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Abstract
The structure and connectivity of wildlife host populations may influence zoonotic
disease dynamics, evolution and therefore spillover risk to people. Fruit bats in the
genus Pteropus, or flying foxes, are the primary natural reservoir for henipaviruses—
a group of emerging paramyxoviruses that threaten livestock and public health. In
Bangladesh, Pteropus medius is the reservoir for Nipah virus—and viral spillover has
led to human fatalities nearly every year since 2001. Here, we use mitochondrial
DNA and nuclear microsatellite markers to measure the population structure, de‐
mographic history and phylogeography of P. medius in Bangladesh. We combine this
with a phylogeographic analysis of all known Nipah virus sequences and strains cur‐
rently available to better inform the dynamics, distribution and evolutionary history
of Nipah virus. We show that P. medius is primarily panmictic, but combined analysis
of microsatellite and morphological data shows evidence for differentiation of two
populations in eastern Bangladesh, corresponding to a divergent strain of Nipah virus
also found in bats from eastern Bangladesh. Our demographic analyses indicate that
a large, expanding population of flying foxes has existed in Bangladesh since the Late
Pleistocene, coinciding with human population expansion in South Asia, suggesting
repeated historical spillover of Nipah virus likely occurred. We present the first evi‐
dence of mitochondrial introgression, or hybridization, between P. medius and flying
fox species found in South‐East Asia (P. vampyrus and P. hypomelanus), which may
help to explain the distribution of Nipah virus strains across the region.
KEYWORDS
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1 | I NTRO D U C TI O N

controlling for research effort and other factors (Olival et al., 2017).
The structure and connectivity of wildlife host populations may in‐

The majority of emerging infectious diseases are zoonoses of wildlife

fluence zoonotic disease dynamics, evolution and spillover risk to

origin (Jones et al., 2008), and bats (Order Chiroptera) have a higher

people (Biek & Real, 2010; Cross, Lloyd‐Smith, Johnson, & Getz,

proportion of viral zoonoses than any other mammalian order after

2005). A better understanding of host population genetic structure

Olival and Latinne are co‐first author contributed equally to this study.
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will therefore likely improve models of viral circulation dynamics
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(Goldsmith et al., 2016; Gryseels et al., 2017; Guivier et al., 2011;

Maldives, Nepal, Bhutan, Bangladesh and western Myanmar. In

Rodríguez‐Nevado, Lam, Holmes, & Pagán, 2018; Streicker et al.,

Bangladesh, it roosts in diurnal colonies with hundreds to thousands

2016; Wilder, Kunz, & Sorenson, 2015), but see Fountain‐Jones et al.

of individuals in fragmented forests within areas of high human pop‐

(2017) and Lee et al. (2012). Evolutionary dynamics may also be im‐

ulation density (Hahn et al., 2014). P. medius individuals feed on wild

portant in zoonotic emergence, and structuring of host populations

and cultivated fruits and flowers, and visit date palm trees during

has been shown to influence the evolution of pathogen virulence

sap collection to feed on the sap stream (Khan et al., 2010). Drinking

and infectivity (Boots, Hudson, & Sasaki, 2004; Boots & Mealor,

date palm sap contaminated with urine or saliva of NiV‐infected bats

2007). However, despite their importance as reservoirs for viral zoo‐

has been identified as a major route of zoonotic transmission of NiV

noses, there are relatively few studies that have used host genetics

(Chakraborty et al., 2016; Luby & Gurley, 2015). However, human‐

to better understand the ecology and dynamics of pathogens in bats

to‐human NiV transmissions represent 33% of known Nipah virus

(Peel et al., 2013; Streicker et al., 2016; Wilder et al., 2015).

human cases from Bangladesh between 2001 and 2014 (Nikolay et

Nipah virus (NiV) is a lethal zoonotic RNA paramyxovirus (genus

al., 2019). This observation, coupled with high mortality rates and

Henipavirus) with a bat reservoir host but is not known to be lethal

the lack of effective therapies or vaccines (Vigant & Lee, 2011),

in bats (Chua et al., 2002; Epstein et al., 2008; Wacharapluesadee et

marks NiV as a significant public health threat in the region with po‐

al., 2013). It was first reported in Peninsular Malaysia and Singapore

tential for pandemic spread (Luby, 2013). While there is observed

in 1999, where it spilled over from bats to pigs, then to people, caus‐

spatial and temporal heterogeneity in the number of bat to human

ing severe encephalitis with a mortality rate of around 40% (Chua,

spillover events in Bangladesh, relatively little is known about the

2003a; Chua et al., 2000). Since 2001, annual outbreaks of NiV have

dynamics of Nipah virus in P. medius populations (Cortes et al., 2018).

been identified in people in Bangladesh and India, with an overall

Here, we sample and conduct an in‐depth population genetic

mortality rate of around 70% (Chadha et al., 2006; Luby et al., 2009).

analysis of P. medius and NiV across Bangladesh to analyse the con‐

A recent outbreak in southern India (May–June 2018) killed 17 of

nectivity and structure of these populations within and outside the

19 infected people (Chatterjee, 2018). Most human NiV infections

Nipah belt to better understand NiV circulation and diversification.

in Bangladesh have occurred in the northwestern and central re‐

We then use these data to infer current and historical demography

gions (the “Nipah belt”), with one human case detected in eastern

of P. medius and its relationship to the evolution of Nipah virus strain

Bangladesh in 2011 (Chakraborty et al., 2016).

diversity within the region.

Fruit bats of the genus Pteropus (flying foxes) appear to be the
natural reservoir for NiV (Chua et al., 2002; Halpin et al., 2011).
Flying foxes occur in South and South‐East Asia, Australia, East
Africa and oceanic islands in the Indian and western Pacific oceans
(Simmons, 2005). The Indian flying fox, P. medius (formerly P. gigan-

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Sampling

teus; Mlíkovsky, 2012), is the only Pteropus sp. on the Indian sub‐

Samples were collected from 387 Pteropus medius individuals at

continent, occurring in Pakistan, India and Sri Lanka, east to the

six localities corresponding to six roost sites across Bangladesh

Nepal
India

Dinajpur

SYL

JOY

Bangladesh

RAS

India

Tangail

Faridpur
Ramnagor

MAN

RAJ FAR
GOP

COM

Chakaria 1
Chakaria 2

100 km

Myanmar

F I G U R E 1 Map of P. medius sampling
localities in Bangladesh (large coloured
circles). Small black squares and triangle
correspond to the sampling localities
of NiV sequences belonging to clade I
and clade III, respectively (see Section
3); COM, Comilla; FAR, Faridpur; GOP,
Gopalganj; JOY, Joypurhat; MAN,
Manikganj; RAJ, Rajbari; RAS, Rajshahi;
SYL, Sylhet. The shaded area represents
the Nipah belt in Bangladesh where
the majority of human cases have
been observed. Sampling site colours
correspond to localities in subsequent
figures
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from July to December 2010 (Figure 1 and Table 1). Four of these

bats sampled after our field investigations, but without associated

(Dinajpur, Faridpur, Ramnagor and Tangail) were located within the

host genetic data, were included for phylogenetic analyses as were

Nipah belt, and two (Chakaria 1 and Chakaria 2) outside the belt.

human and all other NiV sequences currently available on GenBank—

Faridpur, Ramnagor and Tangail are located 300 km away from

see Table S3 and Anderson et al. (2019) and Epstein et al. (In Review).

Chakaria 1 and Chakaria 2, while there is more than 500 km between

All urine specimens were screened using PCR and sequencing proto‐

Dinajpur and Chakaria 1 and Chakaria 2. Bats were captured using

cols. Briefly, total nucleic acid from urine samples was extracted and

canopy mist nets and animal‐handling methods approved by IACUC

cDNA was synthesized using Superscript III (Invitrogen) following

committee (proposal # G929‐07). Mist nets were set between trees

the manufacturer's protocols. A nested RT‐PCR targeting the N gene

using bamboo poles fastened to the tree crown near bat roosts.

was used to detect NiV RNA in samples, as previously described

Following capture, bats were anaesthetized using isoflurane gas

(Wacharapluesadee & Hemachudha, 2007). A RT‐qPCR designed

and age class (juvenile or adult, based on the presence of second‐

to detect the nucleocapsid gene of all known NiV isolates was also

ary sexual characteristics), sex, reproductive status, body mass and

utilized as a second assay for screening (Feldman et al., 2009). All

morphological measurements including forearm length, head length

samples with NiV RNA detected by PCR were confirmed by gel elec‐

and body length were recorded for all individuals. Sterile, disposable

trophoresis and product sequencing.

biopsy punches were used to remove two 4‐mm‐diameter pieces of
wing membrane from each bat, which were then preserved in 95%
ethanol for DNA extraction. All bats were released after sample
collection.

