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ABSTRACT

Over 892 million people in 48 countries are at risk of infection by nematodes that cause lymphatic filar-
iasis. As part of the Global Programme to Eliminate Lymphatic Filariasis, mass drug administration is dis-
tributed to communities until surveillance indicates infection rates are below target prevalence
thresholds. In some countries, including American Samoa, lymphatic filariasis transmission persists
despite years of mass drug administration and/or has resurged after cessation. Nothing is known about
the population genetics of Wuchereria bancrofti worms in Polynesia, or whether local transmission is per-
sisting and/or increasing due to inadequate mass drug administration coverage, expansion from residual
hotspots, reintroduction from elsewhere, or a combination. We extracted DNA from microfilariae on
blood slides collected during prevalence surveys in 2014 and 2016, comprising 31 pools of five microfi-
lariae from 22 persons living in eight villages. We sequenced 1104 bp across three mitochondrial markers
(ND4, COI, CYTB). We quantified parasite genetic differentiation using variant calls and estimated haplo-
types using principal components analysis, F-statistics, and haplotype networks. Of the variants called, all
but eight were shared across the main island of Tutuila, and three of those were from a previously
described hotspot village, Fagali'i. Genotypic data did not support population genetic structure among
regions or villages in 2016, although differences were observed between worms collected in Fagali'i in
2014 and those from 2016. Because estimated haplotype frequency varied between villages, these statis-
tics suggested genetic differentiation, but were not consistent among villages. Finally, haplotype net-
works demonstrated American Samoan sequence clusters were related to previously published
sequences from Papua New Guinea. These are, to our knowledge, the first reports of W. bancrofti genetic
variation in Polynesia. The resurgent parasites circulating on the main island of American Samoa repre-
sent a single population. This study is the first step towards investigating how parasite population struc-
ture might inform strategies to manage resurgence and elimination of lymphatic filariasis.
© 2020 The Authors. Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

at risk of infection (World Health Organization, 2019). The Global
Programme to Eliminate Lymphatic Filariasis aims to eliminate

Lymphatic filariasis (LF) is caused by three species of nematodes
transmitted by mosquitoes: Wuchereria bancrofti, Brugia malayi,
and Brugia timori. In 2018, the World Health Organization (WHO)
estimated that globally over 892 million people were infected or
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LF as a public health problem using two strategies: (i) interrupt
transmission by conducting mass drug administration (MDA),
and (ii) morbidity management and disability prevention for peo-
ple with chronic complications such as lymphedema and scrotal
hydroceles (World Health Organization, 2012). During MDA, at-
risk populations are treated annually with a variety of two- or
three-drug combinations of albendazole, ivermectin, and/or
diethylcarbamazine until the prevalence of infection falls below
target thresholds (World Health Organization, 2011a).
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Humans serve as the definitive host for adult nematodes, which
can survive in the lymphatic system for many years. Females pro-
duce microfilariae (mf) which circulate in the blood. Transmission
occurs after a mosquito ingests mf during a blood meal; the mf
develop into L3s in the mosquito and migrate to its head, where
they are transmitted to another human during subsequent mos-
quito feeding (Cross, 1996). During LF surveys, the prevalence of
infection is measured using rapid diagnostic tests which detect cir-
culating filarial antigen produced by adult worms. Antigen preva-
lence is used to assess whether parasite prevalence in the host
community has dropped below the threshold considered suffi-
ciently low for interruption of transmission (World Health
Organization, 2011b), but filarial antigens circulate even after adult
worms have died, and can persist for an unknown period of
months or years after successful treatment. Only a proportion of
antigen-positive individuals have active transmissible infection in
which mf can be detected on blood slides or by DNA-based diag-
nostics (Bisht et al., 2006). Although LF elimination programs have
successfully treated >910 million people and have delivered 7.7
billion treatments since 2000 (World Health Organization, 2018),
global elimination goals continue to be challenged by ongoing
transmission, resurgence, and the persistence of localised hotspots
in some areas despite completing the recommended rounds of
MDA (Lau et al., 2014, 2017; Rao et al., 2014; Kouassi et al.,
2015). One critical question is whether, in a given community,
resurgence is driven by migrant parasites introduced by travellers
from neighbouring regions with ongoing transmission, or whether
the circulation of local parasites had not been successfully inter-
rupted by MDA.

In American Samoa, MDA for LF was conducted from 2000 to
2006 under the Global Programme to Eliminate LF. WHO-
recommended transmission assessment surveys (TAS) in young
children passed target thresholds in 2011 (TAS-1) and 2015 (TAS-
2) (Coutts et al., 2017; Won et al., 2018). However, seroprevalence
studies of LF post-MDA in American Samoa in 2010 and 2014 found
two potential hotspots of ongoing transmission (Lau et al., 2014,
2017). In addition, a PCR-based molecular xenomonitoring study
of mosquitoes confirmed widespread ongoing transmission across
most of American Samoa (Schmaedick et al., 2014). In 2016, Amer-
ican Samoa failed TAS-3, and surveys of school children and com-
munity members identified antigen-positive people in all age
groups, and confirmed widespread resurgence (Sheel et al., 2018).

