuals, we performed PCoA after all 
the preliminary analyses using the GenALEx 6.503 [35, 
36] program to explore the relationships between the An. 
funestus samples. PCoA was conducted based on mos-
quito genotypes. The genotypes at each site were trans-
formed with natural log (ln (x + 1)). Then, the sites on the 
PCoA ordination map were marked as groups from the 
cluster analysis extracted from the collected sites. PCoA 
is an indirect gradient analysis method for seeking the 
strongest linear correlation structure among variables 
[35, 36] and it is a technique widely used for reducing 
the dimensions of multivariate problems. In the PCoA, 
eigenvalues, which explain a portion of the original 
total variance, were calculated. Each axis score using the 
eigenvector, which contains the coefficients of the linear 
equation for a given axis, was shown in an ordination [35, 
36].

Results
Mosquito identification
A total of 323 An. funestus individuals were identified 
from the 13 localities. Both Clades I and II were found 
(Table 1), with Clade I found in all sites but Clade II only 
in Mozambique and Zambia. A repeat of the single Clade 
II specimen from Kamuli in Uganda was performed and 
it was still assigned to Clade II. However, many more An. 
funestus samples need to be examined, given that the 
TaqMan assay has been shown to have some limitations 
in its accuracy [37].

Genetic diversity
Levels of microsatellite polymorphism were moderate to 
high for all the twelve loci. One site from Malawi and two 
from Uganda had small sample sizes (less than 15 speci-
mens, Table 1) but this did not affect the level of micros-
atellite polymorphism (P > 0.05) compared with previous 
studies. Overall, the mean observed heterozygosity  (Ho) 
values ranged from 0.26 to 0.42 and expected heterozy-
gosity  (He) from 0.65 to 0.79 (Additional file 1: Table S1). 
These heterozygosity values were not significantly dif-
ferent among populations (P = 0.36). A summary of the 
mean variation of microsatellite loci from each country 
is presented in Table 3. Overall allelic richness averaged 
seven alleles per locus with a range of 2–19 (Table  2). 
Locus FUNQ had the lowest number of alleles (n = 2) 
and AFUB11 the greatest number of alleles (n = 19).

Hardy–Weinberg equilibrium
When samples were analyzed as a single population 
(i.e. pooled together), three loci (AFUB19, FUNQ and 
FUNF) of the twelve showed significant deviations from 
the Hardy-Weinberg equilibrium (HWE). This may have 
been due to significant heterozygote deficiency or due to 
the sub-structuring within the population. When these 
were removed no significant deviation was observed.

Genetic differentiation and population structure
Genetic divergence between the sampling groups esti-
mated by  FST ranged from low to moderate. Values 
between 0.00–0.05 indicate little divergence, 0.05–0.15 
moderate divergence, 0.15–0.25 high divergence and 
over 0.25 a very high degree of divergence [30, 38, 39]. 
Genetic differentiation between all pairs of the sites 
and samples was estimated based on allele frequency 
differences at microsatellite level between the studied 
populations. The values of  FST between pairwise popula-
tion comparisons for all loci varied from 0.006 to 0.396 
across populations. These were significant within coun-
tries (P < 0.05) for Mozambique (Maciana and Matola), 
Uganda (between Kamuli and the other three localities) 
and Zambia (Nchelenge and Namwala) (Table  4). The 

https://www.ghostscript.com
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highest pairwise  FST estimates were obtained for the 
Malawi sites (Likoma and Majete) and the Zimbabwe 
sites (Honde and Mangwanda) but these were not signifi-
cantly different (P > 0.05). Sites in Malawi varied between 
0.029 (Likoma) to 0.054 (Karonga), 0.12 between Maci-
ana and Matola, 0.013 between Mangwanda and Honde 

and the highest divergence was between all the sites in 
northern Uganda and Kamuli. Over all populations stud-
ied, the  FST estimate was 0.116 indicating that there was 
some genetic structure in the dataset (P < 0.05). This sug-
gests that there are levels of genetic differentiation among 
populations within the selected countries.

