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ABSTRACT: The gut microbiome is a complex ecosystem that plays an essential role in maintaining the host’s gut
homeostasis and health. The available sequencing data for the Cervidae gut microbiome, especially for red deer
and fallow deer in China, are limited. To improve the health of the two species in captivity, we characterized the
gut microbiome of red deer and fallow deer via high-throughput Illumina sequencing of the 16S rRNA genes V3-V4
hypervariable regions. We found that the gut microbiome community of red deer included 20 phyla, 89 families and 193
genera, while the gut microbiome community of fallow deer included 18 phyla, 102 families and 227 genera. Firmicutes
(red deer: 37.46-44.98%; fallow deer: 32.67-49.54%) was the most abundant phylum, followed by Bacteroidetes (red
deer: 28.09-39.02%; fallow deer: 27.45-38.71%). The observed species and Shannon indices in red deer were higher
than in fallow deer (p = 0.002, 0.016, respectively). Hence compared with fallow deer, red deer had higher diversity
and species richness in their gut microbiome. The MRPP results showed that significant differences did occur in their
microbiome compositions (A = 0.037, significance level a = 0.001). This study provides an initial understanding of
the gut microbiome composition of red deer and fallow deer. The results may benefit captive management and future
reintroduction programs.

KEYWORDS: red deer (Cervus elaphus), fallow deer (Dama dama), gut microbiome, 16sRNA, high-throughput Illu-
mina sequencing

INTRODUCTION samples*. Considerable evidence supports the ne-
cessity of the gut microbiome for maintaining gut
homeostasis in herbivores. For example, compared
with healthy musk deer, Escherichia-Shigella and Fu-
sobacterium were major bacterial pathogens in the
gut microbiota of musk deer with diarrhoea®. Costa
et al® found that Actinobacteria and Spirochaetes
were major taxa in gut microbiota of healthy horses,
while the horses with colitis had a significantly
greater abundance of Fusobacteria. If the home-
ostasis of gut microbiota is disrupted, the host may
become ill1°.

Red deer (Cervus elaphus) also known as wapiti
and elk, belong to the deer family Cervidae. Red
deer are classified into eight subspecies according
to distinct differences in physical characteristics and
geographic location. Red deer are under state pro-

The gut microbial community is the key to pro-
cessing the diet, thus affecting energy harvest and
storage'. Hence the gut microbiome plays an im-
portant role in maintaining the host’s health?. Many
researchers have studied on the gut microbiome
of herbivores®”. For example, Firmicutes (68%),
Bacteroidetes (14%), and Proteobacteria (10%)
predominated among gut bacterial composition of
healthy horses®. Li et al® found that Firmicutes
(64%) and Bacteroidetes (22%) were dominant in
the gut microbiome of donkeys, followed by Verru-
comicrobia (5%), Euryarchaeota (4%), Proteobacte-
ria (3%), and Spirochaete (2%). Firmicutes (66.37-
69.23%) and Bacteroidetes (21.26-26.55%) were
the major phyla in the gut flora of golden takins
with more than 90% of the total sequences in all
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tection (category II) in China. Red deer generally
eat high-energy forbs in summer and the stand-
ing crops of graminoids in winter!! and always
lick salt to avoid the low sodium'2. Fallow deer
(Dama dama) also belong to the deer family Cervi-
dae and are native to Europe. Fallow deer has been
introduced in many countries and areas, including
China, South Africa, Peru, and Israel. The species
Dama comprises two subspecies, the European fal-
low deer (Duma duma duma) and the Persian or
Mesopotamian fallow deer (Duma duma mesopo-
famica) '>'*. Fallow deer prefer to eat all types of
common sub canopy trees, including broadleaf®®.
Fallow deer also eat sedges, rushes and heather,
which account for approximately 30% of the diet °.

