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a  b  s  t  r  a  c  t

With  support  from  the  Global  Fund,  the  United  States  President’s  Malaria  Initiative  (PMI)  and  other  coop-
erating  partners,  Malawi  is implementing  a comprehensive  malaria  control  programme  involving  indoor
residual spraying  in targeted  districts,  universal  coverage  with  insecticide-treated  bed  nets,  use  of  rapid
diagnostic  tests  to  confirm  the  clinical  diagnosis  of  malaria  and  use  of  the  highly  effective  artemisinin-
based  combination  therapy,  artemether-lumefantrine  (AL),  as  the  first-line  treatment  for  malaria.  We
genotyped  24 genome-wide  single  nucleotide  polymorphisms  (SNPs)  in  Plasmodium  falciparum  infec-
tions  (n = 316)  sampled  from  a single  location  in  Malawi  before  (2006  and  2007)  and  after  enhanced
intervention  (2008 and  2012).  The  SNP  data  generated  were  used  to examine  temporal  changes  in  the  pro-
portion  of  multiple-genotype  infections  (MIs),  mean  number  of  heterozygous  SNPs  within  MIs,  parasite
genetic  diversity  (expected  heterozygosity  and  genotypic  richness),  multilocus  linkage  disequilibrium
and  effective  population  size  (Ne). While  the  proportion  of MIs,  expected  heterozygosity,  genotypic  rich-
ness,  multilocus  linkage  disequilibrium  and  Ne were  unchanged  over  time, the  mean  number  (±standard

deviation)  of heterozygous  SNPs  within  MIs  decreased  significantly  (p = 0.01)  from  9(±1)  in  2006  to 7(±1)
in 2012.  These  findings  indicate  that  the  genetic  diversity  of  P. falciparum  malaria  parasites  in this  area
remains  high,  suggesting  that  only  subtle  gains,  if any,  have  been  made  in  reducing  malaria  transmission.
Continued  surveillance  is  required  to evaluate  the  impact  of malaria  control  interventions  in  this  area
and  the  rest  of  Malawi,  and  to  better  target  control  interventions.

©  2014  The  Authors.  Published  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license
. Introduction

Malaria-endemic countries are rapidly scaling up malaria con-
rol interventions to reduce the burden of malaria. This has led

o significant reductions in the numbers of malaria cases and

alaria-related deaths in several countries (Chizema-Kawesha
t al., 2010; O’meara et al., 2010; World Health Organization, 2013a,
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rogramme, PO Box 30096, Chichiri, Blantyre 3, Malawi. Tel.: +265 997573970;
ax:  +265 1875774.
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S.C. Nkhoma).
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001-706X/© 2014 The Authors. Published by Elsevier B.V. This is an open access article u
(http://creativecommons.org/licenses/by/3.0/).

2013b). Since 2007, the Malawi government has been implemen-
ting a comprehensive malaria control programme involving indoor
residual spraying in seven targeted districts (excluding Blantyre),
switch from targeted use of insecticide-treated bed nets (ITNs)
as a means of preventing malaria among children and pregnant
women attending EPI (Expanded Programme on Immunization)
and antenatal clinics to universal ITN coverage, and change from
sulphadoxine-pyrimethamine (SP) to an artemisinin-based com-
bination therapy, artemether-lumefantrine (AL), as the first-line
treatment for malaria. In addition, since 2011, rapid diagnostic tests

have been deployed at all health facilities to confirm the clinical
diagnosis of malaria. This programme is being implemented with
support from the Global Fund, the United States President’s Malaria
Initiative (PMI) and other cooperating partners. However, there

nder the CC BY license (http://creativecommons.org/licenses/by/3.0/).

