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P E R S P E C T I V E

Lessons from bamboo-eating pandas and their gut microbiome: 
Gut microbiome flow and applications

Abstract
The giant panda is one of the most endangered mammals 
in the world, and many studies have revealed their evolu-
tionary adaptation to the local environment (e.g., dietary 
cellulose and cyanide) on the evidences from population 
genetics and their gut microbiome. Here, based on the re-
sults of our analysis of the giant panda gut microbiome, 
we concluded that instability and resilience are the two 
primary characteristics of the giant panda gut microbiome. 
This basic information may have an impact on giant panda 
conservation, as well the management of other animal 
species.

1  | INTRODUC TION

There are many studies on the evolution of animals and their gut 
microbiome, especially in humans (Ley, Lozupone, Hamady, Knight, 
& Gordon, 2008; Schloissnig et al., 2013; Yatsunenko et al., 2012). 
The gut microbiome plays important roles in animal nutrition, be-
havior, health, immunity, and development (Ezenwa, Gerardo, 
Inouye, Medina, & Xavier, 2012; Kinross, von Roon, Holmes, Darzi, 
& Nicholson, 2008; Lee & Hase, 2014; Ley, Hamady, et al., 2008; 
Qin et al., 2014). Many diseases (e.g., obesity, diabetes, and autistic 
disorder) are caused by specific gut microorganisms (Forslund et al., 
2015; Kostic et al., 2015; Ley et al., 2005; Mulle, Sharp, & Cubells, 
2013; Turnbaugh et al., 2009); therefore, a better understanding of 
the relationship between humans and the gut microbiome would be 
beneficial for human health and disease treatment. Beyond the ap-
plication in the treatment of human disease, in recent years, some 
scientists have considered the application of the gut microbiome 
in the conservation of endangered animals (Bahrndorff, Alemu, 
Alemneh, & Lund Nielsen, 2016; Jiménez & Sommer, 2017; Redford, 
Segre, Salafsky, del Rio, & McAloose, 2012; Stumpf et al., 2016; 
Trevelline, Fontaine, Hartup, & Kohl, 2019; Wei et al., 2019; Yao, Xu, 
Lu, & Zhu, 2019). The scientists first propose the concept of conser-
vation metagenomics, which is along with current methods, major 

scientific issues and significant implications in the study of host evo-
lution, nutrition, physiology, and ecology and conservation (Wei et 
al., 2019). In addition, captivity was found to have a profound effect 
on gut microbiome community of Przewalski's horse (Equus ferus 
przewalskii) compared with that living in the wild habitat, and these 
results have important implications for conservation management 
of other endangered mammals (Metcalf et al., 2017). The gut micro-
biome of translocated populations of Père David's deer (Elaphurus 
davidianu) is enriched in some pathways related to putative sodium 
transport compared with those of captive populations, which may be 
potentially adapted to their high-salt diet (Wang et al., 2019).

The giant panda is one of most endangered mammals in the world 
(Schaller, 1985), and many studies have revealed their evolutionary ad-
aptation to the local environment (e.g., dietary cellulose and cyanide) 
on the evidences obtained from previous population genetics studies 
and research into their gut microbiome (Hu et al., 2017; Nie et al., 2019; 
Wei, Wang, & Wu, 2015; Zhao et al., 2013; Zhu, Wu, Dai, Zhang, & Wei, 
2011; Zhu, Yang, et al., 2018). Giant pandas, belonging to the order 
Carnivora, are herbivorous, and their diet consists mainly of bamboo 
(Schaller, 1985). Many factors, such as diet and phylogeny, can influ-
ence animal gut microbial community (Ley, Hamady, et al., 2008). Thus, 
our group's first task was to investigate the relationship between the 
bamboo diet and gut microbiome of the pandas. We found some pu-
tative cellulose (main composition of the bamboo) digestion enzymes 
in their gut microbiomes, which may help the giant panda to digest 
the cellulose (Zhu et al., 2011). The prevalent microbial taxa found in 
the gut microbiome include Firmicutes and Proteobacteria (Zhu et al., 
2011). However, when we further investigated the bamboo-eating 
pandas across the wild and captive population levels, we discovered 
the unstable gut microbiome system (high variation in the abundance 
of Pseudomonadaceae and Clostridiaceae) under a similar diet (bam-
boo) (Yao, Yang, et al., 2019). Many studies suggest that a similar host 
diet will lead to a stable gut microbiome (Coyte, Schluter, & Foster, 
2015; Lozupone, Stombaugh, Gordon, Jansson, & Knight, 2012). 
However, this hypothesis may not hold true in the bamboo-eating pan-
das (Yao, Yang, et al., 2019). We speculate that the brief digestion time, 
short digestive tract, and fast intestinal peristalsis may lead to high 
concentrations of oxygen that select for the growth of aerobes and 
facultative anaerobes (e.g., Pseudomonadaceae from Proteobacteria) 
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in giant pandas (Yao, Yang, et al., 2019). The first lessons: long-term sim-
ilarities in diet do not always lead to similar or stable gut microbial sys-
tem within the same host species and other factors (e.g., host digestive 
system) can drive the selection of gut taxa.

