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Dramatic changes in transmission intensity can impact
Plasmodium population diversity. Using samples from 2 distant
time-points in the Dielmo/Ndiop longitudinal cohorts from
Senegal, we applied a molecular barcode tool to detect changes in
parasite genotypes and complexity of infection that corresponded
to changes in transmission intensity. We observed a striking sta-
tistically significant difference in genetic diversity between the
2 parasite populations. Furthermore, we identified a genotype
in Dielmo and Ndiop previously observed in Thiés, potentially
implicating imported malaria. This genetic surveillance study
validates the molecular barcode as a tool to assess parasite popu-
lation diversity changes and track parasite genotypes.

Keywords. malaria; Dielmo/Ndiop; Senegal; genomic
surveillance; molecular barcode.

Traditional estimates of malaria transmission are often difficult
and costly to perform, especially in areas of low transmission
[1]. The ability to monitor and predict changes in transmission
intensity in real time is critical to evaluating malaria parasite biol-
ogy and malaria control efforts. Recently, a 24-single-nucleotide
polymorphism (SNP) molecular barcode tool that correlates with
whole-genome identity has assessed changes in malaria population
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genomics and malaria incidence rates from cross-sectional studies
in Thies, Senegal [2], a region with very low malaria endemicity
based upon an annual entomological inoculation rate (EIR) of 1-5.

Dielmo and Ndiop are 2 extensively described Senegalese vil-
lages 5 km apart where longitudinal follow-up studies on deter-
minants of malaria infection have been conducted since 1990
and 1993, respectively [3-5]. Until the mid-2000s, Ndiop and
Dielmo had contrasting malaria endemicity due to continual
anopheline breeding year-round in Dielmo [4], thus sustaining
intense and perennial malaria transmission (EIR of 258 infected
bites/person/year during 1990-2006) [5], whereas transmission
was moderate and seasonal (EIR = 80 infectious bites/person/
year) in Ndiop [6]. Malaria transmission intensity has since
declined substantially in both villages: EIR was 0.00 in Ndiop
and 26.3 in Dielmo in 2014 (unpublished data).

The goal of this study was to apply the 24-SNP molecular bar-
code [7] to blinded samples from a longitudinal cohort spanning
25 years to evaluate the correlation between key genetic signals and
malaria transmission and parasite population diversity in areas
with dramatically different malaria endemicities. Specifically, the
study aimed to characterize (1) the complexity of infection (COI);
(2) the presence of any shared parasite clusters; and (3) whether
the barcodes (genomic signature) of parasites from Dielmo/Ndiop
match those previously identified throughout Senegal.

METHODS

Ethics Statement

The Ethics Committee of the Ministry of Health in Senegal
approved this study. All samples were collected with informed
consent per ethical requirements of the National Ethics
Committee of Senegal, Pasteur Institutes of Dakar and Paris,
and the Institut de Recherche pour le Développement.

Patient DNA Samples

All samples microscopically positive for P. falciparum infection
were confirmed using quantitative polymerase chain reaction [8]
following DNA extraction (QIAamp, Qiagen). Forty randomly
selected blood samples from an archived collection (2001-2002
[n = 20] and 2014 [n = 20]) corresponding to periods of high
transmission (Dielmo EIR = 353.8 [2001] and 409.9 [2002] [5];
Ndiop EIR = 171.9 [2001] and 16.9 [2002]) or extremely low
transmission (Dielmo EIR = 26.3 and Ndiop EIR = 0.0 [2014,
unpublished]), with sample sets blind-coded prior to analysis.
DNA samples were preamplified as needed [7, 9].

Genotyping

24-SNP Molecular Barcoding

DNA was diluted, used directly, or preamplified as previ-
ously described [9]. Molecular barcoding was performed
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using high-resolution melting methodology [10] in 96-well
plates on a Roche Light Cycler 96, with 8 assays per plate for
10 unknown samples, and 2 controls (either 3D7 and Dd2, or
3D7 and Tm90C6B, depending upon assay) in a final volume
of 5 pL. Occasionally assay confirmation was performed on a
Light Scanner-32. Here, a single assay was run on 30 unknown
samples and 2 controls (either 3D7 and Dd2, or 3D7 and
Tm90C6B, depending upon assay) in a final volume of 10 pL
[11]. A novel SNP was identified in the IP20 sample for the A1l
assay (Figure 1B) and confirmed by sequencing.