dx.doi.org/10.1016/j.actatropica.2014.11.008
http://www.sciencedirect.com/science/journal/0001706X
http://www.elsevier.com/locate/actatropica
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actatropica.2014.11.008&domain=pdf
http://creativecommons.org/licenses/by/3.0/
mailto:snkhoma@mlw.medcol.mw
mailto:s24nkhoma@gmail.com
dx.doi.org/10.1016/j.actatropica.2014.11.008
http://creativecommons.org/licenses/by/3.0/


ropica

a
W
d
2
o
2
t
w
t
g
a
t
s

b
i
A
N
m
c
g
a
e
i
c
o
l
c
e
m
e
i
m
2
w
t
t
r
(
p
c

g
c
t

2

2

d
i
a
e
N
t
M
i
t
m
T
a
o
t

T.J. Sisya et al. / Acta T

re limited and conflicting data on the impact of this programme.
hile some reports indicate a significant decrease in malaria bur-

en in response to enhanced intervention in Malawi (Feng et al.,
010; Mathanga et al., 2005; World Health Organization, 2013a),
thers show no effect (Roca-Feltrer et al., 2012; Bennett et al.,
013; Okiro et al., 2013). We  might expect to see significant reduc-
ions in malaria transmission partly because, unlike SP, which has
eak activity against transmissible stages of the parasite (game-

ocytes), AL is highly active against both asexual parasites and
ametocytes (Okell et al., 2008; Sutherland et al., 2005). Its potency
gainst gametocytes could directly reduce malaria transmission in
his setting, and lead to detectable changes in P. falciparum genetic
tructure.

Previous studies have demonstrated a strong correlation
etween malaria transmission intensity, genotypic complexity of

nfections and parasite genetic structure (Conway et al., 1999;
nderson et al., 2000; Zhong et al., 2007; Daniels et al., 2013;
khoma et al., 2013). In regions of intense transmission, Plas-
odium falciparum exhibits a highly outbred population structure

haracterized by extensive outcrossing, high incidence of multiple-
enotype infections (MIs), low levels of linkage disequilibrium,
nd a low prevalence of genetically identical infections (Conway
t al., 1999; Anderson et al., 2000; Zhong et al., 2007). In contrast,
n low transmission regions, P. falciparum shows a predominantly
lonal (inbred) population structure characterized by high levels
f self-fertilization, limited recombination, few MIs, high levels of
inkage disequilibrium and a high incidence of genetically identi-
al infections (Conway et al., 1999; Anderson et al., 2000; Zhong
t al., 2007). In addition, P. falciparum populations from low trans-
ission regions show reduced levels of genetic diversity and low

ffective population sizes. Most of these patterns are also observed
n longitudinal studies of malaria parasites in areas where trans-

ission is declining due to intense control efforts (Daniels et al.,
013; Nkhoma et al., 2013). In such areas, the incidence of MIs
anes, the proportion of patients bearing identical parasite geno-

ypes increases, multilocus linkage disequilibrium increases and
he mean number of heterozygous SNPs within MIs  (an indi-
ect measure of the genotypic complexity of infections) decreases
Daniels et al., 2013; Nkhoma et al., 2013). These observations sup-
ort the practice of using parasite genetic measures as proxies for
hanges in malaria transmission following enhanced intervention.

The central goal of this study was to examine P. falciparum
enetic structure at a single location in Malawi over time to identify
hanges which might correspond to the effects of various interven-
ions on malaria transmission.

. Materials and methods

.1. Collection of malaria parasite samples

Malaria-infected blood samples were collected from 316 chil-
ren less than 5 years old presenting to Ndirande Health Centre

n Blantyre with uncomplicated P. falciparum malaria before (2006
nd 2007) and after (2008 and 2012) the intensification of control
fforts. Ndirande Health Centre is the only public health facility in
dirande Township, and serves a catchment area with a popula-

ion of ∼300,000 people. In recent years, this area and the rest of
alawi have seen increased uptake of malaria control interventions

ncluding increased use of ITNs, introduction of rapid diagnostic
ests to confirm the clinical diagnosis of malaria and switch to a

ore efficacious drug, AL, as the first-line treatment for malaria.

o our knowledge, the population in this area does not have easy
ccess to other drugs, and AL is available through prescription
nly. We  employed a passive case detection system to iden-
ify children with uncomplicated P. falciparum malaria amongst
 142 (2015) 108–114 109

children seeking care at the health centre. No special effort was
made to find unsuspected or asymptomatic disease in the commu-
nity where the enrolled children lived. At least 46 malaria-infected
blood samples were sampled per year. This sample size allows the
detection of a 30% difference in the proportion of MIs  before and
after enhanced intervention with 80% power and 95% confidence
assuming a pre-intervention prevalence of 78%. During the samp-
ling of 2006–2008 infections, we  avoided sampling members of the
same household and serial sampling of the same person by carefully
matching records of patients already enrolled into the study with
those of prospective study participants. We  did this to preclude
parasite relatedness structure driven by similar host genetic back-
ground. However, when collecting malaria-infected blood samples
in 2012, no special effort was made to avoid sampling members of
the same household or serial sampling of the same individual. All
samples were collected with the approval of the child’s parent or
guardian under the auspices of antimalarial drug resistance studies
and health facility-based cross-sectional malaria surveys approved
by the University of Malawi College of Medicine Research and Ethics
Committee.

