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Abstract

To investigate the relationship between the bamboo including its nutrients and microbiome, and gut microbiome of giant panda,
different bamboo species were provided for feeding the giant pandas. Nutrients of bamboo were examined, and the bamboo
microbiome and gut microbiome of giant panda were investigated using high throughput sequencing. The results revealed that
the composition of gut microbiome in giant panda varied among groups with different bamboo diet. Except for fat and hemi-
cellulose, cellulose, lignin, carbohydrate, protein, flavone and tannin were significantly different between different bamboo
species (p < 0.05). PCoA showed that the composition of bamboo microbiome varied by different species. Significant differences
in richness and diversity of bacteria were observed between different bamboo (p < 0.05), as well as the abundance of the main
bacteria and fungi at phylum and genus level (Kruskal-Wallis, LDA > 4). Interestingly, the content of lignin and cellulose in
bamboo was positively associated with the relative abundance of Streptococcus and Clostridium in gut of giant panda, respec-
tively (p < 0.05). The diversity of bamboo bacteria was positively correlated with that of gut bacteria in giant panda (p < 0.05).
Significant associations of certain bacteria and fungi between bamboo and gut of giant panda (p < 0.05) were found. 36 bacterial
and 54 fungal genera were both shared between bamboo and the gut of giant panda in all groups. Our results demonstrated that
the gut microbial community varied between giant pandas fed on different bamboo species revealing that bamboo nutrients and
microbiome affect gut microbiome of giant panda. Our findings contributed to the deeper understanding of dietary or environ-
mental impact on gut microbiome of giant panda.
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1 Introduction microbiome (Backhed et al. 2004; Zoetendal et al. 2012). Gut

microbiome plays a fundamental role on host immune system,
The gastrointestinal tract normally contains an immensely com-  metabolic processes and development of diseases (Nicholson
plex ecology of microorganisms, collectively called the gut et al. 2012; Tremaroli and Backhed 2012). Particularly, the gut
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microbiome of herbivores play a critical and essential role in
facilitating the digestion and fermentation of dietary fibers
(Simpson and Campbell 2015; Williams et al. 2013). Changes
in gut microbiome composition has been frequently associated
with diseases (Claesson et al. 2012). Over the past decades, re-
searchers have established a link between the alteration of gut
microbiome and various diseases (Scott et al. 2013; Simpson and
Campbell 2015) in human (Jain et al. 2018), brown bear (Persson
et al. 2001), monkey (Su et al) and wood mice (Maurice et al.
2015). Early study about human intestinal microbiota from chil-
dren characterized by a modern western diet and a rural diet
indicated that high fiber content in diet lead to the high abun-
dance of gut microbiome for cellulose and xylan hydrolysis
(Carlotta et al. 2010). Similar result revealed the components of
diet nutrition could influence human gut microbiome remarkably
(Zhernakova et al. 2016). Meanwhile, oral probiotics or micro-
bial agent could restore the composition of gut microbiome,
causing influence on the physiology and health of the host
(Kuss et al. 2011; Sant et al. 2010; Siggers et al. 2008). Food-
derived microbiota consumed by seals could transiently colonize
the gut and contribute to the observed differences in the gut
microbiome (Nelson et al. 2013).

The giant panda (Ailuropoda melanoleuca) is one of the
world’s recognizable endangered species, and well known for
its specific diet (Li et al. 2010). Although it belongs to
Carnivora order, the giant panda is a vegetarian taking bam-
boo as its principal staple food (Hu et al. 2017). Wild giant
pandas forage on different bamboo species and different parts
of bamboo at different times of the year (Schaller et al. 1985).
Coincidently, Wu et al. found gut microbiome of wild giant
panda varied by seasons due to different contents of nutrition
in different parts of bamboo (Wu et al. 2017). Besides, accu-
mulate evidences revealed microbiome in environment could
shape the composition of host gut microbiome profoundly
(Nelson et al. 2013; Schmidt et al. 2019). Bamboo is an im-
portant environmental factor for giant pandas, and both its
nutrients and microbiomes could be varied in different species
(Helander et al. 2013; Zhou et al. 2017). However, little was
known about the associations between bamboo nutrition,
microbiome and gut microbiome of giant panda. Thus, in
our study we chose four different species of bamboo, includ-
ing Pleioblastus amarus, Phyllostachys nidularia, Fargesia
robusta and Bashania fangiana, to feed adult giant pandas,
examined gut microbiome variation and analyzed its associa-
tions between bamboo nutrition and microbiome.

