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Abstract: [Objective] This study aimed to investigate the diversity and sex-specific differences in the intestinal
microbiota of cheetah (Acinonyx jubatus). [M ethods] Fecal samples were collected from 9 healthy adult cheetahs
(4 male and 5 female), and intestinal microbiota were assessed through high-throughput sequencing of the V3-V4
region of 16S rRNA gene. [Results] In total, 599349 effective tags were obtained, with an average length of
405 bp. At 97% sequence similarity, 268 operational classification units (OTUs) were obtained and classified into
the bacterial domain, including 10 phyla, 21 classes, 35 orders, 72 families, and 144 genera. Based on relative
abundance, the 5 most abundant bacterial phyla were Firmicutes (accounting for approximately 42.29% of the total
OTUs), Actinobacteria (31.54%), Fusobacteria (16.66%), Proteobacteria (5.30%), and Bacteroidetes (4.19%). The
low abundance of phylum Bacteroidetes was the primary feature of the intestinal microbial community of the
cheetah. The 5 most abundant families were Coriobacteriaceae (31.28%), Peptostreptococcaceae (17.66%),
Fusobacteriaceae (15.46%), Lachnospiraceae (12.40%), and Clostridiaceae 1 (6.93%). The 5 most abundant
genera were Collinsella (30.16%), Fusobacterium (15.46%), Peptoclostridium (11.46%), Blautia (8.28%), and
Clostridium_sensu_stricto_1 (6.39%). Approximately 2.32% of the total OTUs were unclassified strains at the
genus level. Alpha diversity analysis indicated that the Shannon indices of the intestinal microbiota ranged
2.93-4.41; Simpson indices, 0.72—0.91. The observed species and Shannon indices of the intestinal microbiota of
male cheetahs were dlightly greater than those of female cheetah. Beta diversity analysis revealed that the
difference between sexes was greater than that within groups. However, cluster analysis reveaed that intestinal
microbes of cheetahs of the same sex were not clustered. [Conclusion] The present results show the intestinal
microbial diversity of cheetah, and indicate that intestinal microbiota of cheetah do not differ significantly on the
basis of sex, thus providing a scientific basis for studies on the conservation of cheetahs and their digestive
physiology and for rescuing and feeding cheetahs.
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Intestinal microbes significantly contribute to
numerous aspects including nutrient digestion and
absorption, intestinal health and immunity, etc., and
are essential for the survival and environmental
adaptation of wild animals®™@. Cheetahs are
fast-running mammeals of family Felidae. Owing to a
loss and fragmentation of their habitat, their
population has sharply declined. Cheetahs are
included in Appendix | of the CITES and are
protected by national legislation in most of their
existing and previous habitats¥. Analysis of the
characteristics of intestinal microbial diversity of
cheetahs would greatly facilitate studies on their
feeding habits and intestinal health status. In recent
years, with advancements related to the intestinal
microbes of members of family Felidad, studies on
the intestinal microbiota of cheetahs have gradually
emerged®”). Becker et al. (2014) characterized the
fecal microbiota of captive cheetahsin a Belgian zoo
via shotgun sequencing and reported a pronounced
underrepresentation of members of families
Bifidobacteriaceae and Bacteroidetes in cheetahs in
comparison with those in domestic cats®. Another
study reported the long-term temporal stability of the
predominant fecal microbiota in captive cheetahs via

PCR coupled with denaturing gradient gel
electrophoresis (DGGE) and rea-time PCR
analysisd”. High-throughput sequencing would

provide deeper insights into the abundance and
diversity of the intestinal microbiota of cheetahs. In
this study, high-throughput sequencing was
performed to investigate the diversity of the
intestinal microbial community of cheetahs.
Furthermore, the diversity of intestinal microbial
diversity among different individuals and sexes
was analyzed. The present results would
potentially further the current understanding of the
cheetah's gut ecosystem and provide basic
information for rescuing and feeding cheetahs and
to assess their intestinal health and treat diseases in
cheetahs.

actamicro@im.ac.cn

1 Materials and methods

1.1 Sample collection

Fecal samples were harvested from 9 healthy
adult cheetahs (4 male, named AIMO1-AJM04; 5
female, named AJFO1-AJFO5) on December 31,
2017. These animals were approximately 4-6 years old,
weight 45-55 kg, with a trunk length of 1.0-1.5 m,
and a shoulder height of 0.7-0.9 m. The cheetahs
were half-scattered at Jinan Wildlife Park (36° 36" N
117° 27" E) in Zhanggiu in Shandong province, P. R.
China, feeding on raw beef and rabbit and with ad
libitum access to potable tap water. Four months
before sampling, these animals were not
administered anti-inflammatory or antibacterial
drugs and did not have any gastrointestinal disease.
Fresh fecal samples were harvested at approximately
5:00 to 6:00 am, stored in a sterilized plastic
centrifuge tube, and sent to the laboratory in a
portable refrigerator and stored at —80 °C until DNA
was extracted. The experiment was approved by the
Anima Protection and Utilization Committee of
Qufu Normal University.

