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Abstract: Bats are important reservoir hosts of emerging viruses. Recent viral outbreaks and pan-
demics have resulted in an increased research focus on the genetic diversity, population structure,
and distribution of bat species. Lyle’s flying fox (Pteropus lylei) is widely distributed throughout
central Thailand, with most colonies congregating in temples within proximity to humans. A lack
of knowledge regarding the genetic connectivity among different colonies hinders the investigation
of zoonotic disease epidemiology and wildlife management. In this study, we hypothesized that
genetic material may be exchanged between Lyle’s flying fox colonies that live in proximity. We
assessed the mitochondrial displacement loop and cytochrome b nucleotide sequences of samples
collected from 94 individuals from ten colonies across different roosting sites and detected limited
genetic differentiation but increased nucleotide divergence within colonies. This suggests that genetic
connectivity among Lyle’s flying fox colonies has experienced frequent and recent gene flow. These
findings indicate that this species has maintained demographic equilibrium in a stable population,
with a slight expansion event in certain populations. These data provide insights into the dynamics
of bat populations, and the genetic knowledge gained presents opportunities for the improved
monitoring of bat population structure.

Keywords: bat; population structure; temple; gene flow; diversity

1. Introduction

Natural systems provide numerous ecological services necessary to sustain life. Ecosys-
tem changes resulting from the growing global human population has led to the increased
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emergence of infectious diseases, such as COVID-19, and loss of biodiversity and frag-
mentation of habitats [1–3]. This progressing urbanization has resulted in the loss of
ecosystems, thereby increasing disease and health risks in several species [1,4]. Globally,
the majority of infectious diseases in humans are zoonotic, with 70% being wildlife-derived
zoonotic diseases, a proportion which continues to increase [5–7]. Subsistence bush-meat
consumption, wildlife farming, and trade bring people into contact with diverse wildlife
and novel pathogens.

Approximately 1400 bat species have been identified globally that are classified into
the suborders Megachiroptera and Microchiroptera [8,9]. Bats constitute the second largest
group of mammalian species and have been documented as the natural hosts of numerous
diverse viruses that cause diseases, including rabies, Nipah, Hendra virus infections, and
Marburg virus disease [10]. Bat-borne zoonotic pathogens have gained notoriety as a
leading factor contributing in the emergence of diseases transmitted directly from bats
to humans or via intermediate livestock, companion animal hosts, or parasites, which
may lead to epidemics [11]. Bats are predisposed to the acquisition and maintenance
of viruses due to the large size of their social groups [11]. Several novel coronaviruses,
which have caused various outbreaks of human diseases such as severe acute respiratory
syndrome (SARS), Middle East respiratory syndrome (MERS), and severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), have been discovered in a wide variety of bat
species [12]. Virus shedding and transmission between populations and species have
been reported during the peripartum period from the mothers in the whole colony [13].
Therefore, understanding their genetic connectivity and the transmission of viruses within
the population is of high priority with regards to pandemic preparedness [14]. Despite
the potentially serious consequences of epidemics caused by bat-derived viruses, current
understanding of the biology and distribution of the bat reservoir population is inadequate.

Flying fox bats (Pteropus, Pteropodidae, Megachiroptera) are widely distributed in the
tropical forests of south Asia, southeast Asia, Australia, and east Africa. All flying foxes feed
primarily on a combination of fruit, nectar, and pollen [15]. The genus Pteropus comprises
65 species of flying fox and is by far the largest genus in the family Pteropodidae [16,17].
From 1998 to 1999, in Malaysia and Singapore, Pteropus spp. was a reservoir for the Nipah
virus, which is a zoonotic paramyxovirus identified as the cause of an encephalitis outbreak
in humans [18]. Lyle’s flying fox (Pteropus lylei) is largely distributed throughout Cambodia,
Thailand, and Vietnam, and each colony is composed of 100 to 1000 individuals [19]. Lyle’s
flying fox remains relatively conspicuous in some areas; however, most current populations
are only a fraction of their former size [15] owing to their rapid decline due to human
activities [20]. These bats are frequently sold as a luxury food item in commercial trade,
hunted for sport and food, or killed by farmers to protect their orchards. Such activities can
facilitate human exposure to zoonotic pathogens [21]. In Thailand, Lyle’s flying fox has been
frequently observed near temples. At least 30 colonies of Lyle’s flying fox were located in
16 regions: Phranakhonsiayutthaya, Angthong, Bangkok, Chainat, Kanchanaburi, Nakhon-
pathom, Nakhonnayok, Saraburi, Singburi, Samutprakan, Samutsongkham, Suphanburi,
Sakaeo, Chonburi, Chachoengsao, and Prachinburi [22–24]. In Thailand, the largest known
colony comprises approximately 8000 individuals, and the total population is estimated at
75,000 [22]. Lyle’s flying fox populations are known to migrate between sites that are 2.2 km
to 23.6 km apart [25]. However, the genetic connectivity between the colonies, which is
a crucial part of zoonotic epidemiology and wildlife management [26], has not yet been
comprehensively researched [25,27].