2 Material and methods
2.1 Experimental design and sampling

A total of 20 healthy captive adult giant pandas housed more
than 3 months in the China Conservation and Research Center
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for the Giant Panda (CCRCGP) were chosen for experiment
from November to December. Twenty non-relative giant
pandas in our study were housed individually without contact
with each other during the study. All experimental giant
pandas received no antibiotics or dietary supplements from
September to December. The daily intake and health status
of giant pandas were monitored everyday by veterinarians
during the 2-month feeding trial. The giant pandas were ran-
domly assigned to four groups, and each group included 3
males and 2 females. All of giant pandas took bamboo
Chimonobambusa qundrangularis as staple food from Ist
Aug to 19th Oct., except six giant pandas from 1st Aug. to
20th Oct.. Subsequently, four different bamboo stems as staple
diet were provided for feeding giant panda in each group after
21st Oct., including P. amarus (grows at an altitude of 700 m
to 900 m, B1 group), P. nidularia (grows at an altitude of
800 m to1600 m, B2 group), F. robusta (grow at altitude of
1600 m to 2600 m, B3 group) and B. fangiana (grows at an
altitude of 2600 m to 3500 m, B4 group). According the bam-
boo species, the four giant panda groups were as follows:
P amarus as diet (F1), P. nidularia as diet (F2), F. robusta
as diet (F3) and B. fangiana as diet (F4). The giant pandas
were put on the treatment diets about 10 days ahead of the
study to avoid any complications from diet shifts during the
study. Besides, 1000 g panda cakes and 200 g apples were also
provided for each giant panda every day. Fresh fecal samples
from each giant panda were first sampled on 1st Nov., and the
bamboo preparing for feeding giant pandas were also collect-
ed the day before. Subsequently, fresh feces were collected
from each giant panda in every 15 days (day 15, 30, 45 and
60), and the corresponding bamboo samples were also taken
simultaneously. Five subsamples of fresh feces or bamboo
preparing for feeding that from the same group at the same
day were mixed into a composite sample. Finally, five com-
posite fecal and bamboo samples were both obtained in each
group. All samples were aseptically collected in sterilized
plastic bags and kept cold during transport from the sampling
sites to the laboratory.

2.2 Chemical analysis of bamboo samples

The fresh bamboo stem samples were dried at 70 °C. The
dried samples were ground to fine powder with a high-speed
universal disintegrator, and sieved through a 0.45-mm-mesh
sieve before analysis. Protein content was measured using
Kjeldah method (Bremner et al. 1996). Fat content was deter-
mined by Soxhlet extraction method (International AOAC
1995). The content of water soluble carbohydrate was mea-
sured based on the Anthrone method (Rondel et al. 2013).
Additionally, the concentrations of hemicellulose, cellulose,
and lignin were measured according to Van Soest method
(Van Soest and Mcqueen 1973). All measurements were per-
formed five times.
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2.3 DNA extraction and amplicon sequencing

50 g of each fresh feces or 50 g of bamboo samples were
pretreated following the method as previously described
(Xue et al. 2015). Total microbial genomic DNA was extract-
ed using the MoBio Power Fecal DNA Isolation Kit (MoBio
Laboratories, Inc., Carlsbad, CA) according to the manufac-
turer’s instructions. Fungal DNA was extracted using E.Z.N.
A.™ Fungal DNA Mini Kit (OMEGA Bio-tek, Norcross,
USA) according to the manufacturer’s instructions.
Successful DNA isolation was confirmed by agar gel electro-
phoresis. As previously described, bacterial amplicon libraries
were prepared by amplifying the V4 region of 16S rRNA and
fungal amplicon libraries were prepared by amplifying the
ITS1 region (Huang et al. 2015). Sequencing was performed
using a 250-bp paired-end sequencing protocol on the
[lumina MiSeq 2500 platform (Illumina, San Diego, USA).
The extraction kits and reagents in this study were used as
negative (blank) controls, and no contaminant sequences were
detected.

2.4 Data analysis

Paired-end reads were merged using FLASH (V1.2.7), and
quality filtering of reads were performed via QIIME
(V1.9.1) (Caporaso et al. 2011). Chimera sequences were re-
moved using the UCHIME algorithm (Edgar et al. 2011; Haas
et al. 2011). Tags were assigned to each sample with unique
barcodes. Operational Taxonomic Units (OTUs) were clus-
tered using UPARSE (V7.0.1001) using a 97% similarity
threshold (Edgar 2013). Sequences for each OTU were refer-
enced against the SILVA (Quast et al. 2013) and UNITE
(Koljalg et al. 2013) databases to assign taxonomic
classification.

Alpha diversity (Chaol and Shannon index) were calculat-
ed with QIIME. ANOVA was used to determine the differ-
ences in alpha-diversity between groups, which were graphed
using GraphPad Prism 7. Principal coordinate analysis
(PCoA) based on Bray-Curtis distances were used to assess
differences in bamboo or gut microbiome between individ-
uals. The PCoA plot was graphed through ape and ggplot2
packages of R (V2.15.3). PERMANOVA was used to test for
differences, and a p value less than 0.05 was considered sig-
nificant. Linear Discriminant Analysis (LDA) coupled with
effect size measurement (LEfSe) based on the Kruskal-
Wallis sum-rank test was utilized to analyze the differences
in the microbiome profile between groups, and performed
using galaxy platform (http://huttenhower.sph.harvard.edu/
galaxy/root) to estimate the effect size of each feature with a
normalized relative abundance matrix. The Spearman analysis
was used to assess the correlation between bamboo (nutrients
and microbiome) and giant panda (gut microbiome), and the
Network was graphed by Cytoscape (3.6.0). In addition,

Kruskal-Wallis and Mann-Whitney analysis were used to de-
termine the differences in physicochemical indexes of bam-
boo between different species. The Bonferroni correction was
used for multiple comparisons.

