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Abstract

Purpose Previous studies have assessed the diversity of gastrointestinal bacteria in bats and reported that some of the strains are
pathogenic to humans; therefore, bats are considered to be potential reservoirs of zoonotic pathogens. However, the bacterial
diversity and types of pathogenic bacteria in the gastrointestinal tracts of Rhinolophus luctus and Murina leucogaster have not yet
been determined. Humans frequently come into contact with these species; therefore, assessments of their gut microbiota,
especially potential pathogens, are essential for public health. In the present study, MiSeq high-throughput sequencing was used
to address this research gap, and the results were compared with those reported previously.

Methods The V3—V4 regions of the 16S rRNA gene were sequenced using the MiSeq high-throughput sequencing platform to
determine the bacterial community of the stomach and the intestines of R. luctus and M. leucogaster.

Results The bacteria in the gastrointestinal tracts of R. luctus and M. leucogaster were classified into three and four main bacterial
phyla, respectively. In both R. luctus and M. leucogaster, the dominant phylum was Proteobacteria (stomach 86.07% and 95.79%,
intestines 91.87% and 88.78 %, respectively), followed by Firmicutes (stomach 13.84% and 4.19%, intestines 8.11% and 11.20%,
respectively). In total, 18 and 20 bacterial genera occurred in a relative abundance of 0.01% or more in the gastrointestinal tracts
of R. luctus and M. leucogaster, respectively. In R. luctus, the dominant genera were Lactococcus (10.11%) and Paeniclostridium
(3.41%) in the stomach, and Undibacterium (28.56%) and Paeniclostridium (4.69%) in the intestines. In M. leucogaster, the
dominant genera were Undibacterium (54.41%) and Burkholderia (5.28%) in the stomach, and Undibacterium (29.67%) and
Enterococcus (7.19%) in the intestines. Among the detected gastrointestinal tract flora of R. luctus and M. leucogaster, 12
bacterial genera were pathogenic or opportunistic pathogens.

Conclusion A high number of human pathogens were detected in the gastrointestinal tracts of R. luctus and M. leucogaster, which
demonstrates the urgency for increased efforts in the prevention and management of bat-to-human disease transmission from these species.
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Introduction major part. Gastrointestinal bacteria can perform crucial
functions for their hosts, including metabolic, growth
and development, immune regulation, and a variety of
other biological processes (Hanning and Diaz-Sanchez
2015). However, some bacterial strains are pathogenic

and potentially zoonotic; and thus represent threats to

The microbiota in animal gastrointestinal tracts form
complex communities, in which bacteria constitute a
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human health. Accordingly, animal gastrointestinal bac-
terial diversity has become a highly researched topic
worldwide (Yurist-Doutsch et al. 2014; Javed et al.
2017; Yuan et al. 2017). Allocati et al. (2016) reported
that bats were associated with a variety of zoonoses,
notably bartonellosis, leptospirosis, and pasteurellosis.
Bats are known to serve as natural reservoirs for many
pathogens; therefore, they represent ideal experimental
animals for the study of pathogenic bacteria.
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Currently, more than 1200 different species of bats are
known worldwide (Fenton and Simmons 2015). In China,
there are 155 species of bats (Zhang 2010), of which 77
(49.6%) are cave-dwelling (Wang 2003; Wang and Xie
2004). Bats are closely associated with human life, e.g., their
feces are used in certain medicines or as an agricultural fertil-
izer, and wild-caught bats are commonly consumed in south-
e China. In addition, the rapid development of tourism in
China in recent years has led to many bat-occupied caves
being exploited as tourist attractions, which not only destroys
the living environment for the bats, but also increases the risk
of human contact with the bats or their feces and the potential
transmission of pathogenic bacteria to humans (Bu et al.
2014). Furthermore, pathogenic bacteria may also be transmit-
ted to domestic animals and humans via bat guano-
contaminated drinking water sources. Therefore, to prevent
and manage the occurrence of zoonoses between bats and
humans, the types of pathogenic bacteria in the gastrointesti-
nal tract of bats urgently require elucidation.