The two Cervidae species have economic and
medicinal value in the velvet antlers, meat and
skin. Red deer and fallow deer have a long history
of feeding in Xinjiang, China, and Europe'”. At
present, partial research has been done for red
deer and fallow deer on the basis of molecular
biology'®!?. Most of this has research focused
on population, biology and trophic analyses2%-22,
While the rumen microbiome of red deer in a captive
environment and the impact of winter enclosures on
the gut microbiome of red deer have been studied
previously 224, the gut microbiomes of red deer and
fallow deer in captive environments have not pre-
viously been researched. Hence we characterized
the gut microbiome composition of fallow deer and
red deer by high-throughput sequencing. We also
compared gut microbiome diversity of fallow deer
and red deer living in the same captive environment.
The results may contribute to improving the health
of captive red deer and fallow deer and may ben-
efit captive management and future reintroduction
programs.

MATERIALS AND METHODS
Sample collection

Sixteen fresh fecal samples of fallow deer (group TL)
and eight fresh fecal samples of red deer (group ML)
were collected in Shijiazhuang Zoo in December,
2017. The red deer and fallow deer were living
in the same captive environment; under the same
temperature (—10°C to —15°C) and the same cap-
tive management method. The fallow deer and red
deer food was a mixed fodder based on corn stalks.
Protocols used for this experiment were consistent
with those approved by the Institutional Animal
Care and Committee at Qufu Normal University. All
animals were healthy adults and given no medica-
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tion within the prior four months before sampling.
Before feeding in the morning, fresh fecal samples
were immediately collected after defecation and put
into sterile plastic tubes. The samples were carried
to the laboratory and stored at —80 °C.

DNA extraction, 16S rRNA gene amplification by
PCR and sequencing

(1) Total genomic DNA was extracted using a QI-
Aamp Stool Mini KIT (Qiagen, Germany) fol-
lowing the manufacturer’s recommendations.
In our experiment, the concentration of DNA
was measured by Qubit 2.0 to ensure that the
concentration was higher than 20 ng/p.l.

(2) The V3-V4 hypervariable region of the bacterial
16S rRNA gene was amplified using universal
amplicon PCR primers: forward primer (CTACG
GGNGGCWGCAG) and reverse primer (GACTA
CHVGGGTATCTAATCC). The total final mixture
for the polymerase chain reaction volume was
50 wl: 5 wl of microbial DNA (5 ng/ul), 25 pl
of 2 x Taq PCR Master Mix (0.1 U/ul); 18 pl of
ddH,0 and 2 pl of each primer (10 uM).

(3) The PCR amplification conditions were as fol-
lows: 1 min at 98°C for pre-denaturation and
then 25 cycles of 30 s at 95 °C for denaturation,
30 seconds at 55°C for annealing and 30 s at
72°C for elongation, followed by 5 min at 72 °C
for the final extension.

(4) The PCR products were mixed with 1 x loading
buffer (containing SYBR green) and checked on
2% (w/v) agarose gels in TBE buffer (Tris, boric
acid, EDTA) by electrophoresis. After the gel
electrophoresis, the PCR product was examined
for the presence of bright band between 400 and
450 bp under a UV lamp. Finally, the DNA target
strip was purified with a Qiagen Gel Extraction
Kit (Qiagen, Germany).

(5) The sequencing libraries were generated using
a TruSeq PCR-Free DNA Sample Preparation
Kit (Illumina, USA); following the manufac-
turer’s recommendations and index codes were
added®. The sequencing library quality was
evaluated via Qubit 2.0 Fluorometer (Thermo
Scientific) and an Agilent Bioanalyzer 2100
system. Finally, the DNA sequencing libraries
were sequenced on the Illumina MiSeq system
(Illumina MiSeq, USA), following the manufac-
turer’s instructions.

Sequence processing and analysis

(1) Paired-end reads were assigned to samples
based on the unique barcode and were trun-
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cated by cutting the barcode and primer se-
quences. Paired-end reads were combined by
using FLASH (V1.2.7) %,

(2) The raw tags were used to perform specific
filtering to obtain high-quality clean tags by
using QIIME (V1.9.1) 26 The tags were com-
pared with the database (Gold database) using
the UCHIME algorithm to remove the chimera
sequences in order to obtain the final effective
tags2®.