3 Results

3.1 Bacterial community in gut of giant panda fed
with different bamboo species

For 16S rRNA gene sequencing, the library from each fecal
sample was sequenced at a minimum depth of 40,000 reads.
After quality filtering and assembly, 1,349,155 high-quality
sequences were obtained, and 1972 OTUs were yielded at
97% sequence similarity. The Good’s coverage of the five
composite fecal samples ranged from 96.21 to 97.65%. The
PCoA based on Bray-Curtis showed that fecal samples from
the same group clustered together (Fig. 1a). However, no sig-
nificant differences of richness (Chaol index) and diversity
(Shannon index) were observed between four groups
(p>0.05, ANOVA). Richness of F4 group was the highest,
and F2 group was the lowest (Supplementary Fig. 1a).
Diversity of F3 group was the highest, and F2 group was the
lowest (Supplementary Fig. 1b).

As shown in Fig. 1 and Supplementary Tablel, Firmicutes
(74.3%) and Proteobacteria (24.3%) were the major phyla
among four groups. The dominant phylum in Flgroup was
Proteobacteria (72.3%), which was significantly higher than
other groups (2.1%, 12.6% and 10.2% in F2, F3 and F4 group,
respectively) (Kruskal-Wallis test, LDA >4). Firmicutes was
the most dominant phylum in F2 (97.3%), F3 (86.5%) and F4
(86.8%) group respectively. The relative abundance of
Firmicutes was abundant in F2 group (97.3%) (Kruskal-
Wallis test, LDA >4).

At the genus level, Escherichia (62.3%), Clostridium
(8.6%) and Streptococcus (6.2%) were the top three genera
in F1 group (Fig. 1¢). Escherichia and Enterococcus was sig-
nificantly higher in F1 group (62.3% and 2.1%) than other
groups (0.6% and 0.01% in F2, 3.9% and 0.04% in F3,
1.0% and 0.0% in F4) (Kruskal-Wallis test, LDA >4) (Fig.
1d). Streptococcus (89.2%) was significantly abundant
(Kruskal-Wallis test, LDA >4) and the dominant genus in
F2 group, followed by Leuconostoc (4.1%) and Escherichia
(0.6%). Leuconostoc (31.6%), Streptococcus (20.8%) and
Clostridium (17.9%) were the top three genera in F3 group.
Besides, Leuconostoc and Turicibacter was significantly
abundant in F3 group (31.6% and 8.6%) than other groups
(3.5% and 0.3% in F1, 4.1% and 0.03% in F2, 0.01% and
3.9% in F4) (Kruskal-Wallis test, LDA >4). Clostridium
(71.7%), Pseudomonas (5.3%) and Turicibacter (3.9%) were
the top three genera in F4 group, and Clostridium significantly
abundant than other groups (Kruskal-Wallis test, LDA > 4).
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Fig. 1 The bacterial communities in the gut of giant panda with different
species of bamboo diet. (a) Principal Coordinate Analysis (PCoA) of
bacterial community structures of F1, F2, F3 and F4 groups. (b) The
composition of bacterial community in F1, F2, F3 and F4 groups at the
phylum level (the top 10 in each group). (¢) The composition of bacterial
community in F1, F2, F3 and F4 groups at the genus level (the top 10). (d)
Bacterial taxa significantly differentiated among the F1, F2, F3 and F4

3.2 Fungal community in gut of giant panda fed
with different bamboo species

For ITS ribosomal DNA sequencing, the library from each
fecal sample was sequenced at a minimum depth of 30,000
reads. After quality filtering and assembly, 1,765,921 high-
quality sequences were obtained, and 3925 OTUs were
yielded at 97% sequence similarity. The Good’s coverage of
the five composite fecal samples ranged from 95.60 to
96.72%. As shown in Supplementary Fig. 2, richness and
diversity of F3 group was the highest, while F1 group was
the lowest. The PCoA based on Bray-Curtis showed that sam-
ples from the same group clustered together (Supplementary
Fig. 2¢). However, no significant differences in richness and
diversity were observed among four groups (p >0.05,
ANOVA).