Table 4 Pairwise comparison of genetic diversity (FST) among the 13 geographical An. funestus populations sampled

*P < 0.05

Abbreviations: Mal, Malawi; Kar, Karonga; Lik, Likoma; Maj, Majete; Moz, Mozambique; Mac, Maciana; Mat, Matola; Zam, Zambia; Nche, Nchelenge; Nam, Namwala; Zim, 
Zimbabwe; Man, Mangwanda; Hon, Honde; Uga, Uganda; Lir, Lira; Agul, Agule; Apa, Apac; Kam, Kamuli

Malawi Mozambique Zambia Zimbabwe Uganda

Kar Lik Maj Mac Mat Nche Nam Man Hon Lira Agul Apa Kam

Kar 0.000

Lik 0.044 0.000

Maj 0.054 0.029 0.000

Mac − 0.022 0.007 0.014 0.000

Mat − 0.017 − 0.073 0.038 0.109* 0.000

Nche − 0.033 0.045 0.025 0.014 0.038 0.000

Nam 0.093 0.092 0.108 0.120 0.025 0.032* 0.000

Man 0.034 − 0.027 − 0.040 0.029 0.025 0.093 0.108 0.000

Hon 0.092 − 0.034 − 0.027 − 0.019 0.040 0.009 0.012 0.396 0.000

Lira 0.022 0.007 0.013 0.041 0.126 0.063 0.014 0.053 0.170 0.000

Agul 0.016 0.021 0.018 0.210 0.247 0.038 0.026 0.016 0.012 0.023 0.000

Apa 0.034 0.052 0.127 0.019 0.018 0.041 0.013 0.035 0.198 0.029 0.026 0.000

Kam 0.112 0.191 0.135 0.891 0.198 0.135 0.298 0.144 0.112 0.054* 0.006* 0.070* 0.000

Fig. 2 Bayesian cluster analysis using STRU CTU RE. Graphical representation of the data set for the most likely K (K = 2), where each colour 
corresponds to a suggested cluster and each individual is represented by a vertical bar. The X-axis corresponds to the population codes. The Y-axis 
presents the probability of assignment of an individual to each cluster. Above are clusters for all five countries and beneath are the clusters for each 
of the 13 sites
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STRU CTU RE provided consistent results over 5 repli-
cated runs tested for each K. The probability of data Ln 
Pr (X|K) increased from K = 1 to K = 2 until it reached 
a maximum value at K = 2, after which values decreased 
gradually for all countries (Fig.  2). Thus, in agreement 
with the  FST results, the most likely number of genetic 
clusters in the dataset was two. However, when STRU 
CTU RE was re-run with only 8 loci, three clusters were 
obtained for Malawi and Mozambique, and the rest of 
the countries retained the original two clusters (Addi-
tional file 2: Figure S1).

Additional insight into how variation was parti-
tioned across the countries was shown by an analysis 
of molecular variance (AMOVA). The AMOVA of all 
twelve microsatellites confirmed the differentiation and 
structure analysis with the variation between individu-
als, within populations, and among populations, being 
38%, 50.24% and 0.21% (Table  5), respectively. Varia-
tion among individuals within populations and among 
individuals explained 50% and 38% of the total variation, 
respectively. Almost all genetic diversity (88%) was par-
titioned within populations, indicating small differences. 
Global  FST estimates revealed a slight but significant 
overall degree of genetic divergence (P < 0.05 on 30,000 
Markov chains) (Table 6). Only for Uganda were condi-
tions suitable for AMOVA and much of the variation was 
recorded as among individuals within populations. This 
is in accordance with other studies that have found that 
most of the variation was with individuals among popula-
tions [12, 40–42].

Isolation by distance and gene flow
A Mantel test for Matrix correspondence called the iso-
lation by distance (IBD) hypothesis was performed sepa-
rately for each country using GenAlEx 6.501 to test for 
the occurrence of a positive correlation (Rxy > 0) between 
the genetic matrix and the geographical distances. For 
Malawi, the villages of Karonga, Likoma and Majete 
showed an Rxy of 0.083, P = 0.007; for Mozambique, 
Maciana and Matola villages, Rxy = 0.257, P = 0.07; for 
Zambia, Nchelenge and Namwala, Rxy = 0.026, P = 0.007; 
for Zimbabwe, Mangwanda and Honde Rxy 0.071, 
P = 0.005; and for Uganda, Kamuli, Apac, Agule and Lira, 
Rxy = 0.15, P = 0.023. A low but significant correlation for 
Malawi, Zambia, Zimbabwe and Uganda was observed. 
No significant difference was observed for Mozambique 
(P < 0.05). The estimates of gene flow among An. funes-
tus populations suggests that there is a range of gene 
flow between country level collections  (Nem ranging from 
0.03 to 41), with some populations more reproductively 
isolated than others with  Nem country averages of 6, 2, 
8, 18 and 14, for Malawi, Mozambique, Zambia, Zimba-
bwe and Uganda, respectively (Table 7). The highest  Nem 
country average was in the Zimbabwe populations.

