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Abstract

emphasis on new data from Borneo.

Bats are extraordinary mammals. They have evolved to consume various dietary sources, such as insects, fruits,
nectar, blood, and meat. This diversity has generated considerable interest in the scientific community, resulting

in efforts to leverage bats as model organisms to study the correlation between diet and gut microbiome
community. Although such studies now commonly use Next Generation Sequencing (NGS), similar studies are
early in their development in Southeast Asia, especially in Malaysia, which harbours an incredibly diverse bat fauna.
This study provides pioneering NGS metabarcoding information on Bornean bats. By using a high-throughput
Nanopore-based 16S rRNA gene sequencing method, Bacillota, Pseudomonadota, and Campylobacterota were
found in insectivorous bats and phytophagous bats. Both insectivorous and phytophagous groups harboured

no dominant taxon (D=0.076; D=0.085). A comparative analysis of gut bacteria functional groups identified

eight major groups in both phytophagous and insectivorous bats, with fermentation being the predominant
group. The correlation network analysis revealed a negative correlation between the ‘good bacteria’ Lactobacillus
and various pathogenic bacteria genera, such as Salmonella (-0.4124) and Yersinia (-0.4654), demonstrating its
prebiotic characteristics. This study broadens our understanding of the bat gut microbiome from various diets, with
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Background

The gut microbiome plays crucial roles across many fac-
ets of mammalian health. The gut microbiome comprises
billions of microorganisms and is one of the most com-
plicated microbial ecosystems [1-3]. This microbial com-
munity plays a crucial role in synergizing with the host
to enhance energy storage, maintain functional stability,
and promote metabolic balance within the gastrointes-
tinal tract [4, 5]. Some examples of bacterial phylums
reported in mammals are Bacteroidota, Campylobacte-
rota, Bacillota, and Pseudomonadota [6—8]. The diversity
of gut bacteria is important not only for the host’s health
but also for the gut microbiota’s products [9, 10]. This
includes proteins, small molecular chemicals, and even
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DNA [11, 12]. The diverse microbiome is substantially
influenced by dietary preference [4, 13-16].

Bats are unique in terms of their dietary preferences.
Their evolutionary diversity is fascinating, ranging from
an insectivorous diet as their ancestral character to a
wide range of diets, including blood, meat, nectar, fruit,
and diverse omnivorous mixtures [17]. Bats are ranked
as the second-most specious group of mammals after the
order Rodentia [18]. They are volant, can disperse over
long distances, and display a variety of life history traits,
ranging from different feeding guilds and roosting prac-
tices to unique social behaviours and reproductive strate-
gies. There are more than 1469 species of bats, making
up one-fifth of the mammals in the world [19]. Due to
their diverse feeding strategies, bats are ideal wild animal
models to study the relationship between diets and gut
microbiomes [20].

Previous research on bat microbiomes revealed that
there is a lot of variety in the microbiomes of both insect-
eating (insectivorous) and plant-eating (phytophagous,
i.e., both frugivorous and nectarivorous) bats [20-22].
Microbiome composition and diversity are influenced by
a variety of endogenous and exogenous variables, includ-
ing geographical origin, age, genetics, food, and the use
of prebiotics and antibiotics [3]. The intestinal bacterial
community of insectivorous bats in central-southern
Mexico was noted to harbour greater diversity as com-
pared to phytophagous bats from the same area [22]. Phy-
tophagous bats in China had a higher microbial diversity
than insectivorous species [20]. A study of guano depos-
its in the Philippines using metagenomics found that they
were mostly made up of Pseudomonadota (61.7%), Acti-
nomycetota (19.4%), Bacteroidota(4.2%), Bacillota (2.7%),
Chloroflexota (2.5%), candidate phylum TM7 (2.3%), and
Planctomycetota (1.9%) [23].

Recently, high-throughput sequencing methods have
become more widely available and cost-effective. This
enables researchers to conduct more microbiota studies
aimed at demonstrating the connection between a bat’s
host and its microbiota. This is especially helpful as stud-
ies on the microbiome composition of different bat diet
groups with its functional groups are lacking in South-
east Asia, especially Borneo. In this study, the 16 S rRNA
gene was sequenced using next-generation sequencing
(NGS) to characterise the gut bacteria of healthy phy-
tophagous and insectivorous bats. The aim of this study
was to describe the baseline gut microbiome community
patterns and functional groups in insectivorous and phy-
tophagous bats.

Materials and methods

Faecal sample collection

Thirty healthy adult bats with different diets were ran-
domly collected using harp traps and mist nets from
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eight localities throughout Sarawak, Malaysian Borneo
(Fig. 1). The sampling was conducted in 2022 and 2023,
primarily during the dry season to maximise the number
of sampling nights. Each sites was sampled for 5 nights.
The trapped bats were separated into two groups based
on diet, as indicated in Table 1: 17 for the phytophagous
(plant-based diet: frugivorous and nectarivores) group
and 13 for the insectivorous (insect-based diet) group.
The bats were housed in individual sterilised sacks. Upon
defecation, fresh faecal samples were collected using ster-
ilised forceps and transferred into a sterilised faecal tube
containing 300 ul of RNAprotect solution (QIAGEN,
Germany) for nucleic acid preservation. The workbench
was sterilised using a 30% bleach solution between indi-
vidual bats. The faecal samples were then transferred into
a -80 °C deep freezer in the laboratory until the DNA
extraction procedure. After collecting faecal samples, the
bats were released.

DNA extraction, PCR amplification, and sequencing

The total genomic DNA for each faecal sample was
extracted using the QIAmp PowerFecal Pro DNA (QIA-
GEN, Germany). The sequencing was performed using
the MinION Mk1C sequencing platform (Oxford Nano-
pore Technology, United Kingdom). DNA was amplified
using specific barcoded 16S rRNA primers (27F 5-AG
AGTTTGATCCTGGCTCAG-3" and 1492R 5-GGTTA
CCTTGTTACGACTT-3) by Polymerase Chain Reac-
tion (PCR) with the following cycling conditions: Ini-
tial denaturation 1 min @ 95 °C (1 cycle), denaturation
20 s @ 95 °C (25 cycles), annealing 30 s @ 55 °C (25
cycles), extension 2 min @ 65 °C(25 cycles), final exten-
sion 5 min @ 65 °C (1 cycle) and hold @ 4 °C. The ampli-
fied barcoded 16 S rRNA amplicons were approximately
1500 bp in length. All barcoded libraries were pooled to
a total of 100 fmoles in 10 ul mM Tris-HCl pH 8.0 with
50 mM NaCl. The DNA library was then mixed with
Sequencing Buffer (SQB), Loading Beads (LB), reagent
RAP and Nuclease-free water before being loaded into
SpotON sample port of the flowcell to begin sequencing.
The detailed protocol can be referred in 16 S Barcoding
Kit (SQK-RAB204) handbook (Oxford Nanopore Tech-
nology, United Kingdom). The entire process was con-
ducted under sterile conditions to prevent any potential
contamination.

