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Abstract

Background: Himalayan Griffons (Gyps himalayensis), large scavenging raptors widely distributed in Qinghai-Tibetan
Plateau, have evolved a remarkable ability to feed on carcasses without suffering any adverse effects. The gut micro-
biome plays an important role in animal physiological and pathological processes, and has also been found to play a
health protective role in the vulture adaptation to scavenging. However, the microbial taxonomic diversity (including
nonculturable and culturable microbes), functions, and metabolites related to Himalayan Griffons have not been fully
explored.

Methods: In the present study, the 28 fecal samples of the Himalayan Griffons and 8 carrion samples were collected
and sequenced using high-throughput 165 rRNA gene sequencing methods to analyze the composition and func-
tional structures of the microbiomes. Twelve fecal samples of the Himalayan Griffons were analyzed using untargeted
Liquid Chromatography Mass Spectroscopy (LC-MS) to identify metabolites. We used different culture conditions to
grow Himalayan Griffons gut microbes. Inhibitory effects of gut beneficial bacteria on 5 common pathogenic bacteria
were also tested using the Oxford cup method.

Results: According to the results of the culture-independent method, a high abundance of four major phyla in
Himalayan Griffons were identified, including Fusobacteria, Firmicutes, Bacteroidetes, and Proteobacteria. The most
abundant genera were Fusobacterium, followed by Clostridium_sensu_stricto_1, Cetobacterium, Epulopiscium, and Bac-
teroides. The predicted primary functional categories of the Himalayan Griffons’gut microbiome were associated with
carbohydrate and amino acid metabolism, replication and repair, and membrane transport. LC-MS metabolomic anal-
ysis showed a total of 154 metabolites in all the fecal samples. Cultivation yielded 184 bacterial isolates with Escheri-
chia coli, Enterococcus faecium, Enterococcus hirae, and Paeniclostridium sordellii as most common isolates. Moreover, 7
potential beneficial gut bacteria isolated showed certain inhibition to 5 common pathogenic bacteria.

Conclusions: Our findings broaden and deepen the understanding of Himalayan Griffons’gut microbiome, and
highlighted the importance of gut microbiome-mediated adaptation to scavenging habits. In particular, our results
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highlighted the protective role of gut beneficial bacteria in the Himalayan Griffons against pathogenic bacteria that

appear in rotten food resources.

Keywords: Avian scavengers, Culture, Microbiome, Pathogens, Vultures

Background

Vultures, known as “nature’s clean-up crew’, are large
raptors that feed predominately on the animal carcasses
without causing any adverse effects. For millennia, the
special scavenging activities of vultures benefit the health
of both human and wildlife populations by reducing
the transmission of pathogens resident in rotting car-
casses across a wide variety of landscapes and habitats
(Moleon et al. 2014). There are 23 extant vulture spe-
cies in the world and composed of two independently
evolved clades, including the New World vultures (7 spe-
cies in the avian family Cathartidae) and Old World vul-
tures (16 species in the avian family Accipitridae) (Jarvis
et al. 2014). About 81% of the 16 Old World vulture
species are threatened or near-threatened at the global
level and many vulture species exhibit regional contrac-
tions in both abundance and distribution (Ogada et al.
2016; Margalida and Oliva-Vidal 2017). Among those,
the Himalayan Griffon (Gyps himalayensis) is the most
widely distributed and abundant vulture species con-
centrated on the Qinghai-Tibetan Plateau, where live-
stock carcasses (most of them are yaks and Tibetan sheep
raised by local herdsmen) are left for Himalayan Griffons
for consumption. Due to the rapid decline in Himalayan
Griffon populations in the last few decades, the status of
this species in the International Union for Conservation
of Nature’s (IUCN) Red List was changed from “Least
Concern” in year 2012 to “Near Threatened” in year 2014
(BirdLife International 2017). Himalayan Griffons are
now a second-class national-protected bird in China and
are legally protected. As the resident and relatively sed-
entary vulture species on the Qinghai-Tibetan Plateau,
the Himalayan Griffons are crucial to maintain the bal-
ance of the Plateau ecosystem and the Tibetan sky-burial
culture (Lu et al. 2009).

One of the most central aspects of vulture biology is
how they protect themselves against the microbial tox-
ins and pathogens in their food sources and scaveng-
ing lifestyle. Physiologic, genomic, transcriptomic and
metagenomic studies of different species of vultures
have revealed a wide variety of adaptive and protective
mechanisms of these avian scavengers adapted to the
scavenging diets (Mateos-Hernndez et al. 2013; Roggen-
buck et al. 2014; Chung et al. 2015; Blumstein et al. 2017;
Zepeda Mendoza et al. 2018). For example, vultures were
reported to have an especially low gastric pH that could
kill pathogenic bacteria ingested from carrion (Houston

and Cooper 1975). Analysis of the whole genome of the
Cinereous Vulture (Aegypius monachus) (Chung et al.
2015) and the Turkey Vulture (Cathartes aura) (Zhang
et al. 2014; Zhou et al. 2019) identified a series of genes
and pathways contributed to strengthen the immune
defense against pathogenic invasion. Besides, based on
deep metagenomic sequencing, the specialized fecal and
gut microbiome was found to be involved in prevention
growth of pathogens (Roggenbuck et al. 2014; Zepeda
Mendoza et al. 2018), hinting vulture-associated gut
microbiome might play an important role in the adapta-
tion of vultures to scavenging.

With the considerable progress made in next-gener-
ation sequencing techniques, there has been increas-
ing interest in gut microbiome (the collection of gut
microbes and their genomes and metabolites) as accu-
mulating studies showed that microorganisms within the
gut play an important role in several fundamental and
crucial processes such as development, immune homeo-
stasis, nutrient assimilation, vitamins synthesis, and dis-
eases related to humans and other animals (Kau et al.
2011; Lee and Hase 2014; Colston and Jackson 2016). The
gut microbiome is also important for bird species (Kohl
2012; Waite and Taylor 2014, 2015; Hird 2017), not only
aiding digestion and promoting nutrient absorption and
energy utilization, but also involved in the behaviors (e.g.
mating, recognition, and migration) (Lee 2015), detoxifi-
cation (Kohl et al. 2016), and immune regulation (Kogut
2017). In addition, analyses of gut microbiomes have
been reported to have important applications in wildlife
conservation practices (Trevelline et al. 2019; Wei et al.
2019). However, even on a global scale, information on
the structure and function of gut microbiome related to
vulture species is scarce (Kocijan et al. 2009; Roggen-
buck et al. 2014; Meng et al. 2017c; Zepeda Mendoza
et al. 2018), particularly in the Himalayan Griffons. The
only gut microbiome study of Himalayan Griffons to
date is published by Meng et al., where the authors firstly
sequenced the microbiomes of only three Himalayan
Griffons’ rectal swabs and found that Himalayan Griffons
were an important reservoir for Clostridium perfringens
(Meng et al. 2017c). Different from Meng et al. (2017c),
we attempt to study the gut microbiome from the per-
spective of assisting the Himalayan Griffon host to adapt
to scavenging.