Comparison of seroprevalence data from 2010, 2014, and 2016
suggests that the geographic distribution of antigen-positive peo-
ple might be expanding over time (Lau et al., 2014, 2017; Sheel
et al.,, 2018). Possible explanations for this continuing increase
include: (i) expansion of hotspots through local movement of peo-
ple and vectors within American Samoa, (ii) a time delay in estab-
lishment of the parasite from widespread, low-intensity infections
across the island (i.e., current surveillance strategies might not be
sufficiently sensitive at detecting low-level transmission), or (iii)
introduction of migrant parasites from other countries by trav-
ellers. This last hypothesis of multiple re-introductions is plausible
given the high volume of travellers between American Samoa and
neighbouring Samoa (Xu et al., 2018b; Graves et al., 2020), where
there is also ongoing LF transmission (Hapairai et al., 2015). The
regrettable resurgence of LF transmission in a small, well-
characterised population in the islands of American Samoa
provides an ideal opportunity to investigate genetic diversity and
population structure of filarial parasites as a means of determining
possible sources of transmission.

Population genetics has been used to explore epidemiology and
transmission dynamics of many human parasites, including those
that cause malaria (Ariey et al., 2003; Fola et al., 2018), schistoso-
miasis (Prugnolle et al., 2005; Rudge et al., 2009), strongyloidiasis

138

International Journal for Parasitology 51 (2021) 137-147

(Kikuchi et al., 2016; Nagayasu et al., 2017), and onchocerciasis
(Choi et al., 2017; Doyle et al., 2017). In LF, studies on genetic
diversity of parasites collected from India (Thangadurai et al.,
2006; Hoti et al., 2008; Mahakalkar et al., 2017), Papua New Guinea
(PNG) (Small et al., 2013, 2016), Ghana (de Souza et al., 2014), or
sampled globally (Small et al., 2019) have suggested that (i) genetic
differentiation arises in LF when there is no or reduced movement
of parasites between regions (Thangadurai et al, 2006;
Nuchprayoon et al., 2007; Dhamodharan et al., 2008; de Souza
et al.,, 2014), (ii) shared genetic variants indicate historic or contin-
uing migration of parasites between two areas (Small et al., 2019),
and (iii) genetic diversity is higher in areas where transmission is
high (Hoti et al., 2008) and is reduced in areas where transmission
is low, such as after MDA (Small et al., 2013, 2014). Small et al.
(2013) found that mitochondrial sequence data from the cyto-
chrome oxidase I locus (COI) collected from parasites from several
communities in PNG indicated high levels of genetic diversity. This
research suggests that genetic diversity of mitochondrial
sequences could, in turn, be used to identify transmission zones
and other parameters of interest to control programs (Hedtke
et al., 2020), provided the analytical methods are robust (Small
et al., 2014).

To date, there have been no published LF DNA sequences
(mitochondrial or other) from Polynesia. DNA-based detection
methods for LF have been widely used in French Polynesia
(Plichart et al., 2006; Gass et al., 2012; Plichart and Lemoine,
2013), American Samoa (Schmaedick et al., 2014), Samoa
(Hapairai et al., 2015), and Tuvalu (Gass et al., 2012), but these
have relied on amplification of conserved repetitive sequences.
The only population genetic analysis of LF parasites from the
Pacific was performed on samples from PNG in Melanesia
(Small et al., 2013, 2016), although this focused on a relatively
small region of the country. Based on genomic diversity in a
small sample of LF parasites from PNG, Asia, and Africa, Small
et al. (2019) hypothesised that two waves of human migration
imported LF to PNG: one from the South Asian ancestor of PNG
and Australian indigenous populations, and the second from an
Austronesian admixture originating around Taiwan. Current
opinion about Polynesian peoples suggests initial migration
from a Taiwanese source, with later admixture due to migration
from Melanesia (Skoglund et al., 2016). However, how the his-
tory of human migration might have influenced genetic varia-
tion of LF worms across Polynesia is unknown, although it is
reasonable to assume the worms were carried with migrating
humans.

Our research goal is to utilise the rich epidemiological data on
American Samoa, including serological prevalence (Sheel et al.,
2018), high resolution data on residential and work locations (Xu
et al., 2018a), population mobility (Xu et al., 2018b), and post-
MDA surveillance surveys (Lau et al.,, 2014, 2017; Sheel et al,
2018), to determine whether parasite population genetic analysis
can answer questions relevant for LF epidemiology. In this study,
we tested the utility of mf on blood slides collected during surveys
in American Samoa for sequencing genetic markers for parasite
population genetic analysis. We hypothesise that if the spatial
clustering of antigen-positive persons and infected mosquito pools
was the result of multiple, recent independent introductions of
migrant parasites, then the parasite population genetic diversity
will be similarly clustered. Alternatively, parasite population
genetic analyses could indicate that parasites came from a single
source population, which would occur if (i) the resurgence was
the result of widespread dissemination following a single introduc-
tion event from another LF endemic region, or if (ii) MDA did not
successfully interrupt transmission and a panmictic local parasite
population rebounded after cessation of MDA.
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2. Materials and methods
2.1. Ethics approval

Ethics clearance for collection and analysis of parasite materials
from humans used in this project were given by the Department of
Health, American Samoa (IRB00001249, FWA0024252), by the
Human Research Ethics Committee at The Australian National
University (2016/482), and by the SHE College Human Ethics
Sub-Committee at La Trobe University, Australia.