The living environment, such as captivity, also has a profound ef-
fect on the animal gut microbial community. Our group previously re-
vealed the difference in the gut microbiome between captive and wild 
populations (Yao, Xu, Hu, et al., 2019; Zhu et al., 2011). The causes 
of these differences may be complicated, including differences in di-
etary nutrition (e.g., different bamboo species), veterinary care, and 
sharing from humans. Considering the similar findings reported in 
many other animals (Clayton et al., 2016), this observed difference in 
the gut microbiome between captive and wild populations is not un-
expected. However, based on long-term monitoring of the gut micro-
biome of translocated giant pandas and local populations, we found 
the wildness of the gut microbiome of translocated pandas after their 
reintroduction into wild habitat (increasing in Pseudomonadaceae 
abundance, and enriching the pathways related to essential amino acid 
metabolic activity), and this process is neglected in the current translo-
cation management (Yao, Xu, Hu, et al., 2019). Following translocation, 
the pandas from captive populations face competition from local wild 
pandas; thus, the wildness of behavior of the translocated panda may 
play a role in surviving in the local, wild habitat. However, there are 
some failed cases that resulted in the death of translocated individuals, 
which was caused by some bacterial pathogens after release into wild 
habitat. Here, we suggest that candidate pandas live with their moth-
ers in a fenced area at the translocation site for an additional year prior 
to release to increase the putative evolutionary adaptation to the local 
environment at the translocation site (Yao, Xu, Hu, et al., 2019). The 
second lesson: we suggest that candidate pandas live with their mothers 
in a fenced area at the translocation site for an additional year prior to 
release. This is also more similar to the typical life cycle of the local wild 
giant pandas. Thus, this study will give an example of the applications 
of gut microbiome on the animal conservation and management.

In addition, our research on the endangered Père David's deer and 
its gut microbiome further reveals the local adaptation of translocated 
populations. For example, both the Père David's deer (positive selection 
genes related to blood pressure) and their gut microbiome are adapted 
to a high-salt diet, and most of the coastal wetlands in China will be the 
potential translocation sites to resolve the saturation of current cap-
tive deer populations (Wang et al., 2019; Zhu, Deng, et al., 2018). Thus, 
the third lesson: combined with our findings in bamboo-eating pandas, 
the resilience of animal gut microbiomes will provide important data 
regarding effective endangered animal management.

2  | FUTURE DIREC TIONS

2.1 | The longitudinal study on the giant panda gut 
microbiome among wild mountain populations

The giant panda gut microbial system is unstable, which may be caused 
by its special digestive system and the high concentration of bamboo 

metabolites (e.g., cyanide compounds) (Yao, Xu, Hu, et al., 2019; Zhu, 
Yang, et al., 2018). One study reveals that seasonal variation in nutri-
ent utilization shape gut microbiome community and function in the 
wild giant pandas (Wu et al., 2017). Considering the putative seasonal 
changes in the nutritional source and secondary metabolites (e.g., tan-
nins, and cyanides) in the bamboo diet, the longitudinal study of the 
giant panda gut microbiome (composition and function) will be one of 
the interesting questions among wild mountain populations. Multi-
omics approach (integrating metagenome, metatranscriptome, and 
metabolome) will provide the profiles on the interaction between mi-
crobial strains and ingredients of the bamboo diet.