2.2. Parasite DNA extraction

Samples from 2006 to 2008 were in the form of whole blood, and
were extracted for parasite DNA using Qiagen DNA Mini Kits (Qia-
gen, UK). Samples from 2012 were in the form of filter paper blood
spots and were extracted using a two-step protocol to maximize
parasite DNA yield. Blood was first eluted from filter paper blood
spots using Gensolve Kits (Integen X, USA), followed by parasite
DNA extraction with 96-well QIAamp DNA Blood Kits (Qiagen, UK)
(Nkhoma et al., 2013). The concentration of parasite DNA in each
sample was  determined using the NanoDrop 1000 Spectropho-
tometer.

2.3. SNP genotyping

We genotyped all parasite infections at 24 polymorphic sin-
gle nucleotide polymorphisms (SNPs) using the molecular barcode
assay as described previously (Daniels et al., 2008). The names
and positions of SNPs genotyped were as described in the orig-
inal methodology paper (Daniels et al., 2008) and as annotated
in PlasmoDB version 5.0. Parasite DNA samples from MR4  P. fal-
ciparum laboratory strains 3D7, V1S, W2-8E, DD2, HP710 and an
artificial mixture of W2-8E and 3D7 were included in each geno-
typing run as positive controls. W2-8E is a parasite clone isolated
from W2 by dilution cloning while HP710 is a clone from the
Thai-Myanmar border. To perform the assay, a master mix  con-
sisting of 2.95 �l of commercial grade nuclease-free water, 0.05 �l
of the 40x Taqman SNP assay and 5 �l of the TaqMan Universal
PCR Master Mix  (Applied Biosystems Catalogue # 4364343) per
reaction was added to each well of a 96-well real-time PCR plate
(Applied Biosystems Catalogue # 4346906) pre-loaded with 2 �l
(10 ng) of each parasite DNA sample. The concentration of para-
site DNA in the template was standardized across all samples to
avoid the potential technical bias of scoring more heterozygous
loci in samples with high parasite densities. Parasite DNA samples
were amplified on the StepOne real-time PCR instrument (Applied
Biosystems), followed by analysis of the results with Applied
Biosystem’s proprietary Allelic Discrimination software. Where the
software did not give genotype calls directly, we made allele calls
manually by examining both the amplification plot and the multi-
component plot. To examine if the 24-SNP molecular barcode

assay has enough resolution power, we  also genotyped six para-
site clones isolated from a multiple-genotype infection sampled
at Ndirande Health Centre in 2008. These clones were previously
genotyped using a custom-made 384-SNP GoldenGate assay, and
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hown to be either closely related (differing only at a few of the
16 successfully genotyped SNPs) or genetically identical (sharing
lleles at all the 316 successfully genotyped SNPs) (Nkhoma et al.,
012).

.4. Identification of multiple-genotype infections

We  identified multiple-genotype infections by examining the
umber of heterozygous SNPs in each infection genotyped.
ecause human blood-stage malaria parasites are haploid, a single-
enotype infection is expected to have only one allele at each
NP locus while a multiple-genotype infection is expected to carry
ultiple alleles. However, in this study, we used a minimum of

wo heterozygous SNPs as a threshold for classifying MIs  because
ne random SNP out of the 24 SNPs genotyped was occasionally
rongly scored as heterozygous even in well-characterised mono-

lonal infections. SNP data for single-genotype infections were
sed to estimate SNP allele frequencies, and to measure tempo-
al changes in P. falciparum genetic diversity indices (expected
eterozygosity and genotypic richness), multilocus linkage dis-
quilibrium, effective population size, proportion of identical
arasite infections, and to examine if there was significant genetic
ifferentiation between parasite samples collected before and after
he intensification of malaria control efforts. SNP data for multiple-
enotype infections (MIs) were used to examine temporal changes
n the proportion of MIs  and the mean number of heterozygous
NPs within MIs. We  conducted analyses both by the year of samp-
ing and by pooling samples from early (2006 and 2007) and late
2008 and 2012) sampling periods.