1.2 DNA extraction, 16S rRNA amplification,
and seguence processing

Genomic DNA of the samples was extracted
using QIlAamp DNA Stool Mini Kit (Qiagen, Hilden,
Germany) in accordance with the manufacturer’s
instructions. Primers 341F (5'-CCTAY GGGRBGCA
SCAG-3') and 806R (5'-GGACTACNNGGGTATC
TAAT-3') were used for amplification of the 16S
rRNA V3-V4 region. Each reaction was of 30 pL
and comprised 15 pL of Phurs Mix (2er), 1.5 uL of
each primer, 10 uL of template DNA, and 2 pL of
ddH,O. The cycling conditions were as follows:
pre-denaturation at 98 °C for 1 min, denaturation at
98 °C for 10 s, annedling at 55 °C for 30 s, and
extension 72 °C for 30 s, 35 cycles, and final
extension at 72 °C for 5 min. The PCR product
was mixed with the same volume of 1xloading
buffer (containing Gel green) and detected via
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electrophoresis using a 2% agarose gel. Samples at a
bright band of 400 bp and 450 bp were excised and
mixed at an equal density ratio and purified using
Qiagen Gel Extraction Kit (Qiagen, Hilden,
Germany). A library was constructed by using the
TruSeq® DNA PCR-Free Sample Preparation Kit
(IMMumina, San Diego, Cadlifornia, USA) and
quantified using Qubit® 3.0 (Life Technologies,
Grand Island, NY, USA). The quantified library
was sequenced wusing Illumina HiSeq 2500
(IMumina, San Diego, California, USA).

1.3 Bioinformaticsanalysis

In accordance with previously reported
methods, we removed barcodes and primer
sequences and performed sequence quality control
analysis and obtained the effective tags®*. The
UPARSE software (Version 7.0.1001) was used to
cluster the effective tags from all samples and
cluster the sequences into operational classification
units (OTUs) with 97% similarity!*¥. Species were
annotated on the basis of representative OTU
sequences, using Mothur software (Version 1.35.1)
and SILVA’s SSUrRNA database (set threshold of
0.8-1.0)™. We obtained taxonomic information and
statistically analyzed the diversity of bacterial
communities in each sample at each rank of
classification (kingdom, phylum, class, order, family,
and genus). The MUSCLE software (Version 3.8.31)
was used for fast multi-sequence alignment*>¢ and
the Qiime software (Version 1.9.1) was used to
determine the observed-species, chaol, Shannon,
Simpson, ACE, goods-coverage, and PD_whole_tree
indices™. The rarefaction curve and the rank
abundance curve were plotted using the R software
(Version 2.15.3).

14 Analysis of inter-sample and inter-group
differences

Based on the sex, we divided the cheetah
samples into a male group (AJM) and a female
group (AJF). The R software was used to analyze

differences between the Alpha diversity index
between groups and for Beta diversity analysis,
using parametric and non-parametric  tests,
respectively. The box plot was used to visually
reflect the median, dispersion, maximum, minimum,
and outlier values of species diversity between
samples.

The Unifrac distance was calculated using
Qiime software, and the UPGMA sample clustering
tree was constructed. Anosim, MRDP, and ADOMIS
analysis were performed using R software and
AMOVA analysis was performed using Mothur
software to assess whether intergroup differences
were significantly greater than  intragroup
differences. We used the R software for principal
component analysis (PCA), principal coordinate
analysis (PCoA), and non-metric multidimensional
scaling (NMDS) analysis. We used LEfSe software
(Galaxy Version 1.0) for LEfSe analysis (LDA
score=4)*". Metastats analysis was performed using
R software, and the g values of each rank of
classification (phylum, class, order, family, and
genus) were determined.

2 Results

2.1 Seguencing data and OTU clusters

In total, 599349 effective tags were obtained
from 9 cheetah fecal samples, with an average length
of 405 bp. Sequences are curated in the SRA
database with the accession number SRR7299437.
Classification based on 97% sequence similarity,
268 OTUs with 122 OTUs on average were obtained.
Based on OTU data, rarefaction and rank abundance
curves were plotted. The end of the rarefaction curve
tending to be flat, indicating that the sequencing data
effectively reflected the diversity of the intestinal
microbial community in cheetahs. The rank
abundance curve indicated that richness of samples
AIMO01, AIMO02, and AJF04 was greater than that of
other samples (Figure 1).

http://journals.im.ac.cn/actamicrocn
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Rarefaction (a) and rank abundance curve (b) analyses of nine Acinonyx jubatus fecal samples. In the

dilution curve, the abscissa represents the number of sequencing samples randomly extracted from a certain sample,
and the ordinate represents the number of operational taxonomic units (OTUs) constructed on the basis of the
number of sequences, which reflected the sequencing depth, and different samples are represented by differently
colored curves. When the curve tended to flatten, the amount of sequencing data were progressively reasonable. In
the Rank Abundance curve, the abscissa represents the serial number sorted on the basis of OTU abundance and the
ordinate represents the relative abundance of the corresponding OTUs, and different samples are represented by
differently colored polylines. The higher the species richness, the greater the span of the curve along the horizontal
axis. The smoothness of the curve reflects the uniformity of the species in the sample. The smoother the curve, the

more uniform the species distribution.