In order to deepen the knowledge and gain new
insights into the Himalayan Griffons’ gut microbiome,
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we characterized the structure and functions of micro-
biomes using a combination of culture-independent and
dependent methods. The microbiome of different types
of carrion and the fecal metabolome were also further
explored in this study. The results not only provide new
insights into the scavenging adaptation of the Himalayan
Griffons but also give information which is crucial for the
conservation of this species.

Methods

Ethics statement

This study conformed to the guidelines for the care and
use of experimental animals established by the Ministry
of Science and Technology of the People’s Republic of
China (Approval number: 2006-398). The research proto-
col was reviewed and approved by the Ethical Committee
of Qinghai University. This study did not involve capture
or any direct manipulation or disturbance of wild Hima-
layan Griffons in the fieldwork.

Study site, subjects, and sample collection

A total of 28 fresh fecal samples were collected from 8
different foraging flocks of Himalayan Griffons at 8 loca-
tions in Qinghai Province, China (Fig. 1). The coordinates
of the 8 sampling flocks, the number of individuals and

Page 3 of 17

the feces collected in each foraging flock, and the type of
carrion that each flock feeds on were listed in Additional
file 1: Table S1. Fecal sample collection in all groups
was performed when Himalayan Griffons feed, making
sure only fresh feces were being collected. Also, samples
were collected from the core of the fecal material, avoid-
ing from the sides touching the ground. Furthermore,
the fecal samples were collected at a minimum distance
interval of 5 m, and only a small number of fecal samples
were collected from each foraging flock to ensure that
each fecal sample comes from the different individual of
Himalayan Griffon. These samples were provisionally fro-
zen at — 20 °C in a portable freezer during the field work,
and subsequently transported to the laboratory, and
stored at — 80 °C for microbiome analyses. At the same
time, 12 of the fecal samples were divided into two parts,
one part for gut microbiome sequencing as described
above and the other part for liquid chromatography-mass
spectrometry (LC—MS) untargeted metabolomic analy-
ses. An additional set of fecal samples was collected in
1.5 mL Eppendorf tubes, and stored at —4 °C in a port-
able freezer, and shipped back to the laboratory for gut
bacteria isolation and identification. While collecting
fecal samples, we used sterile cotton swabs to collect 8
different carrion’s microorganisms. These sterile cotton
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swabs were then loaded into 1.5 mL sterile Eppendorf
tubes and transported back to the laboratory, and stored
at — 80 °C for microbiome analyses.

High-throughput lllumina sequencing of the V4-V5
regions of the 16S rRNA genes

DNA extraction, PCR amplification, and lllumina MiSeq
sequencing

Extraction of microbial DNA from a total of 28 feces and
8 carrion’s swabs was performed using the E.ZN.A. ©
Bacterial DNA Kit (Omega Bio-tek, Norcross, GA, USA)
following the manufacturer’s protocols. The extracted
DNA concentration and purification was checked by
Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA,
USA) and 1% agarose gel electrophoresis, respectively.
The V4-V5 hyper-variable regions of the bacteria 16S
rRNA genes were amplified using the universal primer
sequence 515F (5'-GTG CCA GCMGCC GCG GTAA-
3’) and 909R (5'-CCCCGY CAA TTC MTTT RAG
T-3’), with an Illumina adapter sequence on the forward
primer, and an eight-base barcode unique to each sam-
ple attached to the 3’ end of the forward primer. The PCR
reactions were performed as follows: an initial denatura-
tion at 95 °C for 3 min; first 5 cycles of 30 s at 95 °C for
denaturation, 30 s at 45 °C for annealing, 30 s at 72 °C for
primer extension, then 20 cycles of 95 °C denaturation
for 30 s, 55 °C annealing for 30 s, and 72 °C extension for
30 s, and a final extension of 72 °C for 5 min. The PCR
reactions were performed in 20 pL mixture containing
2 x KAPA HiFi HotStart Ready Mix (Kapa Biosystems,
Wilmington, MA, USA) 10 pL, 2.5 mM dNTPs, 10 uM of
each primer, and 20 ng of template DNA. All reactions
for one sample were amplified in duplicate and com-
bined prior to purification. All amplified PCR products
were extracted from 2% agarose gel and further purified
using the AxyPrep DNA Gel Extraction Kit (Axygen Bio-
sciences, Union City, CA, USA).

Bioinformatic analysis

Raw forward and reverse reads were demultiplexed,
quality-filtered, and joined using QIIME (version 1.9.1)
(Caporaso et al. 2010), with the following criteria: (1)
120-bp reads were truncated at any site receiving an
average quality score<20 over a 50-bp sliding win-
dow, and the truncated reads shorter than 50 bp were
discarded; (2) reads must be exact barcode match-
ing, with 2 nucleotide mismatch in primers matching,
and containing ambiguous characters were removed;
(3) only sequences overlapping over more than 10 bp
were assembled according to the overlapping sequence.
Reads which could not be assembled were discarded.
High-quality reads were clustered at 97% sequence
identity into operational taxonomic units (OTUs) using
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the UPARSE pipeline (Edgar 2013). Flower plot was
implemented using the R package to show unique and
shared OTUs. OTU level core microbiome analysis was
carried out using QIIME platform. Increments begin
at 50% of the sample number, and then add up to 5%
to calculate the number of common OTUs contained
in the samples of a certain percentage. The taxonomy
of each 16S rRNA gene sequence was analyzed by RDP
Classifier (http://rdp.cme.msu.edu/) against the Silva
16S rRNA database (Releasel28 http://www.arb-silva.
de) using a confidence threshold of 80% (Quast et al.
2013). The species accumulation curve was plotted to
reflect the sampling sufficiency. For alpha diversity
analysis, species richness (Chaol index) and even-
ness (Shannon index) were calculated. The Tukey test
was used to compare alpha diversity metrics among
groups. For beta diversity analysis, non-metric multidi-
mensional scaling (NMDS) was performed in R (using
vegan, and ggplot2 packages) to visualize differences
and similarities of the bacterial composition between
the different sampling locations. Analysis of similari-
ties (ANOSIM) was performed in R package to quanti-
tatively compare the microbial community differences
between different groups. Phylogenetic investigation of
communities by reconstruction of unobserved states
(PICRUSt) (Langille et al. 2013) was then applied to
predict the functional profiles of the gut microbial
communities, and annotated by using the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) database.