.5. Resolving relationships among parasite genotypes

We  computed the proportion of SNP alleles shared (ps) between
ll pairwise comparisons of single-genotype infections and clus-
ered infections on the UPGMA tree based on the genetic distance

etric, 1-ps,  using PHYLIP (Felsenstein, 1993). Parasite genotypes
ere considered “unique” if they differed at one or more of the

4 SNPs genotyped and “identical” if they shared alleles at all
he 24 SNPs. Identical parasite genotypes arise when a clonal
arasite lineage passes through mosquitoes unchanged due to self-
ertilization and is repeatedly sampled from multiple human hosts.

e examined the proportion of patients infected with identical
arasite genotypes over time to infer changes in self-fertilization
ates in this parasite population. This was achieved by calculat-
ng the percentage of patients infected with identical parasite
enotypes amongst the single-genotype infections that we had
dentified.

.6. Genetic diversity and population structure

We  used the genotypic richness index, R (Dorken and Eckert,
001) and Nei’s expected heterozygosity (He) index (Nei, 1978) to
xamine changes in parasite genetic diversity over time. R meas-
res the proportion of unique genotypes present in the samples
nd is estimated as: R = (G − 1)/(N − 1) where G is the number of
nique genotypes and N is the sample size (Dorken and Eckert,
001). In addition, we investigated whether or not there was sig-
ificant genetic differentiation between parasites sampled before

nd after enhanced intervention. We  did this to examine whether
r not the parasite population had become more subdivided due to
he pronounced effect of genetic drift and migration in declining
opulations. Genetic differentiation was expressed as the pairwise
xation (FST) index (Weir and Cockerham, 1984), estimated using
STAT (Goudet, 1995).
 142 (2015) 108–114

2.7. Multilocus linkage disequilibrium

We  compared multilocus LD in parasite infections collected in
2006, 2007, 2008 and 2012 to seek evidence of increased LD over
time. Multilocus LD was measured using the statistic IAS (standard-
ized index of association), which compares the observed variance in
the numbers of alleles shared between parasites with that expected
when parasites share no alleles at different loci (Haubold and
Hudson, 2000). IAS estimations were performed with and without
identical parasite genotypes because we expect identical parasite
genotypes to be the major source of LD in these infections (Nkhoma
et al., 2013).

2.8. Effective population size

We  examined whether or not Ne had decreased following
enhanced intervention. We used fluctuations in SNP allele fre-
quencies between adjacent years to estimate the variance effective
population size (NeV). NeV was estimated using the pseudo-
maximum likelihood method implemented in the programme,
MLNE v. 1547 (Wang, 2001) and the moments-based temporal
methods of Nei/Tajima (Nei and Tajima, 1981), Pollak (Pollak, 1983)
and Jorde/Ryman (Jorde and Ryman, 2007) implemented in NeEs-
timator v. 2.0 (Do et al., 2013). When estimating Ne, we  assumed
that P. falciparum has a generation time of 2 months (Nkhoma et al.,
2013), and we  allowed a maximum Ne value of 10,000.

2.9. Statistical tests

Proportions were compared using the Chi-square test while
means were compared using the Two  sample t-test. Means and
proportions are reported as the mean ± standard deviation. Figures
in square brackets reported for the genotypic richness index and
effective population size are 95% confidence intervals. The degree
of genetic differentiation between temporally spaced samples was
assessed using the Wilcoxon signed-rank test. The Kruskal–Wallis
rank-sum test was used to examine whether or not there was
significant variation in parasite density over time. Univariate Pois-
son regression was used to model the rate of decline in parasite
density over time. In addition, we  used univariate negative bino-
mial regression to examine associations between the number of
heterozygous SNPs within MIs  and each of the following covari-
ates: log-transformed parasite density, patient age, sex, season and
year of sampling. Negative binomial regression was preferred over
Poisson regression wherever there was over-dispersion with the
Poisson model (i.e. the variance in the mean number of heterozy-
gous SNPs within MIs  being substantially higher than the mean).
This is because in such a case, negative binomial regression provides
a better fit than the Poisson model. All tests were implemented in
STATA version 10.1 (College Station, TX, USA).