Barcode Phylogenetic Analysis

A neighbor-joining phylogenetic tree using the Jukes-Cantor
method was created using Geneious (version 9.1.5, created by
Biomatters).

Complexity of Infection Estimates

Complexity of infection was determined using the COIL algo-
rithm [12], with monogenomic infections having <2 Ns and
polygenomic infections having >2 Ns in the 24-SNP barcode.

Sample Size Estimates and Statistics

Sample size estimates and statistical significance was deter-
mined using Fisher exact test. The 2 blinded populations (IP1-
IP20 and IP21-IP40) were evaluated first for bias, then for
differences regarding (1) proportion of polygenomic infections
and (2) repeated barcodes. To achieve 5% significance level for
polygenomic vs monogenomic, 10 samples from the IP21-1P40
setand 7 samples from the IP1-IP20 set would be required, thus
20 samples per set exceeds the required number. To achieve
5% significance for unique monogenomic vs repeated monog-
enomic samples would require 5 samples from 1P21-IP40 and
7 samples from IP1-1P20, such that 20 samples per set exceeds
the required number. Thus, 20 samples per set is about 2 times
the minimum required to detect statistically significant differ-
ences at the 5% level.

RESULTS

Patient Population

Demographic characteristics of the study population (Table 1)
indicate the sex ratio (male/female) favored males (1.5 and 1.22
for the 2001-2002 and 2014 groups, respectively). The mean age
was 6.37 (range, 0.7-16.1) years and 19.5 (range, 1.9-44.6) years
for the 2001-2002 and 2014 groups, respectively. This shift in
the age distribution is representative of the overall population,
and is expected as malaria cases occur more frequently in older
individuals as transmission declines [5]. Other statistically sig-
nificant differences (highest in 2001-2002) included the mean
parasite density, EIR, and malaria incidence.

Barcode Comparisons for COl and Genetic Diversity
We first tested whether the 2 barcode sample sets were balanced
and found no significant difference (P = .73, Fisher exact test),

indicating no sampling bias between the 2 sample sets. This
is consistent with neighbor-joining analysis (Figure 1C) that
suggests admixing of parasite genotypes between the 2 study
populations—Dielmo and Ndiop. We next estimated COI using
the COIL algorithm for the 2 blinded sample sets. For samples
IP1-IP20, COI was 1.35 (10/20 [50%)] polygenomic samples),
whereas samples IP21-IP40 had a COI of 1, as all samples con-
tain single genotypes. These COI differences represent highly
significant differences (P = .0016, Fisher exact test) in the num-
ber of monogenomic and polygenomic infections between
2001-2002 and 2014.

We also observed dramatic differences between these 2 sam-
ple populations when comparing genetic diversity and identity
of specific parasite types. For samples IP1-IP20 there were no
repeated barcodes (all were unique), whereas the IP21-IP40 set
contained 3 repeated barcode clusters (n =2, n =2, and n = 6)
that represented 66.6% (10/15) of the population (Figure 1A).
While the number of barcode clusters in IP21-1P40 (n = 3)
compared to IP1-IP20 (n = 0) was only borderline significant
(P = .069, Fisher exact test), the difference in the number of
repeated barcode samples for IP21-1P40 (n = 10) compared
to IP1-IP20 (n = 0) was highly significant (P = .0010, Fisher
exact test). These results support the hypothesis that samples
IP1-IP20 originated from a period of relatively high malaria
transmission based upon increased genomic diversity, whereas
samples IP21-1P40 were collected during a period of relatively
low malaria transmission given decreased genomic diversity.
When samples were unblinded, the findings confirmed the
hypothesis that the IP1-IP20 sample set was from a highly
malaria-endemic 2001-2002 period characterized by high
transmission intensity, whereas the IP21-IP40 set was from
the lowly malaria endemic 2014 collection, where transmission
intensity had dropped substantially.

Specific Barcode Identity Compared to Known Barcodes Implicates
Possible Imported Malaria
In addition to genetic diversity, we also asked whether any of
these genotypes matched a large database (n = 1034 monog-
enomic barcodes) of previously published [2] and unpub-
lished barcodes (Deme and Daniels, unpublished data: n = 215
monogenomic barcodes) from other regions of Senegal. For
samples from the high transmission period (2001-2002), none
of the individual barcodes matched previously observed hap-
lotypes. For samples from the low transmission period (2014),
1 of the 3 repeated barcode clusters (n = 6) corresponded to a
parasite type (haplotype 3), observed in Thiés in both 2007 and
2010 [2]. The other 2 clusters (IP1, n = 2; IP2, n = 2) had not
previously been observed, with one set (IP1) having a member
each from Dielmo and Ndiop and the other set (IP2) having
both cluster members from Ndiop.