To date, previous studies on bats have mainly focused on
roost selection (Bu et al. 2015; Liu et al. 2019), echolocation
(Denzinger et al. 2018), subspecies classification (Zhang et al.
2016), species diversity (Bu et al. 2014), etc., with relatively
fewer studies having investigated the gastrointestinal tract flora
of bats (Prem Anand and Sripathi 2004; Chaverri 2006; Daniel
et al. 2013; Zhou et al. 2016; Yuan et al. 2017). The methods
used in most studies are limited to culturable microbial com-
munities, and research on the gastrointestinal pathogenic bacte-
ria of bats is still in its infancy. Due to its high accuracy, high
sequencing speed, and low cost, high-throughput sequencing
technology has recently and increasingly been used to detect the
microbiota in the gastrointestinal tracts of bats. Using this
technology, Hatta et al. (2016) found Campylobacter jejuni in
the rectal microbiota of Rousettus amplexicaudatus. The results
reported by Yuan (2018) indicated that the gastrointestinal tract
flora of Miniopterus fuliginosus and Rhinolophus
ferrumequinum harbored pathogenic bacterial genera, such as
Acinetobacter, Morganella, and Mycoplasma. Until now, there
have been no reports on the bacterial diversity in the gastroin-
testinal tracts of Rhinolophus luctus and Murina leucogaster.
These species feed on insects and occur throughout a wide
geographic distribution in China. Because humans frequently
come into contact with these species, assessments of their gut
microbiota, especially of potential pathogens, are essential for
public health.

The present study, therefore, determined the bacterial di-
versity and the types of pathogenic bacteria in the gastrointes-
tinal tracts of R. luctus and M. leucogaster, using MiSeq high-
throughput sequencing technology. The results of this study
were then compared with other published reports. The major
aim of this study was to provide basic reference information
for future research of pathogenic bacteria in bats, and for man-
agement departments to formulate scientific and reasonable
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strategies for the development and protection of caves
inhabited by bats to reduce the occurrence of zoonosis.

Materials and methods
Sample collection and processing

All samples were collected in June 2018. Three female
R. luctus adults were collected using mist nets in
Donggangou Cave, Luoyang City, Henan Province, China
(N 33° 53" 41.28", E 112° 06’ 46.44"). Three adult
M. leucogaster (two males and one female) were captured
from Laoyindong Cave in Luoyang City, Henan Province,
China (N 33° 55" 47.64", E 112° 05’ 26.52"). The bat species
were identified using A Guide to the Mammals of China
(Smith and Xie 2009). The bats were transported alive to a
laboratory and starved for 24 h prior to euthanasia.

An overdose of chloroform was used to euthanize the bats.
The bats were immersed in 70% ethanol for surface disinfec-
tion and then rinsed with sterile water. The stomach and the
entire intestinal contents were separately removed using sterile
surgical forceps and a scalpel under aseptic conditions. The
stomach contents of R. luctus (DW1, DW2, DW3), intestinal
contents of R. luctus (DC1, DC2, DC3), stomach contents of
M. leucogaster (BW1, BW2, BW3), and intestinal contents of
M. leucogaster (BC1, BC2, BC3) were placed in separate 5-
ml sterile centrifuge tubes.

DNA extraction, PCR amplification, and MiSeq
sequencing

The total genomic DNA was extracted from the stomach and
intestinal contents of each sample using the Stool DNA Kit
(Feiyang, Guangzhou, China) according to the manufacturer’s
instructions. The V3-V4 regions of the bacterial 16S rRNA
gene (from genomic DNA) were amplified using the follow-
ing primers: V3~V4 F: 5'-CCTA
CGGRRBGCASCAGKVRVGAAT-3"; V3~V4 R: 5-GGAC
TACNVGGGTWTCTAATCC-3". The polymerase chain re-
actions (PCRs) were performed in a 20-ul reaction system
under the following conditions for 24 cycles: 94 °C for 3
min; 94 °C for 5's; 57 °C for 90 s; 72 °C for 10 s, and a final
elongation at 72 °C for 5 min. The PCR amplification prod-
ucts were sequenced using the Illumina MiSeq 300 PE system
(GENEWIZ, Suzhou, China).