3. Results

3.1. Data summary

We  successfully genotyped 295 out of 316 parasite infections
sampled from children less than 5 years old presenting to Ndirande
Health Centre with uncomplicated P. falciparum malaria before and
after enhanced intervention. Summary statistics for parasite samp-
ling and basic genetic data are presented in Table 1. Out of the 24
SNPs genotyped, only the G/T SNP on chromosome 14 at position

00755729 of the P. falciparum genome (PlasmoDB version 5.0) was
monomorphic in all the four temporal samples (Supplementary
information, Table S1). The rest were polymorphic with minor allele
frequencies ranging from 0.03 to 0.50 (Supplementary information,
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Fig. 1. UPGMA tree showing relationships amongst 78 single-genotype infections and genotyping controls. The tree is constructed from a pairwise distance matrix, 1-ps,
where  ps is the proportion of SNP alleles shared between any two  parasite isolates. Single-genotype infections sampled during each of the 4 years are coded using different
colours (red = 2006, blue = 2007, green = 2008, purple = 2012) while laboratory controls are coded in black. Laboratory controls LA439-05, LA439-28, LA439-03, LA439-25,
LA439-04 and LA439-20 are parasite clones isolated from a multiple-genotype infection sampled from Ndirande health centre in 2008. These were previously identified to
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e  genetically identical using the 384-SNP assay (Nkhoma et al., 2012). LA439-05 a
ree  and are identical at all 24 SNPs genotyped. This result provides reassurance tha
arasite genotypes. Patients MP301, LA418 and LA425 had identical barcodes. Sim
arcodes, indicating that they were infected with identical parasite genotypes.

able S1). Of the 295 parasite infections that we successfully geno-
yped, 217 were classified as multiple-genotype infections (MIs)
hile the remaining 78 were single-genotype infections.

Supplementary Table S1 related to this article can be
ound, in the online version, at http://dx.doi.org/10.1016/
.actatropica.2014.11.008.
.2. Relationships among parasite infections

Relationships amongst single-genotype infections sampled and
aboratory controls are shown on the UPGMA tree (Fig. 1). As

able 1
ummary statistics for parasite sampling and basic genetic data.

Year Sample size Proportion of MIs  He

2006 85 0.76 ± 0.42 0.37 ± 0.16 

2007 86 0.78 ± 0.41 0.40 ± 0.16 

2008 74 0.69 ± 0.46 0.40 ± 0.16 

2012  50 0.68 ± 0.47 0.32 ± 0.17 

2006  and 2007 171 0.77 ± 0.42 0.38 ± 0.15 

2008  and 2012 124 0.69 ± 0.46 0.37 ± 0.16 

roportion of MIs  is the percentage of patients infected with multiple parasite genotypes
f  single-genotype infections that share alleles at all the 24 SNPs genotyped. Multilocus
dentical parasite genotypes while multilocus LD (unique genotypes) is that estimated 

tandard deviations. We observed no multilocus linkage disequilibrium (p > 0.05) and no
ime.
439-28, LA439-03 and LA439-25, LA439-04 and LA439-20 cluster together on the
4-SNP assay has enough resolution power for identifying both unique and identical
patients MP317 and MP325, ART010 and ART064, LA465 and LA474 had the same

expected, isogenic laboratory controls W2-8E and DD2 cluster
together on the tree akin to closely related parasite clones isolated
from a multiple-genotype infection sampled at Ndirande Health
Centre in 2008. Parasite clones deemed to be genetically identi-
cal using the 384-SNP GoldenGate assay shared alleles at all the
24 SNPs genotyped (Fig. 1). In addition, parasite clones that dif-
fered at one SNP using the 384-SNP GoldenGate assay (Nkhoma

et al., 2012) were found to differ at just one SNP using the 24-SNP
molecular barcode assay. Using the molecular barcode assay, we
identified 73 parasite genotypes infecting at least one patient over
the whole sampling period (Fig. 1). While most genotypes were

% of identical infections Multilocus LD
(all genotypes)

Multilocus LD (unique
genotypes)

10 0.0020 −0.0004
11 0.0080 −0.0004
17 0.0095 −0.0006
13 0.0104 0.0013
10 0.0038 0.0009
15 0.0059 0.0022