Ascomycota (54.5%) and Basidiomycota (39.8%) were the
dominant phyla among four groups. LDA analysis showed
that Ascomycota and Basidiomycota were significantly higher
in F4 group (73.2%) and F1 group (83.4%), respectively
(Kruskal-Wallis test, LDA >4) (Supplementary Fig. 2). At
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groups, identified by linear discriminant analysis coupled with effect size
(LEfSe) using the default parameters. (F1, Pleioblastus amarus as diet;
F2, Phyllostachys nidularia as diet; F3, Fargesia robusta as diet; F4,
Bashania fangiana as diet. Red symbols represent samples of F1. Blue
represent samples of F2. Green represent samples of F3. Orange represent
samples of F4)

the genus level, Cryptococcus (51.0%), Cystofilobasidium
(9.6%) and Candida (3.4%) were the top three genera in F1
group, and the relative abundance of Crypfococcus was sig-
nificantly higher than other groups (Kruskal-Wallis test,
LDA > 4). Candida (41.6%), Cystofilobasidium (5.9%) and
Cryptococcus (5.0%) were the top three genera in F2 group.
Candida and Rhodotorula (41.6% and 1.0%) in F2 group had
significantly higher relative abundance than other groups
(Kruskal-Wallis test, LDA >4). Mrakiella (13.5%),
Barnettozyma (13.0%) and Cryptococcus (8.8%) were the
top three genera in F3 group. Meanwhile, the relative abun-
dance of Mrakiella (13.5%) was significantly higher than oth-
er groups (Kruskal-Wallis test, LDA >4). Calycina (11.7%),
Cystofilobasidium (10.9%) and Mrakiella (4.6%) were the top
three genera in F4 group.

3.3 Nutritional content of different bamboo species

Regardless of bamboo species, cellulose (44.4%—59.2%),
hemicellulose (6.1%—25.1%) and lignin (9.2%—26.1%) were
the main components of bamboo. However, the content of
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soluble carbohydrate (sugar) (0.6%—1.9%), protein (1.2%—
3.8%), fat (0.19%—-0.3%), flavone (0.03%—0.1%) and tannin
(0.0002% - 0.0006%) were lower. Significant differences in
the content of nutrients were found between different bamboo
species (Fig. 2). Specifically, the content of cellulose, flavone,
carbohydrate and tannin were significantly higher in B3 group
(p < 0.05, Kruskal-Wallis and Mann-Whitney). Lignin content
was significantly higher in B2 group (p < 0.05, Kruskal-Wallis
and Mann-Whitney). Protein content was significantly higher
in B4 group \ (p <0.05, Kruskal-Wallis and Mann-Whitney).
There was no significant difference in the content of fat and
hemicellulose between different bamboo (p >0.05, Kruskal-
Wallis and Mann-Whitney).

3.4 The associations between bamboo nutrients
and gut microbiome of giant panda

The associations between bamboo nutrients and gut
microbiome of giant pandas were analyzed via Spearman cor-
relation analysis. Statistically significant associations between
bamboo nutrients and gut microbiome of giant pandas were
confirmed (p <0.05, Spearman) (Fig. 3). For bacterial com-
munities, the content of carbohydrate was negatively associ-
ated with the diversity of gut microbiome (p <0.05,
Spearman) (Supplementary Table 2). At the phylum level,
protein content was positively associated with the abundance
of Firmicutes, while negatively associated with Proteobacteria
(p <0.05, Spearman) (Supplementary Table 3). At the genus
level (the top 10 genera in each group), lignin content was
positively associated with the abundance of Streptococcus
(p<0.05, Spearman). The content of flavone was positively
associated with the abundance of Leuconostoc and
Pedobacter (p <0.05, Spearman). Cellulose content was pos-
itively associated with the abundance of Clostridium
(p <0.05, Spearman). Fat content was negatively associated
with Rhodanobacter (p < 0.05, Spearman), and hemicellulose

Fig. 2 The Physic-chemical
properties of different bamboo
species. Values of each nutrient
were shown. More red color

was negatively with Epulopiscium, Paenibacillus and SMB53
(p <0.05, Spearman).

For fungal communities, no significant associations were
found between bamboo nutrients and richness and diversity of
gut microbiome (p > 0.05, Spearman) (Supplementary
Table 2). At the phylum level, the content of protein and fla-
vone were positively associated with the abundance of
Ascomycota, while negatively with Basidiomycota
(p <0.05, Spearman) (Supplementary Table 3). At the genus
level (the top 10 of genera in each group), protein content was
positively associated with the abundance of Microdochium
(p <0.05, Spearman). Flavone content was positively associ-
ated with the abundance of Phoma, and fat was negatively
associated with Cryptococcus (p <0.05, Spearman).

3.5 Bacterial community of different bamboo

For 16S rRNA gene sequencing, the library from each bam-
boo sample was sequenced at a minimum depth of 30,000
reads. Totally, 1,023,750 high-quality sequences were obtain-
ed, and 5227 OTUs were yielded at 97% sequence similarity.
The Good’s coverage of the five composite samples ranged
from 95.12 to 96.73%. Notably, significant differences in rich-
ness and diversity were observed between different bamboo
species (p < 0.05, ANOVA) (Fig. 4). Furthermore, the PCoA
also showed that samples from the same bamboo clustered
together. Richness of Bl and B4 group were significantly
higher than B2 group (p <0.05, ANOVA). Diversity of Bl
group was significantly higher than B2 group (p <0.05,
ANOVA).