We found no other matching barcodes in a large database
(n = 1249) of published [2] and unpublished Senegal barcodes
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Table 1. Baseline Demographic Characteristics of the Study Population

Characteristic 2001-2002 (n = 20) 2014 (n = 20) OR (95% ClI) P Value

Sex, No. (%)
Male 12 (60) 11 (65) 1
Female 8 (40) 9 (45) 1.22 (.29-5.16)
Ratio (M/F) 1.5 1.22

Age, y
Mean 6.37 19.5 .00048
Range (0.7-16.1) (1.9-44.6)

Parasite density/nL
Mean 117575 6283.2 .0038
Range (1560-29450) (25-45000)

Location, No. (%)
Dielmo 10 (50) 11 (65)
Ndiop 10 (50) 9 (45)

mEIR
Dielmo 29.6° 2.19 <.0001
Ndiop 7.9° 0.0° .06

IR, mean (95% ClI)
Dielmo 2.25(2.13-2.37) 0.136 (0.099-0.173) <.0001
Ndiop 1.98 (1.865-2.087) 0.104 (0.072-0.136) <.0001

Characteristics of the sample populations from Dielmo and Ndiop are listed for the 2 time periods described in this study, 2001-2002, and 2014. Kruskal-Wallis and Fisher exact tests were
used to compare distribution of quantitative and qualitative variables respectively between subgroups. For all statistical tests, a = .05.

Abbreviations: Cl, confidence interval; IR, annual incidence rate (number of episodes per person per year); mEIR, mean entomological inoculation rate (number of infected bites per person

per year, averaged over the year); ND, not determined; OR, odds ratio.
2From previously published data [5].

5From previously published data [6].

°Unpublished data.

from Thies, Dakar, Kaolack, Kaffrine, Kedougou, Kolda, Saint
Louis (Figure 1D). Travel histories for the 6 individuals with the
haplotype 3 genotype, previously identified in Thies (Figure 1D),
indicated both extensive local travel as well as travel to the Thiés
region. Thus, genetic evidence of shared parasite genotypes
between Dielmo/Ndiop and Thies was confirmed by travel history.

DISCUSSION

Changes in transmission can dramatically influence the genetic
diversity of circulating P. falciparum parasites. To test this
hypothesis, we characterized the genetic complexity at 2 time
points from a well-characterized longitudinal cohort to deter-
mine if genomic approaches can predict transmission inten-
sity [2]. We characterized COI, polygenomic vs monogenomic
infections, and evidence of shared genetic clusters, and asked
whether the barcodes of these Dielmo/Ndiop parasites match
parasite types previously identified throughout Senegal.

We observed a striking and statistically significant difference
in the genetic signatures between the 2 blinded sample popula-
tions, with one (2001-2002) population having a high percent-
age of polygenomic infections (50%), no shared clusters, and no
previously observed barcodes, whereas the other (2014) pop-
ulation contained only monogenomic infections and 3 shared
clusters representing two-thirds (10/15 [66.6%]) of the popula-
tion diversity. Such changes in genetic signatures were true for