. He is the expected heterozygosity index. % of identical infections is the percentage
 LD (all genotypes) is multilocus linkage disequilibrium estimated by including all
by including single representatives of identical parasite genotypes. Error bars are

 significant change in the proportion of MIs, He and % of identical infections over

http://dx.doi.org/10.1016/j.actatropica.2014.11.008
http://dx.doi.org/10.1016/j.actatropica.2014.11.008
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Fig. 2. Change in the composition of multiple-genotype infections over time. We
examined changes in the frequency of multiple-genotype infections (MIs) and the
mean number of heterozygous SNPs within MIs over the time frame observed. Error
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ars are 95% confidence intervals. While the frequency of MIs  decreased only slightly
nd  non-significantly (p > 0.05), the mean number of heterozygous SNPs within MIs
ecreased significantly over time (p < 0.05).

etected only once, five (7%) were sampled multiple times. The
roportion of patients infected with identical parasite genotypes
emained the same between 2006 and 2012 (10% in 2006 vs 13% in
012; p = 0.813). Patients infected with identical parasite genotypes
ere from different households. There was no evidence of serial

ampling of identical parasite genotypes from the same individual.

.3. Genetic composition of multiple-genotype infections

We  observed subtle changes in the composition of
ultiple-genotype infections over the time frame observed

Fig. 2). The incidence of MIs  decreased non-significantly from
.76 ± 0.42 in 2006 to 0.68 ± 0.47 in 2012 (p = 0.823). In contrast,
he average number of heterozygous SNPs within MIs  decreased
ignificantly from 9 ± 1 in 2006 to 7 ± 1 in 2012 (p = 0.01).

.4. Lack of change in parasite genetic diversity

We  observed no significant temporal change in parasite genetic
iversity as expressed by the expected heterozygosity index, He

nd the genotypic richness index, R (Table 1). The mean He for
arasite samples collected in 2006 (He = 0.37 ± 0.16) did not differ
ignificantly (p = 0.34) from that of 2012 samples (He = 0.32 ± 0.17).
imilarly, the mean He for samples from both 2006 and 2007 was
.38 ± 0.15 compared with 0.37 ± 0.16 in samples from both 2008
nd 2012 (p = 0.58). Similarly, R was 0.95 [0.74–1.00] in 2006 com-
ared with 0.93 [0.68–1.00] in 2012 (p = 0.81).

.5. Absence of temporal genetic differentiation and multilocus

inkage disequilibrium

There was no significant genetic differentiation between para-
ite samples collected in 2006 and 2012 (FST = 0.030 ± 0.036),

able 2
ariance effective population size of P. falciparum in Ndirande, Blantyre, Malawi.

Comparison ML  Ne Pollak Ne

2006 vs 2007 ∞ [70–∞]  73 [22–8
2007  vs 2008 ∞ [123–∞] 121 [30–∞
2008  vs 2012 361 [107–∞] 125 [48–3

L  Ne is the variance effective population size (NeV) estimated using the pseudo-maximum
easures of the variance effective population size estimated using the moments-based te
 142 (2015) 108–114

2007 and 2012 (FST = 0.038 ± 0.043), 2007 and 2008
(FST = −0.013 ± 0.018), and between pooled samples from 2006
to 2007 compared with samples collected in 2008 and 2012
combined (FST = 0.008 ± 0.015; p = 0.355). Similarly, there was
no significant multilocus linkage disequilibrium (p > 0.05) in all
temporal samples.

3.6. Lack of change in effective population size of P. falciparum

All the four measures of the variance effective population size
showed no significant change (p > 0.05) over time (Table 2).