2.2. Parasite collection and extraction

Parasite samples were obtained from blood slides prepared
from antigen-positive people identified during multiple surveys
in American Samoa: (i) a 2014 study that included community
members from suspected hotspots and a population-
representative sample of adults from a workplace and a clinic
(Lau et al., 2017), (ii) a 2016 survey of 6-7 year old children from
29 elementary schools across American Samoa (Sheel et al.,
2018), and (iii) a 2016 community-based survey of people aged
>8 years from 28 villages across American Samoa (Fig. 1; Sheel
et al., 2018).

For DNA extraction, lysis solution was prepared fresh immedi-
ately prior to use by combining 98.5 uL Direct PCR lysis reagent
and 1.5 pL of 20 mg/ml proteinase K (Viagen Biotech, Los Angeles,
California, USA or Roche Holding AG, Basel, Switzerland). mf were
floated from positive blood smears in 2 pL of HPLC-grade water
and picked using an eyelash into a PCR tube containing 20 pL of
the lysis solution. These were incubated at 55 °C for 16 h, followed
by heat inactivation of the proteinase K at 85 °C for 1 h. The result-
ing worm lysate was diluted to 1:10 by adding 180 uL of HPLC-
grade water, and 2 pL of the diluted worm lysate was used as a
template in subsequent PCRs.

2.3. PCR protocol development

Our expectation was that DNA from slide-dried mf would be
highly degraded, so our goal was to target relatively short frag-
ments of DNA for amplification and sequencing. We designed three
primer sets for W. bancrofti for markers commonly used in popula-
tion genetics using Primer-BLAST (Ye et al., 2012) based on a mito-
chondrial genome sequence from PNG (GenBank accession no.
HQ184469; (Ramesh et al.,, 2012)) and modified with Illumina
adapters for library construction: cytochrome oxidase I (COI;
402 bp), ND4 (353 bp), and cytochrome b (CYTB; 349 bp) (Supple-
mentary Table S1).

To explore the feasibility of amplifying DNA for sequencing, we
compared the relative efficacy of quantitative PCR (qPCR) on DNA
extractions from single mf and from pools in which 2, 5, 10, or
20 mf were picked into the same tube. We used two protocols:
first, we used the LDR primers from Rao et al. (2006), which target
a high-copy, nuclear repeat region designed for sensitive detection
of W. bancrofti DNA; second, we used the ND4 primers designed
here for conventional PCR and sequencing. All qPCR assays were
run on a CFX96 Real-Time System (Bio-Rad Laboratories, Hercules,
California, USA), with an initial denaturing step of 3 min at 98 °C
followed by 45 cycles of (98 °C 10 s, 58.3 °C (LDR)/57 °C (ND4)
15 s, 72 °C 15 s, read plate). Reactions contained 5 puL of SsoAd-
vanced Universal SYBR Green master mix (Bio-Rad Laboratories),
5 pL each of 10 pM forward and reverse primers, and 2 pL of
1:10 DNA extract, brought to a final volume of 10 uL. For LDR pri-
mers, we ran two replicates of each DNA extraction, and for ND4
primers we ran three replicates. Relative amplification of products
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over the course of each qPCR run and overall statistics were
assessed using the CFX Maestro software (Bio-Rad Laboratories).

For conventional PCR to prepare amplicons for sequencing, in
each reaction, 2 pL of diluted crude extract were added to 2.5 pL
of 10x Immobuffer (Bioline, Alexandria, New South Wales, Aus-
tralia), 10 pM forward primer, 10 pM reverse primer, 2 mM dNTPs,
50 mM MgCl,, 0.2 pL of Immolase DNA (Bioline), and HPLC water
for a total volume of 20 pL. Reactions were run on a TaKaRa PCR
thermocycler (TaKaRa Bio, Mountain View, California, USA), for
8 min at 95 °C, 35x cycles of (1 min 94 °C, 1 min 57 °C, 1 min
72 °C), and a final extension of 7 min at 72 °C. PCR products were
run on a 1% agarose gel containing GelRed nucleic acid stain (Bio-
tium, San Francisco, California, USA) and visualised on a Gel Doc EZ
imager using Image Lab software (Bio-Rad Laboratories) to ensure
sufficient amplification for downstream library construction and
sequencing.

2.4. Next generation sequencing

A total of 155 mf in 31 pools of five mf each from 22 people
across eight villages were selected for deep sequencing (Fig. 1;
Table 1). PCR amplicons were purified with an ISOLATE II PCR
and Gel kit (Bioline) following the manufacturer’s instructions.
Each amplicon pool was quantified on a Qubit™ fluorometer using
a Qubit™ dsDNA HS assay kit (ThermoFisher Scientific, Mas-
sachusetts, USA) and the three amplicons for each 5 mf DNA pool
were combined such that each amplicon was present in equal con-
centrations. This 5 mf, 3 amplicon pool was then combined in
equal concentration with amplicons from several unrelated studies
on other species and indexed using a second, short round of PCR, as
described in McCann et al. (2019). Each DNA pool of five extracted
mf thus had a unique sequencing index that was identical across
amplicons. Because amplicon sequences are expected to have
low sequence diversity, and because this unbalanced nucleotide
composition can negatively impact clustering, the libraries were
spiked with 20% PhiX (Illumina, Inc., San Diego, California, USA)
prior to sequencing. Sequencing was performed on an Illumina
MiSeq using v3.0 2 x 8300 bp sequencing chemistry at the La
Trobe Institute for Molecular Science (LIMS), Australia.