Bioinformatic processing

The resulting FASTQ data was imported into the
EPI2ME programme and processed using the FASTQ
16 S procedure. Oxford Nanopore Technology (ONT)
offers a cloud-based analytical platform. The readings
were filtered using the default settings. Reads with a qual-
ity score below the threshold (value < 8) were not used in
downstream analyses. 30% was the minimum coverage
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Fig. 1 Inset map highlighted in grey shows the Malaysian Borneo boundary. Larger map of Malaysian Borneo on the right shows the collection sites of

bats fecal sample, labelled from 1 until 8

required. The minimum BLAST p_indent was set at
77%, and the maximum number of hits per sequence was
three. Only the readings that passed the quality check
were used and subjected to BLAST analysis against the
NCBI 16 S bacterial database with sequence similarity
threshold of 98% for classification. The bacterial species
list for each bat individual was retrieved for downstream
processing. The bacteria were ranked systematically up to
the phylum level using the BacSyst v2.1 [24] programme
in RStudio v4.3.1. Simultaneously, the raw FASTQ files
for each bat individual were processed using another
pipeline in the Python programming language (Python
Software Foundation, https://ww.phyton.org/). This pip
eline utilised various packages, including Nanostat [25],
Kraken2 v2.1.4 [26], and Krona v2.8.1 [27] to compare
the taxonomic assignment results. Both pipelines provide
a comparable outcome.

Statistical analysis

Output data from bioinformatic processing was further
analysed downstream to generate an Operational Taxo-
nomic Unit (OTUs) table, metadata file, and taxonomy

table. These files were loaded into MicrobiomeAnalyst
2.0 (https://www.microbiomeanalyst.ca/) [28-30]. The
metadata underwent rarefication [31] and several data
processing steps, such as producing bacterial relative
abundance, Good’s coverage measure [20], sparse cor-
relations for compositional data (SparCC) [32—34], non-
metric multidimensional scaling (NMDS), and analysis of
similarities (ANOSIM) [20, 35]. This study used PAleon-
tological Statistics (PAST) v.4.14 to do statistical analyses
of alpha-diversity indices like dominance (D), Simpson
(1-D), Shannon-Wiener (H’), and evenness (/%) [36, 37].
The Functional Annotation of Prokaryotic Taxa (FAPRO-
TAX), a predictive metagenomic tool was used to infer
putative functional groups of microbial communities
based on taxonomic classifications identified in the sam-
ples [38, 39].

Results

16 S rRNA gene sequencing analysis

From 17 insectivorous bats and 13 phytophagous bats, a
total of 4,201,593 high-quality 16 S rRNA sequences were
generated. The data were normalised, in which each OTU
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Table 1 Details on the Bat samples used in this study

Species/Sample ID

(n)

Diet

GenBank Bio-
Sample acces-
sion number

Glischropus tylophus 3 Insectivorous

GtyloGGNP21005 SAMN40240913

GtyloGGNP21029 SAMN40240914

GtyloLL22016 SAMN40240915
Hipposideros diadema 2 Insectivorous

HdiadBKNP20055 SAMN40240916

HdiadBKNP20090 SAMN40240917
Kerivoula hardwickii 1 Insectivorous

KhardGGNP21015 SAMN40240918
Kerivoula minuta 1 Insectivorous

KminuLHNP22009 SAMN40240919
Myotis muricola 1 Insectivorous

MmuriLL22001 SAMN40240920
Myotis ridleyi 1 Insectivorous

MridIGGNP21001 SAMN40240921
Rhinolophus acuminatus 1 Insectivorous

RacumBKNP20085 SAMN40240922
Rhinolophus affinis 1 Insectivorous

RafiMW(C21024 SAMN40240923
Rhinolophus philippinensis 1 Insectivorous

RphilBKNP20089 SAMN40240924
Rhinolophus sedulus 2 Insectivorous

RseduBKNP20015 SAMN40240925

Rsedul HNP22008 SAMN40240926
Rhinolophus trifoliatus 1 Insectivorous

RtrifBKNP20081 SAMN40240927
Tylonycteris pachypus 1 Insectivorous

TpachGGNP21007 SAMN40240928
Tylonycteris robustula 1 Insectivorous

TrobuSSK22024 SAMN40240929
Balionycteris maculata 4 Phytophagous

BmacuBKNP20075 SAMN40240930

BmacuBKNP22031 SAMN40240931

BmacuBKNP22033 SAMN40240932

BmacuMWC21015 SAMN40240933
Cynopterus brachyotis 3 Phytophagous

CbracBKNP20036 SAMN40240934

CbracBLFR22001 SAMN40240935

CbracSSK22005 SAMN40240936
Dyacopteurs spadiceous 1 Phytophagous

DspadLHNP22010 SAMN40240937
Macroglossus minimus 5 Phytophagous

MminiBKNP20052 SAMN40240938

MminiBKNP20077 SAMN40240939

MminiBKNP20094 SAMN40240940

MminiBKNP20095 SAMN40240941

MminiSSK22003 SAMN40240942

matrix is rarefied from each sample without replacement,
resulting in all samples having the same number of total
counts [31]. The minimum library size for this study was
15,048 sequences per individual.
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The OTU rarefaction curves found in this study dem-
onstrated an increase in the number of observed spe-
cies with increasing sequencing depth. As is typical
with sequencing data, the ends of the rarefaction curves
flattened out as the number of sequences per sample
increased (Fig. 2). Good’s Coverage measures how well
each sample is covered by the reference database [20]; in
this study, it had a value of 99.6%, meaning that most of
the bacterial species in the samples had been identified.
The bacterial microbiome was classified into 18 phyla, 43
classes, 100 orders, 210 families, and 1189 genera. The
complete list of bacterial species is available in Additional
file 1.

Differences of microbiota diversity between two feeding
guilds

Alpha-diversity indices namely dominance (D), Simpson
(I-D), Shannon-Wiener (H’) and Evenness (¢”/) were cal-
culated for each feeding groups and interpreted accord-
ing to Lombogia et al.,, 2020 [37] (Table 2). There is no
dominance taxon and no taxa evenness displayed by the
bacteria community detected in either group. The Simp-
son (I-D) and Shannon (H’) values indicates that both
phytophagous and insectivorous bats have a high micro-
bial species diversity. Slightly higher in Simpson (I-D)
value is the phytophagous bats. There is 92.4% of proba-
bility for two individuals of bacteria that picked randomly
from phytophagous bats microbiome pool will belong to
different species. For insectivorous bats, the probability is
91.5%. The highest Shannon index (H’) value belongs to
phytophagous bats with 3.423 whereas 3.322 for insectiv-
orous bats. As the number of OTUs grows and the distri-
bution of individuals across taxonomic groups becomes
more even, the value rises.

The beta diversity analyses were performed with the
one-way Analysis of Similarity (ANOSIM) yielded an
R-value of 0.54 (p<0.001) and the non-metric multidi-
mensional scaling (NMDS) analysis plot shows distinct
clustering based on dietary preferences, with minimal
overlap between groups (stress value=0.18) (Fig. 3).
These results suggest that the observed differences are
driven by diet, rather than individual species variation.
The analysis also accounted for species as a factor, and no
significant species-specific effects were found to explain
the observed differences. Therefore, it can be concluded
that the inter-group differences are greater than intra-
group differences, which suggests that diet, rather than
species composition is the primary factor influencing the
bacterial composition variation.

Relative abundance of gut microbiome and functional
group distribution

A total of 27 bacterial phyla were identified from the
sample set. To streamline the data presentation, the top
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Fig. 2 The rarefaction curves of OTUs. The x-axis shows the number of valid sequences per sample and the y-axis shows the observed operational taxo-
nomic units (OTUs). Each line in the graph represents one sample. The diet grouping shown through two different colours. Abbreviation follows Table 1

Table 2 Table of alpha diversity indices calculated from
phytophagous and insectivorous bats. The interpretations are
based on lombogia et al., 2020 [37]

Diet preference Alpha diversity  Value Interpretation
indices

Phytophagous Dominance, D 0.076£0.000  Nodominance
Simpson, 1-D 0.924+0.000 High diversity
Shannon, H’ 342340000  High diversity
Evenness ”* 001940000  No evenness

Insectivorous Dominance, D 0.085+0.000 No dominance
Simpson, 1-D 0.915+0.000  High diversity
Shannon, H’ 3.322+0.000 High diversity
Evenness, ¢"° 0.007+0.000 No evenness

10 phyla and the top five families, ranked by relative
abundance, were highlighted in Fig. 4.