4. Discussion

The primary goal of this study was to genotype P. falciparum
malaria infections sampled from a single location in Malawi
before and after enhanced intervention to examine if various
population genetic parameters respond in a manner expected of
declining parasite transmission. We  wanted to see if there were
detectable changes in parasite genetic structure and infection
complexity consistent with a decrease in malaria transmission.
While most population genetic proxies of malaria transmission
were unchanged over time, the mean number of heterozygous
SNPs within MIs  showed significant change. This change was
accompanied by significant variation in parasite density over
time (Kruskal–Wallis rank-sum test: �2 = 13.364, p = 0.004). Pois-
son regression analysis revealed an average of 2% decline in parasite
density per year (incidence rate ratio, IRR = 0.9847 [0.9841–0.9853]
95% CI; p < 0.001). However, univariate negative binomial regres-
sion analysis revealed that the number of heterozygous SNPs within
MIs  was not associated with parasite density (p = 0.062), season
(p = 0.056), patient age (p = 0.903) or sex (p = 0.979). The only vari-
able associated with a reduction in the number of heterozygous
SNPs within MIs  is the year of sampling. The lack of association
between the number of heterozygous SNPs within infections and
parasite density suggests that the observed temporal decrease in
the mean number of heterozygous SNPs within MIs  was not sim-
ply a result of sampling low density infections. The mean number
of heterozygous SNPs within MIs  can provide an indirect mea-
sure of the number or relatedness of parasite genotypes within
MIs  (Nkhoma et al., 2013). Therefore, the observed decrease in the
mean number of heterozygous SNPs suggests that MIs  from 2008
and 2012, on average, contained fewer or significantly more related
parasite genotypes than MIs  from 2006 to 2007. This decrease most
likely arose from serial transmission of MIs  between human hosts
due to reduced transmission. We  attribute this subtle change in
malaria transmission to the 2007 drug policy switch from SP to AL,
increased ITN use over the time frame observed, and to a lesser
extent, to the introduction of rapid diagnostic tests as a confirma-
tory tool for the clinical diagnosis of malaria in 2011. While there
are no area-specific intervention coverage data, country-wide data
indicate that household ownership of at least one ITN increased

from 38% in 2006 to 55% in 2012 (World Health Organization,
2013a). Similarly, the proportion of children who slept under an ITN
the night preceding the survey increased from 25% in 2006 to 55%
in 2012 (World Health Organization, 2013a). Our finding that only

Nei/Tajima Ne Jorde/Ryman Ne

39] 82 [24–3160] 72 [36–120]
]  141 [32–∞] 125 [61–211]

46] 141 [52–423] 129 [63–218]

 likelihood method. Pollak Ne , Nei/Tajima Ne and Jorde/Ryman Ne are the different
mporal methods. Figures in square brackets are 95% confidence intervals for NeV.
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he mean number of heterozygous SNPs within MIs  showed signif-
cant change over time suggests that compared with other genetic
arameters examined, this measure has a relatively high sensitiv-

ty and can detect minor reductions in transmission intensity. This
easure may  be far more informative in high transmission areas

ndergoing a transition to low transmission than in low transmis-
ion regions.

Our finding that the frequency of MIs, the proportion of patients
nfected with identical parasite genotypes, multilocus linkage dis-
quilibrium and genotypic richness did not change significantly
ollowing enhanced intervention suggests no change in parasite
elfing rate. It points to very little or no reduction in malaria trans-
ission in this area, and is consistent with some of the available

pidemiological data (Roca-Feltrer et al., 2012; Bennett et al., 2013;
kiro et al., 2013). However, the lack of temporal change in the pro-
ortion of MIs  in this setting contrasts previous observations on the
hai-Myanmar border and Senegal where enhanced malaria con-
rol was accompanied by a significant decrease in the frequency of

Is  (Nkhoma et al., 2013; Daniels et al., 2013). It is possible that
n areas of intense malaria transmission such as Malawi where MIs
re extremely common, the proportion of MIs  is less sensitive to
ntense malaria control efforts. The frequency of MIs  takes much
onger to decline following the intensification of control efforts,
nd is preceded by a significant decrease in the mean number of
eterozygous SNPs within MIs. The proportion of MIs  estimated by
his study was slightly higher (68–78%) than in a previous study
50%) from the same setting (Milner et al., 2012). This may  be due
o the fact that most of the infections analysed in the previous study
ere severe; these tend to be genotypically less complex than the
ncomplicated malaria infections (Milner et al., 2012) character-

zed in this study. This discrepancy may  also be due to differences in
he thresholds used for calling MIs. In this study, infections with ≥2
eterozygous SNPs were classified as MIs  while in the Milner et al.
tudy, infections were classified as MIs  if they had ≥4 heterozygous
NPs. Therefore, the threshold used in this study would slightly
nderestimate the proportion of single-genotype infections and
verestimate the proportion of multiple-genotype infections for
he same dataset. Nevertheless, regardless of the thresholds used
or calling MIs, the mean number of heterozygous SNPs within

Is  was found to decrease significantly over time (Supplementary
nformation, Fig. S1). The lack of significant genetic differentiation
etween parasite populations sampled before and after enhanced

ntervention indicates that both populations were panmictic. Two
easons might explain the lack of change in most population genetic
arameters despite enhanced control efforts. It is possible that
here is truly no change or very minimal change in malaria trans-

ission despite enhanced intervention. It is also possible that our
tudy lacks the power to detect a change in transmission.