Metabolomic analyses

Metabolites extraction

To investigate the common metabolites in the fecal
metabolome of Himalayan Griffons, a total of 12 fecal
samples from 4 groups were shipped to the Allwegene
Technology Co. Ltd. (Beijing, China) for metabolomic
analyses. The sample and group number were reduced
because of the cost associated with untargeted metabo-
lomics. Seven milligram of sample was extracted by
500 pL extraction solvent containing an internal target
(2:2:1, methanol:acetonitrile:water (v/v/v), which was
kept at —20 °C before extraction). After homogeniza-
tion for 3 times, incubation for 1 h at — 20 °C to precipi-
tate proteins. The extracts were then dried in a vacuum
concentrator without heating, and added 100 pL extrac-
tion solvent (V, etonitrile:Vwater = 1:1) to reconstitute. The
supernatants were carefully collected and transferred
into a fresh 2 mL Liquid Chromatography—tandem Mass
Spectrometry (LC—MS) glass vial for the ultra-high per-
formance liquid chromatography coupled with a hybrid
quadrupole time-of-flight mass spectrometry (UHPLC-
QTOEF-MS) analysis.
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LC-MS acquisition, data preprocessing, and annotation
LC-MS analyses were performed using an UHPLC sys-
tem (1290, Agilent Technologies, Santa Clara, CA, USA)
with a UPLC BEH Amide column (1.7 pm, 2.1 x 100 mm,
Waters) coupled to TripleTOF 6600 (AB SCIEX, Foster
City, CA, USA). The mobile phase consisted of 25 mM
NH,OAc and 25 mM NH,OH in water (pH=9.75; A) and
acetonitrile (B) was carried with elution gradient as fol-
lows: 0 min, 95% B; 7 min, 65% B; 9 min, 40% B; 9.1 min,
95% B; 12 min, 95% B, which was delivered at 0.5 mL per
minute. The injection volume was pos: 1 pL, and neg:
2 pL. The Triple TOF mass spectrometer was used for
its ability to acquire MS/MS spectra on an information-
dependent basis (IDA) during an LC/MS experiment. In
this mode, the acquisition software (Analyst TF 1.7, AB
SCIEX, Foster City, CA, USA) continuously evaluates the
full scan survey MS data as it collects and triggers the
acquisition of MS/MS spectra depending on preselected
criteria. In each cycle, 12 precursor ions whose intensity
greater than 100 were chosen for fragmentation at colli-
sion energy (CE) of 30 V (15 MS/MS events with product
ion accumulation time of 50 ms each). The electrospray
ionization (ESI) source conditions were set as following:
ion source gas 1 as 60 Psi, ion source gas 2 as 60 Psi, cur-
tain gas as 35 Psi, source temperature 650 °C, Ion Spray
Voltage Floating (ISVF) 5000 V and —4000 V in positive
and negative modes, respectively. MS raw data (.wiff) files
were converted to the mzXML format using ProteoWiz-
ard, and processed by R package XCMS (version 3.2). The
preprocessing results generated a data matrix that con-
sisted of the retention time (RT), massto-charge ratio
(m/z) values, and peak intensity. R package CAMERA
was used for peak annotation after XCMS data process-
ing. In-house MS2 database was applied in metabolites
identification.

Isolation, and identification of gut bacteria

Culture media

Four types of culture media were used in this study for
isolation of gut bacteria, including Luria—Bertani (LB)
medium, deMan-Rogosa-Sharpe (MRS) medium, M17
medium, and Lactobacillus selection (LBS) medium.
These media are commercially available in Hope Bio-
Technology Co. Ltd. (Qingdao, China). Anaerobic
culturing was incubated at 37 °C in a A35 anaerobic
workstation (Don Whitley, Yorkshire, UK).

Sample treatment and bacterial isolation

The fecal samples of Himalayan Griffons were blended
and shaken well in phosphate-buffered saline. The sus-
pension was further diluted into different concentrations,
and 100 pL of each dilution was plated onto agar plates for
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incubation at 37 °C under aerobic or anaerobic conditions.
The single colonies appearing on the agar plates after
incubation for 16 h and 40 h were picked. Single-colony
isolation was repeated at least five times for purification
of each of the bacteria isolates. Finally, all isolated strains
were stored in 30% (v/v) glycerol (Bacterial fluid:100%
glycerol=7:3, v/v) at — 80 °C for further study.

Identification of bacterial isolation

All the isolates were confirmed and identified by
sequencing the 16s rRNA gene. Microbial DNA was
extracted using the QIAamp DNA Stool Mini Kit (Qia-
gen, Hilden, Germany) following the manufacturer’s
protocol. The universal PCR primers 27F (5-AGTTTG
ATCMTGGCTCAG-3') and 1492R (5-GGTTACCTT
GTTACGACTT-3’) were used to amplify the 16S rRNA
gene. The PCR reaction were performed in 25 pL mixture
containing 2.5 pL of 10x Buffer (with Mg**), 0.5 uL of
each universal primers, 1 uL of ANTP (2.5 mM), 15 pL of
sterilized water, and 0.5 uL of genomic DNA. The PCR
products were checked for the expected size on 1.0%
agarose gel, and then identified using Sanger sequenc-
ing by Sangon Biotech Company in Shanghai, China. All
the 16S rRNA gene sequences were subjected to BLAST
analysis on the NCBI website. The phylogenic tree was
constructed using the neighbor-joining (NJ) method with
MEGA X software (Kumar et al. 2018).