Hypothetically, there is evidence of exchange of genetic materials between individuals
of different colonies and gene flow distribution of bat dispersal throughout the country.
Therefore, we examined the genetic diversity and population structure of ten colonies of
Lyle’s flying fox using mitochondrial displacement loop (D-loop) and cytochrome b (Cytb)
nucleotide sequence analyses to facilitate an understanding of the genetic connectivity
among the populations. The mitochondrial D-loop and Cytb sequences are widely used to
study bat genetic diversity under different mutation rates [28,29]. Both D-loop and Cytb
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regions exhibit high levels of variability and a supposed neutral mode of evolution, thereby
reflecting demographic effects [30,31]. Understanding the genetic distribution and popu-
lation characteristics of wild bats in relation to several potential zoonotic pathogens can
optimize the management of the biological needs of bats and their habitats and, ultimately,
ensure the health of humans, livestock, and wildlife species.

2. Materials and Methods
2.1. Specimen Collection and DNA Extraction

All experimental procedures followed protocols that were approved by the Depart-
ment of National Parks, Wildlife and Plant Conservation, Thailand (No. 0909.204/2686)
and the Chulalongkorn University Animal Care and Use Committee, Bangkok, Thailand
(Animal Use Protocol No. 1473001). We collected samples from the roosting sites of Lyle’s
flying fox (P. lylei) across central Thailand via several visits between March and June 2014.
In total, 94 individuals from ten colonies were captured after 16:00 pm using mist nets.
The blood samples were previously studied [32] for genetic relationships among Lyle’s
flying fox individuals; however, we performed all molecular experiments with new blood
samples in the present study. The bats were kept in soft cloth bags and released after
body measurement and blood sample collection. Detailed information on the sampled
individuals is presented in Table 1. Immediately following capture, the forearm, hindfoot,
ear, head, and body of the bats were measured, and the species were identified using a
specific field guide [33]. Individuals were classified as Lyle’s flying fox based on their
morphology, behavior, and habitat [15,34,35]. Blood specimens were collected from a blood
vessel around the wing base using a 24-gauge needle attached to a 2 mL disposable syringe.
For the DNA extraction, a spot of blood was placed on an FTA filter paper (Whatman
Asia Pacific Pte. Ltd., Singapore) and allowed to air dry [36], and the filter paper was
placed in a Ziploc bag containing a desiccant and maintained at 25 ◦C. Multiple spots
of blood were collected on filter paper for each bat, and a different spot from each bat
was used for duplicate experiments. Total genomic DNA was extracted in accordance
with the standard salting-out protocol, as described previously [37]. Each blood sample
was evaluated by gel electrophoresis, and DNA concentration and quality were measured
using NanoDrop™ 2000 (Thermo Fisher Scientific, Waltham, MA, USA) for the presence of
high-molecular-weight DNA, and samples were stored at −20 ◦C until DNA analysis.

Table 1. Sampled populations of Lyle’s flying fox (Pteropus lylei) at roosting sites in central Thailand
(Duengkae et al., 2015) [24,32].