2.2 Microbiota composition and abundance

Based on the results of species annotation, all
OTUs in the feca samples from cheetahs were
classified into their corresponding bacterial domain,
including 10 phyla, 21 classes, 35 orders, 72 families,
and 144 genera. Based on average abundance, the
top 10  bacterid phyla were Firmicutes
(13.33%-65.49%, at an average of 42.29% of the
total number of OTUs), Actinobacteria
(7.66%-54.65%; average, 31.54%), Fusobacteria
(3.10%42.32%; average, 16.66%), Proteobacteria
(0.70%—21.50%; average, 5.30%), Bacteroidetes
(0.17%-17.77%; average, 4.19%), Saccharibacteria
(average, 0.012%), Chloroflexi (average, 2x107),
Cyanobacteria (average, 1.8x10°°), Thermomicrobia
(average, 8x10°), and Deferribacteres (average,
6x107°). Among these phyla, the abundance varied
greatly. For example, Firmicutes accounted for only
13.33% of the total number of OTUs in sample
AJIM04 but 54.65% in sample AJF04; Actinobacteria

actamicro@im.ac.cn

accounted for only 7.66% in AJM04 but 54.67% in
AJF03. Proteobacteria accounted for only 0.70% in
AJFO5 but 21.50% in AJMO04. Furthermore,
Cyanobacteria and Deferribacteres were present
only in AIMO02 and AJMO03; Thermomicrobia were
present only in AJMO01 and AJF02.

At the family level, among the 72 bacterid
families present in the fecal samples of cheetahs, the
top 10 were Coriobacteriaceae (average, 31.28% of the
total number of OTUS), Peptosireptococcaceae (17.66%),
Fusobacteriaceae (15.46%), Lachnospiraceae (12.40%),
Clostridiaceae 1 (6.93%), Bacteroidaceae (4.15%),
Erysipdotrichaceae (3.08%), Campylobacteraceae (2.19%),
Enterobacteriaceae (1.40%), and Helicobacteraceae
(0.92%), among which Peptostreptococcaceae,
Lachnospiraceae, Clostridiaceae 1, and
Erysipelotrichaceae belong to phylum Firmicutes,
and Campylobacteraceae, Enterobacteriaceae, and
Helicobacteraceae belong to phylum Proteobacteria.
Microbial abundance among samples differed



RS | A2, 2019, 59(9)

1727

markedly at the family level. Notably, SAR86_clade
and Desulfomicrobiaceae were present only in
AJIMO01; Mycobacteriaceae, AIM02; Chromatiaceae
and Hyphomicrobiaceae, AIMO03; Family_XIV and
Family I, AIM02 and AJMO03; Halomonadaceae,
AJFO4 and AJFO5; Pasteurellaceae, AJF04;
Bacteroidales S24-7_group, AJFO5.

At the genus level, unclassified strains
accounted for 2.32% of the total number of OTUs.
The top 10 genera of relative abundance were
Collinsella (average, 30.16% of the total number of
OTUs), Fusobacterium (15.46%), Peptoclostridium

(11.46%), Blautia (8.28%), Clostridium_sensu_
stricto_ 1 (6.39%), Paeniclostridium (5.40%),
Bacteroides (4.15%), Campylobacter (2.19%),

Ruminococcus_gnavus_group (1.86%), and
Escherichia-Shigella (0.92%). Genera belonging to
phyla Firmicutes, Actinobacteria, Fusobacteria,
Bacteroidetes, and Proteobacteria accounted for
35.86%, 30.16%, 15.46%, 4.15%, and 2.15% of the
total number of OTUSs, respectively. Among these
genera, Agromyces was only present in sample
AJFO5; Pelistega, AJF04; Exiguobacterium and
Turicibacter, AJFO1; Advenella, AIMO4;
Paraeggerthella, AJMO01; Butyricicoccus and
Erysipelothrix, AIMO2 (Figure 2).

2.3 Analysis of similarities and differences
among samples

Analysis of sample similarity revealed that the
number of core microbes in the male and female
groups were similar (female, 58; male, 65). The
Venn diagram (Figure 3-A) shows that the number of
OTUs shared by the two sexes was 167. The petal
plot shows that 50 OTUs were shared by all samples
(Figure 3-B). The core microbes shared by all
samples were primarily the following: Coriobacteriia,
phylum Actinobacteria; Bacilli, phylum Clostridia;
Erysipelotrichia, phylum Firmicute; Fusobacteriia,
phylum Fusobacteria; Betaproteobacteria,
Epsilonproteobacteria, and Gammaproteobacteria,
phylum Proteobacteria; Bacteroidia, phylum
Bacteroidete. The Alpha Diversity indices (including