The three most common bacterial phyla for both bat
diets were Bacillota, Pseudomonadota, and Campylobac-
terota. Comparing the percentage of relative abundance
between phytophagous and insectivorous bats, phytoph-
agous bats host a higher percentage of Bacillota (72% +
5% vs. 52% + 3%) and Campylobacterota (11% + 2%vs.
1% + 0.5%), whereas insectivorous bats have a higher
Pseudomonadota percentage (45% + 2% vs. 14% + 1%)
(Fig. 4A).

When analyzing the relative abundance of the family,
a large percentage of Streptococcaceae was detected in
phytophagous bats (46% + 3% vs. 21% + 4%), whereas in
insectivorous bats, a higher percentage of Enterobacte-
riaceae (42% + 1% vs. 10% + 1%) and Clostridiaceae (12%
+ 2% vs. 5% + 1%) were detected. Both types of diets had
a similar percentage of Lactobacillaceae (8% + 1% vs. 7%
+ 1%). Interestingly, compared to insectivorous bats, the

Helicobacteraceae family was prominently detected in
phytophagous bats (11% + 2% vs. <1% + 0.2%) (Fig. 4B).
A comparative analysis of gut bacteria functional
groups identified eight major groups in both phytopha-
gous and insectivorous bats. These groups reveal dis-
tinct microbial functional patterns associated with each
dietary preference. Both bat types show high detection
of functional group related to fermentation. A notable
difference is seen in the detection of aerobic chemohet-
erotrophy where phytophagous bats have 344 detections,
while insectivorous bats have 991 (Fig. 4C; Table 3).

Bacterial correlation network

An analysis of bacterial correlation networks using
SparCC correlation coefficients produced a correlation
network (Fig. 5). This study had successfully identified a
total of 117 bacterial genera nodes that showed microbial
associations within the bat’s microbiome community. The
range of absolute correlation coefficient values was from
-0.6594 to 0.8583. The nodes represent different genera
of bacteria, while the edges represent correlation coef-
ficients between different genera. The size of the nodes
represents abundance and is colored according to their
respective diet groups. Due to the high number of cor-
relations, only correlation networks of randomly selected
Lactococcus and Lactobacillus were highlighted to show
examples of positive and negative correlations. The full
list of bacteria genus correlation tables can be referred to
in Additional file 2.
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Fig. 3 Non-metric multidimensional scaling (NMDS) analysis. Each point on the graph represents a single sample. The distance between two points
indicates the degree of dissimilarity. The stress values less than 0.2 imply that the NMDS analysis is valid. The greater their similarity, the closer together

the samples are in the graph. The sample ID abbreviation follows Table 1

Discussions

The microbiota diversity between the two feeding guilds
The results presented in this study were obtained from
17 insectivorous and 13 phytophagous bats. Although
the number of phytophagous bat individuals studied
here is fewer than those from the insectivorous group,
a slightly more diverse microbiome was recovered from
the phytophagous bats as compared to the insectivorous
bats (Table 2). Due to the low number of samples, this
data needed to be treated with caution, but nevertheless,
it provides a baseline information on gut microbiome
studies in Bornean bats. The plant-based diet contains
complex plant materials such as hemicellulose, lignin
derivatives, and insoluble starches. As a result, diges-
tive systems will require enzymes from a wide range of
microbe species, sustaining a rich biodiversity in the
digestive system environment [21].

The high microbiome diversity detected in insectivo-
rous bats was also documented in previous bat-microbe
studies [e.g., 20, 22]. The nutrient requirements for these
bats to survive in the wild are enormous; thus, during
foraging, each bat individual is estimated to consume
61-84% of their body mass, or at least 4.8 g of arthropods
per night [40, 41]. This large amount of insect consump-
tion resulted in a diet that is heavy in proteins, fats, and
nutrients. This condition could foster and make it an ideal
environment for the growth of bacteria, thus contribut-
ing to the high bacterial diversity observed in this study.
Similar diversity was observed for both diet groups,
showing a relatively balanced bacterial composition.

The relative and functional abundance of gut bacteria in
bats

Fermentation was one of the most dominant func-
tional groups in both phytophagous and insectivorous
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Histogram of relative abundance in phytophagous and insectivorous bats
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Fig. 4 Histogram of relative and functional group abundance. (A) Relative abundance of the top 10 phylum. (B) Relative abundance of the top 5 families.
Other phyla below top 10 and families below top 5 were grouped as “Others”. IB=Insectivorous bats, PB=Phytophagous bats. (C) Functional group abun-
dance in phytophagous and insectivorous bats

bats, with higher records in insectivorous bats (1068 vs.  Bacillota in phytophagous bats (72% + 5% vs. 52% + 3%),
680). This aligns with the presence of Bacillota in both  insectivorous bats exhibited a higher overall fermenta-
groups, which are known for their role in carbohydrate tion function, likely due to the substantial presence of
fermentation [42, 43]. Despite the higher prevalence of Enterobacteriaceae (42% + 1% vs. 10% * 1%), a family that
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Table 3 The functional groups detected from both dietary

groups

Functional PB IB Family Phylum

Group

Fermentation 680 1068 Lactobacillaceae, Bacillota,
Enterobacteriaceae Pseudomonadota

Nitrate 38 141 Enterobacteriaceae, Pseudomonadota

respiration Pseudomonadaceae

Nitrate 257 511 Enterobacteriaceae, Proteobacteria,

reduction Rhodobacteraceae Pseudomonadota

Aerobic 344 991 Bacillaceae, Bacillota,

chemoheterot- Enterococcaceae Firmicutes

rophy

Nitrite 20 55 Comamonadaceae, Pseudomonadota

respiration Enterobacteriaceae

Sulfate 3 77 Desulfovibrionaceae,  Proteobacteria,

respiration Desulfobacteraceae Firmicutes

Nitrogen 14 76 Rhizobiaceae, Proteobacteria

fixation Bradyrhizobiaceae

Chitinolysis 9 22 Bacillaceae, Bacillota,
Enterobacteriaceae Firmicutes

*PB=Phytophagous bats, IB=Insectivorous bats

contributes to sugar metabolism [44, 45]. This indicates
that functional dominance is influenced not just by phy-
lum-level abundance but also by specific bacterial fami-
lies and their metabolic activity.

Insectivorous bats exhibited significantly higher nitrate
respiration (141 vs. 38) and nitrate reduction (511 vs.
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257) compared to phytophagous bats. This corresponds
with their higher relative abundance of Pseudomonadota
(45% + 2% vs. 14% + 1%) and Enterobacteriaceae, both of
which contain taxa involved in nitrogen cycling [46, 47].
The high nitrate-processing capability in insectivorous
bats suggests an adaptation to their nitrogen-rich diet,
derived from protein-heavy insect consumption [48, 49].
Conversely, the lower levels of nitrate respiration and
reduction in phytophagous bats may reflect their carbo-
hydrate-dominant diet, which produces less nitrogenous
waste [50-52].