Reads were trimmed to remove any adapter and primer
sequences, using Trimmomatic v0.32 in the paired-end, palin-
drome mode, with a minimum length of 200 bp and a minimum
quality score of 30 (Bolger et al., 2014). Reads were aligned against
the W. bancrofti mitochondrial genome (GenBank accession num-
ber HQ184469) using BWA v0.7.12 (Li and Durbin, 2009) with
the BWA-MEM algorithm. GATK v3.4_46 was used for local realign-
ment around indels according to GATK Best Practices recommen-
dations (van der Auwera et al., 2013).

2.5. Single nucleotide polymorphism (SNP) calling and analysis

Single nucleotide polymorphisms (SNPs) were called using free-
bayes v1.0.2 (https://github.com/ekg/freebayes), assuming five
genomes per pool and a minimum mapping quality of 20. We used
these variant calls to calculate allele frequencies per locus for each
pool of five mf. We then performed a principal components analy-
sis (PCA) on allele frequencies using the R package adegenet
(Jombart, 2008; Jombart and Ahmed, 2011). PCA was used to iden-
tify whether there were multiple genetic clusters in the data, and
to determine whether clusters, if they existed, contained only
worms from the same geographic area. The advantage of using
allele frequencies is that information about parasite population
genetic diversity across amplicons can be analysed, increasing
the signal per population. However, the disadvantage is that it
ignores any information from haplotypes (i.e., which variants
belong to the same individual worm).
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Fig. 1. Sampling locations across American Samoa.

Table 1

Sampling location and number of microfilariae extracted from blood slides collected in American Samoa from 22 people in eight villages. Microfilariae were picked from slides
prepared in both 2014 and 2016 from Fagali’i, and from 2016 for the remaining villages. For downstream analyses, villages were classified as belonging either to the northwest,
central, or south of Tutuila. Because the three villages of Satala, Anua, and Atu'u have small populations and are very close geographically, they were combined for analysis in

Sheel et al. (2018) and in this study.

Region Village Person Year of Collection Number of mf Picked
North West Fagali’i 1 2014 10
2 2016 5
3 2016 5
4 2016 10
5 2016 5
6 2016 5
7 2016 5
8 2016 5
9 2016 5
10 2016 5
Fagamalo 11 2016 15
12 2016 5
Subtotal 2 villages 12 80
Central Pago Pago 13 2016 5
Satala/Anua/Atu’u 14 2016 5
Subtotal 2 villages 2 10
South 1li'ili 15 2016 10
16 2016 5
Malaeimi 17 2016 10
Tafuna 18 2016 15
Vaitogi 19 2016 10
20 2016 5
21 2016 5
22 2016 5
Subtotal 4 villages 8 65
Total 8 villages 22 155

2.6. Haplotype reconstruction and analysis

In addition to exploring genetic structure using variant calls
from pools of worms, we reconstructed haplotypes for each
worm from the pooled sequencing libraries bioinformatically.
The challenge is to differentiate PCR/sequencing errors from
biological diversity. To estimate haplotypes per worm we used
SeekDeep (Hathaway et al., 2018), developed to infer haplotypes
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from pooled sequences of malaria. Since our expectation is that
each mf should be represented equally, and thus be represented
in relatively high frequency in the sequenced reads, we set a
cut-off that each haplotype used in downstream analyses
needed to be present at a frequency of at least 10% in the pool
of five mf. We further used the frequency of each haplotype to
estimate the number of worms in each pool of five that would
have each sequence.
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Haplotypes were aligned for each amplicon and examined visu-
ally using Mesquite v3.2 (https://www.mesquiteproject.org/). Arle-
quin v3.5.2.2 (Excoffier and Lischer, 2010) was used to estimate
genetic diversity statistics per village, Tajima’s D (Tajima, 1989),
and Fu’s Fs (Fu, 1997), which test for demographic changes and/
or selection, assessing P values using the infinite site model for
10,000 permutations. Population genetic differentiation was esti-
mated in Arlequin using both an analog of Wright’s Fsy (Wright,
1943), dst (Excoffier et al.,, 1992), and population pairwise differ-
ence (corrected using within-population variation), with signifi-
cance based on 10,000 permutations. A three-way analysis of
molecular variance (AMOVA) (Excoffier et al., 1992) among regions
(Northwest, Central, South), villages, and individual people was
estimated using Arlequin to explore whether genetic variation
had hierarchical structure correlated with geography, with the
probability that estimated variance differed significantly from zero
assessed using 10,000 permutations. A two-way AMOVA among
villages and people was calculated in R v2.6.1 (https://www.r-pro-
ject.org/) using the package poppr (Kamvar et al., 2014) and imple-
mentations of AMOVA from ade4 (Dray and Dufour, 2007) and
pegas (Paradis, 2010). To visualise relationships among haplotypes,
median-joining haplotype networks (Bandelt et al., 1999) were
constructed using PopART (Leigh and Bryant, 2015).

3. Results
3.1. gPCR quantification

Our first test was to determine the efficiency of DNA extraction
from slide-dried mf. Because DNA concentrations were too low for
standard methods of quantification such as Qubit® or nanodrop,
we used the LDR primers developed for sensitive W. bancrofti
detection (Rao et al., 2006). We confirmed that LF DNA was present
in the extractions, and further that adding multiple mf to the DNA
extraction buffer (“pooling”) increased DNA quantity and thus
amplification success (represented by fewer cycles required for
detection of a real signal, i.e., lower Cq values; Fig. 2). There was
no amplification in no-template (negative) controls.