Antibacterial activity by Oxford cup method

Five pathogenic strains, namely, Escherichia coli
ATCC8099, Salmonella enteritidis CMCC 50041,
Staphylococcus aureus ATCC6538, Shigella dysente-
riae CMCC(B)51105, and Pseudomonas aeruginosa
CMCC(B)10104 were purchased from Yitian Biotechnol-
ogy Co. Ltd. (Beijing, China). These pathogenic strains
were aerobically incubated in LB medium at 37 °C and
were utilized as indicator bacteria for the antimicro-
bial tests. The ability of the seven isolated potential gut
beneficial strains to resist these pathogenic bacteria was
determined by the Oxford cup method (Zhai et al. 2015),
with some adjustments. First, each strain was diluted to
achieve a concentration about 1x 10’ CFU/mL. Then,
each pathogenic strain was swabbed evenly on the LB
agar plates using sterilized cotton swabs. The three steri-
lized Oxford cups were situated on the plates and 200 pL
of each potential gut beneficial bacteria solution was
added in each cup and were incubated at 37 °C for 24 h.
After incubation, the transparent area across the cup was
considered as the inhibition zone, and the diameter (mm)
was measured using a vernier caliper thrice and stated as
average £ standard deviation.
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Data accessibility

Raw sequence reads of 28 fecal samples and 8 carrion’s
swabs are publicly available from the NCBI Sequence
Read Archive under the accession number PRJNA723140.
A total of 13 isolated strains’ 16S rDNA sequences have
been deposited in the GenBank database under acces-
sion numbers: MT740347, MT740350, MT740351,
MT740353, MT740355, MT740378, MT740354,
MW092231, MWO092229, MW092226, MW092514,
MW092228, MW092227.

Results

Diversity indices

The estimated alpha diversity indices (Chaol and Shan-
non) did not show differences among the eight groups
(Fig. 2). Beta diversity was calculated to evaluate the
degree of dissimilarity in bacterial composition between
the different sampling locations, using the Bray—Cur-
tis based non-metric multidimensional scaling (NMDS)
analysis. Results showed that samples from different
locations were broadly indistinguishable and clustered
together (Fig. 3). In addition, this clustering pattern
was confirmed by an analysis of similarities (ANOSIM)
(Additional file 1: Table S2). A high level of similarities
in microbial composition were observed in the pairwise
comparison groups.

Bacterial community composition in Himalayan Griffons’
rotten foods

On the Qinghai-Tibetan Plateau, dead domesticated
yaks, Tibetan sheep, Tibetan dogs, and horses make up
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the main diets of Himalayan Griffons (Additional file 2:
Fig. S1). In addition to these domestic animals, some
wildlife carcasses were also eaten by Himalayan Griffons,
such as the Himalayan Marmot (Marmota himalayana)
we encountered in our field sampling and bird surveys
(Additional file 2: Fig. S1). In order to detect the bacterial
diversity in the scavenging diets of Himalayan Griffons,
sterile swabs were collected from the surfaces of eight
different animal carcasses being eaten by the Himalayan
Griffons at eight sampling sites. Then, the bacterial diver-
sity of these rotten foods was analyzed by extracting the
total genomic DNA from each sterile swab, and sequenc-
ing the 16S rRNA gene V4-V5 hypervariable regions
using the Illumina MiSeq platform. The results showed
that these scavenging diets were mainly dominated by
Bacteroidetes, Firmicutes, Proteobacteria, Fusobacteria,
and Actinobacteria at the phylum level (Fig. 4a). The pro-
portions of these five phyla in the total bacteria in each
rotten food ranged from 77.25 to 99.50%. At the genus
level, a total of 19 high abundance genera were identified
(Fig. 4b). Among these genera, in addition to the poten-
tial bacterial pathogens, three potential probiotic gen-
era (Anaerostipes, Christensenellaceae R-7_group, and
Lactobacillus) were also detected, indicating that not all
the bacteria in the rotten foods were pathogenic bacte-
ria. The proportions of these top 19 genera varied largely
across the samples reflecting the diversity of bacteria in
different rotting carcasses. In addition, the results con-
tained unidentified genera ranging from 0.97 to 30.56%,
suggesting that the bacteria in the rotten foods had yet to
be explored. Furthermore, a total of 18 OTUs were found
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to be present in all the rotten foods, and were consid-
ered as the core microbiota of Himalayan Griffons’ rotten
foods in this study (Additional file 2: Fig. S2).

Bacterial community composition of Himalayan Griffons

A total of 28 fresh fecal samples were collected from
Himalayan Griffons foraging flocks at eight different
locations on the Qinghai Plateau. We then used ampli-
con sequencing of the V4-V5 regions of 16S rRNA
gene of each sample to identify and characterize the gut
microbial community composition of Himalayan Grif-
fons. In total, 1,877,243 raw reads were obtained from
all samples (Additional file 1: Table S3). After filtra-
tion, 1,801,205 high-quality sequences were produced,
with the number of sequences per sample ranged from
30,336 to 175,653 (Additional file 1: Table S3). These
high-quality reads were then subsampled to an equal
sequencing depth (28,624 reads per sample), and were
clustered into a total of 1638 OTUs using a sequence
similarity of 97% (Additional file 1: Table S3). The
Good’s coverage ranged between 99.48 and 99.93%,
indicating that the majority of microbial phylotypes in
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each sample were detected in this study (Additional
file 1: Table S3). The species accumulation curve was
also performed to determine whether our 28 fecal
samples provided enough OTU coverage for accurate
description of the microbial composition present in
Himalayan Griffons. As shown in Additional file 2: Fig.
S3, the number of OTUs increased quickly at the range
of 1-19 samples, and reached a plateau at the end of
our sampling, suggesting that we have largely explored
the bacterial composition in this study.

OTUs with the relative abundance greater than 1%
were used and classified into different taxonomically lev-
els by the RDP classifier at a 97% confidence threshold.
We identified 28 phyla, 76 classes, 103 orders, 192 fami-
lies, and 393 genera from these OTUs (Additional file 1:
Table S4). The composition of microbial community at
the levels of Class, Order, and Family is shown in Addi-
tional file 2: Figs. S4-S6.