Aerobic chemoheterotrophy was substantially higher
in insectivorous bats (991 vs. 344), indicating a greater
metabolic flexibility in utilizing organic compounds. The
functional potential for this process is associated with
Bacillaceae, a family within Bacillota [53-55]. While
phytophagous bats had a greater overall Bacillota rep-
resentation, insectivorous bats exhibited higher func-
tional activity, likely due to the greater need for diverse
metabolic pathways to break down insect-derived
macromolecules.

Nitrite and sulfate respiration were also higher in
insectivorous bats (55 vs. 20 and 77 vs. 3, respectively).
The families Comamonadaceae and Enterobacteriaceae
(Pseudomonadota) contributed to nitrite respiration [56—
60], while Desulfovibrionaceae and Desulfobacteraceae
(Proteobacteria, Bacillota) were responsible for sulfate

Leminorella

Weissella

. Insectivorous bats

. Phytophagous bats

@ Leclercia
e Mannwwaﬂgf%?e v

@ Pantoea

Fig. 5 The SparCC correlation network. The image shows the correlation network of bacteria genera harboured by the bats. Node labelled A represent
Lactococcus and node B represent Lactobacillus. The blue bar represents negative correlations, while red bar represents positive correlations. The digit on
the bar showed the correlation value. The small inset figure displayed all correlations values for 117 nodes
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respiration [61, 62]. The greater sulfate-reducing capac-
ity in insectivorous bats aligns with their higher intake of
protein, which contains sulfur-rich amino acids [63-65].
In contrast, phytophagous bats, consuming plant-based
diets with lower sulfur content, demonstrated minimal
sulfate respiration activity [66—68].

Chitinolysis was recorded at a higher rate in insectivo-
rous bats (22 vs. 9), reflecting their consumption of insect
exoskeletons composed of chitin [69]. This function is
primarily associated with Bacillaceae and Enterobacte-
riaceae (Bacillota) [53, 69—73]. The relatively low chitino-
lytic activity in phytophagous bats further reinforces the
link between diet and microbiome functional roles, as
plant-based diets do not necessitate chitin degradation,
but rather more on degradation of plant polysaccharides
[74].

Overall, these findings highlight that while bacte-
rial phylum- and family-level abundances provide an
overview of microbial composition, they do not always
predict functional activity. The functional adaptations
observed in insectivorous and phytophagous bats reflect
their dietary specializations, with insectivorous bats
demonstrating greater metabolic flexibility in nitrogen
cycling, sulfate respiration, and chitinolysis, while phy-
tophagous bats exhibit a microbiome more specialized
in carbohydrate fermentation. These results empha-
size the importance of integrating taxonomic and func-
tional analyses for a comprehensive understanding of gut
microbiome ecology in bats.

Bacterial correlation network analysis

The correlation network analysis was used and managed
to interpret the complex microbial interaction within two
different bat diet preferences (Fig. 5). For example, the
genus Lactococcus is positively related to Clostridium,
Helicobacter, and Paeniclostridium. Suggesting that they
are somehow aiding each other’s growth and/or survival
in the bat gut. Previous research suggests that metabolic
cross-feeding and co-survival in the environment may be
the key elements generating the favourable correlations
observed between microbiomes [75, 76].

The majority of members within the genus Lactoba-
cillus are probiotic bacteria, which is a good bacterium
[77-81]. The correlation network analysis revealed a neg-
ative relationship with 13 other bacterial genera. Some
notable negative correlations are with the known patho-
genic Brenneria, Edwardsiella, Escherichia, Kosakonia,
Leminorella, Metakosakonia, Pluralibacter, Salmonella,
Shigella, and Yersinia. The negative association suggests
the presence of competition for the available resources,
which signals its efforts to displace the surrounding
bacteria [76, 82]. The significance of both good and bad
bacteria in the gut microbiome is pivotal for various
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physiological functions involving an enormous commu-
nity of microbiomes.

Conclusions

This study successfully determined the gut microbiome
community profiles of insectivorous and phytophagous
bats in Borneo. The bacterial composition naturally cor-
relates to the dietary preferences of bats. These data
indicate that though bacterial phylum- and family-level
abundances offer a general understanding of microbial
composition, they do not dependably indicate the func-
tional activity. Through correlation network analysis,
it has been established that probiotic bacteria such as
Lactobacillus play a crucial function in bats. They are
negatively correlated with several well-known bacterial
pathogens, such as Salmonella and Yersinia, indicating
that they compete with these pathogens for resources.
While the sample size is small, this study provides valu-
able insights into the functional diversity of gut micro-
biomes in insectivorous and phytophagous bats in
Borneo, a region where such data is particularly scarce.
The findings highlight how dietary preferences are linked
to distinct functional groups of bacterial communities,
contributing to the understanding of microbial ecology
in these bat species. This research fills a significant data
gap in Borneo, offering a foundational basis for future
studies to explore the ecological and ecosystem roles of
gut microbiomes in bats. Future research should focus
on expanding sample sizes for more robust conclusions
as well as investigating the potential implications of gut
microbiomes in areas such as zoonotic disease transmis-
sion, biodiversity conservation, and their role in ecosys-
tem health. This provides pathways for future research
that will elucidate the nature of the symbiotic relation-
ship between microflora communities and hosts.

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/542523-025-00389-w.

Supplementary Material 1

Supplementary Material 2

Acknowledgements

We are highly thankful to the Faculty of Resource Science and Technology at
Universiti Malaysia Sarawak for its assistance with logistics and transportation.
The University of Minnesota Center for Global Health and Social Responsibility
kindly provided seed funding to PAL and FAAK supporting a portion of

this work. Many thanks to all members of FAAK's lab for their unwavering
assistance throughout field sampling and the completion of this manuscript.

Author contributions

MAM and FAAK involved in the concept and design of the study. MAM and
JWD performed the 16 S bacteria amplification that was coached, supervised
and mentored by FAAK, PAL and JSSS. All authors contributed to data
analysis and interpretation. MAM and FAAK wrote the manuscript. All authors
read, commented, and approved the final version of the manuscript. This
manuscript is a part of MAM’s PhD thesis chapter.


https://doi.org/10.1186/s42523-025-00389-w
https://doi.org/10.1186/s42523-025-00389-w

Morni et al. Animal Microbiome (2025) 7:21

Funding

Open Access funding provided by Universiti Malaysia Sarawak.

This research was funded by Ministry of Higher Education Malaysia through
Fundamental Research Grant Scheme (FRGS/1/2019/WAB13/UNIMAS/03/2)
and Universiti Malaysia Sarawak through Postgraduate Student Research Grant
(FO7/PGRG/2047/2020).

Data availability

All data that support the findings of this study are available in main text.
The datasets generated and analysed during the current study are already
deposited in GenBank database, corresponding to the accession number in
Table 1 (https://www.ncbi.nlm.nih.gov/bioproject/PRINA1083214).

Declarations

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Ethics Statement

All specimens were handled in accordance with the procedures for animal
care and use recognized by the UNIMAS Animal Ethics Committee (UNIMAS/
AEC/R/F07/056). This study was conducted with permission from the local
wildlife authority, Sarawak Forestry Department (Permit Number: SFC.810-
4/6/1(2022)-027, Park Permit Number: WL 09/2022).

Received: 18 May 2024 / Accepted: 25 February 2025
Published online: 05 March 2025

References

1. TremaroliV, Backhed F. Functional interactions between the gut microbiota
and host metabolism. Nature. 2012;489(7415):242-9. https://doi.org/10.1038/
nature11552.