No. Roosting
Site Code Province of Roosting Site Geographic

Coordinates
Number of
Individuals

Sampled
mt D-Loop GenBank
Accession Number

mt Cytochrome b
GenBank

Accession Number

1 AY1 WatKhanontai: Ayutthaya 14◦17′24.0′′ N
100◦36′36.0′′ E 10 LC579448–LC579457 LC580006–LC580016

2 AY2 WatThasung: Ayutthaya 14◦09′00.0′′ N
100◦30′00.0′′ E 10 LC579458–LC579467 LC580017–LC580026

3 AT1 WatChantraram: Angthong 14◦40′12.0′′ N
100◦22′48.0′′ E 10 LC579468–LC579477 LC580027–LC580036

4 AY3 WatTanen: Ayutthaya 14◦31′12.0′′ N
100◦33′36.0′′ E 10 LC579478–LC579487 LC580037–LC580046

5 SB1 WatMongkonteeparam: Saraburi 14◦20′24.0′′ N
100◦52′12.0′′ E 10 LC579488–LC579497 LC580047–LC580056

6 PBR1 WatThewabut: Prachinburi 14◦03′36.0′′ N
101◦21′00.0′′ E 10 LC579498–LC579507 LC580057–LC580066

7 PBR2 WatBangkrabao: Prachinburi 13◦58′12.0′′ N
101◦12′00.0′′ E 9 LC579508–LC579516 LC580067–LC580075

8 CH1 Education Center: Chonburi 13◦20′24.0′′ N
100◦56′24.0′′ E 10 LC579517–LC579526 LC580076–LC580085

9 CH2 WatLuangphrommawat: Chonburi 13◦30′00.0′′ N
101◦10′12.0′′ E 8 LC579527–LC579534 LC580086–LC580093

10 CHS2 WatPhobangkla: Chachoengsao 13◦43′12.0′′ N
101◦12′00.0′′ E 7 LC579535–LC579541 LC580094–LC580099
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2.2. Mitochondrial D-Loop and Cytb Sequencing

Mitochondrial displacement loop (mt D-loop) and cytochrome b (mt Cytb) nucleotide
sequences were selected as candidate regions to evaluate the genetic variability among
Lyle’s flying fox individuals, as described previously [28]. The mt D-loop fragments were
amplified using the primers RodmtU (5′-GCTGAGGTTCTACTTAAACT3-3′) and RodmtL
(5′-GAGATGTCTTATTTAAGGGG-3′), whereas the mt Cytb fragments were amplified
using the primers L14724 (5′-CGAAGCTTGATATGAAAAACCATCGTTG-3′) and H15915R
(5′-GGAATTCATCTCTCCGGTTTACAAGAC-3′) [28]. PCR amplification was performed
using 25 µL of 1 × PCR Gold Buffer (Applied Biosystems, Carlsbad, CA, USA), 2.5 mM
MgCl2, 0.8 mM dNTPs, 5.0 µM of each primer (Integrated DNA Technologies, Coralville, IA,
USA), 0.125 U AmpliTaq Gold (Applied Biosystems), and 25 ng of genomic DNA. The PCR
conditions were as follows: initial denaturation at 98 ◦C for 1 min, followed by 30 cycles of
98 ◦C for 10 s, 50 ◦C for 30 s, 72 ◦C for 45 s, and a final extension of 72 ◦C for 10 min. The
PCR products were detected using 1% agarose gel electrophoresis. Nucleotide sequences of
the DNA fragments were obtained using the Sanger DNA sequencing services of First BASE
Laboratories Sdn Bhd (Seri Kembangan, Selangor, Malaysia). The BLASTn (Nucleotide
Basic Local Alignment Search Tool) program (http://blast.ncbi.nlm.nih.gov/Blast.cgi,
accessed on 18 January 2022) was used to confirm sequence identity against the nucleotide
sequences in the National Centre for Biotechnology Information (NCBI) database. All
sequences were deposited in the DNA Data Bank of Japan (Table S1).

2.3. Genetic Diversity and Population Structure

Multiple sequence alignment was performed for 94 sequences for each of the mt
D-loop and Cytb data sets, all unalignable, gap-containing sites, estimates of haplotype (h)
and nucleotide (π) diversity, number of haplotypes, and average number of nucleotide
differences using a previous study method, as previously described by Wongtienchai et al.,
2021 [4].

Bayesian analysis was performed to estimate the migration rate and effective pop-
ulation size based on the coalescent theory using the mt D-loop and Cytb data sets with
the MIGRATE-N software version 4.4.3 (Tallahassee, FL, USA) [38]. Uniform prior dis-
tributions were used as the basic DNA sequence model. For the Markov chain Monte
Carlo (MCMC) procedure, 5000 steps were recorded for every 100 generations. The first
100,000 generations were discarded as burn-in. Parameters estimated from the genetic data
included mutation-scaled immigration rate (M), mutation-scaled population size (θ), and
the number of effective migrants per generation (Nm, calculated as θM/2) [39].