(3) The effective tags clustered at greater than
or equal to 97% similarity were distributed to
the same operational taxonomic unit (OTU)
by UPARSE software (V7.0.1001)%7. Species
annotations were based on the RDP classifier
algorithm?® using the GreenGenes database?.

(4) Alpha diversity and Beta diversity were cal-
culated with QIIME (V1.9.1)%°, including the
observed-species, Chaol, Shannon, Simpson,
ACE, and Good-coverage indices. The Rarefac-
tion Curves, Rank Abundance Curves, and prin-
cipal component analysis (PCA) were drawn
using the FactoMineR and ggplot2 packages in
R software (V2.15.3).

(5) We chose multi-response permutation proce-
dures (MRPP) analysis to test the differences
between groups. MRPP analysis was done with
the ‘mrpp’ function of the R vegan package.

The data set supporting the results of this article can

be found in the Sequence Read Archive database,

accession number SUB5086400.

RESULTS

A total of 2749 256 quality reads (734 601 for red
deer and 2014 655 for fallow deer) were obtained
after quality control from the 24 samples. The
quality reads were classified into 2092 OTUs (red
deer) and 2527 OTUs (fallow deer) using the 97%
similarity criterion. The high-quality reads had an
average length of 410 bp. Based on a genetic
distance of 3%, we observed a significant difference
(p < 0.05) between group ML and group TL by using
MRPP analysis. The alpha index is listed in Table 1
(including observed species, Shannon, Simpson,
Chaol, ACE, and Good coverage). The rarefac-
tion curves became gradually wider and approached
with more data indicating that the samples sizes
from the sequencing were reasonable (Fig. 1A). The
rank abundance curves reflect the evenness and
abundance of species in the fecal samples both
horizontally and vertically (Fig. 1B).
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Bacterial composition and relative abundance

At the phylum level, we observed 20 phyla and
18 phyla from 8 red deer samples and 16 fal-
low deer samples, respectively. = We used the
largest abundance of the top 10 phyla to gener-
ate a relative abundance column cumulative plot
(Fig. 2A). Firmicutes (group ML: 41.86+2.27%);
group TL: 42.01 +4.15%) and Bacteroidetes (group
ML: 32.86 % 3.94%; group TL: 32.72+ 3.22%) dom-
inated the gut microbiota of red deer and fallow
deer (Fig. 2A). The abundance of the two phyla was
more than 70% of the total reads in 24 samples.
In addition, other major phyla were Spirochaetes
(group ML: 4.54 £ 2.03%; group TL: 5.17 +3.10%),
Proteobacteria (group ML: 4.85+1.85%; group
TL: 6.30£2.60%), and Euryarchaeota (group ML:
4.48 £1.98%; group TL: 3.31+£2.30%). There were
unclassified bacteria in the gut microbiota of fal-
low deer (0.32%) and red deer (0.25%), indicating
some novel bacteria existed.

At the family level, we observed 89 families and
102 families from 8 red deer samples and 16 deer
samples, respectively. We used the largest abun-
dance of the top 10 families to generate a relative
abundance column cumulative plot (Fig. 2B). These
families occupied more than 68% of the gut micro-
biota of the two species. Among these 10 families,
Ruminococcaceae (group ML: 25.66 £+ 1.23%; group
TL: 24.47 £3.28%) was the largest in abundance,
while Bacteroidales RF16 group was the least abun-
dant bacterial (group ML: 2.22 4+ 1.32%; group TL:
2.23+1.99%). We compared the difference of gut
bacteria composition between red deer and fallow
deer.