Data analysis

Quality filtering was conducted on the original sequences.
Effective sequences used in the clustering analysis were ob-
tained by removing the chimeric sequences. Each cluster was
treated as an operational taxonomic unit (OTU). Sequences
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were grouped into OTUs based on 97% sequence identity
using the clustering program VSEARCH (1.9.6). The
Ribosomal Database Program (RDP) classifier was used to
assign taxonomic categories to all OTUs. Analyses were con-
ducted using Qiime v.1.9.1 to reveal the Alpha diversity of the
stomach and intestinal samples, including the Chaol abun-
dance index, Shannon diversity index, and coverage index.
The Beta diversity was calculated using the principal coordi-
nates analysis (PCoA). The community structure of the sam-
ples was then statistically analyzed at the phylum and genus
levels based on the taxonomic data.

Results

Gastrointestinal tract flora composition and alpha
diversity

An average of 74,615 and 74,424 original sequences, as well
as 53,576 and 53,533 effective sequences, were obtained from
the stomach and intestine samples of the R. /uctus specimens
(n=3). The effective sequences were clustered into 28 OTUs,
respectively. An average of 81,121 and 77,242 original se-
quences, as well as 57,440 and 55,598 effective sequences,
which were assigned to 36 and 40 OTUs, were obtained from
the stomach and intestine samples of the M. leucogaster spec-
imens (n = 3) (Table 1). In addition, the gastrointestinal tract
flora of R. luctus and M. leucogaster contained 46 non-
repetitive OTUs, of which 19 (41.3%) were shared by four
sample groups; indicating a certain similarity in the composi-
tion of the gastrointestinal flora of R. luctus and
M. leucogaster (Fig. 1).

The rarefaction curves of the 12 samples eventually tended
to level out, which indicated that the sequencing depth and
breadth of the samples met the requirements (Fig. 2).

Moreover, the Good’s coverage rate of each sample was
100%, which indicated that the samples sufficiently represent-
ed the bacterial diversity in the gastrointestinal tract of the
study species. The gastrointestinal bacterial abundance and
diversity were higher in the intestines than in the stomach of
R. luctus. In contrast, the abundance and diversity were lower
in the intestines than in the stomach of M. leucogaster. The
Chaol abundance index and Shannon diversity index of the
gastrointestinal flora of these two bat species are presented in
Table 1.

Beta diversity analysis

The PCoA plot, based on the Bray-Curtis distance matrices,
revealed the similarities and differences of the bacterial gas-
trointestinal communities among samples (Fig. 3). Samples
from the stomach and intestinal flora of R. luctus were clus-
tered together and distributed on the right side of the 0 point.
In contrast, the samples of the gastrointestinal flora of
M. leucogaster were scattered on the left side of the 0 point.
PCoA analysis indicated that there were differences in the
bacterial composition of the gastrointestinal tracts of
R. luctus and M. leucogaster.

Microbial community structure at phylum level

The bacteria in the gastrointestinal tract of R. luctus were from
three phyla: Proteobacteria, Firmicutes, and Bacteroidetes.
The most abundant phylum was Proteobacteria (stomach
86.07%, intestines 91.87%), followed by Firmicutes (stomach
13.84%, intestines 8.11%), and the least represented phylum
was Bacteroidetes (only intestines 0.02%). The bacteria in the
gastrointestinal tract of M. leucogaster were mainly from four
phyla: Proteobacteria, Firmicutes, Bacteroidetes, and
Actinobacteria. The most abundant phylum was

Table 1 Number of sequences

and alpha diversity of Sample Original Effective No. of Chaol Shannon Good’s
gastrointestinal bacteria in the name sequences sequences OTUs" index” index” coverage (%)
stomach and intestines of
Rhinolophus luctus and Murina DW* 74,615 53,576 28 25.00 £ 1.62+0.10 1
leucogaster 1.32
DC? 74,424 53,533 28 25.78 + 2594003 1
1.68
BW* 81,121 57,440 36 30.75 + 240+047 1
4.38
BC' 77,242 55,598 40 30.25 + 1.76 £039 1
7.13

#Number of operational taxonomic units (OTUs)

® The values indicate means + standard errors (n = 3)

¢ The stomach contents of R. luctus
9 The intestinal contents of R. luctus

¢ The stomach contents of M. leucogaster

"The intestinal contents of M. leucogaster
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Fig. 1 Venn diagram of the stomach and intestinal contents of
Rhinolophus luctus (DW and DC, respectively) and the stomach and
intestinal contents of Murina leucogaster (BW and BC, respectively)

Proteobacteria (stomach 95.79%, intestines 88.78%), follow-
ed by Firmicutes (stomach 4.19%, intestines 11.20%), and
Bacteroidetes (stomach 0.02%, intestines 0.01%), and the
least represented phylum was Actinobacteria (only intestines
0.01%) (Fig. 4 and Table S1 in Supplementary Materials).