2.2 | Habitat protection and gut microbiome flow 
among fragmented populations

In animal conservation, one of the most important strategies is to 
protect and recover animal habitat, which can help endangered spe-
cies survive and breed. Additionally, increasing the connectivity 
among fragmented and isolated populations can increase gene flow 
and genetic diversity, which can mitigate negative effects due to in-
breeding (Epps et al., 2005; Mech & Hallett, 2001). Giant pandas live 
in about 20 fragmented populations, and we currently do not have a 
detailed understanding of the panda gut microbiome on a large-scale 
level. Habitat degradation has impacted the black howler monkey 
(Alouatta pigra) gut microbiome and resulted in the decrease of the 
alpha diversity of their gut microbiome (Amato et al., 2013). Other 
studies have revealed that the gut microbiome of the Udzungwa red 
colobus monkey (Procolobus gordonorum) in the undisturbed forest 
has significantly higher alpha diversity than that in the disturbed 
forest (Barelli et al., 2015). Thus, the evaluation of the relationship 
between fragmented habitat and gut microbiome diversity will be 
useful for the effective management of giant pandas. Gut microbi-
ome sharing will happen both at the vertical level (from mother to 
offspring) and the horizontal level through the shared environment 
and social behavior (Moeller, Suzuki, Phifer-Rixey, & Nachman, 2018). 
Currently, based on results in primate studies (Amato et al., 2013; 
Barelli et al., 2015) and the role of gut microbiome on the health 
of the host, we speculate that increasing the connectivity between 
individuals (pandas) of fragmented populations will increase the gut 
microbiome flow and diversity along with the host (panda) gene flow 
(Figure 1). However, this proposed model should be verified in the 
future. The wide impact of this scientific question is that habitat pro-
tection and recovery will increase either the gene flow of the host or 
that of the gut microbiome (symbiosis). These two types of flow may 
be beneficial to the overall fitness of the species due to mitigation of 
inbreeding effects and adaptation to local environment.

2.3 | Animal gut microbiome and translocation

Based on our previous research, we found some differences in the 
gut microbiome between wild Xiaoxiangling population and Minshan 
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populations (Yao, Xu, Hu, et al., 2019). Many captive giant pandas are 
the offspring from the wild pandas having the mountain origin infor-
mation. Thus, both host genetic and gut microbiome backgrounds 
should be considered during the selection of candidate translocated 
individuals, which may increase the genetic and gut microbiome di-
versity. Moreover, wildness has been found in translocated animals 
(Yao, Xu, Hu, et al., 2019), and thus, the wildness process and period 
should also be considered in the future while reintroducing giant 
panda and other endangered animals (Figure 1).

2.4 | Antibiotic-resistant genes (ARGs) in the animal 
gut microbiome

Antibiotic-resistant pathogens can have a profound effect on animal 
and human health (Allen et al., 2010; Zhu et al., 2013). Antibiotic-
resistant genes (e.g., aminoglycoside, glycylcycline, macrolide, beta-
lactam, puromycin, and bacitracin) are enriched in the captive panda 
gut microbiome compared with that of the wild pandas (Guo et al., 
2019). However, we do not know the distribution of the ARGs at the 
large-scale level across different captive and wild populations. This 
research will provide us with some basic information for the treat-
ment of sick pandas; the ARG distribution of the gut microbiome will 
also help in assessing the ARG population within each captive center 
housing many different animals (e.g., zoos) (Figure 1).

KE Y WORDS
applications, gut microbiome flow, instability, local adaptation, 
wildness

ACKNOWLEDG EMENT
We thank for the language editing by the editor from Wiley Editing 
Services.

CONFLIC T OF INTERE S T
None declared.

FUNDING INFORMATION
This project was supported by National Natural Science Foundation 
of China (31222009, 31570489) and the Priority Academic Program 
Development of Jiangsu Higher Education Institutions (PAPD).

DATA AVAIL ABILIT Y S TATEMENT
Data sharing is not applicable to this article as no new data were cre-
ated or analyzed in this study.