The genetic structure of each colony data set was examined in relation to their geographic lo-
cation using a previous study method, as previously described by Ariyaraphong et al., 2021 [40].

2.4. Demographic History

The statistical parsimony network of the consensus sequences and demographic
history were determined using the statistical test of neutrality, as previously described by
Wongtienchai et al., 2021 [4].

Bayesian coalescent-based methods were then performed to evaluate the historical
demographic fluctuations using a previous study method, as previously described by
Ariyaraphong et al., 2021 [39]. For the mean substitution rate, the prior was set as a log-
normal distribution with a mean of 5.17% per million years and a standard deviation of
5.00% per million years to match the rate estimated from fossil data [41,42].

3. Results
3.1. Haplotype Diversity and Population Structure

The amplicon and alignment length of the mt D-loop and mt Cytb sequences were
550 bp and 430 bp and 1299 bp and 1110 bp, respectively. The number of haplotypes for
the mt D-loop and mt Cytb data set was 13 and 29, respectively. Overall haplotype and
nucleotide diversities for the mt D-loop sequences were 0.727 ± 0.034 and 0.017 ± 0.010

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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(Table 2) and, for the mt Cytb sequences, 0.944 ± 0.010 and 0.006 ± 0.003 (Table 3). A com-
plex haplotype network was constructed from the large number of detected polymorphic
sites and haplotypes (Figure 1). Haplotype networks for the mt D-loop and mt Cytb data
sets exhibited a star-shaped topology (Figure 1), with the most common haplotype (DL2)
of the mt D-loop being from the AY1 colony. Eight haplotypes (DL1, DL2, DL3, DL4, DL5,
DL6, DL7, and DL8) were shared among one of the AY1, AY2, AY3, AT1, SB1, PBR1, PBR2,
CH1, CH2, or CHS1 colonies (Table 1). The most common haplotype (CL10) of the mt Cytb
was from the AY1 colony. Fifteen haplotypes (CL1, CL2, CL3, CL4, CL5, CL6, CL7, CL8,
CL9, CL10, CL11, CL12, CL13, CL14, and CL15) were shared in one of the AY1, AY2, AY3,
AT1, SB1, PBR1, PBR2, CH1, CH2, or CHS1 colonies.

Table 2. Mitochondrial D-loop sequence diversity for Lyle’s flying fox (Pteropus lylei) in all
sampled colonies.

Colony Sample Size Number of
Haplotypes (H)

Haplotype
Diversity (h)

Nucleotide
Diversity (π)

Theta (Per Site)
from S

Average Number
of Nucleotide

Differences (k)

AY1 10 7.000 0.867 ± 0.107 0.011 ± 0.008 0.011 2.089
AY2 10 10.000 1.000 ± 0.045 0.013 ± 0.009 0.035 15.889
AT1 10 10.000 1.000 ± 0.045 0.012 ± 0.008 0.046 17.222
AY3 10 9.000 0.978 ± 0.054 0.021 ± 0.013 0.044 14.600
SB1 10 10.000 1.000 ± 0.045 0.022 ± 0.014 0.049 15.889

PBR1 10 10.000 1.000 ± 0.045 0.010 ± 0.007 0.044 15.667
PBR2 9 9.000 1.000 ± 0.045 0.020 ± 0.013 0.049 19.917
CH1 10 10.000 1.000 ± 0.045 0.019 ± 0.012 0.048 15.889
CH2 8 8.000 1.000 ± 0.045 0.026 ± 0.016 0.052 20.107

CHS2 7 6.000 0.952 ± 0.096 0.021 ± 0.014 0.045 19.619
All colonies 94 12.000 0.727 ± 0.034 0.017 ± 0.010 0.025 1.376

Table 3. Cytochrome b sequence diversity for Lyle’s flying fox (Pteropus lylei) in all sampled colonies.