Microbial community structure at genus level

The genera with relative abundances higher than 0.01% in
the gastrointestinal tracts of R. luctus and M. leucogaster
are presented in a genus-level high-throughput heat map
(Fig. 5). The shades of color in the heat map represent the
abundance of each genus in the samples. Undibacterium,
Lactococcus, Burkholderia, Enterococcus, and
Paeniclostridium were found to be abundant in each sam-
ple (Fig. 5 and Fig. 6). Overall, 18 and 20 bacterial genera
occurred in relative abundances higher than 0.01% in the
gastrointestinal tracts of R. luctus and M. leucogaster, re-
spectively. Rhinolophus luctus and M. leucogaster shared
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Fig. 2 Rarefaction curves of the observed operational taxonomic units
(OTUs) in the stomach contents of Rhinolophus luctus (DW1, DW2,
DW3), the intestinal contents of R. luctus (DC1, DC2, DC3), the stomach
contents of Murina leucogaster (BW1, BW2, BW3), and the intestinal
contents of M. leucogaster (BC1, BC2, BC3)
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Fig. 3 PCoA plot showing the similarities and differences of the bacterial
gastrointestinal communities of Rhinolophus luctus and Murina
leucogaster

18 bacterial genera (Undibacterium, Lactococcus,
Burkholderia, Enterococcus, Paeniclostridium,
Citrobacter, Staphylococcus, Actinobacillus,
Clostridium_sensu_stricto_1, Acinetobacter,
Pseudomonas, Escherichia/Shigella, Caulobacter,
Sphingomonas, Novosphingobium, Acetobacter,
Pseudarcicella, Blautia). Two unique bacterial genera,
i.e., Collinsella and Turicibacter, were obtained from the
intestines of M. leucogaster. The color differences in the
heat map indicate the differences in the abundance and
dominance of bacteria in the gastrointestinal tracts of
R. luctus and M. leucogaster. In R. luctus, the dominant
genera in the stomach were Lactococcus (relative
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Fig. 4 The phylum-level community abundance of bacterial microbiota
in different gastrointestinal samples of Rhinolophus luctus and Murina
leucogaster
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Fig. 5 A genus-level taxonomic
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abundance 10.11%) and Paeniclostridium (3.41%), and
the dominant genera in the intestines were
Undibacterium (28.56%) and Paeniclostridium (4.69%).
In M. leucogaster, the dominant genera in the stomach
were Undibacterium (54.41%) and Burkholderia
(5.28%), and the dominant genera in the intestines were
Undibacterium (29.67%) and Enterococcus (7.19%) (Fig.
5, Fig. 6, and Table S2 in Supplementary Materials).
Furthermore, the sequences that could not be classified
into any known genus were assigned as “unclassified.”
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Some unclassified genera were detected in the gastroin-
testinal tracts of both R. luctus and M. leucogaster.

Discussion

MiSeq high-throughput sequencing technology has previous-
ly been used to study bacterial diversity in the gastrointestinal
tracts of bats (Zhou 2016; Yuan 2018; Wu et al. 2019). The
abundance and diversity of the intestinal flora of Hipposideros
pratti, Hypsugo alaschanicus, M. fuliginosus, and
R. ferrumequinum were found to be higher than those of the
stomach flora (Zhou 2016; Yuan 2018), which is consistent
with the findings of R. luctus in the present study. In contrast,
the abundance and diversity of the intestinal flora of
M. leucogaster were found to be lower than the stomach flora
(Table 1). A recent study on the gastrointestinal flora of
C57BL/6 mice demonstrated the existence of a “transient mi-
crobiota” from prey species, which resulted in the relatively
high diversity in the stomach (Gu et al. 2013). Differences in
the bacterial abundance and diversity of the gastrointestinal
tract flora of M. leucogaster and R. luctus, H. pratti,
H. alaschanicus, M. fuliginosus, and R. ferrumequinum may
be related to food intake or bacterial specificity (Carrillo-
Araujo et al. 2015). However, further research is needed to
confirm the gastrointestinal bacterial compositions of more
bat species to reveal differences among species and to clarify
such relations.