Zheng Zhang1

Ting Hu1

Guoqing Lu2

Lifeng Zhu1

1College of Life Sciences, Nanjing Normal University, Nanjing, 
China

2Department of Biology, University of Nebraska Omaha, Omaha, 
NE, USA

Correspondences
Lifeng Zhu, College of Life of Sciences, Nanjing Normal 

University, Nanjing, China.
Email: zhulf@ioz.ac.cn

ORCID
Guoqing Lu   https://orcid.org/0000-0002-2728-9604 
Lifeng Zhu   https://orcid.org/0000-0002-0589-4256 

R E FE R E N C E S
Allen, H. K., Donato, J., Wang, H. H., Cloud-Hansen, K. A., Davies, J., & 

Handelsman, J. (2010). Call of the wild: Antibiotic resistance genes in 
natural environments. Nature Reviews Microbiology, 8(4), 251. https​://
doi.org/10.1038/nrmic​ro2312

Amato, K. R., Yeoman, C. J., Kent, A., Righini, N., Carbonero, F., Estrada, 
A., … Torralba, M. (2013). Habitat degradation impacts black howler 
monkey (Alouatta pigra) gastrointestinal microbiomes. The ISME 
Journal, 7(7), 1344. https​://doi.org/10.1038/ismej.2013.16

F I G U R E  1   Giant panda gut 
microbiome and its potential application

https://orcid.org/0000-0002-2728-9604
mailto:﻿
https://orcid.org/0000-0002-0589-4256
mailto:zhulf@ioz.ac.cn
https://orcid.org/0000-0002-2728-9604
https://orcid.org/0000-0002-2728-9604
https://orcid.org/0000-0002-0589-4256
https://orcid.org/0000-0002-0589-4256
https://doi.org/10.1038/nrmicro2312
https://doi.org/10.1038/nrmicro2312
https://doi.org/10.1038/ismej.2013.16


618  |     ZHANG et al.

Bahrndorff, S., Alemu, T., Alemneh, T., & Lund Nielsen, J. (2016). 
The microbiome of animals: Implications for conservation bi-
ology. International Journal of Genomics, 2016, 1–7. https​://doi.
org/10.1155/2016/5304028

Barelli, C., Albanese, D., Donati, C., Pindo, M., Dallago, C., Rovero, F., 
… De Filippo, C. (2015). Habitat fragmentation is associated to gut 
microbiota diversity of an endangered primate: Implications for con-
servation. Scientific Reports, 5, 14862. https​://doi.org/10.1038/srep1​
4862

Clayton, J. B., Vangay, P., Huang, H., Ward, T., Hillmann, B. M., Al-Ghalith, 
G. A., … Van Minh, V. (2016). Captivity humanizes the primate mi-
crobiome. Proceedings of the National Academy of Sciences, 113(37), 
10376–10381. https​://doi.org/10.1073/pnas.15218​35113​

Coyte, K. Z., Schluter, J., & Foster, K. R. (2015). The ecology of the mi-
crobiome: Networks, competition, and stability. Science, 350(6261), 
663–666.

Epps, C. W., Palsbøll, P. J., Wehausen, J. D., Roderick, G. K., Ramey, 
R. R., & McCullough, D. R. (2005). Highways block gene flow 
and cause a rapid decline in genetic diversity of desert big-
horn sheep. Ecology Letters, 8(10), 1029–1038. https​://doi.
org/10.1111/j.1461-0248.2005.00804.x

Ezenwa, V. O., Gerardo, N. M., Inouye, D. W., Medina, M., & Xavier, J. 
B. (2012). Animal behavior and the microbiome. Science, 338(6104), 
198–199.

Forslund, K., Hildebrand, F., Nielsen, T., Falony, G., Le Chatelier, E., 
Sunagawa, S., … Pedersen, H. K. (2015). Disentangling type 2 di-
abetes and metformin treatment signatures in the human gut mi-
crobiota. Nature, 528(7581), 262. https​://doi.org/10.1038/natur​
e15766

Guo, W., Mishra, S., Wang, C., Zhang, H., Ning, R., Kong, F., … Li, Y. 
(2019). Comparative study of gut microbiota in wild and captive giant 
pandas (Ailuropoda melanoleuca). Genes, 10(10), 827. https​://doi.
org/10.3390/genes​10100827