2.3 | Host DNA molecular methods
Genomic DNA was extracted from half of each ethanol‐pre‐
served 4‐mm biopsy punch using the DNeasy Tissue Kit (Qiagen,
Inc.) following the manufacturer's recommended protocol for

2.2 | Nipah virus screening

animal tissue. Pteropus‐specific primers were used to amplify sec‐

Urine specimens for NiV screening were collected from individual

tions (approximately 800 bp each) of two mitochondrial DNA

bats sampled in this study, and from additional individual bats or

(mtDNA) genes, the cytochrome b (cytb) and the control region

from pooled samples under P. medius roosts as described previously

(D‐Loop). Primers (Pter_cytb_F: TCT‐GCC‐TAG‐CCA‐TCC‐AAA‐

(Chua, 2003b). Nipah virus sequence data acquired from additional

TC and Pter_cytb_R: TGG‐TCG‐GAA‐TAT‐TAT‐GCT‐TCG; Pv_dlpL:

TA B L E 1 Mitochondrial and microsatellite genetic diversity of P. medius populations: Haplotype (h) and nucleotide (π) diversities,
expected (He) and observed (Ho) heterozygosities, inbreeding coefficient (FIS) and allelic richness (AR)
Population

Chakaria 1

Chakaria 2

Dinajpur

Faridpur

Ramnagor

Tangail

Overall

cytb
Sample size

34

36

75

87

67

69

368

No. of haplotype

11

9

18

17

19

20

42

h ± SD

0.62 ± 0.10

0.52 ± 0.10

0.75 ± 0.05

0.62 ± 0.06

0.55 ± 0.07

0.50 ± 0.08

0.61 ± 0.03

π ± SD (%)

0.27 ± 0.18

0.15 ± 0.11

0.26 ± 0.17

0.22 ± 0.15

0.15 ± 0.11

0.17 ± 0.12

0.21 ± 0.14

35

36

74

97

65

69

376

D‐Loop
Sample size
No. of haplotype

31

34

52

80

57

49

248

h ± SD

0.99 ± 0.01

0.99 ± 0.01

0.99 ± 0.01

0.99 ± 0.01

0.99 ± 0.01

0.99 ± 0.01

0.99 ± 0.01

π ± SD (%)

3.21 ± 1.61

3.27 ± 1.64

3.47 ± 1.71

3.43 ± 1.69

3.27 ± 1.62

2.88 ± 1.43

3.29 ± 1.60

Sample size

35

36

70

100

72

69

382

Microsatellites
Ho ± SD

0.61 ± 0.27

0.61 ± 0.29

0.59 ± 0.26

0.59 ± 0.24

0.60 ± 0.25

0.55 ± 0.24

0.58 ± 0.24

Ho Corr a ± SD

0.66 ± 0.24

0.65 ± 0.24

0.65 ± 0.24

0.67 ± 0.21

0.66 ± 0.21

0.63 ± 0.22

0.66 ± 0.22

He ± SD

0.72 ± 0.25

0.72 ± 0.22

0.70 ± 0.26

0.72 ± 0.23

0.72 ± 0.24

0.69 ± 0.24

0.72 ± 0.23

FISb

0.157 (0.064)

0.164 (0.063)

0.162 (0.064)

0.186 (0.099)

0.162 (0.065)

0.200 (0.108)

0.176
(0.075)

9.942

10.416

9.684

9.876

9.866

9.396

10.01

2.92

3.77

1.46

1.7

2.35

1.46

‐

ARc
Private alleles
a

c

After genotype correction using Micro‐Checker.
FIS values estimated when excluding the three loci showing null alleles are given in parentheses.
c
Based on a minimum sample size of 34 individuals.
b
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AAC‐ACC‐CAA‐AGC‐TGA‐TAT‐TCT‐ACT and Pv_dlpR: CGT‐ATG‐

(sensu; Almeida, Giannini, Simmons, & Helgen, 2014) were added to

CGT‐ATG‐CGT‐ATG‐TC) were designed using alignments of two

our data set as outgroups (Table S2). For P. lylei, we concatenated

mtDNA Pteropus mitochondrial genomes from GenBank (P. scapu-

cytb and D‐Loop sequences from two different individuals from

latus #NC002619 and P. dasymallus #AB042770) and the program

Vietnam and Cambodia because sequences from the same specimen

primer3

0.4.0 (Koressaar & Remm, 2007). PCR was performed using

were not available on GenBank. We also included the cytb sequence

0.1 units of Taq DNA polymerase, 0.05 mM dNTPs, 2.5 mM MgCl2,

of a P. medius voucher specimen (CM 92208) from India as a refer‐

10 pmol of each primer and 1–1.5 µl of template DNA in a 25 µl re‐

ence in our phylogenetic analysis (Table S2). The most suitable model

action, with an initial denaturation of 3 min at 94°C, followed by 35

of DNA substitution (GTR + G) was determined using jmodeltest 3.0

cycles of 94°C for 1 min, 54°C for 1 min and 74°C for 1 min, and a

(Posada, 2008). phyml 3.0 (Guindon et al., 2010) was used to perform

final extension at 74°C for 7 min. All sequencing was performed on

ML analyses with default parameters as starting values. Tree robust‐

ABI 3730xl capillary sequencers at the AMNH Sackler Institute for

ness was assessed by 1,000 bootstrap replicates. Bayesian analyses

Comparative Genomics using the same primers as for amplification.

were performed with mrbayes 3.2.5 (Ronquist & Huelsenbeck, 2003).

Pteropus medius samples were also genotyped at eleven mi‐

Metropolis‐coupled Markov chain Monte Carlo (MCMC) sampling

crosatellite markers developed for other Pteropodid spp. (Brown,

was performed with 2 chains run for 1 × 107 generations with one

Brooke, Fordyce, & McCracken, 2011; O'Brien, McCracken, Say, &

tree sampled every 1 × 10 4 generations. Convergence of the chains

Hayden, 2007; Storz, 2000; Table S1). Each PCR consisted of 4 µM

was checked in

of forward and reverse primers, 0.8 mM dNTPs, 1× Buffer reaction

2014). All trees obtained before the Markov chain reached station‐

(200 mM Tris‐HCl (pH 8.4), 500 mM KCl), 4 µM FAM fluorescent

ary distribution were discarded as burn‐in values. A 50% Majority‐

dye, 0.2 units of Taq DNA polymerase and 1 µl of DNA template

rule consensus tree was generated in paup 4.0b10 (Swofford, 1998).

in a final volume of 15 µl, with one denaturation step (94°C/5 min)

Bayesian computations were performed on the computational re‐

followed by 30 cycles of denaturation at 94°C for 1 min, annealing

source CIPRES Science Gateway (Miller, Pfeiffer, & Schwartz, 2010).

at the optimal locus‐specific temperature for 1 min, extension at

We reconstructed median‐joining networks in Network (Bandelt,

72°C for 1 min and a final extension at 72°C for 5 min. PCR products

Forster, & Rohl, 1999) for the cytb and D‐Loop data sets separately.

tracer

1.6 (Rambaut, Suchard, Xie, & Drummond,

were detected for each locus separately on an ABI 3730xl sequencer
using 0.1–1.0 µl of amplified DNA, 8.0–8.9 µl of Hi‐Di formamide
and 1.0 µl of LIZ 500 size standard.

2.4.3 | Historical demography
We used a multilocus Extended Bayesian Skyline Plot (EBSP) on

2.4 | Analysis of P. medius mitochondrial markers
2.4.1 | Genetic diversity and population structure

the cytb and D‐Loop data sets separately and then on the cytb and
D‐Loop data sets combined in a single analysis with two separate
partitions, implemented in

beast

1.8.2 (Drummond, Suchard, Xie, &

Rambaut, 2012), to reconstruct changes in the female effective pop‐

Sequences were aligned in Geneious 9.0.2 (Kearse et al., 2012)

ulation size (Nef ) of P. medius in Bangladesh over time. As time cali‐

using the ClustalW algorithm, and alignment was corrected manu‐

bration based on fossil records is not available for Pteropus, we used

ally. Haplotypes were identified using Arlequin 3.11 (Excoffier,

substitution rates estimated for other bat genera (consistent with

Laval, & Schneider, 2005). Haplotype (h) and nucleotide (π) diver‐

those estimated for other mammal species) to date our EBSP: 0.20

sities within each population were estimated for the cytb and D‐

subs/site/Myr for D‐Loop (Petit, Excoffier, & Mayer, 1999; lognor‐

Loop data sets separately using Arlequin. An analysis of molecular

mal distribution, mean of 0.2, standard deviation of 0.05) and 0.023

variance (AMOVA) performed on the combined mitochondrial data

subs/site/Myr for cytb (Hulva, Horáček, Strelkov, & Benda, 2004;

set (cytb + D‐Loop) in Arlequin was used to assess the distribution

Ruedi & Mayer, 2001; lognormal distribution, mean of 0.023, stand‐

of genetic variation among populations. Pairwise population differ‐

ard deviation of 0.05). Analyses were performed under the HKY + G

entiation (FST ) among the six populations was also computed with

substitution model for cytb and GTR + G for D‐Loop (previously

Arlequin. The hypothesis of isolation by distance (IBD) among the

estimated by

six populations was assessed by comparing pairwise geographic dis‐

tree prior. Convergence of the chains (ESS > 200) to the stationary

jmodeltest),

a strict molecular clock and a coalescent

tance (log‐transformed) with pairwise Slatkin's linearized FST (FST/

distribution was checked using Tracer. Beast computations were

[1−FST ]) of the combined mitochondrial data set using a Mantel's test

performed on the computational resource CIPRES Science Gateway

with permutations (1,000 times) to assess significance in Arlequin.

(Miller et al., 2010).

2.4.2 | Phylogenetic analysis

2.5 | Analysis of P. medius microsatellite markers

Phylogenetic trees were constructed using maximum likelihood (ML)
and Bayesian inference (BI) on the combined mitochondrial data set.

2.5.1 | Genetic diversity

Additional sequences of Pteropus spp. specimens (including museum

Tests for Hardy–Weinberg equilibrium (HWE) and expected (He) and

vouchers) belonging to several species of the “vampyrus” group

observed (Ho) heterozygosities were calculated using Arlequin for

|
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each locus separately and over all loci for each locality. Tests for link‐

5

and gene copies. Differences in dispersal between sexes were also

age disequilibrium between loci for each locality were performed

assessed with the sex‐biased dispersal test in fstat (two‐sided tests,

with genepop 4.0.11 (Rousset, 2008). The proportion of null alleles at

1,000 permutations) using FIS, FST, relatedness, the assignment index

each locus was estimated for each population separately with freena

(AIC) and its variance (vAIC).

(Chapuis & Estoup, 2007), and genotypes were corrected using
micro‐checker

2.2.3 (Van Oosterhout, Hutchinson, Wills, & Shipley,

2004). Multilocus FIS was calculated for each locality with

fstat

2.6 | Morphological analysis

2.9.3.2 (Goudet, 2001). Significance was assessed using 1,300 ran‐

Morphological differences among adult bat specimens (forearm,

domizations, and significance levels were adjusted for multiple tests

head and body length) were analysed using nonmetric multidimen‐

using Bonferroni's correction. The allelic richness (AR) and propor‐

sional scaling (NMDS) implemented by the metaMDS function in the

tion of private alleles within each population were calculated using

“vegan” package in r 3.5.3 (Oksanen et al., 2019; R Core Team, 2019).

the rarefaction procedure implemented in

In order to assess

We colour‐coded individual points and added minimum convex hulls

the impact of three loci with null alleles and linkage disequilibrium

to the morphological ordination plots to visualize groupings of bats

(B29, PH3, PH9; see Section 3) on our results, all subsequent analysis

based on locality. We performed an ANOVA with type II sums of

on microsatellite data was performed on the complete data set and

squares to assess the effect and significance of localities, sex and

reduced data set excluding these three loci.

mitochondrial lineages on morphology. To allow comparison with

fstat.

morphological data typically available in the literature, we also cal‐

2.5.2 | Population structure
As three of our microsatellite loci were affected by null alleles
(see Section 3), we used

geneland

4.0.3 (Guillot, Renaud, Ledevin,

culated the mean forearm length of each mitochondrial lineage.