Relative abundances of the phyla and genera in each
sample are summarized in Fig. 5. At the phylum level,
the top four abundant phyla in the Himalayan Grif-
fons were Fusobacteria (52.95%), Firmicutes (31.86%),
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Bacteroidetes (8.62%), and Proteobacteria (3.69%)
(Fig. 5a). The proportions of these four phyla comprised
more than 97% of the total composition of the samples.
At the genus level, the most abundant microbial commu-
nity was Fusobacterium (42.45%), followed by Clostrid-
ium_sensu_stricto_1 (12.96%), Cetobacterium (10.20%),
Epulopiscium (7.84%), and Bacteroides (4.87%) (Fig. 5b).
Another four genera were detected at low levels (relative
abundance was between 1 and 2%), including Romboutsia
(1.88%), Peptostreptococcus (1.16%), Escherichia-Shigella
(1.11%), and Megamonas (1.00%) (Fig. 5b). The propor-
tions of these nine genera comprised more than 83% of
the total composition of the samples. In addition, 8.33%
of the total sequences were classified to the uncultured
and unidentified genera, indicating that the Himalayan
Griffons’ gut microbiome might harbor new and not well
described microbial species.

The “core” gut microbiome of Himalayan Griffons

The core gut microbiomes were investigated at the OTU
level across samples. Figure 6 showed the different core
thresholds (fraction of 28 samples) and the correspond-
ing number of core OTUs detected. For example, when
the core thresholds were set at 100% (present in all the 28
samples), a total of 9 OTUs were identified (Fig. 6; Addi-
tional file 1: Table S5). These OTUs accounted for 64.43%
of the total reads. The top 3 core OTUs were belonged
to the following 3 genera: Fusobacterium, Clostridium_
sensu_stricto_1, and Epulopiscium. Using the even less
strict core criterion (present in 14 samples, 50% core
thresholds), 69 OTUs were totally detected (Fig. 6; Addi-
tional file 1: Table S6), and accounted for 90.87% of the
total reads. In addition to the above 3 abundant genera,
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Fig. 7 Flower plot displays the number of common/unique OTUs
across different groups

Cetobacterium was found to be another genus with high
abundance (9.64%).

We next examined the core gut microbiomes across
different groups. The core 64 bacterial OTUs present in
all the groups were identified (Fig. 7; Additional file 1:
Table S7). In this case, the core genera with high abun-
dance is still those 4 genera, i.e., Fusobacterium, Clostrid-
ium_sensu_stricto_1, Cetobacterium, and Epulopiscium.

Predictive functional profiling of the Himalayan Griffons’
gut microbiome

In addition to providing information on the gut micro-
bial community structure of Himalayan Griffons, we pre-
dicted the functional profiles of the Himalayan Griffons’
gut microbiome. A total of 302 KEGG pathways at level 3
were predicted (Additional file 3: Table S8). Among these,
the largest group was related to metabolism (47.30%),
consisting of top 5 higher proportions of carbohydrate
metabolism (22.97%), amino acid metabolism (18.65%),
energy metabolism (11.66%), metabolism of cofactors
and vitamins (9.52%), and nucleotide metabolism (8.78%)
(Fig. 8). Collectively, these top 5 functional categories
within the metabolism group accounted for 71.58% of the
reads. Genetic information processing (18.93%) was the
second most abundant functional group, replication and
repair (45.04%) was the most abundant functional cate-
gory within this group, followed by translation (29.29%),
transcription (13.65%), and folding, sorting and degra-
dation (12.01%) (Fig. 8). Approximately one third of the
sequences in the replication and repair category were
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classified into DNA repair and recombination proteins
(KEGQG level 3) (32.70%). The third most prominent func-
tional group was environmental information processing
(15.33%), including the categories of membrane transport
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(87.98%), signal transduction (10.36%), and signal-
ing molecules and interaction (1.66%) (Fig. 8). The vast
majority of reads within the membrane transport cat-
egory were distributed in transporters (51.30%) and ABC
transporters (27.35%). Furthermore, a total of 263 KEGG
pathways (level 3) were found to be present in all the 8
groups, which could be considered as core functions of
Himalayan Griffons’ gut microbiome (Additional file 2:
Fig. S7; Additional file 4: Table S9).

Metabolite profiles of the Himalayan Griffons’ gut
microbiome

LC-MS metabolomic analysis of the 12 fecal extracts of
Himalayan Griffons detected a total of ~4490 metabo-
lites (Additional file 5: Table S10, Additional file 6:
Table S11). This was relatively comprehensive infor-
mation of metabolite profiles for this species, which,
to the best of our knowledge, has not been reported
previously. As shown in Additional file 7: Table S12, a
total of 154 metabolites were identified in all the sam-
ples. Among these metabolites, the top 15 metabolites
accounted for 52.9% of the total metabolites, includ-
ing some metabolic compounds that have important
physiological effects, such as 2-methylbutyroylcarnitine,
3-(phosphoacetylamido)-L-alanine,  adenine, cucur-
bitacin B, 1-palmitoyl-2-(5-keto-6-octendioyl)-sn-
glycero-3-phosphatidylcholine,  3,5-dinitro-L-tyrosine,
stearoylcarnitine, cholic acid, and N-acetyl-L-aspartic
acid.

Isolation and identification of gut bacteria from Himalayan
Griffons

To increase the depth of this study, using culture depend-
ent methods, the feces of Himalayan Griffons were sub-
jected to bacterial isolation and identification. Fecal
samples were inoculated into four different media and
incubated aerobically and anaerobically at 37 °C. The
uncultivable bacteria were not considered in this study,
we focused only on isolating the easily culturable bac-
teria from the gut of Himalayan Griffons. A total of 184
bacterial isolates were finally isolated, including 63 iso-
lates from Luria—Bertani (LB) media, 57 isolates from
deMan-Rogosa-Sharpe (MRS) media, 33 isolates from
M17 media, 31 isolates from Lactobacillus selection
(LBS) media. All the isolated bacteria were identified by
full-length 16S rRNA gene sequence analysis, and then
compared by the NCBI GenBank database. These bac-
teria were classified into 3 different phyla, 8 genera and
13 species. The 13 species’ representative sequences were
submitted to NCBI GenBank and got accession num-
bers (Table 1). The phylogenetic tree of these species was
shown in the Additional file 2: Fig. S8.
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Table 1 Bacteria isolated from various media conditions, and identified based on 16S rRNA gene sequencing analysis