Hu, Y., Wu, Q., Ma, S., Ma, T., Shan, L., Wang, X., … Xiu, Y. (2017). 
Comparative genomics reveals convergent evolution between the 
bamboo-eating giant and red pandas. Proceedings of the National 
Academy of Sciences, 114(5), 1081–1086. https​://doi.org/10.1073/
pnas.16138​70114​

Jiménez, R. R., & Sommer, S. (2017). The amphibian microbiome: 
Natural range of variation, pathogenic dysbiosis, and role in con-
servation. Biodiversity and Conservation, 26(4), 763–786. https​://doi.
org/10.1007/s10531-016-1272-x

Kinross, J. M., von Roon, A. C., Holmes, E., Darzi, A., & Nicholson, J. K. 
(2008). The human gut microbiome: Implications for future health 
care. Current Gastroenterology Reports, 10(4), 396–403. https​://doi.
org/10.1007/s11894-008-0075-y

Kostic, A. D., Gevers, D., Siljander, H., Vatanen, T., Hyötyläinen, T., 
Hämäläinen, A.-M., … Mattila, I. (2015). The dynamics of the human 
infant gut microbiome in development and in progression toward 
type 1 diabetes. Cell Host & Microbe, 17(2), 260–273. https​://doi.
org/10.1016/j.chom.2015.01.001

Lee, W.-J., & Hase, K. (2014). Gut microbiota–generated metabolites in 
animal health and disease. Nature Chemical Biology, 10(6), 416. https​
://doi.org/10.1038/nchem​bio.1535

Ley, R. E., Bäckhed, F., Turnbaugh, P., Lozupone, C. A., Knight, R. D., & 
Gordon, J. I. (2005). Obesity alters gut microbial ecology. Proceedings 
of the National Academy of Sciences, 102(31), 11070–11075. https​://
doi.org/10.1073/pnas.05049​78102​

Ley, R. E., Hamady, M., Lozupone, C., Turnbaugh, P. J., Ramey, R. R., 
Bircher, J. S., … Knight, R. (2008). Evolution of mammals and their gut 
microbes. Science, 320(5883), 1647–1651.

Ley, R. E., Lozupone, C. A., Hamady, M., Knight, R., & Gordon, J. I. (2008). 
Worlds within worlds: Evolution of the vertebrate gut microbiota. 
Nature Reviews Microbiology, 6(10), 776. https​://doi.org/10.1038/
nrmic​ro1978

Lozupone, C. A., Stombaugh, J. I., Gordon, J. I., Jansson, J. K., & Knight, 
R. (2012). Diversity, stability and resilience of the human gut micro-
biota. Nature, 489(7415), 220. https​://doi.org/10.1038/natur​e11550

Mech, S. G., & Hallett, J. G. (2001). Evaluating the effectiveness of corri-
dors: A genetic approach. Conservation Biology, 15(2), 467–474. https​
://doi.org/10.1046/j.1523-1739.2001.01500​2467.x

Metcalf, J. L., Song, S. J., Morton, J. T., Weiss, S., Seguin-Orlando, A., 
Joly, F., … Amir, A. (2017). Evaluating the impact of domestication and 
captivity on the horse gut microbiome. Scientific Reports, 7(1), 15497. 
https​://doi.org/10.1038/s41598-017-15375-9

Moeller, A. H., Suzuki, T. A., Phifer-Rixey, M., & Nachman, M. W. (2018). 
Transmission modes of the mammalian gut microbiota. Science, 
362(6413), 453–457.

Mulle, J. G., Sharp, W. G., & Cubells, J. F. (2013). The gut microbiome: 
A new frontier in autism research. Current Psychiatry Reports, 15(2), 
337. https​://doi.org/10.1007/s11920-012-0337-0

Nie, Y., Wei, F., Zhou, W., Hu, Y., Senior, A. M., Wu, Q., … Raubenheimer, D. 
(2019). Giant pandas are macronutritional carnivores. Current Biology, 
29(10), 1677–1682.e2. https​://doi.org/10.1016/j.cub.2019.03.067

Qin, N., Yang, F., Li, A., Prifti, E., Chen, Y., Shao, L., … Wu, L. (2014). 
Alterations of the human gut microbiome in liver cirrhosis. Nature, 
513(7516), 59. https​://doi.org/10.1038/natur​e13568

Redford, K. H., Segre, J. A., Salafsky, N., del Rio, C. M., & McAloose, 
D. (2012). Conservation and the microbiome. Conservation Biology, 
26(2), 195–197. https​://doi.org/10.1111/j.1523-1739.2012.01829.x

Schaller, G. B. (1985). Giant pandas of Wolong. Chicago, USA: University 
of Chicago Press.