At the genus level, we observed 193 genera and
227 genera from 8 red deer samples and 16 fallow
deer samples, respectively. We used the largest
abundance of the top 10 genera to generate rela-
tive abundance column cumulative plot (Fig. 2C).
The abundance of the top 10 bacteria genera com-
prised more than 43% of the gut microbiota of
the two species. Among these 10 genera, Ru-
minococcaceae UCG-010 (group ML: 10.98 £1.52%;
group TL: 10.42 £1.93%) was the largest in abun-
dance, while Methanocorpusculum was the least
abundant bacterial (group ML: 1.09 £ 1.29%; group
TL: 0.66+1.47%). The top 10 bacteria genera
were not significantly different between fallow deer
and red deer. This reflected the basic structure
of the gut microbiota composition in red deer and
fallow deer. Combined with the above results, this
indicated that major bacteria were dominant in the
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Table 1 Alpha-diversity of the gut microbiota in fecal samples from the red deer (group ML) and fallow deer (group
TL).

Sample Observed Shannon Simpson Chaol ACE Goods
species coverage
ML1 1216 8.367 0.991 1294.50 1309.73 0.995
ML2 1414 8.755 0.995 1618.40 1606.08 0.992
ML3 1359 8.097 0.988 1644.24 1613.38 0.991
ML4 1359 8.687 0.994 1439.96 1469.71 0.995
ML5 1166 8.11 0.99 1373.14 1317.96 0.994
ML6 1365 8.207 0.99 1606.97 1601.54 0.991
ML7 1424 8.67 0.994 1670.34 1618.76 0.992
ML8 1447 8.729 0.994 1672.93 1637.91 0.992
TL1 1160 8.316 0.993 1322.43 1327.13 0.994
TL2 1258 8.095 0.989 1508.45 1465.70 0.992
TL3 1402 8.221 0.988 1709.71 1672.76 0.991
TL4 938 7.583 0.987 115.00 1120.78 0.994
TL5 1375 8.472 0.993 1590.27 1598.89 0.992
TL6 1237 8.482 0.993 1451.22 1425.70 0.993
TL7 1268 8.395 0.992 1566.41 1480.38 0.992
TL8 1240 8.515 0.994 1416.16 1400.50 0.994
TL9 1299 8.387 0.993 1456.13 1473.92 0.993
TL10 809 7.148 0.977 960.64 937.91 0.995
TL11 846 7.166 0.977 1051.10 1044.49 0.994
TL12 819 7.171 0.978 992.47 989.83 0.995
TL13 881 7.323 0.98 948.50 976.86 0.996
TL14 1355 8.759 0.995 1453.46 1461.37 0.995
TL15 824 7.261 0.978 877.16 880.94 0.997
TL16 1177 8.502 0.994 1271.25 1262.76 0.995
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Fig. 1 Rarefaction curves (A) and rank abundance curves (B). In the rarefaction curve, the abscissa is the number of

sequencing samples randomly chosen from the sample, and the ordinate is the number of OTUs that can be constructed

based on the number of sequencing fragments to reflect the sequencing depth. In the rank abundance curve, the

abscissa is the number of OTUs sorted by the abundance of OTUs, and the ordinate is the relative abundance of the

corresponding OTUs.
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Fig. 2 Fecal microbial composition of red deer and fallow
deer at (A) the phylum, (B) family, and (C) genus levels.
Each bar represents the top ten bacterial species sorted by
relative abundance in each individual sample.

gut microbiota composition and played important
role in maintaining the gut microbiota system of
herbivores.