Shannon index, Simpson index, chaol, ACE,
goods_coverage, and PD_whole_tree) of the two
sexes at the 97% consistency threshold are enlisted
in Table 1. Box analysis of the Alpha diversity
indices between the two groups revealed that the
OTUs and the Shannon index of the AJM group
were dlightly but not significantly greater than those
of the AJF group (P>0.05) (Figure 4). The histogram
shows that at the phylum level, both the AJM and
the AJF groups displayed a greater abundance of
phyla Firmicutes and Actinobacteria, and the
relative abundances of the two phyla did not differ
significantly between male and female cheetahs
(Firmicutes: P=0.9007, Actinobacteria: P=0.3073).
The abundances of phyla Cyanobacteria and
Deferribacteres were dlightly but not significantly
greater in the AJM than in the AJF group (P=0.2151;
P=0.2149). The histogram shows that the proportion
of phylum Fusobacteria was greater in sample
AJMO04 than in other samples, while that of phylum
Actinobacteria was lower in sample AJMO04 than in
other samples; however, these differences were not
significant between male and female cheetahs
(P=0.9059, P=0.3073, respectively) (Figure 5).
Intergroup analysis of Alpha diversity indices
revealed no significant difference between male and
female groups with respect to OTUs (P=0.4279), the
Shannon index (P=0.357), and Simpson index
(P=0.3826). Furthermore, analysis of Beta diversity
indices revealed no significant difference in
diversity between mae and female groups
(unweighted Beta diversity t-test, P=0.2619,
weighted Beta diversity t-test, P=0.1342). Metastats
analysis revealed no significant differences (g>0.05)
between male and female groups at each rank of
classification (Phylum, Class, Order, Family, and
Genus). LEfSe analysis did not reveal significantly
different biomarkers between male and female
groups. To further verify the aforementioned results,
intragroup and intergroup  differences were
compared via Anosim, MRDP, ADOMIS, and
AMOVA and consequently, intergroup differences

http://journals.im.ac.cn/actamicrocn
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were dlightly but not significantly greater than P=0.418; ADONIS: R=0.098, low resolution;
intragroup  differences
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(ANOSIM: R=0.0125, AMOVA: P=0.424) (Figure 6).
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Figure2. Gut bacterial composition at the phylum (A), family (B), and genus (C) levelsin each sample. Based on
the results of the species noted, gut bacterial species and phyla were selected in each sample (A) and the relative
abundance of the top ten or top thirty biological species at the family level (B) and the genus level are shown (C)
along with product column maps.
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Figure 3. The Venn map of male and female groups (A) and petal map of different samples (B). Based on the
analysis of operational taxonomic unit (OTU) clusters, study requirements, and common and unique OTUs among
different samples (groups), a Venn diagram and petal diagram were constructed. Each circle in the Venn diagram
represents a group, the number of circles and circle overlaps represent the number of OTUs shared between groups,
and the number without overlap represents the number of unique OTUs in the group. Each petal in the petal
diagram represents a sample, with different colors representing different samples, the middle core number
representing the total number of OTUs shared by all samples, and the number on the petals representing samples

with unique OTU numbers.

Tablel. Alphadiversity indices

Alphadiversity index ACE chaol OTUs Shannon Simpson PD Whole tree
AIM 144.56+24.76  140.812+22.650  132.75+27.78  3.65+0.62  0.85+0.06  13.13+2.31
AJF 129.15+¢25.48  126.65+27.03 118.20+22.13  3.30+0.30  0.81+0.07  12.50+2.18
AIM-AJF p value 0.3917 0.4210 0.4279 0.3570 0.3826 0.6917
160 To further elucidate intergroup and intragroup
differences, the Beta diversity was determined on the
basis of the weighted and unweighted Unifrac
140 distance to determine the difference coefficient
= among samples and to construct a heat map.
© Consequently, intragroup differences were dlightly
120 but not significantly greater in the AJM group than
_— in the AJF group (unweighted unifrac P=0.2619,
100 . . weighted unifrac P=0.1342). To assess differences
AIM AJF between groups, PCoA, PCA, and NMDS analysis
were performed to cluster samples of cheetahs in
Figure 4. Comparison of the alpha diversity of accordance with the diversity of fecal bacteria No

microbial communities between sexes. The box chart
reflects the median, standard deviation, maximum,
minimum, and outlier values of species diversity in the
group. Alpha diversity was determined on the basis of
the observed species indices. T-test and Wilcox rank
sum test were performed to analyze differences in
species diversity between groups.

complete separation was observed between the two
sexes, indicating that there is no significant sex-based
correlation in the intestinal microbiota diversity in
cheetahs (Figure 7). UPGMA cluster analysis based
on the weighted and unweighted Unifrac distance
matrix further verified that the gut microbiota diversity
in cheetahs was not clustered by sex (Figure 8).

http://journals.im.ac.cn/actamicrocn
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Figure 5. Heatmap of weighted and unweighted UniFrac distances. The weighted and unweighted Unifrac
distances were considered to evaluate the difference coefficient between the two samples. The upper and lower
values in the same box represent the weighted and unweighted Unifrac distance, respectively. The smaller the value,
the smaller the difference in species diversity between the two samples.
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Figure 6. Anosim analysis of intergroup and intragroup
differences. Anosim was used to investigate whether
the intergroup differences were greater than the
intragroup differences. The R-value was between (-1,
1). An R-value greater than O indicates that the
intergroup difference is significant; an R-value less
than 0 indicates that the intragroup difference is greater
than the intergroup difference. P-values less than 0.05
indicated dtatistical  significance. The ordinate

represents the rank of the distance between the samples.

The abscissa “Between” reflects intergroup findings
and the other two reflect intragroup findings.
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Figure 7. Principal coordinate analysis (PCoA) between
groups based on the weighted UniFrac distance. PCoA
andysis was peformed on the basis of weighted and
unweighted Unifrac distances, and the principal coordinate
combination with the largest contribution in shown. The
horizontal coordinates represent one principal component.
The ordinate represents another principal component. The
percentage represents the contribution of the principa
component to differences among samples. Each point in
the diagram represents a sample. The samples of the same
sex group are represented by the same color.
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Figure 8. UPGMA clustering analysis based on weighted and unweighted UniFrac distance matrices. To assess
the similarity among different samples, samples were clustered to construct a clustering tree of samples, and
UPGMA clustering analysis was performed on the basis of the Weighted Unifrac distance matrix (A) and

Unweighted Unifrac distance matrix (B).