PCoA clearly revealed differences in the bacterial compo-
sitions of the gastrointestinal tracts of R. [uctus and
M. leucogaster (Fig. 3). Flora samples from the
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gastrointestinal tracts of R. luctus were clustered together,
which indicated that the gastrointestinal bacterial communities
were comparatively similar. The samples of the gastrointesti-
nal flora of M. leucogaster showed higher variations.

The dominant bacterial phyla in the gastrointestinal tracts
of the different bat species were found to be inconsistent;
however, major similarities were evident among some bat
species. The most dominant phylum in the gastrointestinal
tracts of R. luctus and M. leucogaster was Proteobacteria
(i.e., 86.07% and 95.79% in the stomach, and 91.87% and
88.78% in the intestines, respectively) (Fig. 4 and Table S1
in Supplementary Materials), which was consistent with the
findings of Yuan (2018) and Wu et al. (2019). Proteobacteria
was the predominant phylum in the gastrointestinal tract of
R. ferrumequinum (i.e., 80.25% in the stomach and 74.12%
in the intestines) (Yuan 2018) and in the intestines of
Rhinolophus sinicus and Myotis altarium (i.e., 43.5% and
42.5%, respectively) (Wu et al. 2019). The bacterial diversity
of the gastrointestinal tract flora in bats may be closely related
to their habitat and associated environmental factors. Globally,
Proteobacteria is the dominant taxa found on cave walls (Pasic
et al. 2010; Wu et al. 2015). Rhinolophus luctus,
M. leucogaster, R. ferrumequinum, R. sinicus, and
M. altarium are all cave-dwelling bats, which may account
for the dominance of Proteobacteria in their gastrointestinal
bacterial microbiota.

Firmicutes was the second most predominant phylum in the
gastrointestinal tracts of R. luctus and M. leucogaster (i.c.,
13.84% and 4.19% in the stomach, and 8.11% and 11.20% in
the intestines, respectively) (Fig. 4 and Table S1 in
Supplementary Materials). However, Firmicutes was the pre-
dominant bacterial phylum in the intestines of M. filiginosus
and in the stomach of H. alaschanicus, accounting for 55.78%
and 59.5% of the relative abundance, respectively (Yuan 2018,
Zhou 2016). A study of the rectal microbiota in
R. amplexicaudatus from the Philippines also reported the pre-
dominance of Firmicutes (Hatta et al. 2016). Firmicutes has been
found to be a universally shared phylum in mammals (Ley et al.
2008). For example, the relative abundance of Firmicutes in the
intestinal flora of Namibian cheetahs (Acinonyx jubatus)
(Wasimuddin et al. 2017) and humans (Tap et al. 2009) is report-
edly 68.5% and 79.4%, respectively. Members of the phylum
Firmicutes are involved in the decomposition of complex carbo-
hydrates and fatty acids, and thus provide nutrition and energy
for all animal hosts (Flint et al. 2008). Therefore, the presence of
a large number of Firmicutes may contribute to the digestion of
available food resources in bats.

At the genus level, the dominant genus in the stomach and
intestines of R. [uctus were Lactococcus (10.11%) and
Undibacterium (28.56%), respectively. Six genera in the gas-
trointestinal tract flora of R. /uctus had relative abundances of
1% or more. The dominant genus in the gastrointestinal tract
of M. leucogaster was Undibacterium (54.41% and 29.67%).
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Five genera in the gastrointestinal tract flora of M. leucogaster
had relative abundances greater than 1% (Fig. 6 and Table S2
in Supplementary Materials). Comparisons of the findings of
previous studies revealed similarities and differences in the
dominant bacterial genera in the stomach and intestines of
different bat species. The dominant genera were found to
mainly include Undibacterium, Lactococcus, Enterococcus,
Actinobacillus, and Sphingomonas. The genera with relative
abundances of more than 1% were also inconsistent (Table S2
in Supplementary Materials), which might be related to differ-
ences in habitats and associated environmental factors
(Carrillo-Araujo et al. 2015). Under different environmental
conditions, bacteria specific to the different conditions may
accumulate in the intestines and thus alter the gut microbial
communities of wild animals (Wu et al. 2018). Rhinolophus
luctus, M. leucogaster, H. pratti, and R. ferrumequinum main-
ly live in natural caves and abandoned mines. Miniopterus
fuliginosus and H. alaschanicus are house-dwelling bats,
which mainly inhabit abandoned buildings in human-
associated areas. These differences in roosting locations may
account for the observed differences in the composition and
dominance of the gastrointestinal bacteria.