Colony Sample Size Number of
Haplotypes (H)

Haplotype
Diversity (h)

Nucleotide
Diversity (π)

Theta (Per Site)
from S

Average Number
of Nucleotide

Differences (k)

AY1 10 9.000 0.978 ± 0.054 0.006 ± 0.003 0.008 6.778
AY2 10 7.000 0.933 ± 0.062 0.007 ± 0.004 0.007 7.556
AT1 10 10.000 1.000 ± 0.045 0.006 ± 0.003 0.009 7.222
AY3 10 8.000 0.933 ± 0.077 0.005 ± 0.003 0.007 5.022
SB1 10 6.000 0.844 ± 0.103 0.006 ± 0.003 0.005 6.156

PBR1 10 6.000 0.911 ± 0.077 0.006 ± 0.003 0.006 6.244
PBR2 9 6.000 0.917 ± 0.073 0.006 ± 0.004 0.006 6.944
CH1 10 9.000 0.978 ± 0.054 0.007 ± 0.004 0.010 8.244
CH2 8 6.000 0.893 ± 0.111 0.006 ± 0.004 0.008 7.000

CHS2 7 6.000 0.952 ± 0.096 0.007 ± 0.004 0.007 7.905
All colonies 94 32.000 0.944 ± 0.010 0.006 ± 0.003 0.011 7.034

To examine the genetic differentiation between the ten colonies, we calculated FST,
GST, ΦST, Nm, Dxy, and Da, which ranged from −0.024 to 0.013, −0.017 to 0.047, 0.010 to
0.066, −8.39 to 13.81, 0.006 to 0.018, and −0.001 to 0.002, respectively, for the mt D-loop
and mt Cytb sequences (Tables S2 and S3). The MIGRATE-N were independent runs
for each mt D-loop and Cytb sequence. The posterior distributions for each parameter
were also well defined (Table S4), thus, facilitating the generation of point estimates and
credibility intervals for each parameter. Gene flow estimates were high among all the
colonies. The Mantel tests revealed negative correlations between genetic divergence
and geographic distance, which demonstrated no spatial genetic patterns with regard to
landscape discontinuities from isolation by distance (Tables S2 and S3). The LSI analyses
revealed genetic differences, thus, indicating genetically divergent areas for the ten colonies
(Figure 2). Relatively high nucleotide diversities were detected in the colonies AY1, AY2,
and SB1 (Figure 2). The LSI plots demonstrate a strong correlation between the urban
location and high genetic distances, thereby indicating that the genetic distances were
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greatest between individuals in populations located in areas around temples in urban and
highway settings (Figure 2).

3.2. Demography of the Ten Bat Colonies

Five neutrality tests were used to observe historical population expansion of the
sampled populations. Tajima’s D values were non-significant and ranged from −1.695
(p < 0.05) to 1.410 (p = 0.919; the Fu and Li’s F* values were non-significant and ranged from
−2.171 (p = 0.186) to 0.740 (p = 0.675); the Fu and Li’s D* values were non-significant and
ranged from −2.388 (p = 0.255) to 0.638 (p = 0.638); and the Ramos-Onsins and Rozas’s R2
values ranged from 0.097 to 0.198 for the mt D-loop and mt Cytb sequences (Tables 4 and 5).
The mismatch distribution analysis indicated a multimodal distribution for mt D-loop
and mt Cytb sequences, which suggests that Lyle’s flying fox has undergone demographic
equilibrium or has a stable population. The raggedness index values ranged from 0.025
(p = 1.000) to 0.686 (p < 0.05). Bayesian skyline plots based on the mt D-loop and mt Cytb
sequences detected a slight population expansion event for Lyle’s flying fox (Figure S1). We
observed that the population size of Lyle’s flying fox remained constant over a long period
of time; however, the population began to expand between 1980 and 1990 (Figure S1).

Figure 1. Haplotype network based on nucleotide sequence data for (a) mt D-loop and (b) mt Cytb
of 94 sampled individuals of Lyle’s flying fox (Pteropus lylei). Colors correspond to the ten colonies,
and each circle represents a unique DNA sequence (haplotype). Numbers of individuals possessing
each haplotype are indicated by different colors inside the circles. Haplotype map of Lyle’s flying fox
(Pteropus lylei) for (c) mt D-loop and (d) mt Cytb for 12 and 32 haplotypes identified for the mt D-loop
and mt Cytb sequences.
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Figure 2. Analyses of the Pteropus lylei data set. (a) Geographic distribution of the ten P. lylei colonies
and (b) geographic distribution of temples in Thailand. Genetic landscape interpolation plots for
(c) mt D-loop and (d) mt Cytb, depicting areas with high or low genetic differentiation based on
geographic coordinates.
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Table 4. Neutrality tests of the D-loop sequence for Lyle’s flying fox (Pteropus lylei) from ten colonies.