3 Discussion

This study assessed the diversity of the cheetah
intestinal microbial community via Illumina-based
high-throughput sequencing of 16S rRNA. The
present results show that the core bacteria of the
intestinal microbiota of cheetahs comprise phyla
Firmicutes, Actinobacteria, Fusobacteria,
Proteobacteria, and Bacteroidetes. Becker et al.
reported that intestinal microbes of cheetahs include
phyla Firmicutes (94.7%), Actinobacteria (4.3%),
Fusobacteria (0.6%), and Proteobacteria (0.4%) on
shotgun sequencing!®. Our results are concurrent
with those of Becker et al. However, owing to the
significant difference in the amount of segquencing

data, the composition and proportion of bacterial
phyla in the intestinal microbiota of cheetahs
determined herein is different from that reported by
Becker et al.’. Several studies have assessed the
intestinal microbiota of members of family Felidae.
For example, Tun et al. reported that the primary gut
microbes of domestic cats (Felis catus) belonged to
phyla Bacteroidetes/Chlorobi, Firmicutes, and
Proteobacterial”. Nunez-Diaz et al. reported that gut
microbes of captive Iberian lynx (Lynx lynx)
primarily ~ comprised phyla  Proteobacteria
(54.95%—61.76%), Firmicutes (33.58%—42.38%),
Bacteroidetes (0.11%-6.03%), and Actinobacteria
(0.96%-5.86%)*¥. Zhang et al. reported that the gut
microbes of snow leopard (Panthera uncia)

http://journals.im.ac.cn/actamicrocn
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primarily comprised phyla Firmicutes (56.5%),
Actinobacteria (17.5%), Bacteroidetes (13%), and
Proteobacteria (13%)!*. At the phylum level, the
intestinal  microbial community of cheetahs is
similar to that of other members of family Felidae,
being more similar to that of snow |eopards.
However, compared to that of the other members of
family Felidae, the intestinal microbial community
of cheetahs has certain unique characteristics,
especially the relatively low abundance of phylum
Bacteroidetes (4.19%). Bacteria of phylum
Bacteroidetes promote polysaccharide decomposition
to improve nutrient utilization, accelerate intestinal
vascular  formation, promote host immune
development, improve host immunity, and maintain
a balance and stability in the intestinal ecosystem.
This phylum accounts for a large proportion
(approximately 68% of the total number of OTUS) in
the intestina microbial community of cats;
however, its proportion in the digestive tract in wild
animals of family Felidae is low, especialy in
lynxed®. Owing to obvious differences in food
composition and habitat between domestic and wild
animals, domestic cats are not the same as wild
animals of family Felidae with respect to numerous
physiological characteristics. Furthermore, exogenous
carbohydrate supplementation may increase the
proportion of phylum Bacteroidetes/Chlorobi in the
intestinal microbiota of domestic cats. Therefore,
our results are concurrent with those of Becker et al.,
who investigated the significance of the domestic cat
as an optimal model of endangered wild cats in an
interventional study on animal nutrition®. However,
in this study, approximately 4.19% of total OTUs
were classified into phylum Bacteroidetes, which
was not reported before®. This is probably owing to
the use of high-throughput 11lumina-based sequencing.
High-throughput sequencing technology allows for a
greater sequencing depth and provides significantly
more data than first-generation sequencing
technologies, which better highlight the composition
and diversity of intestinal microbiota and reflect
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low-abundance groups in the intestinal tract.
Proteobacteria were more abundant in sample
AIMO04 (27.38% of tota OTUs) than in other
samples in this study. It is reported that the high
abundance of phylum Proteobacteria in the gut
microbiota is associated with diseases including
intestinal inflammation®. Concurrently, Suchodolski
et al. reported that domestic dogs with intestinal
diseases had a lower abundance of phylum
Bacteroidetes but a higher abundance of phylum
Proteobacteria than norma healthy dogs®!.
Numerous bacteria in phylum Proteobacteria are
pathogenic, including genera Escherichia, Salmonella,
Vibrio, Helicobacter, and Yersinia and order
Legionellales, and a few non-parasitic bacteria such
as nitrogen-fixing bacteria. Most members of the
phylum are facultative or obligate anaerobes,
chemoautotrophs, and heterotrophs. Moreover,
numerous strains in phylum Proteobacteria are
associated with inflammation, and some strains are
associated with imbalances in the microbiota of the
female reproductive tract®. Herein, we carried out
health evaluation of cheetahs during sample
collection. We did not find that sample AJM04 had
intestinal diseases. By tracing the feeding history of
sample AIM04, the sample was infected with
Ascaris lumbricoides approximately 1 year ago, and
we speculated that this may have accounted for the
high abundance of phylum Proteobacteria. However,
we speculated that the high abundance of phylum
Proteobacteria in sample AJM04 may also result
from individual differences because phylum
Proteabacteria constitutes a major component of the
intestinal microbiota of numerous carnivores and
herbivores, such as wolf (Canis lupus, 9.2% of the
total number of OTUs)!®, dhole (Cuon alpinus,
9.33%-17.60%)?**! snow leopard (Uncia uncia,
13%)?® domestic cat (Felis catus, approximately
6%)!!, and takin (Budorcas taxicolor, approximately
2.37%)'?"1. The abundance of phylum Proteobacteria
is also high in the sable (Martes zibellina; 29.1%)
and the lynx (Lynx lynx; 54.95%61.76%)™.
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Therefore, it remains unclear whether the high
abundance of phylum Proteobacteria reflects an
intestinal infectious disease.