2.7 | Analysis of Nipah virus sequences

Michaux, & Claude, 2012), a Bayesian‐based clustering analysis pro‐

All sequences of NiV nucleoprotein (N) gene available on GenBank

gram combining spatial, phenotypic and genotypic data that can ex‐

as of 1 June 2019 including 19 sequences from Epstein et al. (In

plicitly account for the presence of null alleles, to infer population

Review) (Table S3) were included. A 224‐bp fragment (corresponding

structure and estimate the number of clusters (K) within our data

to positions 1290–1513 of the NiV complete genome FJ513078) was

set. We included a phenotypic data set that combined three mor‐

used to reconstruct median‐joining networks in Network (Bandelt

phological measurements transformed into log‐shape ratios (Guillot

et al., 1999). K2P genetic distances among the three main clades

et al., 2012) and mass for each genotyped individual. As our morpho‐

were calculated in mega 5.05 (Tamura et al., 2011). IBD was tested by

logical analysis revealed that forearm length, head length and body

comparing pairwise geographic distance (log‐transformed) with pair‐

length of P. medius were significantly related to sex (see Section 3),

wise (FST/[1−FST ]) using a Mantel's test performed in Arlequin. We

we performed the Geneland analysis on adult males (n = 158) and

used a continuous phylogeographic approach implemented in

females (n = 57) separately and excluded juveniles of both sexes.

1.8.2 to reconstruct the spatiotemporal diffusion of NiV in South

Ten runs of 2 × 106 MCMC iterations were performed for males and

Asia using sequences from Bangladesh and India. BEAST analysis

females using georeferenced phenotypic and genetic data for K from

was performed under the best‐fitting model including a HKY sub‐

1 to 6 under the spatial and null allele models with correlated al‐

stitution model with gamma, a strict molecular clock and an expo‐

lele frequency, sampling every 2,000 generations, a burn‐in period

nential growth coalescent model. Sampling years and months were

of 200 and a spatial coordinates uncertainty of 50 km, assuming an

used as tip dates to calibrate the tree. We used a Brownian random

home range size of P. medius in Bangladesh consistent with related

walk model for the continuous location traits with a jitter window

species (Choden et al., 2019; Epstein et al., In Review; Epstein et al.,

of 50 km. Analysis was run for 2.5 × 108 generations, with sampling

2009; Gumal, 2004). The number of populations within the data set

every 2 × 10 4 steps. BEAST computations were performed on the

was estimated by Geneland from the posterior distribution at the

CIPRES Science Getaway Portal (Miller et al., 2010). Convergence

end of each run. A visual output of the Geneland cluster results was

of the chain was assessed in Tracer so that the effective sample size

generated using the Clumpak server (Kopelman, Mayzel, Jakobsson,

(ESS) of all parameters was >200 after removing at least 10% of the

Rosenberg, & Mayrose, 2015).

chain as burn‐in. Maximum clade credibility (MCC) tree was gener‐

Pairwise FST and an AMOVA were computed among the six
populations with Arlequin. IBD was tested by comparing pairwise

ated in TreeAnnotator and visualized using the software

beast

spread3

(Bielejec et al., 2016).

geographic distance (log‐transformed) with pairwise (FST/[1−FST ])
using a Mantel's test performed in Arlequin. Spatial genetic struc‐
ture and spatial autocorrelation were assessed separately for each
sex at five distance intervals (0–50, 50–100, 200–300, 300–400
and 500–600 km) using pairwise FST and Moran's I statistics in the

3 | R E S U LT S
3.1 | P. medius mitochondrial DNA diversity

program spagedi 1.5 (Hardy & Vekemans, 2002). Significance was as‐

We obtained both cytb and D‐Loop sequences for 355 individu‐

sessed using 20,000 random permutations of locations, individuals

als, cytb sequence only for 12 individuals and D‐Loop sequence

6
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Chakaria 1
Chakaria 1
Chakaria 2

Chakaria 2

Dinajpur

Faridpur

0.0015

−0.0006
0.0081

0.0106

Ramnagor

Tangail

0.0009

−0.0023

0.0004

0.0063

0.0062

0.0049

0.0062

0.0018

0.0020

0.0004

0.0024

Dinajpur

0.0200

0.0079

Faridpur

0.0059

−0.0063

0.0057

Ramnagor

0.0028

0.0022

0.0107

−0.0002

Tangail

0.0010

0.0195

0.0245

0.0091

0.0008
0.0025

(a) cytb

P. vampyrus

8

P. medius

5

TA B L E 2 Pairwise FST among P. medius
populations calculated on mitochondrial
(below diagonal) and microsatellite (above
diagonal) data sets. Significant values
(1,000 permutations) are in bold

F I G U R E 2 Median‐joining networks
based on cytb (a) and D‐Loop (b) data sets.
Coloured circles correspond to haplotypes
sampled in this study, circle size is
proportional to the number of individuals
sharing a haplotype. Small grey circles
represent median vectors (ancestral or
unsampled intermediate haplotypes).
Branch length is proportional to the
number of mutational steps between
haplotypes, unless indicated otherwise

P. lylei

1 substitution

Localities:

Dinajpur
Tangail
Faridpur
Ramnagor
Chakaria 1
Chakaria 2

(b) D-Loop

27

P. medius
21

39

44

23
20
10 substitutions

only for 20 Indian flying foxes. A total of 40 cytb haplotypes

and for all sampling localities. The level of genetic diversity was

and 248 D‐Loop haplotypes were identified among our data

very similar across all populations. Haplotype diversity was lower

sets (GenBank accession nos. MH543351–MH543726 (D‐Loop);

for the cytb data set, with nucleotide diversity more than 10

MH543727–MH544094 (cytb)). Table 1 summarizes number of

times lower for cytb compared to the hypervariable D‐Loop re‐

haplotypes, and haplotype and nucleotide diversities overall,

gion in all populations.

|
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F I G U R E 3 Extended Bayesian Skyline
Plot (EBSP) for P. medius in Bangladesh,
reconstructed using the combined
mitochondrial data set (cytb + D‐Loop) (a)
and the cytb gene only (b) and showing
growth in female effective population size
in millions of individuals, not corrected
for generation time. Scale of x‐axis is in
thousands of years ago (kya)

7

(a) cytb + D-Loop combined

(b) cytb only

AMOVA of the combined mitochondrial data set indicates that

ROM 110943) sequences from Vietnam. The third lineage included

genetic variation for P. medius was partitioned overwhelmingly

four Bangladeshi haplotypes together with sequences from several

within populations (99.24%), with only 0.76% of variation found

P. vampyrus voucher specimens (AMNH 107614 and AMNH 203238)

among the six populations (FST = 0.007, p = .009). Pairwise FST val‐

from Indonesia and the Philippines (see Table S2 for the locality of

ues among populations were very low with only a few significantly

origin of voucher specimens).

different to zero (Table 2). There was no significant correlation be‐

The cytb and D‐Loop median‐joining networks corroborated the

tween genetic (mtDNA) and geographic distance for P. medius in

topology recovered in phylogenetic analyses and revealed a main

Bangladesh (R2 = .13, p = .27).

lineage corresponding to P. medius and two peripheral lineages sepa‐
rated by a higher number of mutation steps corresponding to P. lylei

3.2 | Phylogenetic relationships and mitochondrial
DNA population structure

and P. vampyrus haplotypes (Figure 2). The pattern depicted within
P. medius by the D‐Loop network is complex, but the cytb network
showed a clear star‐like topology, with a central P. medius haplotype

The ML and Bayesian analysis gave roughly congruent tree topolo‐

shared among the six localities and surrounded by rare haplotypes.

gies. The phylogenetic tree of the combined mitochondrial data set

No geographic structure was observed in both networks.

revealed that haplotypes of Pteropus specimens from Bangladesh
clustered in several well‐supported lineages corresponding to
three distinct Pteropus species (Figure S1). The first lineage, corre‐

3.3 | Historical population demography

sponding to P. medius, included 255 haplotypes and the sequence

The time to the most recent common ancestor (TMRCA) of P. me-

of a P. medius voucher specimen (CM 92208) from India. Internal

dius in Bangladesh was estimated at 236 ± 30 kya (95% HPD

nodes within P. medius are poorly resolved, and no intraspecific

176–296) when cytb and D‐Loop were combined (Figure 3a), at

structure was observed. The second lineage included eleven hap‐

38 ± 25 kya (95% HPD 12–85) when using cytb only (Figure 3b),

lotypes clustering with P. lylei voucher specimen (ROM 110943 and

and at 312 ± 43 kya (95% HPD 183–507) when using D‐Loop only.
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F I G U R E 4 Population structure
inferred using Geneland and the
microsatellite and morphological data
sets for adult males (K = 2) and females
(K = 3) separately. Each individual is
represented by a vertical line partitioned
into K colour segments, the length of each
colour being proportional to the estimated
membership coefficient of this individual
to each cluster. The populations of origin
of individuals are indicated below and
separated by vertical lines in the figure
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The historical demographic history inferred by these three EBSPs

PH9. The proportion of private alleles was higher in the two eastern

differed significantly from a model of constant population size

Chakaria populations than in other populations (Table 1).