Because the LDR marker is both short (90 bp) and is present in
thousands of copies throughout the genome, it is well-suited for
detection of the target species (Rao et al., 2006). Population genet-
ics, however, requires single-copy sequences of sufficient length to
be informative about demographic history and genetic structure.
As a result, we also used qPCR to test the amplification success
of one of our mitochondrial amplicons (ND4) with the goal of iden-
tifying the optimal strategy for amplification and sequencing of
these larger products. As with the LDR primers, increasing the
number of mf (and thus, the concentration of DNA) in the extrac-
tion pool decreased Cq (Fig. 2), although with greater variability
between replicates. A target value of Cq of less than ~35 is consid-
ered optimal (i.e., fewer than 35 amplification cycles are required
for the sample to pass the threshold of detection), while Cq values
>40 can result in increased error rates and non-specific amplifica-
tion, although these values should not be considered absolute cut-
offs (Burns and Valdivia, 2008; Bustin et al., 2009). The results of
the ND4 gPCR indicate that the concentration of DNA in extractions
of only one mf is not suitable for amplification of targets of
~350 bp, while pools of >5 mf successfully amplify the target mar-
ker in fewer than 35 cycles (although with higher variation
between replicates).

When products from conventional PCR of each of the three
amplicons designed here were visualised on a 1% agarose gel,
amplicons from one mf could not be detected, while those from
five mf were detectable (data not shown). We decided that deep
sequencing of pools of five mf would balance PCR efficiency with
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Fig. 2. Results of quantitative PCR for two primer sets using DNA extracted from
pools of 1, 5, 10, 15, or 20 Wuchereria bancrofti microfilariae. Each point represents
the cycle quantification, Cg, value, which is the cycle number at which a sample’s
fluorescence reaches the threshold for real signal. Smaller Cg values indicate earlier
amplification, which can indicate higher concentrations of template DNA. Two runs
are represented here: one targeting a nuclear repeat called LDR and the other
targeting a portion of a mitochondrial gene ND4. Two replicates per sample were
performed for LDR, while three were performed for ND4.

minimising the number of W. bancrofti per pool, with the under-
standing that genetic diversity in any given pool could be underes-
timated for each amplicon given the stochastic nature of the
amplification process.

3.2. Sample DNA pooling and deep sequencing

A total of 31 pools of five mf, representing 155 mf from 22 peo-
ple, were extracted and sequenced across all three amplicons with
an average read depth of ~ 6,000, resulting in an average of 100%
coverage at a minimum read depth of 20 for each amplicon (cover-
age for each pool is reported in Supplementary Table S2). The data
sets supporting the conclusions of this study are available in the
NCBI Sequence Read Archive, under BioProject PRJNA610651
(https://www.ncbi.nlm.nih.gov/).

3.3. SNP. calling and analysis

In any given amplicon from any given pool, there is no guaran-
tee that amplification of a particular mf was represented equally or
even at all, and thus we used multiple approaches to identify and
analyse genetic variation. Using the SNP caller freebayes, 26 posi-
tions were identified as polymorphic. mf from the 2014 samples
from Fagali’i had three polymorphisms not found in any of the
2016 Fagali'i samples. Samples from Fagamalo, Malaeimi, and
Satala-Anua-Atu'u each had a SNP variant only found in that
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community, and those from Vaitogi had two variants not found in
other communities.

Based on the allele frequencies of each pool, PCA did not iden-
tify clusters amongst mf collected in 2016. There was, however,
significant differentiation by year: mf sequenced from Fagali’i col-
lected in 2014 were discriminated by the first PC (Fig. 3), explain-
ing nearly 29% of the genetic variation. However, the remaining
PCs (not shown) did not discriminate among villages; i.e., the vari-
ation observed was not visibly correlated with geography.

3.4. Haplotype calling and analysis

Unique haplotypes were identified in Fagali’i 2014 (ND4, COI),
Fagamalo (ND4), Malaeimi (COI), Satala-Anua-Atu’u (COI), and Vai-
togi (COI, CYTB). A common haplotype was shared across all loca-
tions for each amplicon, and this common haplotype tended to be
at high frequency or fixed (Fig. 4A).

The average pairwise difference, which represents counts of dif-
ferences in genetic variants between pairs of sequences, was high-
est at the COI locus (Fig. 4B). Haplotype diversity, which can range
from O for no diversity and 1 for every haplotype in the population
as unique, was high (Fig. 4C) compared with the genetic or nucleo-
tide diversity (Fig. 4D; Supplementary Table S3). Nucleotide diver-
sity, which can range from 0 for no differentiation and 1 for
polymorphisms at every position on the sequence, was estimated
to be low (Fig. 4D). However, neither Tajima’s D or Fu's Fs were sig-
nificant (Supplementary Table S3), and thus there is no indication
in the data of recent demographic changes in parasite population
sizes or of recent strong selection affecting the genetic diversity
of these markers.

Two-way and three-way hierarchical AMOVAs were performed
on each mitochondrial marker to examine the spatial genetic par-
titioning across the island. The three-way AMOVA significantly
attributed most of the parasite genetic variation to variation
between people within villages, with an additional component of
variation attributed to variation between villages within regions.
Negative variance components were calculated among regions
for each marker (Table 2), suggesting that grouping parasites by
region was not supported by the data. The two-way AMOVA, which
removes the geographic grouping by region, was consistent with
the three-way, indicating that the majority of genetic variation
was found within villages, with a smaller component of
between-village variation.