Previous studies have reported that numerous
intestinal microbial communities contain a certain
proportion of unclassified bacteria. Herbivores tend
to have higher proportions of unclassified intestinal
bacteria owing to the complexity and indigestibility
of food®=%. In this study, unclassified bacteria
accounted for 2.32% of the intestinal microbiota of
cheetahs. In other carnivorous, such as wolves and
dholes, unclassified bacteria accounted for 26% and

34.3%, respectively, of the intestinal microbiota®??.

Herein, the rarefaction curve shows that sequencing
data to analyze the intestinal microbia diversity of
cheetahs are adequate. However, herein, we
observed a small percentage of unclassified bacteria
in the intestinal microbiota of the cheetah, probably
owing to the high protein content of the cheetah and
the relatively constant food source.

The diversity of the intestinal microbiota of
wild animals is associated with their sex. In this
study, sex-based difference coefficients were
evaluated on the basis of the weighted and the
unweighted Unifrac distance. Consequently, the
difference between the male and female groups was
not significant. Moreover, UPGMA cluster analysis
based on the weighted and unweighted Unifrac
distance matrix revealed no marked sex-based
clustering of the intestina microbiota of cheetahs,
and the results of PCoA, PCA, and NMDS were
consistent with those of cluster analysis, indicating
no sex-based difference in the diversity of the
intestinal  microbiota of cheetahs. However,
intergroup differences were greater than intragroup
differences, indicating slight sex-based differences
in the diversity of the intestinal microbiota of
cheetahs, the non-significance of this difference
probably resulting from the small number of samples
and marked intragroup differences in the diversity of
the intestinal microbiota of cheetahs. For example,
the weighted Unifrac difference in microbial

diversity between samples AIM03 and AIM04 was
the largest (0.511), while that between AJMO1 and
AJF05 was the smallest (0.097) (Figure 5). These
large individual differences and relatively small
sample sizes may have compromised the statistical
power of the sex-based differencesin the diversity of
the intestinal microbiota of cheetahs to a certain
degree.

In  summary, this study  describes
high-throughput [llumina-based sequencing of the
hypervariable region of bacterial 16S rRNA gene to
evaluate the species composition and diversity of the
intestinal microbiota of cheetahs. The present results
show the core intestinal microbiotal composition of
cheetahs and a lower abundance of phylum
Bacteroidetes®®?®!, However, it remains unclear
whether this characteristic is unique to cheetahs or is
shared with other wild felid animald®™®. No
correlation was oObserved between intestinal
microbial diversity and sex in cheetahs, different
from that in other carnivores®. Intestinal microbes
in cheetahs play important roles in digestion,
nutrient absorption, and intestinal health. This study
provides novel in-depth insights into the diversity of
the intestina microbiota of cheetahs, thus
facilitating studies on the physiology and health of
cheetahs and lay the foundation for the breeding of
captive cheetahs and for the wild reintroduction of
captive animals.

Authors contributions

Lei Chen conceived, designed, performed the
experiments and analyzed the data; Mi Liu wrote the
paper; Ying Gao, Weilai Sha contributed materials;
Jiaxin Chen and Jing Zhu modify the manuscript. All
authors read and approved the final manuscript.

Acknowledgements

We would like to thank the staff of Ji’nan Wild
Animal Park for their assistance in the fecal samples

http://journals.im.ac.cn/actamicrocn



1734

Lei Chenet a. | Acta Microbiologica Sinica, 2019, 59(9)

collection. We would like to thank Editage
(www.editage.cn) for English language editing.

Competing interests

The authors declare that they have no
competing interests.

Ethical approval and consent to

participate

All applicable international, national, and/or
ingtitutional guidelines for the care and use of
animals were followed.

Refer ences

[1] Ley RE, Hamady M, Lozupone C, Turnbaugh PJ, Ramey RR,
Bircher JS, Schlegel ML, Tucker TA, Schrenzel MD, Knight
R, Gordon JI. Evolution of mammals and their gut microbes.
Science, 2008, 320(5883): 1647-1651.

[2] Amato KR, Yeoman CJ, Kent A, Righini N, Carbonero F,
Estrada A, Gaskins HR, Stumpf RM, Yildirim S, Torralba M,
Gillis M, Wilson BA, Nelson KE, White BA, Leigh SR.
Habitat degradation impacts black howler monkey (Alouatta
pigra) gastrointestinal microbiomes. The ISME Journal, 2013,
7(7): 1344-1353.

[3] Durant S, Mitchell N, Ipavec A, Groom R. Acinonyx jubatus.
The IUCN red list of threatened species. 2015:
€.T219A50649567.