Principal coordinates analysis
The PCoA analysis found that the two most impor-
tant principal coordinate axes accounted for less than 
80% of the total variance in relatedness between genetic 
and geographical distance for An. funestus microsatel-
lite loci, which would be the threshold required for sta-
tistical significance in PCoA (Fig. 3). The top two PCoA 

Table 5 Analysis of molecular variance (AMOVA) of twelve microsatellite loci in the An. funestus populations from Malawi, 
Mozambique, Uganda, Zambia and Zimbabwe

Note: Most of the variation is among individuals within the selected populations

Source of variation Sum of squares Variance components Percentage 
variation

Among groups 123.335 0.008 0.214

Among groups within populations 121.684 0.429 11.074

Among individuals within populations 1701.694 1.947 50.247

Within individuals 478.500 1.491 38.466

Table 6 Global test of differentiation

*P < 0.05

Country Malawi Mozambique Uganda Zambia Zimbabwe

Malawi 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000

Mozambique 0.116* 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000

Uganda 0.125* 0.135* 0.000 0.009 ± 0.009 0.000 ± 0.000

Zambia 0.141* 0.141* 0.028* 0.000 0.000 ± 0.000

Zimbabwe 0.094* 0.136* 0.116* 0.117* 0.000
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components explained 16.1% and 12.5% of the total vari-
ance and grouped the individuals into two main clusters 
(Fig.  3). Groupings were between Malawi and Mozam-
bique, and Uganda and Zambia. Zimbabwe samples 
uniquely mixed with all the other populations.

Discussion
Genetic methods of assessing An. funestus population 
structure and differentiation were employed to provide 
information on within and between population differ-
entiation, diversity and gene flow. Understanding these 

characteristics allows for better tailoring of vector control 
methods. Molecular data revealed overall high genetic 
variability among An. funestus populations from eastern 
and southern Africa, highlighting an important level of 
allelic richness and gene diversity.

Low to moderate differentiation of the 13 An. funes-
tus populations studied was shown at the nuclear DNA 
level with the 12 microsatellites genotyping as poly-
morphic across sites. This is consistent with low to 
moderate levels of genetic differentiation found in indi-
viduals among An. funestus populations in east, west 

Table 7 Nem comparisons for all the five countries

Abbreviations: Mal; Malawi; Kar, Karonga; Lik, Likoma; Maj, Majete; Moz, Mozambique; Mac, Maciana; Mat, Matola; Zam, Zambia; Nche, Nchelenge; Nam, Namwala; Zim, 
Zimbabwe; Man, Mangwanda; Hon, Honde; Uga, Uganda; Lir, Lira; Agul, Agule; Apa, Apac; Kam, Kamuli