Genetic differentiation between parasites collected from vil-
lages was estimated using Fsr and pairwise genetic differentiation
(Table 3). No measures of differentiation were consistently signif-
icant across markers or approaches to measuring differentiation
(Table 3), suggesting these data were insufficient to resolve popu-
lation structure at the level of the island.

Median-joining haplotype networks suggest genetic admixture
across all villages in American Samoa, because there was no clus-
tering in the network by village or region (Fig. 5A-C). The network
for each marker visualises a haplotype shared across villages as a
large circle, with only a few base pair differences between different
haplotypes. The greater haplotype diversity of COI was reflected in
the larger number of nodes in the haplotype network (Fig. 5B).

An additional COI network was produced using sequences from
both American Samoa and PNG (Small et al., 2013) (Fig. 5D). This
visualisation suggests that parasites from each country were not
well differentiated from each other, and that the diversity in COI
captured in this study is part of a larger subset of W. bancrofti
diversity within Melanesia and Polynesia.
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Fig. 3. First and second principal components (representing 42.4% of genetic
variation) from a principal component analysis of three markers sequenced from
Wuchereria bancrofti microfilariae (mf) collected from eight villages in American
Samoa. Each circle represents a pool of five mf, with colours representing different
villages, and some points have been jittered for ease of visualisation. Shapes
indicate geographic regions: Northwest (circles), Fagali'i and Fagamalo; Central
(squares), Pago Pago and Satala-Anua-Atu’u; South (triangles), Ili’ili, Malaeimi,
Tafuna, and Vaitogi.

4. Discussion

The distribution of variation observed in our data suggest that
W. bancrofti from American Samoa in 2016 form a single genetic
population. Methods used to estimate geographic structure (haplo-
type networks, Fsy, and AMOVA) suggest that mitochondrial
sequences were shared across the island with no to low correla-
tions with geographic location (Tables 2 and 3, Figs. 3 and 5).
The star-shaped haplotype networks reported here are consistent
with an expansion of W. bancrofti across the Pacific islands concur-
rent with historic human migration (Skoglund et al., 2016).

MDA was distributed in American Samoa over the years 2000-
2006 (King et al., 2011) and might have been expected to dramat-
ically reduce the number of infections and thus parasite genetic
diversity (i.e., force the population of parasites through a popula-
tion bottleneck). Parasite population bottlenecks more severely
reduce nucleotide diversity than haplotype diversity because sin-
gle mutations add new haplotypes while contributing less to over-
all genetic diversity. Tajima’s D and Fu’s Fs are statistics which
compare nucleotide and haplotype diversity to test for selection
or changes in parasite population size, and neither were significant
in our analyses. However, Small et al. (2013) calculated that popu-
lations undergoing MDA required >90% annual reduction in the
number of adult worms for five consecutive years in order to
observe a statistically significant positive Tajima’s D value. In the
case of American Samoa, MDA coverage ranged from 49% to 70%
between 2001 and 2006 (Burkot et al., 2002; World Health
Organization, 2006; Liang et al., 2008; King et al., 2011). Thus,
the parasite population might not have sufficiently contracted dur-
ing MDA for Tajima’s D or Fu’s Fs to reach statistically significant
values, despite evidence from TAS that parasite reduction was sub-
stantial. In addition, small sample sizes of parasites per village
could underestimate haplotype diversity, because rare variants
would be less likely to be detected, reducing the power of test
statistics such as Tajima’s D. Finally, stochastic variation during
PCR of pooled samples could cause failure to amplify haplotypes
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Fig. 4. Genetic diversity of Wuchereria bancrofti for eight villages in American Samoa. (A) Frequencies of haplotypes estimated by SeekDeep across three markers: ND4, COI,
and CYTB. (B) Average pairwise number of nucleotide differences; (C) haplotype diversity (Hq); and (D) nucleotide/genetic diversity. Each point represents the value for a
village; standard boxplots indicate the mean (solid line), 25-75% range (box: first through third quartiles), and the value within 1.5 times interquartile range (whisker). See
Supplementary Table S3 for details.

Table 2
Analysis of molecular variance (AMOVA) for three mitochondrial markers sequenced from Wuchereria bancrofti collected across three geographic regions of American Samoa.
Northwest region: villages Fagali’i and Fagamalo; Central: Pago Pago and Satala-Anua-Atu’u; South: IIi'ili, Malaeimi, Tafuna and Vaitogi.
Marker Source of Variation Percentage of Variation (3-way) P (rand value > obs value) Percentage of Variation (2-way)
ND4 Among regions -2.96 0.737 £ 0.012
Among villages within regions 8.35 0.013 £ 0.003 2.61
Among people within villages 94.61 0.042 + 0.006 97.39
COI Among regions —4.51 0.685 £ 0.015
Among villages within regions 9.87 0.009 + 0.003 1.14
Among people within villages 94.63 0.013 £ 0.004 98.86
CYTB Among regions —6.81 0.767 £ 0.014
Among villages within regions 15.84 0.000 + 0.000 9.29
Among people within villages 90.97 0.006 + 0.002 90.70

from one or more worms sampled from a person, further reducing
the ability of these tests to infer changes in parasite population
size.