As shown in Fig. 4, Proteobacteria (53.5% in B1, 92.3% in
B2, 83.4% in B3 and 82.5% in B4) was the most prevalent
phylum regardless of bamboo species, and significantly
higher in B2 group (92.3%) (Kruskal-Wallis test, LDA > 4).
Most remainder sequences of B1 group belonged to phyla
Firmicutes (16.6%), Acidobacteria (10.8%) and
Planctomycetes (6.2%). At the genus level, the composition

Fat I 15
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Fig. 3 The network of significant

associations between bamboo Leuconostoc
nutrients and gut microbiome of
giant panda (p < 0.05). (Blue |
points represent gut bacteria.
Orange points represent gut fungi.
Black line means positive Pedobacter Flavone Phoma
correlation, Red line means
negative correlation) |
/ Lignin Streptococcus
Clostridium Cellulose
Protein Microdochium
Rhodanobacter Fat Cryptococcus

of main genera varied by bamboo species. Acinetobacter
(11.3%), Exiguobacterium (9.6%) and Dyella (4.3%) were
the top three genera in B1 group. Besides, the abundance of
Acinetobacter (11.3%), Exiguobacterium (9.6%), Dyella
(4.3%), Bryocella (4.2%), Lactococcus (3.2%) and
Singulisphaera (3.0%) were significantly higher than other
groups (Kruskal-Wallis test, LDA >4). Pseudomonas
(33.3%), Methylobacterium (9.4%) and Acinetobacter
(8.9%) were top three genera in B2 group. Pseudomonas,
Methylobacterium and Pantoea were significantly higher in
B2 group (33.3%, 9.4% and 8.8%) (Kruskal-Wallis test,
LDA >4). Pseudomonas (20.0%), Acidiphilium (5.8%) and
Methylobacterium (3.7%) were top three genera in B3 group,
and Acidiphilium was significantly higher than other groups
(Kruskal-Wallis test, LDA >4) (Fig. 4e, f). Pseudomonas
(18.4%), Acidiphilium (4.4%) and Granulicella (3.2%) were
top three genera in B4 group. Notably, Granulicella in B4
(3.2%) had significantly higher abundance than other groups
(Kruskal-Wallis test, LDA > 4) (Fig. 4f).
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Epulopiscium

3.6 The associations between bamboo bacteria
and gut bacteria of giant panda

There were 72 genera both shared between B1 and F1, 56
genera between B2 and F2, 63 genera between B3 and F3,
and 70 genera between B4 and F4. Totally, 36 mutual genera
were found in four matched groups, accounted for 16.2%—
20.8% in the gut of giant panda and 12.8%—16.4% of bamboo
(Supplementary Tables 4, and 5). For example, Pseudomonas
(18.7% in bamboo and 1.5% in giant panda), Acinetobacter
(6.0% in bamboo and 0.8% in giant panda),
Methylobacterium (3.6% in bamboo and 0.02% in giant pan-
da), Pantoea (2.5% in bamboo and 0.03% in giant panda),
Stenotrophomonas (2.2% in bamboo and 0.04% in giant pan-
da), Sphingomonas (1.7% in bamboo and 0.02% in giant pan-
da), Hymenobacter (1.1% in bamboo and 0.01% in giant pan-
da) and Streptococcus (0.01% in bamboo and 29.7% in giant
panda) were both found in bamboo and the gut of giant panda.
Particularly, the relative abundance of Acinetobacter in bam-
boo was positively associated with that of Acinetobacter in gut
of giant panda (p <0.05, Spearman). Nevertheless,
Pseudomonas in bamboo had negative association with
Pseudomonas in gut of giant panda (p < 0.05, Spearman).
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Fig. 4 The bacterial communities among different bamboo species
(*0.01 <p<0.05, **p<0.01). (a) The variation of bacterial richness
among different bamboos. (b) The variation of bacterial diversity
among different bamboos. (¢) Principal Coordinate Analysis (PCoA) of
bacterial community structures of different bamboo species. (d)
Differences in bacterial phyla structures of different bamboo species.
(e) Diftferences in bacterial genera structures of different bamboo species.

The diversity of bamboo bacteria was positively correlated
with that of gut bacterial community in giant panda (p < 0.05,
Spearman). Significant associations of the relative abundance
between bamboo and gut bacteria in giant panda were also
found (p <0.05, Spearman). At the genus level (the top 10
genera in bamboo and giant panda group), there were 24 sig-
nificant associations (p <0.05, Spearman) between bamboo
and gut of giant panda (Fig. 5).