(mean estimated number of population size changes = 1.5, 95%

The 10 Geneland runs performed for each sex and based on

HPD 1–3) and showed that Indian flying foxes in Bangladesh ex‐

georeferenced phenotypic and genetic data gave consistent results

perienced a continuous population growth that started around

with a K of two clusters for males and three clusters for females. For

120 kya, during the Late Pleistocene, according to the combined

males, the first cluster included all the individuals from Chakaria 1

and D‐Loop EBSP (Figure 3a), or more recently, around 20 kya,

and Chakaria 2, with the second cluster containing all the remaining

according to cytb EBSP (Figure 3b). A recent population de‐

populations (Figure 4). The results of Geneland analysis for females

cline (around 3.5 kya) was also suggested by the EBSPs but was

showed that all female genotypes appeared to be admixed from the

not supported by the 95% highest posterior density interval

three clusters, but with the genetic differentiation of Chakaria pop‐

(Figure 3). Assuming an average female generation time between

ulations indicated (Figure 4). Identical results were obtained when

3 and 5 years, as recorded for other Pteropus species (McIlwee &

excluding the three loci with null alleles.

Martin, 2002; Molur et al., 2002), the current female effective

AMOVA of the nuclear microsatellite data set indicates that 99.74%

population size of P. medius in Bangladesh is estimated to be be‐

of genetic variation is partitioned within P. medius populations, with

tween 1,055,140 individuals (95% HPD 242,000–1,474,000) and

only 0.26% of variation found among the six populations (FST = 0.003,

1,758,566 individuals (95% HPD 404,000–2,459,000). A more

p = .13). Pairwise FST values among populations were low with only

conservative estimate using the cytb only analysis suggested a

three significantly different to zero (Table 2). Population pairs identified

current female effective population size of P. medius in Bangladesh

with FST values significantly >0 were not consistent between the micro‐

between 273,400 individuals (95% HPD 848–586,794) and

satellite and mtDNA data sets (Table 2). A nonsignificant trend of IBD

435,668 individuals (95% HPD 1,413–977,989).

was detected in the microsatellite data set by Mantel's test (R2 = .28,
p = .08). This IBD became significant when using the reduced data set

3.4 | Microsatellite diversity and
population structure

excluding the three loci with null alleles (R2 = .34, p = .03).
Assessment of spatial genetic structure using the microsat‐
ellite data set in SPAGeDi showed that genetic differentiation

A total of 382 individuals were genotyped at the 11 microsatellite

(FST ) was higher among females than among males and increased

loci. Significant departures from HWE due to homozygote excess

with distance (Figure S2). Spatial genetic autocorrelation within

were detected in each population for three microsatellite loci (B29,

50 km was also greater among females than among males (Figure

PH3 and PH9). Large null allele frequencies (>10%) were also esti‐

S2). However, this spatial structure did not differ significantly

mated at these three loci, which may explain their departure from

from random as the slopes of the regression on FST and Moran's

HWE. Three pairs of loci (GA2 × PH3, A12 × PH9 and PH3 × PH9)

I values were not significant in permutation tests (slope FST fe‐

showed significant linkage disequilibrium after Bonferroni's correc‐

males = 1.74 × 10 –5, p = .12; slope FST males = 4.76 × 10 –6 , p = .10;

tion. The observed heterozygosity and allelic richness are similar

slope Moran's I females = −1.33 × 10 –5, p = .28; slope Moran's

across all populations (Table 1). Inbreeding coefficients (FIS) were

I males = −3.88 × 10 –6 , p = .23). Similar trends were observed

positive and significant for all populations (Table 1). This might be

with the reduced data sets (eight loci). However, the results of

due to the presence of null alleles, as lower and mostly nonsignifi‐

the sex‐biased dispersal test suggested that males were the most

cant FIS values were obtained when excluding the loci B29, PH3 and

dispersive group with significantly higher FIS (nonsignificant with

|
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F I G U R E 5 Median‐joining network
based on 113 NiV N gene sequences
from South and South‐East Asia (a) and
48 sequences from Bangladesh only
(b). Circles correspond to distinct NiV
sequences; circle size is proportional
to the number of identical sequences
in the data set. Colours correspond to
host species (a) or localities (b). Small
grey circles represent median vectors
(ancestral or unsampled intermediate
sequences). The number of mutational
steps between sequences is indicated
close to each branch
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(a)

(b)
Comilla (COM)
Faridpur (FAR)
Joypurhat (JOY)
Manikganj (MAN)
Rajbari (RAJ)
Sylhet (SYL)

1

Gopalganj (GOP)
Rajshahi (RAS)

2
2
4
38

1
1

reduced data set), higher vAI C , lower FST, lower relatedness and
lower AI C than females (Table S4).

1
4
1

1
1
1

3.6 | Nipah virus phylogeographic structure
The median‐joining network based on 113 NiV N gene sequences

3.5 | Morphological analysis

revealed three well‐differentiated clades (Figure 5a). Clade I (NiV‐
BD) included viral sequences collected in Thailand, Cambodia,

The three mitochondrial lineages (representing P. medius, P. lylei

India and Bangladesh (localities within the Nipah belt in north‐

and P. vampyrus haplotypes) we identified phylogenetically could

western and central Bangladesh) from P. medius, P. lylei and human

not be distinguished in the NMDS analysis using morphological

cases. Several identical NiV sequences were shared among these

data as extensive overlap of morphological variation among lo‐

hosts. Clade II (NiV‐MY) contained NiV sequences collected in

calities was observed (Figure S3). The first ordination axis rep‐

Thailand, Cambodia and Malaysia from P. lylei, P. vampyrus and

resented 72% of shape variation, while the second represented

P. hypomelanus, Hipposideros larvatus, Taphozous sp., human and pig

28% (Figure S3). The ANOVA revealed that size was significantly

samples. Human and pig sequences are identical to some of those

related to localities (p < .0001) and sex (p < .0001) but not to the

isolated in P. hypomelanus and P. lylei. Clade III comprised two NiV

mitochondrial lineage (p = .37) of Pteropus adult specimens. Mean

sequences sampled from P. medius in eastern Bangladesh (Comilla

forearm lengths of adults belonging to the three mitochondrial lin‐

district), outside the Nipah belt. Clades I and II are separated by

eages were very similar (P. medius lineage: 171.5 mm ± 5, P. lylei

only 10 mutational steps, while clades II and III are separated by

lineage: 173.3 mm ± 4, P. vampyrus lineage: 174 mm ± 7) and did

27 mutations (Figure 5a). The K2P genetic distances between

not differ significantly (ANOVA, p = .36).

clade III (eastern Bangladesh) and clades I and II are 28.8% and

10
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1

1940-1980

2

2004-2006

3

2009-2011

4

2013-2018

F I G U R E 6 Spatiotemporal diffusion
of NiV in South Asia using sequences
isolated in P. medius and humans at four
different time periods. The MCC tree is
mapped with black lines corresponding to
branches of the trees and dots to nodes,
terminal nodes of the tree are coloured in
blue, while internal nodes are in grey. The
75% HPD ancestral regions in pink were
computed for successive time layers and
then superimposed

To Kerala

13.9%, respectively. The distance between clades I and II is only

Wilder et al., 2015). Henipaviruses typically have a short infectious

7.8%. The average genetic distances between Hendra virus (not

period coupled with long‐term immunity in the host, suggesting

shown in Figure 5a) and Nipah virus clades I, II and II are 26.8%,

that very large populations, or metapopulation dynamics, may be

28.8% and 37.5%, respectively. The network including only se‐

necessary to sustain the virus in bat reservoirs (Breed et al., 2006;

quences from Bangladesh shows that there is no geographic struc‐

Plowright et al., 2008). Extensive bat dispersal would allow for NiV

ture of NiV genetic diversity within the country with sequences

reintroduction into bat colonies where population immunity may

from Faridpur and Rajbari districts widespread in the network

have waned, sparking new epidemics in bats more frequently than

(Figure 5b). However, a significant IBD in South Asia was detected

in highly structured populations with less bat dispersal (Plowright et

within the NiV data set when including NiV sequences from India

al., 2011). Our analysis using Bayesian spatiotemporal reconstruc‐

(R 2 = .38, p = .01). Our molecular ancestral reconstruction dates

tion of NiV spread supports this and shows a likely introduction to

the origin of NiV in South Asia back to the year 1941 (95% HPD:

Bangladesh from the India/Bangladesh border, and extensive move‐

1,887–1,994) and is inferred geographically at the southern India/

ment of NiV strains within Bangladesh over the last few decades.

Bangladesh border (Figure 6). NiV subsequently spread in central

Limited evidence for NiV recrudescence in bats also presents an

Bangladesh from where the virus moved to the northwestern and

alternative mechanism for viral persistence that may be acting in

northern parts of the country. The origin of the NiV clade from

concert with host metapopulation dynamics (Rahman et al., 2010).

eastern Bangladesh (Comilla district) seems to be located outside

Our study also showed that P. medius males tend to be more dis‐

the Nipah belt. However, the sequences from Kerala are linked to

persive than females, which suggests that there may be important

central Bangladesh.

differences among male and female bats regarding their role in NiV
circulation.

4 | D I S CU S S I O N

We identified a single NiV clade (clade I, NiV‐BD) circulating
among the highly connected P. medius populations within the Nipah
belt, with no evidence of geographic structure in NiV sequences, and

This is the first study using a combined analysis of Pteropus medius

clade I variants that were identical in the N gene were identified in

and Nipah virus molecular analyses to understand the dynamics,

several localities, indicating viral genetic mixing and homogenization.

origin and evolution of this important emerging virus host–pathogen

These results contrast with those observed for mammal host species

system. Our analysis of mitochondrial and microsatellite data shows

with more limited dispersal abilities, such as rhesus macaques, which

that P. medius, the primary fruit bat reservoir of NiV, is largely pan‐

harbour genetically distinct strains of simian foamy virus (Engel et

mictic with no phylogeographic barriers to gene flow or evidence

al., 2013; Feeroz et al., 2013) and are characterized by different viral

of population differentiation within the Nipah belt. This high popu‐

communities (Anthony et al., 2015) across Bangladesh. Even if most

lation connectivity is likely a critical factor in the dynamics of NiV

P. medius individuals exhibit high roost fidelity, occasional long‐range

in Bangladesh, allowing for viral persistence and spread and virus

movements may be sufficient to maintain the genetic connectivity

reintroduction when otherwise isolated populations drop below

and panmixia among P. medius colonies in Bangladesh, and also to

the threshold density for viral persistence (Breed, Field, Epstein,

allow for sustained NiV transmission and homogenization within

& Daszak, 2006; Nunn, Jordán, McCabe, Verdolin, & Fewell, 2015;

the Nipah belt. Additional studies to track individual P. medius
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movement, model the eco‐evolutionary dynamics of NiV transmis‐

fauna during the Late Pleistocene was facilitated by stable, inter‐

sion and obtain full NiV genomes are needed to better assess the

connected mosaic habitats (Perera et al., 2011; Roberts et al., 2014).

effects of host dispersal on viral transmission and evolution.