Analysis of discrepancies between group

The observed species and Shannon indices bar plots
for red deer and fallow deer are shown in Fig. 3. The
gut bacterial diversity (the observed species index
between groups: p = 0.002) and richness were sig-
nificantly different (Shannon index between groups:
p = 0.016) between group ML and group TL. We
used MRPP to test whether the division of the groups
was reasonable (A = 0.037; significance level a =
0.001). The results supported our original designa-
tion of the red deer and fallow deer groups. The
clustered heatmap (genus level) indicated that red
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deer were grouped together (group ML: ML1-ML38),
and fallow deer were grouped separately (group
TL: TL1-TL16). The top 35 genera accounted for
the difference in proportions; these are indicated
by different colors and locations of clustering in
the heatmap (Fig. 4). We plotted a distance matrix
from the heatmap by calculating Weighted Unifrac
and Unweighted Unifrac distances. By comparing
the distances between individuals, the difference be-
tween groups was greater than the difference within
the group. The results were similar to the clustered
heatmap that the difference between groups was
greater than within groups (Fig. 5A). From the UP-
GMA (unweighted Unifrac distance) tree (Fig. 5B),
we concluded that fallow deer samples (group TL,
excluded TL14) grouped together, while red deer
samples (group ML) grouped separately. Further-
more, the separation of group ML from group TL
was illustrated by the PCA plot (Fig. 5C).

At each level, significant species-specific dif-
ferences were indicated in Fig. 6 (t-test). At the
order level (Fig. 6A), Planctomycetales was more
abundant in group ML than in group TL (p = 0.04).
The abundance of Anaerolineales was much greater
in group TL than in group ML (p = 0.004). At the
family level (Fig. 6B), Anaerolineaceae was signif-
icantly more abundant in group TL than in group
ML, and the other three bacteria were significantly
more abundant in group ML than in group TL (p <
0.05). At the genus level (Fig. 6C), a total of 13
genera showed significant differences (p < 0.05)
between group ML and group TL. The abundances
of dgA-11 gut group, Ruminococcus 2, CPla-4 termite
group and Phascolarctobacterium were higher in red
deer than in fallow deer. Other genera were more
abundant in the gut microbiota of fallow deer (p <
0.05).

DISCUSSION

We used high-throughput sequencing to describe the
gut microbial community of fallow deer and red
deer in the same captive environment. Firmicutes
and Bacteroidetes dominated the gut microbiota
composition of red deer and fallow deer. The results
were similar to those from other studies of herbi-
vores in that Firmicutes and Bacteroidetes were the
largest components of the gut microbiome in golden
takins*, horses®, sika deer®’, and donkeys’. Among
those results, Costa et al® and Liu et al” described
the gut bacteria composition of horses and donkeys
by V3-V5 and V5-V6 regions of the 16S rRNA
gene, respectively. The results were also similar
to those from several carnivores; for example, Wu
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et al®! discovered that Firmicutes and Bacteroidetes

were the most abundant groups in the gut bacterial
composition of the dhole.

The bacterial composition was different in the
gut and rumen of red deer?4. Volatile fatty acids
(VFAs) formed by the action of Bacteroidetes of
rumen microbiome degrading starch, xylan, lig-
nans, and pectin are largely absorbed across the
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host’s ruminal epithelium®°. The high-fiber diet
results in Firmicutes being most abundant in the
gut composition of the red deer and fallow deer.
Hence Bacteroidetes (36.2+ 3.2%) was the second
most abundant group in the gut microbiome of
red deer?*. In our study, the abundances of Bac-
teroidetes and Firmicutes were similar to those
of captive sika deer. There was a significantly
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results of clustering using distance matrices were combined with the overall percentages of relative abundance among
all samples at the phylum level. PCA of bacterial community structures of the gut microbiota in the two sample groups
(C) the red and green dots represent red deer and fallow deer samples, respectively.

higher (p < 0.01) proportion of Bacteroidetes in
captive sika deer (31.99%) compared with wild
group (18.28%)3°. Our research compared red
deer in the enclosures with those in the wild (red
deer in enclosures: 75.55 % 7.45%; free-ranging red
deer: 60.66+19.24%). The result suggests that
the abundance of Firmicutes in the gut microbiome
of the red deer and fallow deer in a captive envi-
ronment has been sharply reduced, while there has
been a substantial increase in the proportion of Bac-
teroidetes23. The high abundance of Bacteroidetes
and lower abundance of Firmicutes in red deer and

fallow deer were correlated with dietary proportions
in captive deer. The mixed fodder based on corn
stalks may be unhealthy for Cervidae.