3.7 Fungal microbial community of different bamboo
species

For ITS ribosomal DNA sequencing, the library from each bam-
boo sample was sequenced at a minimum depth of 25,000 reads.
848,925 fungal high-quality sequences were obtained, and 2102
OTUs were yielded at 97% sequence similarity. The Good’s
coverage of the five composite samples ranged from 94.80 to
95.27%. As shown in Supplementary Fig. 3, there were no sig-
nificant differences of richness and diversity between different
bamboo species (p>0.05, ANOVA). However, the PCoA
showed that samples from the same group clustered together.
Ascomycota (72.8%) was the most dominant phylum,
followed by Basidiomycota (11.9%) regardless of bamboo
species. LDA analysis showed that Ascomycota and
Basidiomycota were higher in B1 group (81.8%), and B4

9_Pantoea
g_Methylobacterium

60
LDA SCORE(log10)

(f) Bacterial taxa significantly differentiated among different bamboo
species, identified by linear discriminant analysis coupled with effect size
(LEfSe) using the default parameters

(B1: Pleioblastus amarus, B2: Phyllostachys nidularia, B3: Fargesia
robusta and B4: Bashania fangiana. Red symbols represent samples of
B1, Blue represent samples of B2, Green represent samples of B3,
Orange represent samples of B4)

group (24.9%), respectively (Kruskal-Wallis test, LDA > 4)
(Supplementary Fig. 3). At the genus level, Shiraia (12.0%),
Ceramothyrium (11.7%) and Cryptococcus (8.6%) were the
top three genera in B1 group. The relative abundance of
Shiraia and Ceramothyrium in B1 (12.0% and 11.7%) were
significantly higher other groups (Kruskal-Wallis test, LDA >
4). Ramichloridium (22.6%), Cryptococcus (4.1%) and
Zymoseptoria (1.0%) were the top three genera in B2 group,
and Ramichloridium was significantly higher than other
groups (Kruskal-Wallis test, LDA > 4). Rachicladosporium
(8.9%), Bacidia (6.8%) and Cryptococcus (6.2%) were the
top three genera in B3 group. Rachicladosporium, Bacidia,
Rhinocladiella, Libertella and Strelitziana were significantly
higner in B3 (8.9%, 6.8%, 5.4%, 2.4% and 2.0%) than other
groups (Kruskal-Wallis test, LDA >4). Cryptococcus
(22.8%), Mycosphaerella (2.6%) and Libertella (1.2%) were
the top two genera in B4 group, and Cryptococcus and
Mycosphaerella were significantly higher than other groups
(Kruskal-Wallis test, LDA > 4).

3.8 The associations between bamboo fungi and gut
fungi of giant panda

There were 73 genera shared between B1 and F1, 99

genera between B2 and F2, 113 genera between B3 and
F3, and 116 genera between B4 and F4. Totally, 54
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Fig. 5 The network of significant
associations between bamboo
bacteria and gut bacteria of giant

panda. (Black line means positive Providencia :
correlation. Red line means '
negative correlation) :
Bamboo .
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mutual genera were found in four matched groups,
accounted for 9.8%—15.5% in the gut of giant panda and
26.7%—42.5% of bamboo (Supplementary Tables 6 and
7). For example, Cryptococcus (16.3% in bamboo and
10.4% in giant panda), Mrakiella (4.7% in bamboo and
0.01% in giant panda), Ramichloridium (0.03% in bam-
boo and 7.9% in giant panda), Shiraia (0.7% in bamboo
and 3.2% in giant panda), Ceramothyrium (0.01% in bam-
boo and 3.0% in giant panda) and Rhinocladiella (0.3% in
bamboo and 1.8% in giant panda) were both found in
bamboo and the gut of giant panda. Especially, the rela-
tive abundance of Cephalosporium in bamboo was posi-
tively associated with that of Cephalosporium in gut of
giant panda (p <0.05, Spearman).

No significant associations were found between fungi in
bamboo and gut of giant panda for the diversity and at phylum
level (p>0.05, Spearman). However, 32 significant associa-
tions between the fungi in bamboo and gut of giant panda at
genus level were found (top 10 genera, p <0.05, Spearman)
(Fig. 6).
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4 Discussion