The recent (around 3.5 kya) P. medius population dip suggested by

Phenotypic and microsatellite data showed differentiation of

the EBSP may be correlated with rapid human population growth

two eastern P. medius populations (Chakaria 1 and Chakaria 2), and

in the Indian subcontinent during the last 10,000 years (Schiffels &

we also show that eastern bat populations harbour a different and

Durbin, 2014). Thus, our molecular evidence points to a long history

highly divergent NiV strain (clade III in this study) not detected within

of human–bat cohabitation in Bangladesh with a bat population that

the Nipah belt. It is interesting to note that bat populations from

has increased steadily over time. While it is difficult to reconstruct

northwestern Bangladesh (Dinajpur) are not genetically differenti‐

the deep evolutionary history of NiV from small gene fragments due

ated from the central populations while being separated by similar

to homoplasy and the rapid evolution of RNA viruses (Lo Presti et al.,

geographic distances. Dinajpur is within the Nipah belt, which shares

2016), it is plausible that bat–human viral spillover events have been

more similar ecological and climatic conditions to other sampling

part of human history in the region for some time and only recently

sites in central and northern Bangladesh, yet the eastern part of the

appreciated due to increased surveillance efforts. A spatial analysis

country (Chakaria) is on the edge of the Tenasserim Hills, which con‐

of NiV spillover in Bangladesh supports this assumption, with 45% of

stitutes a different biogeographic region. It is plausible that limited

the variance in the number of spillover events per district explained

movement leading to population differentiation has led to greater

by the distance to the nearest NiV surveillance hospital (Cortes et

levels of evolutionary divergence in these bat's viral communities.

al., 2018).

A previous meta‐analysis supports the notion that host population

One of the most striking features of the Indian flying fox

structure in bats influences viral richness across species (Turmelle

phylogeographic pattern in Bangladesh is the clustering of sev‐

& Olival, 2009). A larger sampling of NiV strain diversity across the

eral P. medius mtDNA haplotypes within P. vampyrus and P. lylei

entire geographic range of P. medius (including India and Sri Lanka),

clades. This polyphyletic pattern of P. medius and its discordance

as well as longitudinal surveillance to examine strain turnover and

with microsatellite and morphological data is best explained by

variation through time, is needed to further explore this observed

introgressive hybridization (Funk & Omland, 2003). Hybridization

pattern.

among other coroosting Pteropus species (P. alecto and P. polio-

The P. vampyrus group, including all western Indian Ocean

cephalus) and among other Pteropodidae has been previously

Pteropus species and three Asian species (P. vampyrus, P. lylei and

documented (Chattopadhyay et al., 2016; Nesi, Nakouné, Cruaud,

P. medius), underwent an explosive radiation during the last million

& Hassanin, 2011; Webb & Tidemann, 1995). The three Pteropus

years (Almeida et al., 2014; O'Brien et al., 2009). These species are

species included in our study belong to the same phylogenetic

characterized by limited genetic divergence but important pheno‐

clade (“vampyrus group”) and have recently diverged, which may

typic differentiation (Andersen, 1912; Chan, Goodman, Nowak,

have facilitated hybridization among them (Almeida et al., 2014).

Weisrock, & Yoder, 2011; Corbet & Hill, 1992). P. medius is estimated

Incomplete lineage sorting seems an unlikely explanation as the

to have diverged from other vampyrus group Pteropus spp. around

other P. medius haplotypes were well differentiated from those of

400 kya (Almeida et al., 2014). These dates are consistent with

P. vampyrus and P. lylei, and these three species each form mono‐

our estimates of the TMRCA of P. medius using our concatenated

phyletic and divergent clades in our phylogenetic tree. We found

mtDNA data set, suggesting that colonization of Bangladesh by the

that the mtDNA divergent individuals were not assigned to spe‐

Indian flying fox occurred during the Middle Pleistocene, approxi‐

cific clusters in our Geneland microsatellite analysis and belong

mately 236 kya, while a conservative estimate using only cytb data

to homogenous nuclear genetic clusters including other P. medius

puts this estimate at 38 kya. According to our EBSP, P. medius would

individuals. Our morphological analysis further demonstrates that

have then experienced strong population expansion in Bangladesh

these divergent individuals cannot be distinguished from other

sometime following the Last Interglacial (116–130 kya) until recently.

P. medius specimens using external morphological measurements.

The star‐like topology of the P. medius cytb network is also indicative

The forearm length of our mtDNA divergent individuals (around

of recent demographic expansion.

174 mm) confirms their morphological assignment to P. medius

Continuous population growth of P. medius during the Late

rather than P. vampyrus (180–220 mm) or P. lylei (145–160 mm)

Pleistocene coincided with the arrival and early expansion of mod‐

(Andersen, 1912; Corbet & Hill, 1992; Lekagul & McNeely, 1988).

ern humans in South Asia, including a fivefold human population

We found that P. medius‐introgressed haplotypes are not localized

increase at around 52 kya (Atkinson, Gray, & Drummond, 2008;

to a particular geographic region. This lack of geographic pattern

Dennell & Petraglia, 2012). It seems that human modification of

complicates our understanding of how and where past hybridiza‐

the landscape in Bangladesh did not negatively impact this spe‐

tion events between P. medius and P. vampyrus/P. lylei may have

cies. In fact, the heterogeneous habitat modification due to human

occurred. The introgressant P. medius individuals likely captured

settlement may have facilitated the expansion of P. medius as this

P. lylei (or P. vampyrus) mitochondrial DNA via several historical

species favours fragmented forests for roosting sites (Hahn et al.,

hybridization events when one or several females of P. lylei (or

2014). Fossil records from India and Sri Lanka also support the hy‐

P. vampyrus) mated with P. medius males. Subsequent backcross‐

pothesis that long‐term persistence of the South Asian mammalian

ing of the resulting F1 hybrids with P. medius individuals fixed the
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P. lylei (or P. vampyrus) mitochondrial genome within P. medius pop‐
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scape and that this is likely tied to biogeographic patterns of the hosts

was supported by an NSF/NIH Ecology and Evolution of Infectious

(Breed et al., 2013). The isolation or sequencing of NiV from P. medius,
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International Center. This work was additionally made possible by
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the generous support of the American people through the United
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P. lylei and P. medius both share strains of the “Bangladesh clade” NiV

Pandemic Threats PREDICT program.

(clade II). Our study provides evidence that P. medius was in physical
contact with individuals of P. lylei and P. vampurus in the recent past,
facilitating NiV transmission. Interspecific sharing of ectoparasitic
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Nycteribiid bat flies and high levels of parasite gene flow provides
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of the research. All authors contributed to interpretation of results

1912; Corbet & Hill, 1992; Lekagul & McNeely, 1988). It may also act

and preparation of the manuscript.

as a “bridge host” for NiV—carrying both clade I and clade II strains of
Nipah virus, which would explain the same finding in P. lylei. The inclu‐
sion of P. vampyrus, P. intermedius and P. lylei samples from Myanmar
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NiV is characterized by weak host specificity. These two NiV clades are
cocirculating in P. lylei populations in central Thailand, but only clade II
(NiV‐MY) has been identified in P. vampyrus and P. hypomelanus (Chua

DATA AVA I L A B I L I T Y S TAT E M E N T

et al., 2002; Rahman et al., 2010). Different genotypes of NiV have

All host sequences are available on GenBank using accessions

been associated with different clinical presentations in humans and an‐

MH543351–MH543726 (D‐Loop) MH543727–MH544094 (cytb)

imal models (DeBuysscher et al., 2013; Mire et al., 2016; Wong & Tan,

(Table S2). New viral data are available on GenBank using acces‐

2012). The data we present improve our understanding how NiV gen‐

sions MK995284–MK995302 (see Table S3 for accession numbers

otypes are shared by and transmitted between overlapping Pteropus

of previously published data). Specimen level data including sam‐

spp., and may provide insight on which strains are likely to emerge in

pling locations GPS, sex, age class, morphological measurements

domestic animal or human populations in the future. Thus, our investi‐

and microsatellite genotypes are available at Dryad https
://doi.

gation of host population structure and phylogeography together with

org/10.5061/dryad.2dc364n.

spatiotemporal viral sequence analyses broadly informs the large‐scale
circulation, persistence and strain variation of an important zoonotic
pathogen, and has important consequences for understanding zoo‐
notic emergence from these key viral hosts.

AC K N OW L E D G E M E N T S
We thank Ausraful Islam, Salah Uddin Khan, Najmul Haidar, Jahangir
Hossain, Shahneaz Ali Khan, Md. Golam Yasin, Abdul Hai, Pitu Biswas
and Gafur Sheikh for their contributions to this field investigations

REFERENCES
Almeida, F. C., Giannini, N. P., Simmons, N. B., & Helgen, K. M.
(2014). Each flying fox on its own branch: A phylogenetic tree for
Pteropus and related genera (Chiroptera: Pteropodidae). Molecular
Phylogenetics and Evolution, 77, 83–95. https://doi.org/10.1016/j.
ympev.2014.03.009
Andersen, K. (1912). Catalogue of the Chiroptera in the collection of the
British Museum (Vol. I, Megachiroptera). London: Trustees British
Museum (Natural History).

OLIVAL et al.