2. Underhill DM, lliev ID. The mycobiota: interactions between commensal fungi
and the host immune system. Nat Rev Immunol. 2014;14(6):405-16. https://d
0i.org/10.1038/nri3684.

3. Wang H, Wei CX, Min L, Zhu LY. Good or bad: gut bacteria in human health
and diseases. Biotechnol Biotechnol Equip. 2018;32(5):1075-80. https://doi.or
9/10.1080/13102818.2018.1481350.

4. Sommer F, Stdhiman M, llkayeva O, Arnemo JM, Kindberg J, Josefsson
J,Newgard CB, Frébert O, Backhed F. The gut microbiota modulates
energy metabolism in the hibernating brown bear Ursus arctos. Cell Rep.
2016;14(7):1655-61. https://doi.org/10.1016/j.celrep.2016.01.026.

5. Sonnenburg JL, Bickhed F. Diet-microbiota interactions as moderators of
human metabolism. Nature. 2016;535(7610):56-64. https://doi.org/10.1038/n
ature18846.

6. Bermingham EN, Maclean P, Thomas DG, Cave NJ, Young W. Key bacterial
families (Clostridiaceae, Erysipelotrichaceae and Bacteroidaceae) are related
to the digestion of protein and energy in dogs. Peer). 2017;2017(3). https://d
oi.org/10.7717/peerj.3019.

7. Shin NR, Whon TW, Bae JW. Proteobacteria: microbial signature of dysbiosis in
gut microbiota. Trends Biotechnol. 2015,33(9):496-503. https://doi.org/10.101
6/jtibtech.2015.06.011.

8. Waite DW, Chuvochina MS, Hugenholtz P. (2019). Road Map of the Phylum
Campylobacterota. Bergey’s Manual of Systematics of Archaea and Bacteria, i,
1-11. https://doi.org/10.1002/9781118960608 bm00040

9. Kamada N, Chen GY, Inohara N, Nufiez G. Control of pathogens and pathobi-
onts by the gut microbiota. Nat Immunol. 2013;14(7):685-90. https://doi.org/
10.1038/ni.2608.

10.  Colella M, Charitos IA, Ballini A, Cafiero C, Topi S, Palmirotta R, Santacroce L.
Microbiota revolution: how gut microbes regulate our lives. World J Gastro-
enterol. 2023;29(28):4368. https://doi.org/10.3748/wjg.v29.i28.4368.

11. Long SL, Gahan CG, Joyce SA. Interactions between gut bacteria and bile in
health and disease. Mol Aspects Med. 2017;56:54-65. https://doi.org/10.1016
/jmam.2017.06.002.

12. Wahlstrém A, Kovatcheva-Datchary P, Stahiman M, Backhed F, Marschall HU.
Crosstalk between bile acids and gut microbiota and its impact on farnesoid

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Page 10 of 12

X receptor signalling. Dig Dis. 2017,35(3):246-50. https://doi.org/10.1159/000
450982.

Winglee K, Howard AG, Sha W, Gharaibeh RZ, Liu J, Jin D, Fodor AA, Gordon-
Larsen P.Recent urbanization in China is correlated with a Westernized
Microbiome encoding increased virulence and antibiotic resistance genes.
Microbiome. 2017;5(1):1-13. https://doi.org/10.1186/540168-017-0338-7.
Bartell SM. Biomarkers, bioindicators, and ecological risk assessment—a brief
review and evaluation. Environ Bioindic. 2006;1(1):60-73. https://doi.org/10.1
080/15555270591004920.

Ogunseitan OA. Microbial proteins as biomarkers of ecosystem health. Inte-
grated assessment of ecosystem health. CRC; 2019. pp. 207-23.

Trevelline BK, Kohl KD. The gut Microbiome influences host diet selection
behavior. Proc Natl Acad Sci. 2022;119(17):¢2117537119. https://doi.org/10.10
73/pnas.2117537119.

Gardner AL, Baker RJ, Jones JK, Carter DC. Biology of bats of the new world
family phyllostomatidae. Part Il. Feeding Habits. 1977;13:1-364.

Glover AM, Altringham JD. Cave selection and use by swarming Bat species.
Biol Conserv. 2008;141(6):1493-504. https://doi.org/10.1016/j.biocon.2008.03.
012.

Simmons NB, Cirranello AL. (2023). Bat Species of the World: A taxonomic and
geographic database. Version 1.4. Accessed on 12/26/2023.

LiJ, LiL, Jiang H, Yuan L, Zhang L, Ma JE, Zhang X, Cheng M, Chen J. Fecal
bacteriome and mycobiome in bats with diverse diets in South China. Curr
Microbiol. 2018;75(10):1352-61. https://doi.org/10.1007/500284-018-1530-0.
Karasov WH, del Rio M, C,, Caviedes-Vidal E. Ecological physiology of diet and
digestive systems. Annu Rev Physiol. 2011,73(1):69-93. https://doi.org/10.114
6/annurev-physiol-012110-142152.

Carrillo-Araujo M, Tas N, Alcantara-Hernandez RJ, Gaona O, Schondube JE,
Medellin RA, Jansson JK, Falcon LI. Phyllostomid Bat Microbiome composi-
tion is associated to host phylogeny and feeding strategies. Front Microbiol.
2015;6:447. https://doi.org/10.3389/fmicb.2015.00447.

Leon PD, Montecillo M, Pinili AD, Siringan DS, M. A.T,, Park DS. Bacterial
diversity of Bat Guano from Cabalyorisa cave, Mabini, Pangasinan, Philip-
pines: A first report on the metagenome of Philippine Bat Guano. PLoS ONE.
2018;13(7):20200095. https://doi.org/10.1371/journal pone.0200095.

Morni MA. (2023). BacSyst. GitHub repository. https://github.com/amsyarimor
ni/BacSyst

De Coster W, D'hert S, Schultz DT, Cruts M, Van Broeckhoven C. NanoPack:
visualizing and processing long-read sequencing data. Bioinformatics.
2018,;34(15):2666-9. https://doi.org/10.1093/bioinformatics/bty149.

Wood DE, Lu J, Langmead B. (2019). Improved metagenomic analysis with
Kraken 2. Genome biology, 20, 257. https://doi.org/10.1186/513059-019-189
1-0

Ondov B. (2021). KronaTools-2.8.1. GitHub repository. https://github.com/mar
bl/Krona/releases/tag/v2.8.1

LuY, Zhou G, Ewald J, Pang Z, Shiri T, Xia J. MicrobiomeAnalyst 2.0: compre-
hensive statistical, functional and integrative analysis of Microbiome data.
Nucleic Acids Res. 2023;51(1):310-8. https://doi.org/10.1093/nar/gkad407.
Dhariwal A, Chong J, Habib S, King IL, Agellon LB, Xia J. MicrobiomeAnalyst:

a web-based tool for comprehensive statistical, visual and meta-analysis of
Microbiome data. Nucleic Acids Res. 2017,45(1):180-8.

Chong J, Liu P Zhou G, Xia J. Using Microbiomeanalyst for comprehensive
statistical, functional, and meta-analysis of Microbiome data. Nat Protoc.
2020;15(3):799-821. https://doi.org/10.1038/541596-019-0264-1.

Weiss S, Xu ZZ, Peddada S, Amir A, Bittinger K, Gonzalez A, Lozupone C,
Zaneveld JR, Vézquez-Baeza Y, Birmingham A, Hyde ER, Knight R. Normaliza-
tion and microbial differential abundance strategies depend upon data
characteristics. Microbiome. 2017;5(1):1-18. https://doi.org/10.1186/540168-0
17-0237-.