Diet conversion could affect gut microbiome of giant panda in
diversity and composition (Zhang et al. 2018a), as well as in
humans (Backhed et al. 2015), pig (Frese et al. 2015), mice
(Hildebrandt et al. 2009) and rainbow trout (Michl et al. 2017).
Bamboo as a staple food for giant pandas has high fiber (cellu-
lose, lignin and hemicellulose) and low carbohydrate, fat, flavone
and tannin food (Wang et al. 2017). The content of cellulose,
lignin, carbohydrate, flavone and tannin strongly altered by bam-
boo species in our study. No significant differences in content of
fat and hemicellulose were found between different bamboo spe-
cies, indicating that they may be more stable in bamboo.
Vegetable fat was important for growth, which could provide
the calories, vitamins and essential fatty acids (Akinoso et al.
2012). Zhang et al. demonstrated that giant panda lives on hemi-
cellulose in bamboo with the contribution of gut microbiota in
gut of giant panda (Zhang et al. 2018c). Hence, we hypothesized
that fat and hemicellulose in bamboo may be crucial for growth
and development of giant panda.
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Previous studies showed that nutrient of diet could shape gut
microbiome in human (Carlotta et al. 2010) and mice (Daniel
et al. 2014). In our study, a substantial effect of bamboo species
variation on gut microbiome of giant panda was observed, and
significant correlations were found (p < 0.05, Spearman). As pre-
viously described, seasonal variation in nutrient utilization shapes
gut microbiome structure and function of giant pandas (Wu et al.
2017). Herein, we found carbohydrate decreased the diversity of
gut bacterial communities in giant panda. Similar result was re-
ported in human that a higher content of carbohydrates in the diet
was associated with lower microbiome diversity (Zhernakova
et al. 2016). This may due to synergistic growth was absent in
carbohydrate medium, but common in lignocellulose medium
(Deng and Wang 2016). In addition, Firmicutes and
Proteobacteria were dominant phyla in gut of giant pandas
(Shengzhi et al. 2018, Wei et al. 2015, Xue et al. 2015, Zhang
et al. 2018), indicating their roles in utilization of lignocellulose
for giant pandas (Lifeng et al. 2011, Shengzhi et al. 2018).

Moreover, many significant associations between bamboo
nutrients and gut bacteria at genera level were observed. The
content of cellulose was positively associated with
Clostridium (p <0.05, Spearman), which also supported that
conclusion that Clostridium could help giant panda digest
cellulose (Lifeng et al. 2011).In our study, Streptococcus
was dominant in gut of giant panda and positively associated
with lignin content (p < 0.05, Spearman). As we know, break-
age in the lignin structure is necessary for opening the struc-
ture of the lignocellulosic materials so that the cellulose fibrils
become exposed, and giant panda can utilize the cellulose and
hemicellulose of bamboo (Fang and Jr 2016). Streptococcus
was also the common mucosal-associated taxa found

Fig. 6 The network of significant
associations between bamboo
fungi and gut fungi of giant
panda. (Black line means positive
correlation. Red line means

Bamboo

Cephalosporium .

associated in the gut of giant panda (Williams et al. 2013).
The thick layer of mucus in gut of giant pandas could protect
their stomachs from the bamboo splinters and aid the intake of
high-fiber diet (Montagne et al. 2003). Streptococcus proba-
bly aids in the digestion of lignin and is considered an example
of gut microbiota adaptation to highly fibrous bamboo diet.
We found bamboo nutrients had no significant associations
with richness and diversity of gut fungi in giant panda
(p>0.05, Spearman). We also speculated gut bacterial com-
munities may contribute more than fungal communities to
bamboo utilization for giant panda (Zhang et al. 2018). As
previously described, the most dominant fungal phylum in
giant panda was Ascomycota, followed by Basidiomycota
(Tun et al. 2014; Zhang et al. 2018). In giant panda vaginas,
Chen et al. demonstrated Basidiomycota and Ascomycota
were also the dominant phyla (Chen et al. 2018). In our study,
we found that the content of flavone and protein in bamboo
was positively associated with the abundance of Ascomycota
in giant panda, but negatively associated with the
Basidiomycota (p < 0.05). Flavonoid in bamboo could be also
associated with reproductive hormone levels of giant pandas,
and the total flavonoids of bamboo may play a distinct role in
the reproductive success of giant pandas (Liu et al. 2019).
Thus, we speculated the flavonoids in bamboo may be related
with reproduction of giant panda, which might possess a sen-
sitive adaptation to phytoestrogens from bamboo diet.
Interestingly, genus Microdochium belonged to phylum
Ascomycota, and the variation of the abundance of
Microdochium within four groups was in accord with
Ascomycota. The content of bamboo protein was positively
correlated with Microdochium in giant panda (p <0.05,
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Spearman), revealed that protein in bamboo can influence the
relative abundance of intestinal fungi Microdochium in giant
panda. It should be noted that Microdochium was important
plant fungi (Aveskamp and Gruyter 2008; Liu et al. 2016), and
both found in bamboo and in the gut of giant panda with a
high relative abundance in our study.

The microbial species more exposure to host, and more likely
to persist in the host gut (Schmidt et al. 2019). Whether oral
probiotic or fecal transplants technology reflected microbiome
in diet could influence the composition of gut microbiome in
humans (Borody and Alexander 2012; Kuss et al. 2011).
Changes in habitat may influence endophytic fungi of different
bamboo species in giant panda diet (Helander et al. 2013), and
we found the composition of bamboo microbiome varied by
bamboo species. Many mutual microbes were shared between
bamboo and giant panda, and significant associations between
bamboo microbiome and gut microbiome of giant panda were
observed in our study, reflecting the gut microbial community
appears to be influenced by intake of different bamboo harboring
different composition of microbes. Similar findings had been
shown in insects acquiring microbiome from the inhabit soil
(Hannula et al. 2019).