Malawi Mozambique Zambia Zimbabwe Uganda

Kar Lik Maj Mac Mat Nche Nam Man Hon Lira Agul Apa Kam

Kar –

Lik 5.43 –

Maj 4.38 8.37 –

Mac 11.36 35.46 2.1 –

Mat 14.45 3.17 6.32 2.04 –

Nche 7.33 5.30 9.75 17.60 6.32 –

Nam 2.44 2.47 2.06 1.83 9.75 6.81 –

Man 7.35 9.01 6.00 8.37 9.75 2.44 2.06 –

Hon 2.47 7.10 9.01 13.15 6.00 27.52 20.83 18.2 –

Lira 11.36 35.46 18.98 5.85 1.73 3.72 17.60 4.47 1.22 –

Agul 17.60 11.65 13.64 0.94 0.76 6.33 9.34 15.38 20.58 10.86 –

Apa 7.10 4.56 1.72 12.90 13.64 5.85 18.98 6.89 1.01 8.37 9.36 –

Kam 1.98 1.06 1.60 0.03 1.01 1.60 0.59 1.49 1.98 5.43 41.4 1.54 –

Fig. 3 Principal coordinates analysis (PCoA) generated from 12 microsatellites among five An. funestus populations from Uganda and southern 
African countries. Abbreviations: MAL, Malawi; MOZ, Mozambique; UGA, Uganda; ZAM, Zambia; ZIM, Zimbabwe
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and southern Africa [12, 18, 19, 39–42] and in other 
Anopheles species [19, 43–45]. The low to moderate lev-
els of genetic differentiation may also be the result of 
barriers to gene flow between the populations. In our 
case, genetic differentiation among the sampled An. 
funestus populations had a weak yet significant correla-
tion with geographical distance and therefore might be 
affected by other factors that need investigation. Our 
findings confirm those of Ayala et al. [40], Michel et al. 
[12] and Barnes et  al. [15], who found An. funestus to 
be structured following a similar pattern of isolation 
by distance. The differentiation deviations could be a 
result of inbreeding as observed in the high  FIS values 
for some populations. In addition, these values could 
also be attributed to the presence of the Wahlund effect 
(reduction of heterozygosity caused by subpopulation 
structure) or the spatial pooling of individuals originat-
ing from different houses or focal points [46]. Changes 
have taken place over the studied populations and col-
lections were done at different times and over differ-
ent years and this could be influencing the HWE of An. 
funestus populations [47, 48]. HWE states that the genes 
and genotypes will remain constant in the absence of 
migration, genetic drift and inbreeding from genera-
tion to generation [30, 48]. The changes in this instance 
could also have been caused by epistatic natural selec-
tion and random genetic drift. These features can affect 
the flow of genes conditioning vector competence and 
insecticide resistance. However, other factors such as 
microclimate, increasing urbanization and global warm-
ing may play a part that needs to be investigated.

The rate of gene flow over time is considered suitable 
for estimating exchange of genes between populations 
[38].  Nem values of gene flow for An. funestus popula-
tions have been reported to vary from 17 to 483 [12, 18, 
39]. The recorded values of  Nem for An. funestus in this 
study were much lower [3–40], probably as a result of the 
geographical distances between the populations which 
ranged from 140  km between Maciana and Matola in 
Mozambique, to 3000 km between the most southern site 
of Matola and the most northern site of Lira in Uganda. 
Furthermore, samples were collected at different time 
points spanning 10  years and in different seasons. Thus 
geographical distances that separate the studied popu-
lations may not be the only barriers to limit gene flow 
among them, but other environmental factors may also 
play a role. Analysis of molecular variance indicated 
that most of the genetic variation (88%) was maintained 
within the populations rather than between them. These 
results confirm findings of Barnes et al. [15], Michel et al. 

[12] and Ogola et al. [18] from countries in east, west and 
southern Africa.

A study on upregulation of insecticide resistance 
metabolic enzyme genes provided evidence of popula-
tion structuring between northern and southern sites in 
Malawi [16]. The Mantel test used here for correlation of 
genetic variation with geographical distance (isolation by 
distance hypothesis) showed positive correlation between 
sites in Malawi (Rxy = 0.083, P = 0.007), not indicating 
environmental or other barriers to gene flow. Only the 
two sites in Mozambique (Matola and Maciana, 140 km 
apart) gave negative results for isolation by distance. 
Genetic/geographical distance correlations are variable 
with previous studies showing these to be weak but sig-
nificant [12, 22], weak and non-significant [18], or non-
existent [19].

Using genetic structure analysis, the populations stud-
ied here were clustered into two groups, Malawi/Zimba-
bwe versus Uganda/Zambia/Mozambique. These groups 
do not coincide with the mitochondrial Clades I and II 
of Choi et al. [21], both of which were shown to occur in 
Mozambique and Zambia in the present study. A recent 
study by Jones et al. [37] based on the full mitogenomes 
of An. funestus from Zambia, the Democratic Republic of 
Congo and Tanzania, showed that there were two strong 
maternal lineages in Zambia and Tanzania. Whether the 
PCoA results illustrated in Fig. 3 here, showing two dis-
tinct clusters in the Zambian sample reflect the mitog-
enome clusters, remains to be confirmed. The TaqMan 
assay [21] was not always accurate in identifying the 
clades [37] and this might also impact on the results 
shown in our study.

Conclusions
Two genetically distinct clusters were revealed in An. 
funestus with populations from Mozambique, Uganda 
and Zambia forming one group and Malawi and Zim-
babwe the second group. However, almost all genetic 
diversity (88%) was partitioned within populations, 
indicating small differences, except for the PCoA of the 
Zambian samples which were clearly divergent. The 
variable effective population sizes, climate and differ-
ent collection time points, may be some of the factors 
affecting the differentiation. Future research should 
investigate changes in mosquito populations over time, 
especially as insecticide use and their coverage evolve, 
new interventions are rolled out, and climate/land use 
changes.
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cluster.
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