both Dielmo and Ndiop if considered separately. Monogenomic
proportions went from 40% (Ndiop) and 60% (Dielmo) in
2001-2002 to 100% monogenomic for both populations in
2014. Conversely, barcode clonality went from 0 to 66% in both
Dielmo and Ndiop across this same time, with both signals mir-
roring decline in EIR as a measure of transmission. These trends
in genotypic diversity and complexity mirror expectations for a
population with high outcrossing (2001-2002) or increased self-
ing (2014) [13, 14]. These striking changes represent statistically
significant differences despite relatively small sample sizes, which
is one of the advantages of genetic data. Indeed, for the genetic
signals we were testing, we only needed approximately <10 sam-
ples to achieve significance (5% level with a Fisher exact test).
Parasite genotypes are shared between Dielmo and Ndiop based
upon neighbor-joining tree analysis (Figure 1C) that revealed no
strict clustering of barcodes by locality. Nevertheless, we saw dis-
tinct patterns across time that corresponded to dramatic changes
in transmission levels. Among these patterns, we detected a clus-
ter of parasites (haplotype 3) that was detected in Thiés in 2007
and 2010 [2], suggesting possible migration of parasites either by
infected humans or infected mosquitoes. These genetic findings
are supported by travel history, as a subset of individuals who
harbored these shared barcode infections (ND14 and DI12) had
traveled to the Thies region. Thus, genetic signatures may help in
tracking parasite infections and networks of transmission.
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Figure 1. Molecular barcode diversity from Dielmo and Ndiop, Senegal. A, Barcodes from samples included in this study. Blinded sample codes, Patient parameters are
shown including sample ID (color coded per region of collection), date of collection, sex, age, parasite density /uL, and collection location. Single-nucleotide polymorphism
(SNP) calls are shown for each of 24 markers and a call of “N” represents a mixed-allele call. M/P genomic indicates monogenomic or polygenomic infections, based on
number of Ns; >2 represents a polygenomic infection. Based on the barcodes, complexity of infection (COI) is also shown as estimated by the COIL algorithm. Common genetic
signature (CGS) cluster haplotypes are listed and colored on the far right. B, Polymerase chain reaction (PCR) sequencing for marker A1 reveals a novel polymorphism in the
probe-binding region for sample IP20. PCR sequencing to confirm SNP assay A1 call was performed with the same primers used for the high-resolution melting amplicon: A1
F: 5-AGCAATCGAACCCTTTGATCTA-3"; A1 R: 5'- AATGAGAAGAGAGAAATATGTGTTGATAA- 3’ and the same PCR conditions, as described previously [7]. PCR products from
sample and controls (307 and Dd2) were run on a gel to confirm size and purity and were sequenced by Sanger sequencing in both forward and reverse directions using the
same primers. Contiguous sequences were generated and alignments were performed using MacVector (version 12.7.3). €, Neighbor-joining phylogenetic tree of molecular
barcodes using the Jukes—Cantor method. Sample names at the branch ends are colored per sample location. CGS haplotype clusters are indicated by colored bars. 0, Map
of sample locations and travel history for individuals with the haplotype 3 parasite genotype. Base map of Senegal (left) is based on United Nations map of Senegal (map
number 4174, revision 3, January 2004); zoomed in panel (right) was created with TileMill Version 0.10.1 (MapBox) with terrain data from Natural Earth. Legend indicates
major cities and villages of interest (diamonds: Dielmo, Ndiop, Thiés, Kaolack, Kaffrine), and color-coded travel histories for the 6 individuals with the haplotype 3 parasite
genotype. The size of the circle indicates the number of trips to each location.
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Our findings are generalizable and consistent with obser-
vations both in other parts of Senegal [2] as well in other geo-
graphic areas. For example, a recent study used barcode identity
to suggest that the source of an outbreak of P. falciparum malaria
in Panama was possibly from neighboring Colombia [10]. The
finding of shared barcodes between Thiés and Dielmo/Ndiop, in
addition to shared barcodes between Dielmo and Ndiop empha-
size the need to evaluate domestic importation of parasite types,
which may be interrogated with other surveillance methods [15].

This study validates and confirms the use of genetic surveil-
lance to monitor malaria transmission changes, but additional
studies are needed to more comprehensively investigate para-
site population dynamics with changing malaria epidemiol-
ogy resulting from malaria-reducing interventions. Additional
investigation will extend this study to the larger longitudinal
cohort to determine precise inflection points of transmission
intensity across time and their correlation with parasite popula-
tion genomic complexity. Such sampling will better inform the
minimal essential data required to detect changes in R  through
epidemiological modeling [2]. Such work will expand the bar-
code database for Dielmo and Ndiop and inform the underlying
genetic diversity of the region across time. Integration of genetic
data with patient clinical and behavioral data (such as travel)
can guide definition of “local” circulating vs imported malaria
genotypes for parasite tracking, informing transmission net-
works and identifying “sink” and “source” populations toward
successful malaria elimination [2, 15].

This study illustrates the utility of Plasmodium molecular
genetic surveillance to assess parasite population complexity
as transmission changes, to detect changes in parasite popu-
lation structure that signal success or failure of interventions
and impact policy decisions. Furthermore, this study illustrates
the value of employing genomic surveillance to monitor the
movement of specific parasite genotypes between regions that,
with larger sample sizes and database of region-specific parasite
genomes, could be used to track imported malaria strains from
other regions and guide effective elimination activities.
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