Type of medium Number Bacterial taxa identified GenBank sequence submission
of
isolates  Phylum Genus Species Strain name Accession number
Luria—Bertani (LB) under 28 Proteobacteria Escherichia Escherichia coli Escherichia coli strain MT740347
aerobic condition HVulwwi
1 Firmicutes Bacillus Bacillus cereus - -
1 Actinobacteria  Micrococcus Micrococcus luteus Micrococcus luteus strain -~ MT740350
HVulwwi
1 Proteobacteria Moraxella Moraxella osloensis Moraxella osloensis strain -~ MT740351
HVulwwi
Luria—Bertani (LB) under 17 Firmicutes Paeniclostridium  Paeniclostridium sordellii Paeniclostridium sordellii MT740353
anaerobic condition strain HVul.ww1
8 Firmicutes Enterococcus Enterococcus hirae - -
6 Firmicutes Bacillus Bacillus cereus - -
1 Proteobacteria Escherichia Escherichia coli - -
deMan-Rogosa-Sharpe 26 Proteobacteria Escherichia Escherichia coli - -
(MRS) under aerobic 8 Firmicutes Enterococcus Enterococcus hirae Enterococcus hirae strain -~ MT740355
condition
HvVulwwi
6 Firmicutes Enterococcus Enterococcus durans Enterococcus durans HVul.  MT740378
ww]
2 Firmicutes Enterococcus Enterococcus mundtii Enterococcus mundtii MT740354
strain HVul.ww1
deMan-Rogosa-Sharpe 10 Firmicutes Enterococcus Enterococcus hirae - -
(MRS) under anaerobic Firmicutes Enterococcus Enterococcus munditii - -
condition
M17 under aerobic condi- 23 Firmicutes Enterococcus Enterococcus faecium - -
tion 5 Firmicutes Bacillus Bacillus cereus - -
3 Firmicutes Bacillus Bacillus simplex - -
2 Firmicutes Solibacillus Solibacillus silvestris Solibacillus silvestris strain -~ MW092231
HVulwwi
Lactobacillus selection 22 Firmicutes Enterococcus Enterococcus faecium Enterococcus faecium MW092229
(LBS) under aerobic strain HVulww1
condition 5 Firmicutes Bacillus Bacillus simplex Bacillus simplex strain MW092226
HVulwwi
2 Firmicutes Staphylococcus  Staphylococcus epider- Staphylococcus epider- MWQ92514
midis midis strain HVul.ww1
1 Firmicutes Bacillus Bacillus licheniformis Bacillus licheniformis strain - MW092228
HVulww1
1 Firmicutes Bacillus Bacillus cereus Bacillus cereus strain HVul. ~ MW092227
ww2
Total 184 3 8 13 - -

Antagonistic activities of potential gut beneficial bacteria
against pathogens

To test whether the potential beneficial bacteria in the
gut of Himalayan Griffons assist the host in inhibiting
the pathogenic bacteria, the ability of the seven isolated
strains (Enterococcus durans HVul.wwl, Enterococ-
cus hirae strain HVul.wwl, Enterococcus mundtii strain
HVul.ww1, Enterococcus faecium strain HVul.wwl, Bacil-
lus cereus strain HVul.ww2, Bacillus licheniformis strain
HVulwwl, and Bacillus simplex strain HVul.wwl) to
resist five pathogen strains (Escherichia coli ATCC8099,
Salmonella enteritidis CMCC 50041, Staphylococcus

aureus ATCC6538, Shigella dysenteriae CMCC(B)51105,
and Pseudomonas aeruginosa CMCC(B)10104) was
determined in this study (Fig. 9). All the seven isolated
strains showed inhibition activity against Salmonella
enteritidis and Staphylococcus aureus in the antibacte-
rial experiment. The inhibition zone diameter ranged
from 8.74 to 16.85 mm. Enterococcus durans HVul.wwl
showed the strongest inhibition of Escherichia coli, Sal-
monella enteritidis, and Pseudomonas aeruginosa, with
a diameter of 16.44 mm, 16.85 mm, and 12.07 mm,
respectively (Fig. 9). Enterococcus hirae strain HVul.wwl
exhibited the strongest inhibitory effect against Shigella
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Fig. 9 Antimicrobial activity of seven isolated strains against five pathogen strains

Enterococcus durans HVul.ww1
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Bacillus simplex strain HVul.ww1

dysenteriae, with a diameter of 13.91 mm (Fig. 9). Bacil-
lus simplex strain HVul.ww1 had the strongest inhibitory
effect on Staphylococcus aureus, with a zone of inhibition
of 13.29 mm (Fig. 9).

Discussion

Himalayan Griffons are widely distributed avian scav-
engers in the Qinghai-Tibetan Plateau, which play an
important role in maintaining the balance of the Plateau
ecosystem. The nature of scavenging makes Himalayan
Griffons more vulnerable to pathogens from rotten food.
Over the past decade, numerous studies have shown that
the gut microbiome, coevolution with the host, played an
important role in host metabolism, health, and adapta-
tion to a specific diet and an extreme environment (Wei
et al. 2019; Yao et al. 2019; Huang et al. 2021; Levin et al.
2021). Therefore, we propose a “achieve two things at one
stroke” hypothesis: (a) the gut microbes of Himalayan
Griffons are derived from the saprophagous diets, and
(b) at the same time these gut microbes assist the host in
digestion, absorption, and metabolism of saprophagous
diets, and some gut microbes convey resistance to path-
ogenic bacteria in saprophagous diets. Analysis of the
structure and function of gut microbiome in Himalayan
Griffons is a key step to test our hypothesis. While, due
to the difficulty of collecting samples from wild Himala-
yan Griffons, this part of the research is still limited. In
this study, culture-independent method, using 16S rDNA
high-throughput sequencing on 28 fecal samples from 8
flocks, was performed to investigate the gut microbiota
composition and function traits. At the same time, the
culture-dependent method, using 4 types of media cul-
turing 184 isolates, was used to study the antibacterial
activity of gut beneficial bacteria. Integration of culture-
independent and dependent methods provides a more

comprehensive picture of the Himalayan Griffons’ gut
microbiome, greatly expanding upon previous microbi-
ome profiles analyzed from only 3 rectal swabs of Hima-
layan Griffons (Meng et al. 2017c).