[4] Tun HM, Brar MS, Khin N, Jun L, Hui RKH, Dowd SE,
Leung FCC. Gene-centric metagenomics analysis of feline
intestinal microbiome using 454 junior pyrosequencing.
Journal of Microbiological Methods, 2012, 88(3): 369-376.

[5] Depauw S, Bosch G, Hesta M, Whitehouse-Tedd K, Hendriks
WH, Kaandorp J, Janssens GPJ. Fermentation of animal
components in strict carnivores. a comparative study with
cheetah fecal inoculum. Journal of Animal Science, 2012,
90(8): 2540-2548.

[6] Becker AA, Hesta M, Hollants J, Janssens GP, Huys G
Phylogenetic analysis of faecal microbiota from captive
cheetahs reveals underrepresentation of Bacteroidetes and
Bifidobacteriaceae. BMC Microbiology, 2014, 14: 43.

[7] Becker AAMJ, Janssens GPJ, Snauwaert C, Hesta M, Huys G

actamicro@im.ac.cn

(8]

(9]

[10]

[11]

(12]

[13]

[14]

[19]

(16]

(17]

Integrated community profiling indicates long-term temporal
stability of the predominant faecal microbiota in captive
cheetahs. PLoS One, 2015, 10(4): e0123933.

Mago¢ T, Salzberg SL. FLASH: fast length adjustment of
short reads to improve genome assemblies. Bioinformatics,
2011, 27(21): 2957-2963.

Bokulich NA, Subramanian S, Faith JJ, Gevers D, Gordon JI,
Knight R, Mills DA, Caporaso JG Quality-filtering vastly
improves diversity estimates from Illumina amplicon
sequencing. Nature Methods, 2013, 10(1): 57-59.

Haas BJ, Gevers D, Earl AM, Feldgarden M, Ward DV,
Giannoukos G, Ciulla D, Tabbaa D, Highlander SK, Sodergren
E, Methé B, DeSantis TZ, The Human Microbiome
Consortium, Petrosino JF, Knight R, Birren BW. Chimeric
16S rRNA sequence formation and detection in Sanger and
454-pyrosequenced PCR amplicons. Genome Research, 2011,
21(3): 494-504.

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R.
UCHIME improves sensitivity and speed of chimera
detection. Bioinformatics, 2011, 27(16): 2194—-2200.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K,
Bushman FD, Costello EK, Fierer N, Pefia AG, Goodrich JK,
Gordon JI, Huttley GA, Kelley ST, Knights D, Koenig JE, Ley
RE, Lozupone CA, McDonald D, Muegge BD, Pirrung M,
Reeder J, Sevinsky JR, Turnbaugh PJ, Walters WA, Widmann
J, Yatsunenko T, Zaneveld J, Knight R. QIIME alows analysis
of high-throughput community sequencing data. Nature
Methods, 2010, 7(5): 335-336.

Edgar RC. UPARSE: highly accurate OTU sequences from
microbial amplicon reads. Nature Methods, 2013, 10(10):
996-998.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P,
Peplies J, Glockner FO. The SILVA ribosomal RNA gene
database project: improved data processing and web-based
tools. Nucleic Acids Research, 2013, 41(D1): D590 - D596.
Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian
classifier for rapid assignment of rRNA sequences into the
new bacterial taxonomy. Applied and Environmental
Microbiology, 2007, 73(16): 5261-5267.

Edgar RC. MUSCLE: multiple sequence alignment with high
accuracy and high throughput. Nucleic Acids Research, 2004,
32(5): 1792-1797.

White JR, Nagargjan N, Pop M. Statistica methods for
detecting differentially abundant
metagenomic samples. PLoS Computational Biology, 20009,

features in clinical



RS | A2, 2019, 59(9)

1735

(18]

[19]

[20]

[21]

(22]

(23]

[24]

5(4): €1000352.
Nufiez-Diaz JA, Balebona MC, Alcaide EM, Zorrilla I,
Morifiigo MA. Insights into the fecal microbiota of captive
Iberian lynx (Lynx pardinus). International Microbiology,
2017, 20(1): 31-41.

Backhed F, Ding H, Wang T, Hooper LV, Koh GY, Nagy A,
Semenkovich CF, Gordon J. The gut microbiota as an
environmental factor that regulates fat storage. Proceedings of
the National Academy of Sciences of the United Sates of
America, 2004, 101(44): 15718-15723.

Zhang HH, Chen L. Phylogenetic analysis of 16S rRNA gene
sequences reveals distal gut bacterial diversity in wild wolves
(Canis lupus). Molecular Biology Reports, 2010, 37(8):
4013-4022.

Moon CD, Young W, Maclean PH, Cookson AL, Bermingham
EN. Metagenomic insights into the roles of Proteobacteria in
the gastrointestinal microbiomes of healthy dogs and cats.
MicrobiologyOpen, 2018, 7(5): e00677.

Suchodolski JS, Xenoulis PG, Paddock CG, Steiner JM,
Jergens AE. Molecular analysis of the bacterial microbiota in
duodenal biopsies from dogs with idiopathic inflammatory
bowel disease. \eterinary Microbiology, 2010, 142(3/4):
394-400.

Mor G, Kwon JY. Trophoblast-microbiome interaction: a new
paradigm on immune regulation. American Journal of
Obstetrics and Gynecology, 2015, 213(S4): S131-S137.