For bacterial communities, we found giant panda eating bam-
boo with higher diversity of bacteria had higher diversity of gut
bacteria (p < 0.05, Spearman). The diet associated microbes rep-
resent a source of potential colonists for host (Bolnick et al.
2014). Bamboo with high diversity of microbiome may be ben-
efit for improving diversity of gut microbiome in giant panda,
conferring higher resilience (Larsen and Claassen 2018). In our
study, Proteobacteria was the most dominant phylum in bam-
boo. It was also the majority of bamboo root endophytic bacte-
ria, and the major phylum in bamboo soil (Han et al. 2009).
Coincidently, Proteobacteria was the prevalent phylum in the
gut of captive and wild giant pandas (Guo et al. 2018; Wei
et al. 2015; Zhang et al. 2018). Pseudomonas belonged to
Proteobacteria and were shared between bamboo and giant pan-
da, and had positive correlation with Streptococcus in gut of
giant panda (p <0.05, Spearman). Pseudomonas was the main
genus in bamboo, and Streptococcus was the major genus in
giant pandas (Xue et al. 2015). It worthy noted that
Pseudomonas was found be involved in metabolism of lignin
(Jiménez et al. 2015), while lignin of bamboo had positive as-
sociation with Streptococcus (p < 0.05, Spearman). We hypoth-
esized the genes involved in lignin digestion may transfer hori-
zontally, and further research was needed to confirm the findings
herein. We also observed Pseudomonas in bamboo had negative
correlation with Escherichia in gut of giant panda (p <0.05,
Spearman). E. coli is a common opportunistic pathogen and it
could cause gut infections in giant pandas (Zhou et al. 2017).
Thus, this negative association may be benefit for keeping the
health of giant panda, and we speculated that microbiome of
bamboo may be one channel for giant panda to stable gut
microbiome (Mueller et al. 2015).
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For fungal communities, no significant associations were
found between bamboo and in gut of giant panda for the diversity
and at phylum level (p>0.05, Spearman). Ascomycota and
Basidiomycota were dominant phyla of bamboo and in the gut
of giant panda (Tun et al. 2014; Zhou et al. 2017). The dominant
phyla in human (Christian et al. 2013), dog (Stefanie et al. 2011),
soil (Dang et al. 2017) and near-surface atmosphere (Bowers
et al. 2013) was also the Ascomycota and Basidiomycota, sug-
gesting that they might be better in colonising a wide range of
environments. At the genus level, some genera were shared be-
tween bamboo and giant panda, including Candida,
Ramichloridium, Devriesia and Mrakiella. Interestingly,
Candida was also found in vagina of giant panda, and positively
associated with diets high in carbohydrates (Chen et al. 2018;
Christian et al. 2013). Ramichloridium had positively correlation
with Candida in gut of giant panda(p < 0.05, Spearman), but little
was known about Ramichloridium (Arzanlou et al. 2007). We
speculated Ramichloridium may synergy with Candida to utilize
carbohydrates. Meanwhile, yeast strains Mrakiella were isolated
from cold habitats, like superficial and deep sediments, ice cores
and meltwaters (Branda et al. 2010). Previous study found the
trail of giant panda and bamboo in high elevational areas with
—14 °C lower temperature (Liu et al. 2015; Schaller et al. 1985),
reflecting microbes on bamboo could be one source of the gut
microbiome in giant panda (Mueller et al. 2015; Schmidt et al.
2019).

5 Conclusions

Overall, our study illustrated the relationship between bamboo
nutrients and microbiome and the gut microbiome of giant
pandas. The composition of gut microbiome in giant panda var-
ied among groups with different bamboo diet. The content of
cellulose, lignin, carbohydrate, protein, flavone and tannin were
significantly different between different bamboo species
(p<0.05). Significant differences in richness and diversity of
bacteria were observed between different bamboo (p < 0.05), as
well as the abundance of the main bacteria and fungi (Kruskal-
Wallis, LDA >4). The diversity of bamboo bacteria was posi-
tively correlated with that of gut bacteria in giant panda
(p <0.05). Significant associations of certain bacteria and fungi
were found between bamboo and gut of giant panda (p < 0.05).
36 bacterial and 54 fungal genera were both shared between
bamboo and the gut of giant panda in all groups. Our results
revealed that the gut microbial community varied between giant
pandas that fed on different bamboo species, revealing that bam-
boo nutrients and microbiome could affect gut microbiome of
giant panda.

Understanding of how bamboo nutrition and microbial com-
position influence gut microbiome of the giant pandas may be
valuable in increasing the effectiveness of the captive breeding
programs for giant pandas. Our study further complemented
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researches on the factors which influence gut microbiome of
giant panda, and could help improve the survival rates of giant
pandas. Up to now, there is little data regarding the function of
these gut microbiomes. Thus, we suggested that further work is
needed to understand microbial functions and bamboo
microbiome’s effects on gut microbiome, especially those mi-
crobes with higher relative abundance and significant
associations.
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