Supplementary Fig. S1 related to this article can be found,
n the online version, at http://dx.doi.org/10.1016/j.actatropica.
014.11.008.

The lack of detectable change in Ne and He mirrors previous
bservations on the Thai-Myanmar border (Nkhoma et al., 2013)
nd in Sri Lanka (Gunawardena et al., 2014) where a marked decline
n malaria transmission did not lead to a significant decrease in
oth Ne and He. Why  do these parameters not change? It is well
nown that in order to have a substantial effect on He, a bottle-
eck must be either narrow (very low Ne for a few generations) or
ery prolonged (moderate Ne for many generations). Therefore, we
ay  have failed to detect changes in Ne and He because the drop

n transmission is not large enough or has not been sustained for
ong enough to significantly alter Ne and He. In addition, declin-

ng populations of small organisms like P. falciparum tend to have
elatively large population sizes, which are less sensitive to the
oss of genetic diversity. It is possible that not enough of the para-
ite population was sampled to allow accurate estimation of these
 142 (2015) 108–114 113

parameters since our power calculations were based on detecting
change in the proportion of MIs. With respect to Ne, Palstra and
Ruzzante (2008) suggest that at least 10% of the population’s effec-
tive size should be sampled. This would mean sampling at least
1000 infections per year in this setting. Nonetheless, even if samp-
ling effort is increased to reduce sampling variance, allele frequency
changes may  be too small to detect in large populations (Hare et al.,
2011; Neafsey, 2013). The population size would need to drop by
several orders of magnitude before any short term effect on He and
Ne is detectable. Given the exponential relationship between Ne and
genetic drift, it is perhaps overly optimistic to expect Ne to change
over the time frame observed (1–5 years). The Ne metric is very
sensitive to Ne decreasing from 10 to 1 or 100 to 10 but detecting
the change from 10,000 to 1000 or even 1000 down to 100, is very
difficult (Neafsey, 2013). We  suggest that changes in Ne based on
allele frequency variance may  only be detectable and informative
in parasite populations at pre-elimination and elimination stages:
malaria transmission in Malawi is still too high and robust to be
impacted in terms of this variable.

In conclusion, results from this study indicate that the genetic
structure of malaria parasites in Ndirande, Blantyre, has largely
remained the same over 5 years despite the rapid scale up of
malaria control interventions including the switch from SP to AL as
the first-line treatment for malaria. All population genetic param-
eters examined, except the mean number of heterozygous SNPs
within MIs, were unchanged 1–5 years after enhanced interven-
tion. We conclude that any reduction in malaria transmission left
most population genetic parameters unchanged. It appears that dif-
ferent population genetic parameters are informative in various
windows of the transmission spectrum. It is most likely that serial
transmission of MIs  previously founded by superinfection predom-
inates during early stages of transmission reduction. This results in
increased within-host relatedness of parasites, and is manifested by
reduced numbers of heterozygous SNPs in MIs. The fact that only
the mean number of heterozygous SNPs in MIs  shows change sug-
gests that this parameter has a higher sensitivity than other metrics
for monitoring changes in transmission levels, and can detect minor
reductions in malaria transmission intensity. The lack of change in
key population genetic parameters including He and Ne indicates
that only subtle gains, if any, have been made in reducing trans-
mission. Therefore, continued surveillance using epidemiological,
entomological and population genetic approaches will be required
to evaluate the impact of control interventions on malaria transmis-
sion in the study area and the rest of Malawi, and to better target
malaria control interventions. We believe that genetic monitoring
of malaria parasite populations will play a central role in identify-
ing areas where parasite genetic diversity remains high despite a
significant decrease in the number of malaria cases. Targeted inter-
ventions could be deployed in such areas to dramatically reduce
parasite genetic diversity and prevent resurgence of malaria.
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