Anderson, D. E., Islam, A., Crameri, G., Todd, S., Islam, A., Khan, S. U.,
… Wang, L. F. (2019). Isolation and full‐genome characterization of
Nipah viruses from bats, Bangladesh. Emerging Infectious Diseases,
25(1), 166–170. https://doi.org/10.3201/eid2501.180267
Anthony, S. J., Islam, A., Johnson, C., Navarrete‐Macias, I., Liang, E.,
Jain, K., … Lipkin, W. I. (2015). Non‐random patterns in viral diver‐
sity. Nature Communications, 6, 1–7. https://doi.org/10.1038/ncomm
s9147
Atkinson, Q. D., Gray, R. D., & Drummond, A. J. (2008). mtDNA varia‐
tion predicts population size in humans and reveals a major Southern
Asian chapter in human prehistory. Molecular Biology and Evolution,
25(2), 468–474. https://doi.org/10.1093/molbev/msm277
Bandelt, H. J., Forster, P., & Rohl, A. (1999). Median‐joining networks for
inferring intraspecific phylogenies. Molecular Biology and Evolution,
16(1),
37–48.
https://doi.org/10.1093/oxfordjournals.molbev.
a026036
Bates, P. J., Nwe, T., Pearch, M. J., Swe, K. M., Bu, S. S. H., & Tun, T.
(2000). A review of bat research in Myanmar (Burma) and results of a
recent survey. Acta Chiropterologica, 2(1), 53–82.
Biek, R., & Real, L. A. (2010). The landscape genetics of infectious disease
emergence and spread. Molecular Ecology, 19(17), 3515–3531. https
://doi.org/10.1111/j.1365-294X.2010.04679.x
Bielejec, F., Baele, G., Vrancken, B., Suchard, M. A., Rambaut, A., &
Lemey, P. (2016). Sprea D3: Interactive visualization of spatiotem‐
poral history and trait evolutionary processes. Molecular Biology
and Evolution, 33(8), 2167–2169. https://doi.org/10.1093/molbev/
msw082
Boots, M., Hudson, P. J., & Sasaki, A. (2004). Large shifts in pathogen
virulence relate to host population structure. Science, 303(5659),
842–844. https://doi.org/10.1126/science.1088542
Boots, M., & Mealor, M. (2007). Local interactions select for lower
pathogen infectivity. Science, 315(5816), 1284–1286. https
://doi.
org/10.1126/science.1137126
Breed, A. C., Field, H. E., Epstein, J. H., & Daszak, P. (2006). Emerging
henipaviruses and flying foxes – Conservation and management
perspectives. Biological Conservation, 131(2), 211–220. https://doi.
org/10.1016/j.biocon.2006.04.007
Breed, A. C., Meers, J., Sendow, I., Bossart, K. N., Barr, J. A., Smith, I.,
… Field, H. E. (2013). The distribution of henipaviruses in Southeast
Asia and Australasia: Is Wallace's line a barrier to Nipah virus? PLoS
ONE, 8(4), e61316. https://doi.org/10.1371/journal.pone.0061316
Brown, V., Brooke, A., Fordyce, J., & McCracken, G. (2011). Genetic
analysis of populations of the threatened bat Pteropus mariannus.
Conservation Genetics, 12(4), 933–941. https
://doi.org/10.1007/
s10592-011-0196-y
Chadha, M. S., Comer, J. A., Lowe, L., Rota, P. A., Rollin, P. E., Bellini, W. J.,
… Mishra, A. C. (2006). Nipah virus‐associated encephalitis outbreak,
Siliguri, India. Emerging Infectious Diseases, 12(2), 235–240. https://
doi.org/10.3201/eid1202.051247
Chakraborty, A., Sazzad, H. M. S., Hossain, M. J., Islam, M. S., Parveen,
S., Husain, M., … Gurley, E. S. (2016). Evolving epidemiology of Nipah
virus infection in Bangladesh: Evidence from outbreaks during
2010–2011. Epidemiology & Infection, 144(2), 371–380. https://doi.
org/10.1017/S0950268815001314
Chan, L. M., Goodman, S. M., Nowak, M. D., Weisrock, D. W., & Yoder,
A. D. (2011). Increased population sampling confirms low genetic
divergence among Pteropus (Chiroptera: Pteropodidae) fruit bats of
Madagascar and other western Indian Ocean islands. PLoS Currents:
Tree of Life, 3. https://doi.org/10.1371/currents.RRN1226
Chapuis, M. P., & Estoup, A. (2007). Microsatellite null alleles and esti‐
mation of population differentiation. Molecular Biology and Evolution,
24(3), 621–631. https://doi.org/10.1093/molbev/msl191
Chatterjee, P. (2018). Nipah virus outbreak in India. Lancet, 391(10136),
2200–2200. https://doi.org/10.1016/S0140-6736(18)31252-2

|

13

Chattopadhyay, B., Garg, K. M., Kumar, A. K. V., Doss, D. P. S., Rheindt, F.
E., Kandula, S., & Ramakrishnan, U. (2016). Genome‐wide data reveal
cryptic diversity and genetic introgression in an Oriental cynopterine
fruit bat radiation. BMC Evolutionary Biology, 16(1), 1–15. https://doi.
org/10.1186/s12862-016-0599-y
Choden, K., Ravon, S., Epstein, J. H., Hoem, T., Furey, N., Gely, M., …
Cappelle, J. (2019). Pteropus lylei primarily forages in residential areas
in Kandal, Cambodia. Ecology and Evolution, 9(7), 4181–4191. https://
doi.org/10.1002/ece3.5046
Chua, K. B. (2003a). Nipah virus outbreak in Malaysia. Journal
of Clinical Virology, 26(3), 265–275. https
://doi.org/10.1016/
s1386-6532(02)00268-8
Chua, K. B. (2003b). A novel approach for collecting samples from fruit
bats for isolation of infectious agents. Microbes and Infection, 5, 487–
490. https://doi.org/10.1016/S1286-4579(03)00067-4
Chua, K. B., Bellini, W. J., Rota, P. A., Harcourt, B. H., Tamin, A., Lam,
S. K., … Mahy, B. W. J. (2000). Nipah virus: A recently emergent
deadly paramyxovirus. Science, 288(5470), 1432–1435. https://doi.
org/10.1126/science.288.5470.1432
Chua, K. B., Lek Koh, C., Hooi, P. S., Wee, K. F., Khong, J. H., Chua, B.
H., … Lam, S. K. (2002). Isolation of Nipah virus from Malaysian
Island flying‐foxes. Microbes and Infection, 4(2), 145–151. https://doi.
org/10.1016/S1286-4579(01)01522-2
Corbet, G., & Hill, J. (1992). The mammals of the Indomalayan region: A
systematic review. Oxford: Oxford University Press.
Cortes, M. C., Cauchemez, S., Lefrancq, N., Luby, S. P., Hossein, M. J.,
Sazzad, H. M. S., … Gurley, E. S. (2018). Characterization of the
spatial and temporal distribution of Nipah virus spillover events in
Bangladesh, 2007–2013. Journal of Infectious Diseases, 217(9), 1390–
1394. https://doi.org/10.1093/infdis/jiy015
Cross, P. C., Lloyd‐Smith, J. O., Johnson, P. L. F., & Getz, W. M. (2005).
Duelling timescales of host movement and disease recovery deter‐
mine invasion of disease in structured populations. Ecology Letters,
8(6), 587–595. https://doi.org/10.1111/j.1461-0248.2005.00760.x
DeBuysscher, B. L., de Wit, E., Munster, V. J., Scott, D., Feldmann, H., &
Prescott, J. (2013). Comparison of the Pathogenicity of Nipah Virus
Isolates from Bangladesh and Malaysia in the Syrian Hamster. Plos
Neglected Tropical Diseases, 7(1), e2024. https
://doi.org/10.1371/
journal.pntd.0002024
Dennell, R., & Petraglia, M. D. (2012). The dispersal of Homo sapi‐
ens across southern Asia: How early, how often, how complex?
Quaternary Science Reviews, 47, 15–22. https
://doi.org/10.1016/j.
quascirev.2012.05.002
Drummond, A. J., Suchard, M. A., Xie, D., & Rambaut, A. (2012). Bayesian
phylogenetics with BEAUti and the BEAST 1.7. Molecular Biology
and Evolution, 29(8), 1969–1973. https://doi.org/10.1093/molbev/
mss075
Engel, G. A., Small, C. T., Soliven, K., Feeroz, M. M., Wang, X., Kamrul
Hasan, M., … Jones‐Engel, L. (2013). Zoonotic simian foamy virus in
Bangladesh reflects diverse patterns of transmission and co‐infec‐
tion. Emerging Microbes & Infections, 2, e58. https://doi.org/10.1038/
emi.2013.60
Epstein, J. H., Anthony, S. J., Islam, A., Kilpatrick, A. M., Khan, S. A.,
Sanchez, M., & Daszak, P. (In Review). Nipah virus dynamics in bats
and implications for outbreaks. Scientific Reports.
Epstein, J. H., Olival, K. J., Pulliam, J. R. C., Smith, C., Westrum, J.,
Hughes, T., … Daszak, P. (2009). Pteropus vampyrus, a hunted migra‐
tory species with a multinational home‐range and a need for regional
management. Journal of Applied Ecology, 46(5), 991–1002. https://doi.
org/10.1111/j.1365-2664.2009.01699.x
Epstein, J. H., Prakash, V., Smith, C. S., Daszak, P., McLaughlin, A. B.,
Meehan, G., … Cunningham, A. A. (2008). Henipavirus infection
in fruit bats (Pteropus giganteus), India. Emerging Infectious Disease
Journal, 14(8), 1309. https://doi.org/10.3201/eid140 8.071492