Friedman J, Alm EJ. Inferring correlation networks from genomic survey data.
PLoS Comput Biol. 2012;8(9):e1002687. https://doi.org/10.1371/journal.pcbi.1
002687.

Matchado MS, Lauber M, Reitmeier S, Kacprowski T, Baumbach J, Haller D, List
M. Network analysis methods for studying microbial communities: A mini
review. Comput Struct Biotechnol J. 2021;19:2687-98. https://doi.org/10.1016
/jcsbj.2021.05.001.

Lee WH, Chen HM, Yang SF, Liang C, Peng CY, Lin FM, Tsai LL, Wu BC, Hsin CH,
Chuang CY,Yang T, Yang TL, Ho SY, Chen WL, Ueng KC, Huang HD, Huang CN,
Jong YJ. Bacterial alterations in salivary microbiota and their association in
oral cancer. Sci Rep. 2017;7(1):16540. https://doi.org/10.1038/541598-017-164
18-x.


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1083214
https://doi.org/10.1038/nature11552
https://doi.org/10.1038/nature11552
https://doi.org/10.1038/nri3684
https://doi.org/10.1038/nri3684
https://doi.org/10.1080/13102818.2018.1481350
https://doi.org/10.1080/13102818.2018.1481350
https://doi.org/10.1016/j.celrep.2016.01.026
https://doi.org/10.1038/nature18846
https://doi.org/10.1038/nature18846
https://doi.org/10.7717/peerj.3019
https://doi.org/10.7717/peerj.3019
https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.1002/9781118960608.bm00040
https://doi.org/10.1038/ni.2608
https://doi.org/10.1038/ni.2608
https://doi.org/10.3748/wjg.v29.i28.4368
https://doi.org/10.1016/j.mam.2017.06.002
https://doi.org/10.1016/j.mam.2017.06.002
https://doi.org/10.1159/000450982
https://doi.org/10.1159/000450982
https://doi.org/10.1186/s40168-017-0338-7
https://doi.org/10.1080/15555270591004920
https://doi.org/10.1080/15555270591004920
https://doi.org/10.1073/pnas.2117537119
https://doi.org/10.1073/pnas.2117537119
https://doi.org/10.1016/j.biocon.2008.03.012
https://doi.org/10.1016/j.biocon.2008.03.012
https://doi.org/10.1007/s00284-018-1530-0
https://doi.org/10.1146/annurev-physiol-012110-142152
https://doi.org/10.1146/annurev-physiol-012110-142152
https://doi.org/10.3389/fmicb.2015.00447
https://doi.org/10.1371/journal.pone.0200095
https://github.com/amsyarimorni/BacSyst
https://github.com/amsyarimorni/BacSyst
https://doi.org/10.1093/bioinformatics/bty149
https://doi.org/10.1186/s13059-019-1891-0
https://doi.org/10.1186/s13059-019-1891-0
https://github.com/marbl/Krona/releases/tag/v2.8.1
https://github.com/marbl/Krona/releases/tag/v2.8.1
https://doi.org/10.1093/nar/gkad407
https://doi.org/10.1038/s41596-019-0264-1
https://doi.org/10.1186/s40168-017-0237-y
https://doi.org/10.1186/s40168-017-0237-y
https://doi.org/10.1371/journal.pcbi.1002687
https://doi.org/10.1371/journal.pcbi.1002687
https://doi.org/10.1016/j.csbj.2021.05.001
https://doi.org/10.1016/j.csbj.2021.05.001
https://doi.org/10.1038/s41598-017-16418-x
https://doi.org/10.1038/s41598-017-16418-x

Morni et al. Animal Microbiome

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

(2025) 7:21

Mehl C, Schoeman MC, Sanko TJ, Bezuidenhout C, Mienie CM, Preiser W,
Vosloo D. Wastewater treatment works change the intestinal microbiomes of
insectivorous bats. PLoS ONE. 2021;16(3):0247475. https://doi.org/10.1371/j
ournal.pone.0247475.

Hammer @, Harper DAT, Ryan PD. PAST: paleontological statistics software
package for education and data analysis. Palaeontologia Electronica.
2001;4(1)9.

Lombogia CA, Tulung M, Posangi J, Tallei TE. Bacterial composition, commu-
nity structure, and diversity in Apis nigrocincta gut. Int J Microbiol. 2020,2020.
https://doi.org/10.1155/2020/6906921.

Louca S, Parfrey LW, Doebeli M. Decoupling function and taxonomy in the
global ocean Microbiome. Science. 2016;353(6305):1272-7. https://doi.org/1
0.1126/science.aaf4507.

Chen J,Wu J, Liu M, Li L, Zhang W, Wang D, Ma T. Bacterial community struc-
ture in the surface sediments of different habitats of Baiyangdian lake, North-
ern China: effects of nutrient conditions. J Soils Sediments. 2021;21:1866-74.
https://doi.org/10.1007/511368-021-02901-6.

Bateman GC, Vaughan TA. Nightly activities of Mormoopid bats. J Mammal.
1974;55(1):45-65. https://doi.org/10.2307/1379256.

Kalka M, Kalko EK. Gleaning bats as underestimated predators of herbivorous
insects: diet of Micronycteris microtis (Phyllostomidae) in Panama. J Trop Ecol.
2006;22(1):1-10. https://doi.org/10.1017/50266467405002920.

Yang J, FanY, Jin R, Peng Y, Chai J, Wei X, Zhao Y, Deng F, Zhao J, Li Y. Exploring
the intestinal microbial community of Lantang pigs through Metagenome-
Assembled genomes and carbohydrate degradation genes. Fermentation.
2024;10(4):207. https://doi.org/10.3390/fermentation10040207.

Plaza-Diaz J, Manzano M, Ruiz-Ojeda FJ, Giron MD, Salto R, Lépez-Pedrosa

JM, Santos-Fandila A, Garcia-Corcoles MT, Rueda R, Gil A. Intake of slow-
digesting carbohydrates is related to changes in the Microbiome and its
functional pathways in growing rats with obesity induced by diet. Front Nutr.
2022;9:992682. https://doi.org/10.3389/fnut.2022.992682.

Le Bouguénec C, Schouler C. Sugar metabolism, an additional virulence fac-
tor in Enterobacteria. Int J Med Microbiol. 2011;301(1):1-6. https://doi.org/10.
1016/}jmm.2010.04.021.

Leonhartsberger S, Korsa I, Bock A. The molecular biology of formate metabo-
lism in Enterobacteria. J Mol Microbiol Biotechnol. 2002;4(3):269-76.
Khomutovska N, Jasser |, Isidorov VA. Unraveling the role of Bacteria in
nitrogen cycling: insights from leaf litter decomposition in the Knyszyn forest.
Forests. 2024;15(6):1065. https://doi.org/10.3390/f15061065.

Behar A, Yuval B, Jurkevitch E. Enterobacteria-mediated nitrogen

fixation in natural populations of the fruit fly Ceratitis capitata. Mol Ecol.
2005;14(9):2637-43. https://doi.org/10.1111/j.1365-294X.2005.026 15 x.
Roswag A, Becker NI, Encarnacao JA. Factors influencing stable nitrogen
isotope ratios in wing membranes of insectivorous Bat species: A field study.
Mammalian Biology. 2014;79(2):110-6. https://doi.org/10.1016/j.mambio.201
3.10.006.