The major axis of genetic differentiation in American Samoa
was between samples taken in 2014 from Fagali'i and the samples
collected across the main island in 2016 (Fig. 3). This observation
could be driven in part by random sampling error causing failure
to collect haplotypes that were actually present in the population
in 2014, as the number of parasites sequenced from 2014 samples
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was relatively small (10) and were from only a single person. In
comparison, in 2016, there were nine people and 50 mf sampled
from Fagali’i, and the genetic variants estimated from those 2016
Fagali'i parasites were similar to those found elsewhere in the
island. However, not all sequences found in the 2014 parasites
were detected in 2016, despite the larger sample size. This finding
could be explained by two hypotheses; the first being the rapid
spread of LF from Fagali’i as an epidemiological hotspot between
2014 and 2016 (Lau et al., 2017). If Fagali’i were the major source
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Genetic differentiation using Fsy (below the diagonal) and pairwise differentiation (above the diagonal). Measures for each of three mitochondrial markers are given; bold
indicates statistically significant differentiation (*P < 0.05; P < 0.01 based on 10,000 permutations).

Marker  Fagali'i 2014 Fagali'i 2016 Faga-malo Pago Pago Satala-Anua-Atu'u Ii'ili Malae-imi Vaitogi Tafuna
Fagali'i 2014 ND4 0.000 0.032 0.000 0.000 0.000 0.000 0.000 0.000
Col 1.377° 1.030° -0.322 0.878 0.961° 0.827 0.844° 2.378"
CYTB 0.196 0.158 0.000 0.200 0.019 0.000 0.613} 0.286
Fagali'i 2016 ND4 0.091 0.024° 0.000 0.000 —0.003 0.000 0.000 0.000
COl 0.359° —0.061 -0.101 -0.213 —0.085 —0.088 0.023 0.143
CYTB 0.176* —0.030 0.196 -0.116 0.044 0.196 0.092° —0.030
Fagamalo ND4 0.066 0.164° 0.032 0.032 0.005 0.032 0.032° 0.032
COI 0.213° —0.023 -0.287 -0.287 -0.151 -0.178 -0.097 0.253
CYTB 0.184 —0.035 0.158 -0.122 0.017 0.158 0.099 —0.036
Pago Pago ND4 —0.084 -0.110 —0.007 0.000 0.000 0.000 0.000 0.000
col —0.059 0.110 —0.004 —0.440 —0.304 -0.411 —0.330 0.500
CYTB 0.000 0.122 0.108 0.200 0.019 0.000 0.613° 0.286
Satala- Anua- Atu’u ND4 -0.084 -0.110 -0.007 0.000 0.000 0.000 0.000 0.000
COl 0.094 -0.023 -0.075 —0.096 -0.304 -0.331 -0.250 0.100
CYTB 0.417 -0.106 -0.116 0.250 0.006 0.200 —0.083 -0.154
1i'ili ND4 0.007 —0.008 0.007 —0.099 —0.099 0.000 0.000 0.000
COI 0.180° —0.030 -0.057 —0.020 —0.084 -0.195 —0.108 0.210
CYTB 0.033 0.042 0.019 —0.043 0.042 0.019 0.334° 0.091°
Malaeimi ND4 0.000 -0.051 0.064 0.000 0.000 -0.029 0.000 0.000
COI 0.132 -0.018 —0.061 —0.065 —0.097 —0.067 -0.157 0.289°
CYTB 0.000 0.176* 0.184 0.000 0.417 0.033 0.613° 0.286
Vaitogi ND4 0.102 —-0.015 0.149° 0.000 0.000 0.036 0.000 0.000
COol 0.171° 0.015 -0.033 -0.029 —0.069 -0.037 -0.051 0.450°
CYTB 0.403° 0.089* 0.085 0.339 -0.073 0.260° 0.403° 0.003
Tafuna ND4 0.043 —0.031 0.100 0.000 0.000 0.000 0.000 0.000
col 0.456° 0.058 0.129 0.405 0.303° 0.126 0.215° 0.151°
CYTB 0.300 —0.030 —0.039 0.211 -0.154 0.107 0.300 0.001

for the resurgence in island-wide transmission, only a subset of
Fagali’i diversity would have been transmitted, and genetic diver-
sity would be lost as the population expanded. A second hypothe-
sis is that Fagali’i had persistent transmission that maintained local
diversity, but was subsequently invaded by parasites whose popu-
lations were rapidly expanding from elsewhere. Sequencing and
analysis of W. bancrofti from additional time points—either from
pre-MDA materials that have been retained, or from future collec-
tion efforts—would be valuable, both to increase the overall para-
site sample size and to better quantify effects of interventions or
of demographic changes on parasite genetic variation.

We observed common haplotypes in all regions sampled (Figs. 4
and 5). There are two possible explanations for this observation: (i)
genetic similarities among villages were maintained by transmis-
sion across the island (i.e., gene flow) and/or (ii) genetic variation
was shaped by previous parasite migration that occurred before
MDA (i.e., retained ancestral polymorphisms).

Because the flight range of Aedes polynesiensis, the main mos-
quito vector species in American Samoa, is likely to be relatively
short (~100 m) (Verdonschot and Besse-Lototskaya, 2014;
Hapairai et al., 2015) compared with the distance across the island,
people are most likely to be responsible for carrying parasites
between regions and villages. Surveys have indicated that individ-
ual people move around the island for work, leisure, worship, and
family, and this could allow transmission from one village to
another (Xu et al., 2018b). Transmission through the movement
of people throughout American Samoa would lead to genetic
homogeneity of parasites across the island, as we have observed.