14

|

Excoffier, L., Laval, G., & Schneider, S. (2005). Arlequin (version 3.0): An
integrated software package for population genetics data analysis.
Evolutionary Bioinformatics, 1, 47–50. https://doi.org/10.1177/11769
343050 0100003
Feeroz, M. M., Soliven, K., Small, C. T., Engel, G. A., Andreina Pacheco,
M., Yee, J. L., … Jones‐Engel, L. (2013). Population dynamics of rhe‐
sus macaques and associated foamy virus in Bangladesh. Emerging
Microbes & Infections, 2, e29. https://doi.org/10.1038/emi.2013.23
Feldman, K. S., Foord, A., Heine, H. G., Smith, I. L., Boyd, V., Marsh, G. A.,
… Wang, L. F. (2009). Design and evaluation of consensus PCR assays
for henipaviruses. Journal of Virological Methods, 161(1), 52–57. https
://doi.org/10.1016/j.jviromet.2009.05.014
Fountain‐Jones, N. M., Craft, M. E., Funk, W. C., Kozakiewicz, C.,
Trumbo, D. R., Boydston, E. E., … Carver, S. (2017). Urban landscapes
can change virus gene flow and evolution in a fragmentation‐sen‐
sitive carnivore. Molecular Ecology, 26(22), 6487–6498. https://doi.
org/10.1111/mec.14375
Funk, D. J., & Omland, K. E. (2003). Species‐level paraphyly and poly‐
phyly: Frequency, causes, and consequences, with insights from
animal mitochondrial DNA. Annual Review of Ecology, Evolution, and
Systematics, 34, 397–423. https://doi.org/10.1146/annurev.ecols
ys.34.011802.132421
Goldsmith, E. W., Renshaw, B., Clement, C. J., Himschoot, E. A.,
Hundertmark, K. J., & Hueffer, K. (2016). Population structure of
two rabies hosts relative to the known distribution of rabies virus
variants in Alaska. Molecular Ecology, 25(3), 675–688. https://doi.
org/10.1111/mec.13509
Goudet, J. (2001). FSTAT, a program to estimate and test gene diversities
and fixation indices (version 2.9.3). Retrieved from http://www.unil.
ch/izea/softwares/fstat.html
Gryseels, S., Baird, S. J. E., Borremans, B., Makundi, R., Leirs, H., & Goüy
de Bellocq, J. (2017). When viruses don’t go viral: The importance
of host phylogeographic structure in the spatial spread of arenavi‐
ruses. PLoS Path, 13(1), e1006073. https
://doi.org/10.1371/journ
al.ppat.1006073
Guillot, G., Renaud, S., Ledevin, R., Michaux, J., & Claude, J. (2012). A uni‐
fying model for the analysis of phenotypic, genetic, and geographic
data. Systematic Biology, 61(6), 897–911. https
://doi.org/10.1093/
sysbio/sys038
Guindon, S., Dufayard, J. F., Lefort, V., Anisimova, M., Hordijk, W., &
Gascuel, O. (2010). New algorithms and methods to estimate max‐
imum‐likelihood phylogenies: Assessing the performance of PhyML
3.0. Systematic Biology, 59(3), 307–321. https
://doi.org/10.1093/
sysbio/syq010
Guivier, E., Galan, M., Chaval, Y., XuÉReb, A., Ribas Salvador, A., Poulle,
M. L., … Cosson, J. F. (2011). Landscape genetics highlights the
role of bank vole metapopulation dynamics in the epidemiology of
Puumala hantavirus. Molecular Ecology, 20(17), 3569–3583. https://
doi.org/10.1111/j.1365-294X.2011.05199.x
Gumal, M. T. (2004). Diurnal home range and roosting trees of a mater‐
nity colony of Pteropus vampyrus natunae (Chiroptera: Pteropodidae)
in Sedilu, Sarawak. Journal of Tropical Ecology, 20(3), 247–258.
Hahn, M. B., Epstein, J. H., Gurley, E. S., Islam, M. S., Luby, S. P., Daszak,
P., & Patz, J. A. (2014). Roosting behaviour and habitat selection
of Pteropus giganteus reveal potential links to Nipah virus epide‐
miology. Journal of Applied Ecology, 51(2), 376–387. https
://doi.
org/10.1111/1365-2664.12212
Halpin, K., Hyatt, A. D., Fogarty, R., Middleton, D., Bingham, J.,
Epstein, J. H., … Daszak, P. (2011). Pteropid bats are confirmed
as the reservoir hosts of henipaviruses: A comprehensive experi‐
mental study of virus transmission. The American Journal of Tropical
Medicine and Hygiene, 85(5), 946–951. https
://doi.org/10.4269/
ajtmh.2011.10-0567
Hardy, O. J., & Vekemans, X. (2002). SPAGeDi: A versatile computer
program to analyse spatial genetic structure at the individual or

OLIVAL et al.

population levels. Molecular Ecology Notes, 2, 618–620. https://doi.
org/10.1046/j.1471-8286.2002.00305.x
Hulva, P., Horáček, I., Strelkov, P. P., & Benda, P. (2004). Molecular ar‐
chitecture of Pipistrellus pipistrellus/Pipistrellus pygmaeus com‐
plex (Chiroptera: Vespertilionidae): Further cryptic species and
Mediterranean origin of the divergence. Molecular Phylogenetics
and Evolution, 32(3), 1023–1035. https
://doi.org/10.1016/j.
ympev.2004.04.007
Jones, K. E., Patel, N. G., Levy, M. A., Storeygard, A., Balk, D., Gittleman,
J. L., & Daszak, P. (2008). Global trends in emerging infectious dis‐
eases. Nature, 451(7181), 990–993.
Kearse, M., Moir, R., Wilson, A., Stones‐Havas, S., Cheung, M., Sturrock,
S., … Drummond, A. (2012). Geneious basic: An integrated and ex‐
tendable desktop software platform for the organization and analy‐
sis of sequence data. Bioinformatics, 28(12), 1647–1649. https://doi.
org/10.1093/bioinformatics/bts199
Khan, M. S. U., Hossain, J., Gurley, E., Nahar, N., Sultana, R., & Luby, S. P.
(2010). Use of infrared camera to understand bats’ access to date palm
sap: Implications for preventing Nipah virus transmission. EcoHealth,
7(4), 517–525. https://doi.org/10.1007/s10393-010-0366-2
Kopelman, N. M., Mayzel, J., Jakobsson, M., Rosenberg, N. A., &
Mayrose, I. (2015). Clumpak: A program for identifying cluster‐
ing modes and packaging population structure inferences across
K. Molecular Ecology Resources, 15(5), 1179–1191. https
://doi.
org/10.1111/1755-0998.12387
Koressaar, T., & Remm, M. (2007). Enhancements and modifications of
primer design program Primer3. Bioinformatics, 23(10), 1289–1291.
https://doi.org/10.1093/bioinformatics/btm091
Lee, J. S., Ruell, E. W., Boydston, E. E., Lyren, L. M., Alonso, R. S.,
Troyer, J. L., … VandeWoude, S. U. E. (2012). Gene flow and patho‐
gen transmission among bobcats (Lynx rufus) in a fragmented
urban landscape. Molecular Ecology, 21(7), 1617–1631. https://doi.
org/10.1111/j.1365-294X.2012.05493.x
Lekagul, B., & McNeely, J. A. (1988). Mammals of Thailand. Bangkok,
Thailand: White Lotus Press.
Lo Presti, A., Cella, E., Giovanetti, M., Lai, A., Angeletti, S., Zehender, G.,
& Ciccozzi, M. (2016). Origin and evolution of Nipah virus. Journal
of Medical Virology, 88(3), 380–388. https
://doi.org/10.1002/
jmv.24345
Luby, S. P. (2013). The pandemic potential of Nipah virus. Antiviral Research,
100(1), 38–43. https://doi.org/10.1016/j.antiviral.2013.07.011
Luby, S., & Gurley, E. (2015). Epidemiology of Henipaviruses. In P.
Shapshak, J. T. Sinnott, C. Somboonwit, & J. H. Kuhn (Eds.), Global
virology I – Identifying and investigating viral diseases (pp. 55–71). New
York, NY: Springer.
Luby, S. P., Hossain, M. J., Gurley, E. S., Ahmed, B.‐N., Banu, S., Khan, S.
U., … Rahman, M. (2009). Recurrent zoonotic transmission of Nipah
virus into humans, Bangladesh, 2001–2007. Emerging Infectious
Diseases, 15(8), 1229. https://doi.org/10.3201/eid150 8.081237
McIlwee, A. P., & Martin, L. (2002). On the intrinsic capacity for increase
of Australian flying‐foxes (Pteropus spp., Megachiroptera). Australian
Zoologist, 32(1), 76–100. https://doi.org/10.7882/AZ.2002.008
Miller, M. A., Pfeiffer, W., & Schwartz, T. (2010). Creating the CIPRES
Science Gateway for inference of large phylogenetic trees. Proceedings
of the Gateway Computing Environments Workshop (GCE), 14 Nov.
2010, New Orleans, LA, 1–8.
Mire, C. E., Satterfield, B. A., Geisbert, J. B., Agans, K. N., Borisevich,
V., Yan, L. Y., … Geisbert, T. W. (2016). Pathogenic differences be‐
tween Nipah virus Bangladesh and Malaysia strains in primates:
Implications for antibody therapy. Scientific Reports, 6, 30916. https
://doi.org/10.1038/srep30916
Mlíkovsky, J. (2012). Correct name for the Indian flying fox (Pteropodidae).
Vespertilio, 16, 203–204.
Molur, S., Marimuthu, G., Srinivasulu, C., Mistry, S., Hutson, A. M., Bates,
P. J., … Binu Priya, A. R. (2002). Status of South Asian Chiroptera:

OLIVAL et al.