Campbell CJ, Nelson DM, Ogawa NO, Chikaraishi Y, Ohkouchi N. Trophic posi-
tion and dietary breadth of bats revealed by nitrogen isotopic composition
of amino acids. Sci Rep. 2017;7(1):15932. https://doi.org/10.1038/541598-01
7-15440-3.

Long JM, Wilmore DW, Mason AD Jr, Pruitt BA Jr. Effect of carbohydrate and
fat intake on nitrogen excretion during total intravenous feeding. Ann Surg.
1977,185(4):417-22. https://journals.ww.com/annalsofsurgery/toc/1977/040
00.

Bisschop PH, De Sain-van der Velden MGM, Stellaard F, Kuipers F, Meijer AJ,
Sauerwein HP, Romijn JA. Dietary carbohydrate deprivation increases 24-hour
nitrogen excretion without affecting postabsorptive hepatic or whole

body protein metabolism in healthy men. J Clin Endocrinol Metabolism.
2003;88(8):3801-5. https://doi.org/10.1210/jc.2002-021087.

Larson PS, Chaikoff IL. The influence of carbohydrate on nitrogen metabolism
in the normal nutritional state. J Nutr. 1937;13(3):287-304. https://doi.org/10.
1093/jn/13.3.287.

Mandic-Mulec |, Stefanic P, van Elsas JD. (2016). Ecology of bacillaceae. The
bacterial spore: From molecules to systems, 59-85. https://doi.org/10.1128/978
1555819323.ch3

Shen J, Liu H, Zhou H, Chen R. Specific characteristics of the microbial
community in the groundwater fluctuation zone. Environ Sci Pollut Res.
2022,29(50):76066~77. https://doi.org/10.1007/s11356-022-21166-1.
ChenT,Qu N, Wang J, LiuY, Feng J, Zhang S, Xu C, CAO Z, PAN J, Li C. Effects
of different ecological restoration methods on the soil bacterial community
structure of a light rare Earth tailings pond. Plant Soil. 2024;497(1):43-59. http
s://doi.org/10.1007/511104-023-06295-x.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Page 11 of 12

Khan ST, Horiba Y, Yamamoto M, Hiraishi A. Members of the family Coma-
monadaceae as primary Poly (3-hydroxybutyrate-co-3-hydroxyvalerate)-
degrading denitrifiers in activated sludge as revealed by a Polyphasic
approach. Appl Environ Microbiol. 2002;68(7):3206-14. https://doi.org/10.112
8/AEM.68.7.3206-3214.2002.

Etchebehere C, Errazquin MI, Dabert P, Moletta R, Muxi L. Comamonas
nitrativorans Sp. nov,, a novel denitrifier isolated from a denitrifying reactor
treating landfill leachate. Int J Syst Evol MicroBiol. 2001;51(3):977-83. https://
doi.org/10.1099/00207713-51-3-977.

Willems A. The family Comamonadaceae. In: Rosenberg E, DeLong EF, Lory

S, Stackebrandt E, Thompson F, editors. The prokaryotes. Berlin, Heidelberg:
Springer; 2014. https://doi.org/10.1007/978-3-642-30197-1_238.

Stewart VALLEY. Nitrate respiration in relation to facultative metabolism in
Enterobacteria. Microbiol Rev. 1988;52(2):190-232. https://doi.org/10.1128/m
152.2.190-232.1988.

Stewart V. Regulation of nitrate and nitrite reductase synthesis in Enterobac-
teria. Antonie Van Leeuwenhoek. 1994,66:37-45. https://doi.org/10.1007/BFO0
0871631.

Keller KL, Wall JD. Genetics and molecular biology of the electron flow for
sulfate respiration in Desulfovibrio. Front Microbiol. 2011;2:135. https://doi.or
9/10.3389/fmicb.2011.00135.

Matias PM, Pereira 1A, Soares CM, Carrondo MA. Sulphate respiration from
hydrogen in Desulfovibrio bacteria: a structural biology overview. Prog
Biophys Mol Biol. 2005;89(3):292-329. https://doi.org/10.1016/j.pbiomolbio.2
004.11.003.

Courtney-Martin G, Pencharz PB. (2016). Sulfur amino acids metabolism from
protein synthesis to glutathione. In The molecular nutrition of amino acids and
proteins (pp. 265-286). Academic Press. https://doi.org/10.1016/B978-0-12-80
2167-5.00019-0

Nimni ME, Han B, Cordoba F. Are we getting enough sulfur in our diet? Nutr
Metabolism. 2007;4:1-12. https://doi.org/10.1186/1743-7075-4-24.

Brosnan JT, Brosnan ME. The sulfur-containing amino acids: an overview. J
Nutr. 2006;136(6):51636-40. https://doi.org/10.1093/jn/136.6.1636S.
Ingenbleek Y. The nutritional relationship linking sulfur to nitrogen in living
organisms. J Nutr. 2006;136(6):51641-51. https://doi.org/10.1093/jn/136.6.164
1S.

Dostal Webster A, Staley C, Hamilton MJ, Huang M, Fryxell K, Erickson R,
Kabage AJ, Sadowsky MJ, Khoruts A. Influence of short-term changes in
dietary sulfur on the relative abundances of intestinal sulfate-reducing bacte-
ria. Gut Microbes. 2019;10(4):447-57. https://doi.org/10.1080/19490976.2018.
1559682.

Kahleova H, Fleeman R, Hlozkova A, Holubkov R, Barnard ND. A plant-based
diet in overweight individuals in a 16-week randomized clinical trial: meta-
bolic benefits of plant protein. Nutr Diabetes. 2018;8(1):58. https://doi.org/10.
1038/541387-018-0067-4.

Phillips CD, Phelan G, Dowd SE, McDonough MM, Ferguson AW, Delton HJ,
Siles L, Ordonez-Garza N, Francisco MS, Baker RJ. Microbiome analysis among
bats describes influences of host phylogeny, life history, physiology and
geography. Mol Ecol. 2012;21(11):2617-262. https://doi.org/10.1111/j.1365-2
94X.2012.05568.x.

Zhang, L, Yu, J, Xie, Y, Lin, H,, Huang, Z, Xu, L., ... Guan, X. (2014). Biologi-

cal activity of Bacillus thuringiensis (Bacillales: Bacillaceae) chitinase against
Caenorhabditis elegans (Rhabditida: Rhabditidae). Journal of economic
entomology, 107(2), 551-558. https://doi.org/10.1603/EC13201.
Sivaramakrishna D, Bhuvanachandra B, Mallakuntla MK, Das SN, Ramakrishna
B, Podile AR. Pretreatment with KOH and KOH-urea enhanced hydrolysis of
a-chitin by an endo-chitinase from Enterobacter cloacae subsp. cloacae.
Carbohydr Polym. 2020;235:115952. https://doi.org/10.1016/j.carbpol.2020.11
5952.

Mallakuntla MK; Vaikuntapu PR, Bhuvanachandra B, Das SN, Podile AR.
Transglycosylation by a Chitinase from Enterobacter cloacae subsp. cloacae
generates longer Chitin oligosaccharides. Sci Rep. 2017,7(1):5113. https://doi.
0rg/10.1038/541598-017-05140-3.

Chernin LS, De La Fuente L, Sobolev V, Haran S, Vorgias CE, Oppenheim AB,
Chet I. Molecular cloning, structural analysis, and expression in Escherichia
coli of a chitinase gene from Enterobacter agglomerans. Appl Environ Micro-
biol. 1997,63(3):834-9. https://doi.org/10.1128/aem.63.3.834-839.1997.