Colony Tajima D Fu D* Fu F* Fu’s Fs
Ewens–

Watterson Test
Chakraborty’s

Test
Ramos-Onsins

and Rozas
Raggedness

Index

AY1 1.410 ns 0.638 ns 0.740 ns 1.900 ns 0.187 ns 0.829 ns 0.198 0.601 *
AY2 0.154 ns 0.245 ns 0.304 ns −0.385 ns 0.689 ns 0.611 ns 0.160 0.304 ns

AT1 0.780 ns −0.559 ns −0.632 ns 0.713 ns 0.498 ns 0.674 ns 0.114 0.530 *
AY3 −0.306 ns −0.084 ns −0.212 ns 0.765 ns 0.516 ns 0.695 ns 0.137 0.256 ns

SB1 −0.895 ns −0.030 ns −0.027 ns 0.922 ns 0.495 ns 0.695 ns 0.144 0.686 *
PBR1 0.686 ns −0.354 ns −0.350 ns 1.546 ns 0.578 ns 0.671 ns 0.131 0.507 *
PBR2 −1.042 ns −0.270 ns −0.276 ns 0.352 ns 0.854 ns 0.563 ns 0.138 0.133 ns

CH1 −0.967 ns −0.445 ns −0.516 ns 1.820 ns 0.880 ns 0.446 ns 0.123 0.453 ns

CH2 −1.084 ns −0.545 ns −0.608 ns −0.706 ns 0.655 ns 0.772 ns 0.126 0.500 *
CHS2 −0.608 ns 0.103 ns 0.121 ns 2.659 ns 0.687 ns 0.686 ns 0.167 0.456 ns

All colonies −1.213 ns −0.559 ns −1.053 ns −0.552 ns 0.830 ns 0.273 ns 0.050 0.367 ns

Significant differentiation values * p < 0.05; ns = not significant value.

Table 5. Neutrality tests of the cytochrome b sequence for Lyle’s flying fox (Pteropus lylei) from
ten colonies.

Colony Tajima D Fu D* Fu F* Fu’s Fs
Ewens–

Watterson Test
Chakraborty’s

Test
Ramos-Onsins

and Rozas
Raggedness

Index

AY1 −0.763 ns −0.864 ns −0.953 ns −0.222 ns 1.000 ns 0.364 ns 0.097 0.126 ns

AY2 0.323 ns 0.047 ns 0.099 ns 0.226 ns 0.345 ns 0.803 ns 0.155 0.076 ns

AT1 −0.697 ns −1.302 ns −1.412 ns −2.995 * 1.000 ns 0.764 ns 0.100 0.087 ns

AY3 −1.695 * −1.734 ns −1.945 ns −1.870 ns 1.000 ns 0.544 ns 0.108 0.050 ns

SB1 6.324 ns 0.156 ns 0.207 ns 0.963 ns 0.902 ns 0.525 ns 0.161 0.212 ns

PBR1 0.182 ns 0.015 ns 0.030 ns 0.920 ns 0.889 ns 0.525 ns 0.147 0.162 ns

PBR2 −0.033 ns −2.388 ns −2.171 ns 0.726 ns 0.265 ns 0.813 ns 0.156 0.052 ns

CH1 −0.918 ns −0.868 ns −0.960 ns −0.897 ns 1.000 ns 0.544 ns 0.112 0.025 ns

CH2 −0.771 ns −0.708 ns −0.802 ns 1.393 ns 1.000 ns 0.410 ns 0.132 0.199 ns

CHS2 −0.098 ns −0.081 ns −0.113 ns −0.331 ns 1.000 ns 0.767 ns 0.161 0.107 ns

All colonies −0.968 ns −2.388 ns −2.171 ns −7.573 ns 0.797 ns 0.404 ns 0.067 0.025 ns

Significant differentiation values * p < 0.05; ns = not significant value.