Conservation Assessment and Management Plan (C.A.M.P.) workshop
report, 2002. Coimbatore, India: Zoo Outreach Organisation, CBSG
South Asia and WILD.
Nesi, N., Nakouné, E., Cruaud, C., & Hassanin, A. (2011). DNA bar‐
coding of African fruit bats (Mammalia, Pteropodidae). The mito‐
chondrial genome does not provide a reliable discrimination be‐
tween Epomophorus gambianus and Micropteropus pusillus. Comptes
Rendus Biologies, 334(7), 544–554. https
://doi.org/10.1016/j.
crvi.2011.05.003
Nikolay, B., Salje, H., Hossain, M. J., Khan, A. K. M. D., Sazzad, H. M.
S., Rahman, M., … Gurley, E. S. (2019). Transmission of Nipah Virus
— 14 years of investigations in Bangladesh. New England Journal of
Medicine, 380(19), 1804–1814. https
://doi.org/10.1056/NEJMo
a1805376
Nunn, C. L., Jordán, F., McCabe, C. M., Verdolin, J. L., & Fewell, J. H. (2015).
Infectious disease and group size: More than just a numbers game.
Philosophical Transactions of the Royal Society B: Biological Sciences,
370(1669), 20140111. https://doi.org/10.1098/rstb.2014.0111
O'Brien, J., Mariani, C., Olson, L., Russell, A. L., Say, L., Yoder, A. D., &
Hayden, T. J. (2009). Multiple colonisations of the western Indian
Ocean by Pteropus fruit bats (Megachiroptera: Pteropodidae):
The furthest islands were colonised first. Molecular Phylogenetics
and Evolution,
51(2),
294–303.
https
://doi.org/10.1016/j.
ympev.2009.02.010
O'Brien, J., McCracken, G., Say, L., & Hayden, T. (2007). Rodrigues fruit
bats (Pteropus rodricensis, Megachiroptera: Pteropodidae) retain
genetic diversity despite population declines and founder events.
Conservation Genetics, 8(5), 1073–1082. https
://doi.org/10.1007/
s10592-006-9263-1
Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn,
D., … Wagner, H. (2019). vegan: Community ecology package. R pack‐
age version 2.5‐6. Retrieved from https
://CRAN.R-proje
c t.org/
package=vegan
Olival, K. J., Dick, C., Simmons, N., Morales, J., Melnick, D., Dittmar, K.,
… & DeSalle, R. (2013). Lack of population genetic structure and
host specificity in the bat fly, Cyclopodia horsfieldi, across species of
Pteropus bats in Southeast Asia. Parasites & Vectors, 6, 1–18.
Olival, K. J., Hosseini, P. R., Zambrana‐Torrelio, C., Ross, N., Bogich, T.
L., & Daszak, P. (2017). Host and viral traits predict zoonotic spill‐
over from mammals. Nature, 546(7660), 646–650. https
://doi.
org/10.1038/nature22975
Peel, A. J., Sargan, D. R., Baker, K. S., Hayman, D. T. S., Barr, J. A., Crameri,
G., … Cunningham, A. A. (2013). Continent‐wide panmixia of an
African fruit bat facilitates transmission of potentially zoonotic vi‐
ruses. Nature Communications, 4, 2770. https
://doi.org/10.1038/
ncomms3770
Perera, N., Kourampas, N., Simpson, I. A., Deraniyagala, S. U., Bulbeck,
D., Kamminga, J., … Oliveira, N. V. (2011). People of the ancient rain‐
forest: Late Pleistocene foragers at the Batadomba‐lena rockshelter,
Sri Lanka. Journal of Human Evolution, 61(3), 254–269. https://doi.
org/10.1016/j.jhevol.2011.04.001
Petit, E., Excoffier, L., & Mayer, F. (1999). No evidence of bottleneck in the
postglacial recolonization of Europe by the noctule bat (Nyctalus noctula). Evolution, 53(4), 1247–1258. https://doi.org/10.2307/2640827
Plowright, R. K., Field, H. E., Smith, C., Divljan, A., Palmer, C., Tabor, G.,
… Foley, J. E. (2008). Reproduction and nutritional stress are risk
factors for Hendra virus infection in little red flying foxes (Pteropus
scapulatus). Proceedings of the Royal Society B: Biological Sciences,
275(1636), 861–869. https://doi.org/10.1098/rspb.2007.1260
Plowright, R. K., Foley, P., Field, H. E., Dobson, A. P., Foley, J. E., Eby, P., &
Daszak, P. (2011). Urban habituation, ecological connectivity and ep‐
idemic dampening: The emergence of Hendra virus from flying foxes
(Pteropus spp.). Proceedings of the Royal Society of London B: Biological
Sciences, 278(1725), 3703–3712.

|

15

Posada, D. (2008). jModelTest: Phylogenetic model averaging. Molecular
Biology and Evolution, 25(7), 1253–1256. https
://doi.org/10.1093/
molbev/msn083
R Core Team (2019). R: A language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing.
Rahman, S. A., Hassan, S. S., Olival, K. J., Mohamed, M., Chang, L.‐Y.,
Hassan, L., … Daszak, P. (2010). Characterization of Nipah virus
from naturally infected Pteropus vampyrus bats, Malaysia. Emerging
Infectious Disease Journal, 16(12), 1990. https
://doi.org/10.3201/
eid1612.091790
Rambaut, A., Suchard, M. A., Xie, D., & Drummond, A. J. (2014). Tracer
v1.6. Retrieved from http://beast.bio.ed.ac.uk/Tracer
Roberts, P., Delson, E., Miracle, P., Ditchfield, P., Roberts, R. G., Jacobs,
Z., … Petraglia, M. D. (2014). Continuity of mammalian fauna over the
last 200,000 y in the Indian subcontinent. Proceedings of the National
Academy of Sciences of the United States of America, 111(16), 5848–
5853. https://doi.org/10.1073/pnas.1323465111
Rodríguez‐Nevado, C., Lam, T.‐ T.‐Y., Holmes, E. C., & Pagán, I. (2018). The
impact of host genetic diversity on virus evolution and emergence.
Ecology Letters, 21(2), 253–263. https://doi.org/10.1111/ele.12890
Ronquist, F., & Huelsenbeck, J. P. (2003). MrBayes 3: Bayesian phylo‐
genetic inference under mixed models. Bioinformatics, 19(12), 1572–
1574. https://doi.org/10.1093/bioinformatics/btg180
Rousset, F. (2008). GENEPOP ' 007: A complete re‐implemen‐
tation of the GENEPOP software for Windows and Linux.
Molecular Ecology Resources,
8(1),
103–106.
https
://doi.
org/10.1111/j.1471-8286.2007.01931.x
Ruedi, M., & Mayer, F. (2001). Molecular systematics of bats of the genus
Myotis (Vespertilionidae) suggests deterministic ecomorphological
convergences. Molecular Phylogenetics and Evolution, 21(3), 436–448.
https://doi.org/10.1006/mpev.2001.1017
Schiffels, S., & Durbin, R. (2014). Inferring human population size and
separation history from multiple genome sequences. Nature Genetics,
46(8), 919–925. https://doi.org/10.1038/ng.3015
Simmons, N. B. (2005). Genus Pteropus. In D. E. Wilson & D. M. Reeder
(Eds.), Mammal species of the world: A taxonomic and geographic
reference (3rd ed., pp. 334–346). Baltimore, MD: Johns Hopkins
University Press.
Storz, J. F. (2000). Variation at tri‐ and tetranucleotide repeat mi‐
crosatellite loci in the fruit bat genus Cynopterus (Chiroptera:
Pteropodidae). Molecular Ecology, 9(12), 2199–2201. https
://doi.
org/10.1046/j.1365-294X.2000.105324.x
Streicker, D. G., Winternitz, J. C., Satterfield, D. A., Condori‐Condori,
R. E., Broos, A., Tello, C., … Valderrama, W. (2016). Host–pathogen
evolutionary signatures reveal dynamics and future invasions of
vampire bat rabies. Proceedings of the National Academy of Sciences
of the United States of America, 113(39), 10926–10931. https://doi.
org/10.1073/pnas.1606587113
Swofford, D. L. (1998). PAUP*. Phylogenetic analysis using parsimony,
(*and other methods), version 4 (Version 4). Sunderland, MA: Sinauer
Associates.
Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., & Kumar, S.
(2011). MEGA5: Molecular evolutionary genetics analysis using max‐
imum likelihood, evolutionary distance, and maximum parsimony
methods. Molecular Biology and Evolution, 28, 2731–2739. https://doi.
org/10.1093/molbev/msr121
Turmelle, A. S., & Olival, K. J. (2009). Correlates of viral richness in
bats (Order Chiroptera). EcoHealth, 6(4), 522–539. https
://doi.
org/10.1007/s10393-009-0263-8
Van Oosterhout, C., Hutchinson, W. F., Wills, D. P. M., & Shipley, P.
(2004). MICRO‐CHECKER: Software for identifying and correcting
genotyping errors in microsatellite data. Molecular Ecology Notes,
4(3), 535–538. https://doi.org/10.1111/j.1471-8286.2004.00684.x

16

|

Vigant, F., & Lee, B. (2011). Hendra and Nipah infection: Pathology, mod‐
els and potential therapies. Infectious Disorders – Drug Target, 11(3),
315–336.
Wacharapluesadee, S., & Hemachudha, T. (2007). Duplex nested RT‐
PCR for detection of Nipah virus RNA from urine specimens of
bats. Journal of Virological Methods, 141(1), 97–101. https
://doi.
org/10.1016/j.jviromet.2006.11.023
Wacharapluesadee, S., Ngamprasertwong, T., Kaewpom, T., Kattong, P.,
Rodpan, A., Wanghongsa, S., & Hemachudha, T. (2013). Genetic char‐
acterization of Nipah virus from Thai fruit bats (Pteropus lylei). Asian
Biomedicine, 7(6), 813–819.
Webb, N. J., & Tidemann, C. R. (1995). Hybridization between black
(Pteropus alecto) and grey‐headed (P. poliocephalus) flying‐foxes
(Megachiroptera: Pteropodidae). Australian Mammalogy, 18, 19–26.
Wilder, A. P., Kunz, T. H., & Sorenson, M. D. (2015). Population genetic
structure of a common host predicts the spread of white‐nose syn‐
drome, an emerging infectious disease in bats. Molecular Ecology,
24(22), 5495–5506. https://doi.org/10.1111/mec.13396
Wong, K. T., & Tan, C. T. (2012). Clinical and pathological manifesta‐
tions of human Henipavirus infection. In B. Lee & P. A. Rota (Eds.),

OLIVAL et al.

Henipavirus: Ecology, molecular virology, and pathogenesis (Vol. 359,
pp. 95–104). Berlin, Germany: Springer‐Verlag Berlin.

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Olival KJ, Latinne A, Islam A, et al.
Population genetics of fruit bat reservoir informs the
dynamics, distribution and diversity of Nipah virus. Mol Ecol.
2019;00:1–16. https://doi.org/10.1111/mec.15288