Gut microbiota structures and functions of Himalayan
Griffons

At the phylum level, the gut microbiota of the Himala-
yan Griffons in the present study was dominated by
Fusobacteria, Firmicutes, Bacteroidetes, and Proteobac-
teria. These results are similar to the findings of previ-
ous studies on the gut microbiome of other vultures’
species (Roggenbuck et al. 2014; Zepeda Mendoza et al.
2018; Meng et al. 2017c) and other carrion feeders (Ley
et al. 2008; Keenan et al. 2013), but in different propor-
tions. Firmicutes, Bacteroidetes and Proteobacteria are
the most common bacterial phyla present across differ-
ent kinds of animals’ gut microbiota, while Fusobacte-
ria has frequently been detected in the gut microbiota
of carnivorous and omnivorous birds (Waite and Taylor
2015). Fusobacteria was the phylum with the highest
abundances in the Himalayan Griffons’ gut microbiota,
members in which are often studied in the context of
pathogenicity. Overall, Fusobacteria was reported to link
to carcinogenesis in multiple cancer types and associated
with a range of important chronic diseases (Kelly et al.
2018), owing to their ability to colonize or invade through
mucosal surfaces and to activate an immune response
(Rubinstein et al. 2013). However, Zepeda Mendoza et al.
(2018) found that the gut Fusobacteria could provide
health protection for the host (the Black Vultures and the
Turkey Vultures) in a beneficial manner by the forma-
tion of biofilms and colonization resistance against other
external pathogens. We speculate that the same protec-
tive effect may be also present in the Himalayan Griffons.
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Further microbial culture and genome studies are needed
to isolate the relevant strains in this phylum to reveal the
anti-pathogen mechanisms. In this study, the most abun-
dant genus within Fusobacteria was Fusobacterium and
Cetobacterium. Interestingly, genus Cetobacterium iso-
lated from the intestine of freshwater fish was reported to
produce vitamin B-12 for the host (Ramirez et al. 2018).
Therefore, the potential role of members in this phylum
in decomposing carrion and nutrition requires further
analysis, which is crucial to testing our hypothesis.

The relative abundance of Firmicutes and Bacteroidetes
occupied the second and the third place respectively in
the gut microbiota of Himalayan Griffons. All these two
phyla were considered as symbiotic microbiota essen-
tial for the nutrition digestive activity across many birds
and mammals. In general, Firmicutes species can benefit
their host in digestion and absorbing nutrients by decom-
posing a range of substances (carbohydrates, polysac-
charides, sugars, and fatty acids) via digestive enzymes
(Padayachee et al. 2020), whereas Bacteroidetes species
usually help the host to degrade complex biopolymers
(David et al. 2014). For example, members of Firmicutes
have been found to produce high levels of the short-
chain fatty acids (SCFAs) as byproducts of fermentation,
which can be absorbed directly by the host gut epithe-
lial cells as an energy source (Berry 2016). In addition,
gut Firmicutes was found to be involved in T-lympho-
cyte immunity in chickens (Simon et al. 2016), which
could indicate a possible role of these bacterial phyla in
adaptive immune function of Himalayan Griffons. The
abundant genera identified within Firmicutes included
Clostridium_sensu_stricto_1, Epulopiscium, Rombout-
sia, Peptostreptococcus, and Megamonas. Among these
genera, Clostridium_sensu_stricto_I and Romboutsia
were found to be positively associated with amino acid
metabolism (alanine, phenylalanine, and glutamine) and
energy metabolism (citrate, pyruvate, creatine, and lac-
tate) in serum (Gao et al. 2019). Epulopiscium is a mor-
phologically diverse group of intestinal symbionts, and
contributes to breakdown of refractory algal polysac-
charides ingested by their hosts (Arroyo et al. 2019). This
genus was usually found in high abundance amongst
herbivorous surgeonfishes (Miyake et al. 2016), but its
presence in the gut of Himalayan Griffons deserves fur-
ther study. Peptostreptococcus and Megamonas seemed
to have an association with pathophysiological processes
in several immunological diseases (de Paepe et al. 2017;
Barnes et al. 2020). How these pathogens coexist with
the Himalayan Griffons remains a question worth study-
ing. Bacteroides, with the highest percentage within the
Bacteroidetes phylum, is usually associated with the con-
sumption of animal fat and protein-rich diets (Wu et al.
2011). The possible beneficial role of microbes within this
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genus linked to the carrion-based diet in vulture species
is still lacking. Additionally, higher Firmicutes to Bac-
teroidetes ratio associated with obesity in humans and
rodents was reported to increase the calories uptake effi-
ciency from food (Grigor’eva 2021). However, there is a
lack of data to compare the ratio of Firmicutes to Bacte-
roidetes in the gut microorganisms of vultures with those
of birds that have other feeding habits.

Proteobacteria in much less abundant occupied the
fourth place in the gut microbiota of Himalayan Griffons.
The most abundant taxa in this phylum was the patho-
genic Escherichia-Shigella, which was also isolated from
other birds (Diakou et al. 2016). It seems that Himalayan
Griffons, the nature’s most successful avian scavengers,
could be an animal reservoir of many zoonosis that origi-
nated from the carrion (Meng et al. 2017c). Studying the
bacteriome and virome of this bird species in the future
will provide important information to predict or prevent
infection outbreaks.

In this study, PICRUSt was used to analyze the micro-
bial functions of Himalayan Griffons. Results showed that
the most abundant functional classes were associated
with carbohydrate and amino acid metabolism, replica-
tion and repair, and membrane transport. Carbohydrate
and amino acid metabolism pathway in the gut micro-
biota may play an important role in providing nutrients
to Himalayan Griffons by digesting, and assimilating the
carrion. Replication and repair pathway, especially DNA
repair and recombination, was much higher in the gut
microbiota of Himalayan Griffons, which may be induced
by the increased threats and harmful substances from
carrion-born pathogens. The enriched membrane trans-
port pathway likely reflects the uptake of more nutrient
substrates for direct microbial utilization, as indicated by
the chicken gut metagenome (Huang et al. 2018). These
data facilitate understanding of the relationship between
gut microbial taxa and metabolism, as well as the influ-
ence of gut microbes on host physiology.

Core gut microbiota and metabolites of Himalayan Griffons
In this study, NMDS clustering results exhibited larger
overlap, and suggested that the majority of gut microbi-
ota between all the samples were conserved. The special-
ized and conserved saprophagous habit was considered
as potential cause for this clustering pattern (Huang et al.
2021). Furthermore, using the strict core (100% of the
28 samples, and 100% of the 8 groups), and the relaxed
core (50% of the samples), the top 4 abundant core genera
were detected, including Fusobacterium, Clostridium_
sensu_stricto_1, Cetobacterium, and Epulopiscium. These
core genera of the Himalayan Griffons’ gut microbiome
overlapped with the core genera of the different carrion
microbiome, which also supports our hypothesis about
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the carcass’s origin of the Himalayan Griffons’ gut micro-
biome. These core gut microbiome might form a symbi-
otic relationship with Himalayan Griffons after long-term
co-evolution, thus playing essential roles in many physi-
ological activities of Himalayan Griffons.