4. Discussion

Lyle’s flying fox is an important reservoir for certain viruses and plays an important
role in the transmission of these viruses. Thus, understanding the ecology of the species
is important for research on the emergence of infectious diseases [43,44]. Urbanization is
characterized by rapid intensification of agriculture, socioeconomic change, and ecological
fragmentation and can have profound impacts on the epidemiology of an infectious disease
through increased contact between humans and bats [45]. The noise and smell from bat
colonies, and concerns about disease transmission, often result in a conflicted relationship
with humans [46]. The foraging activities of flying foxes can damage a wide variety of
fruit crops and cause considerable economic losses that exacerbate this conflict [47]. In
Thailand, populations of Lyle’s flying fox are often observed roosting in trees on temple
grounds, where they are safe from being hunted by humans [46,47]. Several bat species are
openly hunted in Thailand; however, the Thai temples play an important role in preserving
Lyle’s flying fox population dynamics and gene flow at the landscape level, as Thai culture
discourages hunting in temples. This custom may generate the rapid expansion of each
population, ultimately resulting in large numbers of individuals per population [27].

All FST values of population pairs were less than 0.25, which suggests that genetic
differentiation had not occurred between the populations without isolation by distance.
Average GST and ΦST values were −0.003 and 0.056, respectively, which indicates that the
genetic diversity occurred predominantly within populations. This finding was consistent
with the contrasting relationship between the Dxy and Da values and suggests that, al-
though Lyle’s flying fox populations have historically diverged, gene flow is still a frequent
occurrence between populations. All tests of genetic differentiation indicated that Lyle’s
flying fox populations were not genetically differentiated from each other. Most Nm values
were infinity values, which indicates the presence of gene flow between populations. This
suggests that high gene flow between populations can slow down or prevent geographic
and genetic differentiation.
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Mitochondrial Cytb sequences indicated low Nm values between all possible pairs of
the colonies AY1, AY2, AT1, AY3, SB1, and PBR1, whereas mt D-loop sequences presented
low Nm values between most populations and PBR1. The PBR1 population was probably
geographically distant from the other populations (Figure 2), which resulted in decreased
genetic connectivity. Individuals in PBR1 may be unable to disperse to other temples due
to the human–wildlife-conflict-induced hunting. Human–wildlife conflict may explain
the heterogeneous distribution of Lyle’s flying fox by shaping the distribution of bat
populations in urban and rural areas [46–49]. However, this does not explain the fact
that the colonies in proximity, PBR1 and PBR2, still experienced minimal gene flow when
compared with that of the other colonies. A possible explanation is that, based on the
present landscape, interpolation plots, and land use (Figure 2), large agricultural areas with
few temples are likely to act as natural barriers to dispersal, in addition to the geographic
isolation of colony PBR1. A more uniform distribution of Thai temples could further
influence movements involving PBR1, where the gene flow with other populations was
relatively low but population density was high [22]. The present results demonstrate the
effect of temple distribution on Lyle’s flying fox dispersal and are supported strongly by
previous research [49]. Adams (1997) [50] asserted that Lyle’s flying fox adults may move to
other habitats to forage for food for their young, which may be the reason for the migration
of individuals from colony PBR1 to colony PBR2. Alternatively, two male adults might
compete in courtship for a female during the mating season, and the weaker male might
subsequently retreat or migrate to another colony to avoid interaction [51]. Thus, social
interactions between individuals might critically influence the genetic connectivity between
the colonies PBR1 and PBR2.