Ley RE, Lozupone CA, Hamady M, Knight R, Gordon JI. Worlds within

worlds: evolution of the vertebrate gut microbiota. Nat Rev Microbiol.
2008;6(10):776-88. https://doi.org/10.1038/nrmicro1978.


https://doi.org/10.1371/journal.pone.0247475
https://doi.org/10.1371/journal.pone.0247475
https://doi.org/10.1155/2020/6906921
https://doi.org/10.1155/2020/6906921
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.1007/s11368-021-02901-6
https://doi.org/10.1007/s11368-021-02901-6
https://doi.org/10.2307/1379256
https://doi.org/10.1017/S0266467405002920
https://doi.org/10.3390/fermentation10040207
https://doi.org/10.3389/fnut.2022.992682
https://doi.org/10.1016/j.ijmm.2010.04.021
https://doi.org/10.1016/j.ijmm.2010.04.021
https://doi.org/10.3390/f15061065
https://doi.org/10.1111/j.1365-294X.2005.02615.x
https://doi.org/10.1016/j.mambio.2013.10.006
https://doi.org/10.1016/j.mambio.2013.10.006
https://doi.org/10.1038/s41598-017-15440-3
https://doi.org/10.1038/s41598-017-15440-3
https://journals.lww.com/annalsofsurgery/toc/1977/04000
https://journals.lww.com/annalsofsurgery/toc/1977/04000
https://doi.org/10.1210/jc.2002-021087
https://doi.org/10.1093/jn/13.3.287
https://doi.org/10.1093/jn/13.3.287
https://doi.org/10.1128/9781555819323.ch3
https://doi.org/10.1128/9781555819323.ch3
https://doi.org/10.1007/s11356-022-21166-1
https://doi.org/10.1007/s11104-023-06295-x
https://doi.org/10.1007/s11104-023-06295-x
https://doi.org/10.1128/AEM.68.7.3206-3214.2002
https://doi.org/10.1128/AEM.68.7.3206-3214.2002
https://doi.org/10.1099/00207713-51-3-977
https://doi.org/10.1099/00207713-51-3-977
https://doi.org/10.1007/978-3-642-30197-1_238
https://doi.org/10.1128/mr.52.2.190-232.1988
https://doi.org/10.1128/mr.52.2.190-232.1988
https://doi.org/10.1007/BF00871631
https://doi.org/10.1007/BF00871631
https://doi.org/10.3389/fmicb.2011.00135
https://doi.org/10.3389/fmicb.2011.00135
https://doi.org/10.1016/j.pbiomolbio.2004.11.003
https://doi.org/10.1016/j.pbiomolbio.2004.11.003
https://doi.org/10.1016/B978-0-12-802167-5.00019-0
https://doi.org/10.1016/B978-0-12-802167-5.00019-0
https://doi.org/10.1186/1743-7075-4-24
https://doi.org/10.1093/jn/136.6.1636S
https://doi.org/10.1093/jn/136.6.1641S
https://doi.org/10.1093/jn/136.6.1641S
https://doi.org/10.1080/19490976.2018.1559682
https://doi.org/10.1080/19490976.2018.1559682
https://doi.org/10.1038/s41387-018-0067-4
https://doi.org/10.1038/s41387-018-0067-4
https://doi.org/10.1111/j.1365-294X.2012.05568.x
https://doi.org/10.1111/j.1365-294X.2012.05568.x
https://doi.org/10.1603/EC13201.
https://doi.org/10.1016/j.carbpol.2020.115952
https://doi.org/10.1016/j.carbpol.2020.115952
https://doi.org/10.1038/s41598-017-05140-3
https://doi.org/10.1038/s41598-017-05140-3
https://doi.org/10.1128/aem.63.3.834-839.1997
https://doi.org/10.1038/nrmicro1978

Morni et al. Animal Microbiome

75.

76.

77.

78.

79.

80.

(2025) 7:21

Raes J, Bork P Molecular eco-systems biology: towards an Understanding of
community function. Nat Rev Microbiol. 2008;6(9):693-9. https://doi.org/10.1
038/nrmicro1935.

Banskar S, Mourya DT, Shouche YS. Bacterial diversity indicates dietary over-
lap among bats of different feeding habits. Microbiol Res. 2016;182:99-108. h
ttps://doi.org/10.1016/j.micres.2015.10.006.

Reid G, Burton J. Use of Lactobacillus to prevent infection by pathogenic
bacteria. Microbes Infect. 2002;4(3):319-24. https://doi.org/10.1016/51286-45
79(02)01544-7.

Arshad FA, Mehmood R, Hussain S, Khan MA, Khan MS. Lactobacilli as probi-
otics and their isolation from different sources. Br J Res. 2018;5(3):43. https://d
0i1.0rg/10.21767/2394-3718.100043.

Afrin S, Akter S, Begum S, Hossain MN. The prospects of Lactobacillus oris as

a potential probiotic with cholesterol-reducing property from mother’s milk.
Front Nutr. 2021;8:619506. https://doi.org/10.3389/fnut.2021.619506.
Mazkour S, Shekarforoush SS, Basiri S. The effects of supplementation of
Bacillus subtilis and Bacillus coagulans spores on the intestinal microflora and

81.

82.

Page 12 of 12

growth performance in rat. Iran J Microbiol. 2019;11(3):260. https://pubmed.n
cbinim.nih.gov/31523411.

Cao J, Yu Z, LiuW, Zhao J, Zhang H, Zhai Q, Chen W. Probiotic characteristics
of Bacillus coagulans and associated implications for human health and
diseases. J Funct Foods. 2020;64:103643. https://doi.org/10.1016/},jff.2019.103
643.

Faust K, Sathirapongsasuti JF, Izard J, Segata N, Gevers D, Raes J, Huttenhower
C. Microbial co-occurrence relationships in the human Microbiome. PLoS
Comput Biol. 2012;8(7):21002606. https://doi.org/10.1371/journal.pcbi.10026
06.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1038/nrmicro1935
https://doi.org/10.1038/nrmicro1935
https://doi.org/10.1016/j.micres.2015.10.006
https://doi.org/10.1016/j.micres.2015.10.006
https://doi.org/10.1016/S1286-4579(02)01544-7
https://doi.org/10.1016/S1286-4579(02)01544-7
https://doi.org/10.21767/2394-3718.100043
https://doi.org/10.21767/2394-3718.100043
https://doi.org/10.3389/fnut.2021.619506
https://pubmed.ncbi.nlm.nih.gov/31523411
https://pubmed.ncbi.nlm.nih.gov/31523411
https://doi.org/10.1016/j.jff.2019.103643
https://doi.org/10.1016/j.jff.2019.103643
https://doi.org/10.1371/journal.pcbi.1002606
https://doi.org/10.1371/journal.pcbi.1002606

	﻿Gut microbiome community profiling of Bornean bats with different feeding guilds
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Faecal sample collection
	﻿DNA extraction, PCR amplification, and sequencing
	﻿Bioinformatic processing
	﻿Statistical analysis

	﻿Results
	﻿16 S rRNA gene sequencing analysis
	﻿Differences of microbiota diversity between two feeding guilds
	﻿Relative abundance of gut microbiome and functional group distribution
	﻿Bacterial correlation network

	﻿Discussions
	﻿The microbiota diversity between the two feeding guilds
	﻿The relative and functional abundance of gut bacteria in bats
	﻿Bacterial correlation network analysis

	﻿Conclusions
	﻿References