Wu XY, Zhang HH, Chen J, Shang S, Wei QG Yan JK, Tu
XY. Comparison of

the fecal microbiota of dholes

high-throughput Illumina sequencing of the V3-V4 region of

[29]

(26]

[27]

(28]

[29]

(30]

the 16S rRNA gene. Applied Microbiology and Biotechnology,
2016, 100(8): 3577-3586.

Chen L, Zhang HH, Liu GS, Sha WL. First report on the
bacterial diversity in the distal gut of dholes (Cuon alpinus)
by using 16S rRNA gene sequences analysis. Journal of
Applied Genetics, 2016, 57(2): 275-283.

Zhang HH, Liu GS, Chen L, Sha WL. Composition and
diversity of the bacterial community in snow leopard (Uncia
uncia) distal gut. Annals of Microbiology, 2015, 65(2):
703-711.

Chen J, Zhang HX, Wu XY, Shang S, Yan JK, Chen Y, Zhang
HH, Tang XX. Characterization of the gut microbiota in the
golden takin (Budorcas taxicolor bedfordi). AMB Express,
2017, 7: 81.

Guan Y, Zhang HH, Gao XD, Shang S, Wu XY, Chen J, Zhang
W, Zhang WH, Jiang MS, Zhang BH, Chen P. Comparison of
the bacterial communities in feces from wild versus housed
sables (Martes zbellina) by high-throughput sequence
analysis of the bacterial 16S rRNA gene. AMB Express, 2016,
6: 98.

Hu XL, Liu G, Shafer ABA, Wel YT, Zhou JT, Lin SB, Wu
HB, Zhou M, Hu DF, Liu SQ. Comparative analysis of the gut
microbial communities in forest and alpine musk deer using
high-throughput sequencing. Frontiers in Microbiology, 2017,
8: 572.

Bian GR, MaL, Su Y, Zhu WY. The microbial community in
the feces of the white rhinoceros (Ceratotherium simum) as
determined by barcoded pyrosequencing analysis. PLoS One,
2013, 8(7): €70103.

http://journals.im.ac.cn/actamicrocn



1736 Lei Chenet a. | Acta Microbiologica Sinica, 2019, 59(9)

J&3Y(Acinonyx jubatus) BRI E 4 Z A1 R B4 Bl E R AR
EY, xskt, k¥, BUC, HReRY, phkkT

LB K A Rk, IR R 273165

2R mET S, IR BFR 250113

E: [ BHY ] BT 5 (Acinonyx jubatus) 738 A Py ZREHREIE . [ 73k ] i@ SRAE DT i 20 RE i
XF 9 HUfRRE AR AR AR A (4 HHEPE, 5 HMEME) I B AR 16S rRNA B[R V3-V4 X HEA T R £l e
XIAEHIAEAE Y Z R TESE . [ 45250 ] WP HRI I B ) 16S rRNA LR V3-V4 XA TS
599349 %%, JFHIE-HHKE 405 bp, it L 97% )P SIAR IR 7402, HRIHRAE 25510 (0TU) 268 1~
ZPA XA R M E, X4 OTU #f e Taimeil, 4% 10417, 224049, 35 H, 7240F, 1444
J&. Hor, EEREN 5 TR T (Firmicutes, ¥ OTU BEAY 42.29%%) , ks ]
(Actinobacteria, 31.54%). #4#F 1% [ ](Fusobacteroidetes, 16.66%). ¢ 1# [ | (Proteobacteria, 5.30%)7
AT IE I ] (Bacteroidetes, 4.19%). TR 1Y 3= BEBARIEAE 50 B A 00 £ 2Rk . FRER ) 54
RHE R S2£1 45 FF % F} (Coriobacteriaceae, 31.28%) . 114 k4% K i £ (Peptostreptococcaceae, - 14 /5 17.66%)
T 1H Bl (Fusobacteriaceae, 15.46%). EIZEFl(Lachnospiraceae, 12.40%). #2# £} | (Clostridiaceae |,
6.93%)5% . FEImiy 5 MM AT [ & (Collinsella, 30.16%) . AT )& (Fusobacterium,
15.46%) . R XE R 17 J& (Peptoclostridium, 11.46%) . Blautia J& (8.28%) FI B ZE#2 I J& 1 (Clostridium_
sensu_stricto_1, 6.39%). 294 2.32%I1) OTU %A V1K %E . #75 apha ZHEMEHg R BN, B30
EHAE YRR Shannon $5%°h 2.93-4.41, Simpson $8%ik 0.72-0.91, bR PERIHET T340, XA
PZH 2Z (8] Y alpha ZRE1E Fu i 2B, HEPEZL A9 Fh AT Shannon $5 B =5 T MEPEZH . Beta ZREVESMHT R 1,
SHE A R 2 22 [B) 119 25 S v T4 NS [ AR Z TR A 25 570 SR, SRSt s, AR R 0 A48 5 i) g 1
HAEYIIF A RAE— . [ 4518 ] A SGHE I =38 ol 7 HOR B T A5 59 B A ) Z AR PR R 5 22
S, RASIRRIT . AP R SR A AR B A AR A T AR

R 5, WHIEMEYREE, 16SrRNA JER, 5 il il e
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