Alternatively, or in conjunction with parasite movement, low
association of genetic variation with geography may be a charac-
teristic of W. bancrofti across the Pacific as a whole, as the result
of an evolutionarily recent expansion (Small et al., 2019). A wide-
spread, rapid expansion of a parasite with large population sizes
could result in ancestral haplotypes from the initial founding

144

population being retained over time, and therefore, these similar
haplotypes would be found throughout the island. Comparison of
COI sequence data with those collected in PNG (Small et al.,
2013) indicates that much of the variation detected in American
Samoa in this locus is shared with parasites from elsewhere in
the Pacific (Fig. 5D), suggesting that the potential for retention of
ancestral polymorphisms is high. Data collected from additional
worms across the Asia-Pacific region would help in determining
which genetic variation is population-specific.

We were not able to distinguish whether the resurgence of
transmission was driven by local parasites within American Samoa
expanding from residual infections, or by migrant parasites from
neighbouring LF-endemic countries. With the first scenario, if the
threshold for stopping MDA was too high for this intervention area,
or if surveys used to estimate prevalence of infection were not sen-
sitive enough to detect low levels of transmission, then post-MDA
transmission could increase over time. In the second scenario, peo-
ple regularly travel between American Samoa and Samoa (Xu et al.,
2018b; Graves et al., 2020), another LF-endemic country with a
much larger geographic area and population (~196,100 in Samoa
compared with ~55,500 in American Samoa); the high intensity
of travel could cause sufficient movement of parasites that the
two countries might represent a single parasite population. If
resurgence from local parasites alone were responsible for sustain-
ing transmission hotspots then the existing criteria for passing TAS
might need to be carefully reconsidered, particularly given the
results of research indicating that surveys that include older chil-
dren and adults might be more sensitive at detecting residual
infection hotspots than those that only include 6-7 year old chil-
dren (Sheel et al., 2018; Lau et al., 2020). However, if hotspots were
the result of migrant parasites, then local surveys might need to be
conducted more frequently to detect parasite reintroductions
which could re-start the transmission cycle, or MDA needs to be
continued until elimination thresholds have been reached in both
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Fig. 5. Haplotype networks estimated from Wuchereria bancrofti microfilariae sequences from eight villages in American Samoa. Each circle represents a haplotype. The size
of the circle is proportional to the number of mf with that haplotype, with the proportion found in each population indicated by colour. A hatch mark across a line represents a
single bp difference between haplotypes. (A) Haplotype network based on sequence from the mitochondrial ND4 marker; (B) haplotype network based on sequence from the
COI mitochondrial marker; (C) haplotype network based on sequence from the CYTB mitochondrial marker; (D) haplotype network based on haplotypes estimated from COI
sequence data from American Samoa mf and sequences from W. bancrofti collected in Papua New Guinea (Small et al., 2013).

the target population (American Samoa) and any likely source of
migrant parasites (i.e., Samoa in this case). Finally, it is of course
possible for both scenarios to occur concurrently.

Assessing the risks of parasite reintroduction to elimination
goals based on genetic analyses would require additional sequenc-
ing from nearby LF-endemic countries in the Pacific, particularly
Samoa, French Polynesia, Tonga, and Fiji. However, the informa-
tiveness of the markers used here was relatively limited for distin-
guishing among worms from American Samoa and those from
PNG. This suggests that more sequence data per marker may be
necessary to identify genetic variation unique to particular geo-
graphic areas, which could then be used to identify any migrant
worms. The advantage of using blood slides as a source for W. ban-
crofti DNA is that blood collection and slide preparation are already
incorporated into program surveillance and monitoring activities
for LF. The disadvantage is that mf from blood slides have limited
DNA quality and quantity, which introduces challenges in amplifi-
cation of longer sequences. One alternative would be to include
collection and adequate preservation of immature worms during
surveillance activities, e.g., by taking additional blood samples
from antigen-positive people (Small et al., 2019) or infected mos-
quitoes from xenomonitoring. Extractions from these samples
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would return higher quality DNA from which sequences of more
informative markers (e.g., whole mitochondrial genomes or highly
variable nuclear markers) could be used in population genetic
analyses.

This study provides the first known data on LF parasite genetic
diversity in Polynesia. The aim of this research was to develop
methods to investigate the likely origins of parasites responsible
for post-MDA resurgence. We have demonstrated that sequencing
from microfilarial DNA extracted from blood slides is achievable.

Population genetic analyses support the hypothesis that Amer-
ican Samoa likely represents a single transmission zone, through
which parasites potentially move and interbreed in the long term.
Our study was not able to determine the source of these parasites,
but results are consistent with the hypothesis that movement of
humans within the country could homogenise parasite populations
and re-initiate transmission (from localised hotspots) in areas
where it had stopped. Additional sampling will be necessary to
draw conclusions on the effects of migration between villages
and potentially among neighbouring countries. In moving towards
this goal, we recommend a focus on improving methods to
increase the success rate of single-worm sequencing as an alterna-
tive to the pooled-worm sequencing used here.
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Because the ultimate goal is elimination of LF, epidemiological
models that explicitly consider the extent of parasite mixing
within countries and the potential for re-introduction from neigh-
boring countries might provide valuable information for consider-
ation of alternative treatment and assessment strategies (Xu et al.,
2018a). Integration of parasite genetic variation with demographic
and epidemiological data can improve models of disease dynamics
to assist with decisions about when to stop MDA and how to best
assess transmission post-MDA.
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