Recent studies have shown diet to be the major determinant
of gut microbial composition (Moschen et al. 2012). For exam-
ple, dietary factors were demonstrated to play a dominant role
in altering the gut microbiota of the bar-headed goose (Anser
indicus) (Wang et al. 2016), green turtles (Chelonia mydas)
(Ahasan et al. 2018), and humans (Makki et al. 2018). Bats
are mainly divided into phytophagous and insectivorous spe-
cies based on their diets (Li et al. 2018), and R. luctus and
M. leucogaster are classified as insectivorous bats. In the pres-
ent study, Citrobacter was identified in the gastrointestinal
tracts of these species and was also detected in the gastrointes-
tinal tracts of nine insectivorous bats in Indiana (Whitaker et al.
2004). Chitinase, produced by the bacteria from the Citrobacter
genus, aids in the digestion of the remnants of chitin from
insects and thus provides energy and nutrients to these bats.
Rousettus amplexicaudatus from the Philippines is a frugivo-
rous bat. Serratia isolated from the rectal microbiota of this
species possesses the ability to break down cellulose and xylan,
the main components of plants, and thus supply energy to these
bats (Prem Anand and Sripathi 2004; Hatta et al. 2016). The
gastrointestinal tract flora of R. luctus and M. leucogaster
shared two genera with relative abundances of more than 1%;
however, no common genera were observed in the gastrointes-
tinal tract flora of R. amplexicaudatus, R. luctus, and
M. leucogaster (Table S2 in Supplementary Materials). The
compositions of the gastrointestinal tract flora of the insectivo-
rous bats, R. luctus and M. leucogaster, were similar and also
shared two genera. The composition of the gastrointestinal tract
flora of R. amplexicaudatus, a frugivorous bat, differed greatly
from that of R. luctus and M. leucogaster. The bacterial com-
munities showed specific associations with diet (e.g.,
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insectivory and frugivory); thus, our findings confirmed diet to
be one of the factors that affect the composition of the gastro-
intestinal flora of bats.

The gastrointestinal flora of R. luctus and M. leucogaster
contained 18 and 20 bacterial genera, respectively, of which
12 genera (Lactococcus, Burkholderia, Enterococcus,
Paeniclostridium, Citrobacter, Staphylococcus,
Actinobacillus, Clostridium_sensu_stricto_1, Acinetobacter,
Pseudomonas, Escherichia/Shigella, Sphingomonas) were
pathogenic bacteria or opportunistic pathogens (Goldman and
Green 2008). Some bacteria of the genus Lactococcus are re-
sponsible for various infectious diseases in humans, including
osteomyelitis, endocarditis, and sepsis (Li et al. 2005).
Although members of Enterococcus have been reported as nor-
mal gut inhabitants of humans and animals, these bacteria are
well known to cause opportunistic infections, such as meningi-
tis, endocarditis, and bacteremia (Wei 2018). Some members of
the genus Citrobacter are important pathogens in human respi-
ratory, urinary, and surgical wound infections (Wei et al. 2016).
Among these pathogens, Citrobacter freundii is an opportunis-
tic pathogen that causes neonatal infections, which can lead to
sepsis and meningitis with a high mortality rate (Holmes and
Aucken 1998). Lactococcus, Enterococcus, and Citrobacter
were detected in Rousettus leschenaultii gnano (Banskar et al.
2016) and the gastrointestinal tract of H. pratti and
H. alaschanicus (Zhou 2016). In recent years, caves especially
occupied by bats, have been developed into tourist attractions,
which has increased the chance of human contact with bats and
the possibility of human infection with pathogenic bacteria.
Thus, further studies are needed to ascertain the transmission
routes of pathogenic bacteria carried by bats.

To avoid the occurrence of zoonosis, management depart-
ments are urged to adopt scientific and rational methods to
create, develop, or restrict access to caves inhabited by bats,
to reduce or effectively control opportunities for human-bat
interactions. The present study provides reference information
on which such efforts and other studies can be based.
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