The metabolic composition of fecal extracts from
Himalayan Griffons provides a chance to elucidate the
complex metabolic interplay between the host and their
gut microbiome. Fecal metabolome consisted of various
metabolites with a wide range of physiological properties.
In this study, we observed a total of 154 metabolites pre-
sent in all the 12 fecal samples. The top 15 metabolites
accounted more than half of the total metabolites, and
are worthy of further physiological research. For exam-
ple, 2-methylbutyroylcarnitine, stearoylcarnitine, and
cholic acid are associated with the metabolism of fatty
acids (Ghonimy et al. 2018). Carnitine can be synthe-
sized in animals from the amino acids’ lysine, but cannot
be de novo synthesized by any bacterial species (Mead-
ows and Wargo 2015). Interestingly, this substance is an
ideal compatible solute that can be utilized by bacteria
to protect themselves against stresses such as salt, pres-
sure, temperature, and so on (Smiddy et al. 2004). The
presence of 3-(phosphoacetylamido)-L-alanine, Adenine,
and 3,5-dinitro-L-tyrosine may also reflect the involve-
ment of gut microbiota in the catabolism of protein and
nucleotide in the intestinal lumen. Cucurbitacin B and
its close relatives were reported to have potent anti-
cancer activities (Garg et al. 2018). The presence of this
metabolite suggested that the gut microbes and their
metabolites in the Himalayan Griffons are a potential
source of therapeutically important compounds worthy
of further exploration. Due to the small sample size of
our metabolome, the results were only a preliminary data
of the metabolome of the Himalayan Griffons and their
gut microbiome. In the future, a larger sample size (at
least 10 samples in each group) will be needed to obtain
a broad picture of the Himalayan Griffons’ gut metabo-
lome and to conduct comparative analysis among differ-
ent groups.

Bacterial isolates and the inhibition activity

against pathogens

As a supplement to the culture-independent method, cul-
ture-dependent method was also used in this study, and
might provide a powerful strategy to study the function
of specific strains from the Himalayan Griffons. However,
usually less than 1% of the gut microbes can be cultured,
and the culture-dependent method often produce biased
results. Therefore, the culturable gut bacteria in our study
were likely to be the high abundant and most active bac-
terial group in the Himalayan Griffons. In total, 184 cul-
turable gut bacteria were isolated using 4 different types
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of media and assigned into 3 phyla, 8 genera, 13 species,
dominated by Escherichia coli (29.89%), Enterococcus fae-
cium (24.46%), Enterococcus hirae (14.13%), and Paeni-
clostridium sordellii (9.24%). Due to the influence of the
isolation media on the preference of culturable gut bac-
teria, more types of media should be used to obtain more
culturable bacterial isolates in the future. In addition, cul-
turomics (high-throughput culture) (Lagier et al. 2012)
need to be applied to culture the Himalayan Griffons’
gut microbiome in order to better identify more cultur-
able microorganisms. Culturomics allows for a wide vari-
ety of maintenance and enrichment conditions (culture
medium composition, temperature, incubation time,
antibiotics, and heat elimination of non-spore forming
bacteria, etc.) to cover the majority of microbial diversity
in the sample (Pinevich et al. 2018). This study focuses on
the isolation and culture of gut beneficial bacteria from
Himalayan Griffons, with the aim of testing our hypoth-
esis that gut beneficial bacteria can assist the host to
resist the pathogenic bacteria in their diets. Seven poten-
tial beneficial gut bacteria were found to have differ-
ent degree of inhibitory effect on 5 common pathogenic
bacteria. This suggested the importance of gut beneficial
bacteria mediated health protection for adaptation of
Himalayan Griffons to their scavenging habits. This also
indicated that the mechanisms of scavenging adaptation
in vulture species may not only lie within their genomes
(Chung et al. 2015; Zhou et al. 2019), but also in their
associated gut microbes. To date, culturable gut micro-
biome data for only a few species of vultures have been
reported, and tend to be biased toward reporting isolated
pathogens (Meng et al. 2017a, b, 2018; Plaza et al. 2019),
while reports on probiotics are scarce. Our data also sug-
gested that certain types and numbers of probiotics are
present in the Himalayan Griffons’ gut microbiome. In
the future, germ-free vultures or other bird species as a
model should be experimentally transplanted with these
microbes to determine the essential physiological func-
tions of these probiotics. Another interesting finding
was that we also found beneficial bacteria in the carrion
microbiome. Thus, we speculate that Himalayan Grif-
fons may encounter beneficial bacteria in their diets, and
these probiotics were selectively colonized the gastroin-
testinal tract during evolution.

Conclusions

This study is the first to provide comprehensive analy-
ses of the Himalayan Griffons’ gut microbiome using
the combination of the culture-independent and cul-
ture-dependent methods. Our results showed a high
abundance of four major phyla in Himalayan Griffons,
including Fusobacteria, Firmicutes, Bacteroidetes, and
Proteobacteria. At the genus level, the most abundant
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microbial community were Fusobacterium, followed by
Clostridium_sensu_stricto_1, Cetobacterium, Epulopis-
cium, and Bacteroides. Further, we found the core gut
microbial composition at both sample and group levels.
The predicted primary functional categories of the Him-
alayan Griffons’ gut microbiome were associated with
carbohydrate and amino acid metabolism, replication
and repair, and membrane transport. Taken together,
these results revealed the composition and functions of
the gut microbiota in Himalayan Griffons. The first high-
throughput results characterizing the microbiota of the
different types of carrions could be used as a base for
understanding the origins of the Himalayan Griffons’ gut
microbes. We also present here the results of the isola-
tion and culture of gut beneficial bacteria, the inhibitory
effect on pathogenic bacteria, as well as the fecal metabo-
lome, that suggest gut microbes play a crucial role in the
scavenging adaptation of Himalayan Griffons. However,
the linkage between the gut microbiota and the carrions
utilization and metabolism was not studied in our cur-
rent work, which may be the further research plan in our
laboratory. Thus, based on our results, we envision that
future multi-omic studies (including genome, metage-
nome, virome, and culturome) of Himalayan Griffons
should be conducted to more comprehensively explore
the mechanisms of scavenging adaptation in this species
and to better protect this species.
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