Neutrality tests for Tajima’s D [52] and Fu’s Fs [53] were conducted to examine the
population history of Lyle’s flying fox. These parameters estimate deviation from neutrality
based on the expectation of constant population size at mutation–drift equilibrium. In this
study, the negative Tajima’s D in most populations suggested an excess of low-frequency
polymorphisms relative to expectations, which is indicative of historical population ex-
pansion or positive selection [52]. By contrast, positive neutrality tests for colonies AY1,
AY2, AT1, SB1, and PBR1 indicated the state of balancing selection [54] and ruled out the
possibility of genetic hitchhiking, background selection, and evolutionary forces that pro-
duce a pattern similar to historical population expansion [52,55,56]. However, the overall
neutrality test statistics in most populations were not statistically significant and were
consistent with a population equilibrium. Mismatch distribution plots demonstrated a
multimodal and ragged shape in all colonies, which also suggests demographic equilibrium
or a stable population [57]. The hypothesis that the observed data fit the sudden expansion
model was tested using the raggedness index [58]. The non-significant raggedness values
indicated that the population expansion occurred recently [59], which is consistent with
the results of network analyses and the star-shaped topology. This finding agrees with the
combination of high haplotype diversity and low nucleotide diversity also observed in this
study as a signature of rapid demographic expansion from a small effective population
size [60]. The π value offers a more reliable reflection of mtDNA diversity in a population
when compared to the h value [37], which reflects recent changes in a population [61].
Different demographic histories exhibited by various tests might result from the influence
of high gene flow [62]. The limited number of samples analyzed must also be noted [63].
Spatial genetic patterns in Lyle’s flying fox, as revealed by LSI analysis, suggest that the
areas differed in the degree of genetic divergence. We observed greater genetic divergence
within the colony AY2 compared within AY3. A full complement of temples in urban
areas around the bat populations possibly assisted movements. This finding agreed with a
previous study [25], which reported a correlation between the abundance of Lyle’s flying
foxes and number of temples. High variation in the genetic diversity of Lyle’s flying fox or
other bat species can be attributed to landscape discontinuities, such as those in temples
or urban areas, that facilitate or impede gene flow or dispersal between adjacent popula-
tions [19]. Landscape topography may also influence the flow of population migration.
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Beneficial genetic variation generally accumulates and is maintained in a rapidly growing
population [64], which suggests that the lineage is widespread [59,65,66]. In the present
study, the EBSP indicated an increase in the population size, particularly between 1980 and
1990. This finding suggests the possibility that the ten Lyle’s flying fox populations may
have arisen from rapid growth, with free gene flow due to geographical contiguity and the
absence of forces that lead to population structuring, which has resulted in a multimodal
mismatch distribution.

5. Conclusions

Genetic monitoring of Lyle’s flying fox populations provides useful information for fu-
ture health and conservation management, as well as the planning and monitoring of future
bat-borne viruses and bat reservoir populations. This requires intersectoral collaboration,
timely and transparent communication, improved capacity, political commitment, and re-
gional and international cooperation within the One Health framework; this might involve
individuals with minimal knowledge of the respective topics from the public health, biologi-
cal, wildlife, forestry, laboratory diagnostic, veterinary, or agricultural sectors. Moreover, as
many geographically isolated Lyle’s flying fox colonies are threatened or endangered, iden-
tification of genetically distinct lineages [67] is essential for the establishment of priorities
in natural populations and conservation management decisions [68]. Bats generally suffer
from a poor public image and a lack of documentation on their values and status. To reduce
conflict, wildlife staff are facing the challenge of integrating Lyle’s flying fox populations
of densities that are more compatible with the ecological and cultural carrying capacities
of local residents. Therefore, further comprehensive research is required to determine
the factors that affect connectivity among Lyle’s flying fox populations. Destruction and
fragmentation of wild habitats owing to the increase in human activity impact the genetic
structure, differentiation, and diversity of Lyle’s flying fox populations [69,70]. Bat research
must examine these immediate impacts and use the acquired information to optimize the
timely implementation of effective measures.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/su141710791/s1, Figure S1: Coalescent Bayesian skyline analysis output.
(a) mt D-loop and (b) mt Cytb of Lyle’s flying fox (Pteropus lylei). The black line is the median estimated
effective population size. The two blue areas represent the upper and lower bounds of the 95% higher
posterior density interval. The x-axis represents time in years, and the y-axis represents a log scale;
Table S1: Populations of Lyle’s flying fox (Pteropus lylei) at roosting sites in Thailand. All sequences
were deposited in the DNA Data Bank of Japan (DDBJ); Table S2: Genetic differentiation between
the ten colonies of Lyle’s flying fox (Pteropus lylei) for the D-loop sequence. Genetic differentiation
coefficient (GST), Wright’s F-statistics for subpopulations within the total population (FST), ΦST, gene
flow (Nm) from sequence data and haplotype data, average number of nucleotide substitutions per
site between populations (Dxy), net nucleotide substitutions per site between populations (Da), and
Mantel test results; Table S3: Genetic differentiation between the ten colonies of Lyle’s flying fox
(Pteropus lylei) for the cytochrome b sequence. Genetic differentiation coefficient (GST), Wright’s
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(Dxy), net nucleotide substitutions per site between populations (Da), and Mantel test results; Table S4:
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at 95% for each derived migration rate parameter Nem, reflecting the effective number of migrants
per generation.
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