The rarefaction curves revealed lower phyloge-
netic diversity and fewer OTUs in the fallow deer
microbiome than in the red deer microbiome. The
gut microbiome of red deer exhibited significantly
higher diversity and richness (Fig. 3). Additionally,
the MRPP and Fig. 3 show the separation observed
between the gut bacteria composition of group ML
and group TL. Lyu3? discovered that the different
gut compositions and functions of dogs and wolves
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Fig. 6 t-test difference group analysis diagram: (A) at the
order level, (B) at the family level, and (C) at the genus
level.

yielded differences in the ability to adapt to a cap-
tive environment. The difference in the ability to
adapt to a captive environment may result from the
different gut bacterial composition of red deer and
fallow deer.

At the order level, Planctomycetales belongs to
Planctomycetes, and Planctomycetes is often found
in the digestive tracts of ruminant animals®. This
taxon possesses the ability to oxidize ammonium33.
The phylum Planctomycetales might play an impor-
tant role in the prevention of disease by reducing
the concentration of ammonium in the intestinal
system through the ammonium oxide pathway. At
the family level, Anaerolineaceae is a family of
methanogenic bacteria from the order Anaerolin-
eales#. Methanogenic bacteria can convert inor-
ganic or organic compounds into methane by anaer-
obic fermentation, thus causing energy loss>>. The
abundance of Anaerolineaceae in fallow deer was
higher than in red deer, and this may lead to a lower
energy yield from the gut microbiome of fallow
deer. The abundance of p-2534-18B5 gut group and
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Family XIII in red deer was higher than in fallow
deer, and Family XIII and p-2534-18B5 gut group
belong to Firmicutes and Bacteroidetes, respectively.
The difference in bacterial abundance of the two
groups may be related to the digestion of crude fiber
to produce butyrate®.

At the genus level, a total of 13 highly abun-
dant genera were significantly different between
fallow deer and red deer. Nine of 13 genera be-
long to Bacteroidetes and Firmicutes. The signifi-
cant difference indicated that red deer and fallow
deer may have different decomposition abilities for
different types of fibers, fats, and proteins. The
CPla-4 termite group belongs to Planctomycetes,
and the function may be correlated with reduc-
ing the concentration of ammonium in the in-
testinal system®. Anaeroplasma has enzymic ac-
tivity in the Embden-Meyerhof-Parnas pathway for
glycolytic catabolism®®. The high abundance of
Anaeroplasma in fallow deer may produce large
amounts of lactic acid through anaerobic glycolysis.
The high abundance of Succinivibrio has been as-
sociated with the high methane yield phenotype®’.
Henderson et al®® reported a positive association
between succinate-producing Succinivibrionaceae
(Succinivibrio belongs to the family Succinivibri-
onaceae) and methanogens belonging to the family
Methanomassiliicoccaceae. The high abundance of
Succinivibrio in the gut microbiome of fallow deer
may produce greater amounts of methane, thus
removing energy. We speculated that red deer
may have a stronger ability to adapt to the captive
environment.

In conclusion, we described the dominant gut
microbiome populations in red deer and fallow deer.
We revealed the diversity of the gut microbiome
composition in red deer and fallow deer living in the
same captive environment. The characterization of
the microbiome composition in red deer and fallow
deer has increased our understanding of the bacte-
rial ecosystems in the two species. We speculated
that red deer may have a stronger ability to adapt
to captive environment. However, further research
is needed to confirm this speculation. The results
demonstrated that the more detailed information
concerning the gut microbiota of red deer and fal-
low deer in a captive environment can provide us
with information useful for improving the health of
captive species. In the future, the proportion of feed
is an area for improvement according to the focal
wildlife animal. The current results provide a basis
for captive management and future reintroduction
plans.
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