Schloissnig, S., Arumugam, M., Sunagawa, S., Mitreva, M., Tap, J., Zhu, A., 
… Martin, J. (2013). Genomic variation landscape of the human gut 
microbiome. Nature, 493(7430), 45. https​://doi.org/10.1038/natur​
e11711

Stumpf, R. M., Gomez, A., Amato, K. R., Yeoman, C. J., Polk, J., Wilson, 
B. A., … Leigh, S. R. (2016). Microbiomes, metagenomics, and 
primate conservation: New strategies, tools, and applications. 
Biological Conservation, 199, 56–66. https​://doi.org/10.1016/j.
biocon.2016.03.035

Trevelline, B. K., Fontaine, S. S., Hartup, B. K., & Kohl, K. D. (2019). 
Conservation biology needs a microbial renaissance: A call for the 
consideration of host-associated microbiota in wildlife management 
practices. Proceedings of the Royal Society B, 286(1895), 20182448. 
https​://doi.org/10.1098/rspb.2018.2448

Turnbaugh, P. J., Hamady, M., Yatsunenko, T., Cantarel, B. L., Duncan, A., 
Ley, R. E., … Affourtit, J. P. (2009). A core gut microbiome in obese 
and lean twins. Nature, 457(7228), 480. https​://doi.org/10.1038/
natur​e07540

Wang, L., Ding, J., Yang, Z., Chen, H., Yao, R., Dai, Q., … Zhu, L. (2019). 
Père David’s deer gut microbiome changes across captive and trans-
located populations: Implications for conservation. Evolutionary 
Applications, 12(3), 622–635. https​://doi.org/10.1111/eva.12743​

Wei, F., Wang, X., & Wu, Q. (2015). The giant panda gut microbiome. 
Trends in Microbiology, 23(8), 450–452. https​://doi.org/10.1016/j.
tim.2015.06.004

Wei, F., Wu, Q., Hu, Y., Huang, G., Nie, Y., & Yan, L. (2019). Conservation 
metagenomics: A new branch of conservation biology. Science 
China Life Sciences, 62(2), 168–178. https​://doi.org/10.1007/
s11427-018-9423-3

Wu, Q., Wang, X., Ding, Y., Hu, Y., Nie, Y., Wei, W., … Wei, F. (2017). 
Seasonal variation in nutrient utilization shapes gut microbiome 
structure and function in wild giant pandas. Proceedings of the Royal 
Society B: Biological Sciences, 284(1862), 20170955. https​://doi.
org/10.1098/rspb.2017.0955

Yao, R., Xu, L., Hu, T., Chen, H., Qi, D., Gu, X., … Zhu, L. (2019). The “wild-
ness” of the giant panda gut microbiome and its relevance to effec-
tive translocation. Global Ecology and Conservation, 18, e00644. https​
://doi.org/10.1016/j.gecco.2019.e00644

https://doi.org/10.1155/2016/5304028
https://doi.org/10.1155/2016/5304028
https://doi.org/10.1038/srep14862
https://doi.org/10.1038/srep14862
https://doi.org/10.1073/pnas.1521835113
https://doi.org/10.1111/j.1461-0248.2005.00804.x
https://doi.org/10.1111/j.1461-0248.2005.00804.x
https://doi.org/10.1038/nature15766
https://doi.org/10.1038/nature15766
https://doi.org/10.3390/genes10100827
https://doi.org/10.3390/genes10100827
https://doi.org/10.1073/pnas.1613870114
https://doi.org/10.1073/pnas.1613870114
https://doi.org/10.1007/s10531-016-1272-x
https://doi.org/10.1007/s10531-016-1272-x
https://doi.org/10.1007/s11894-008-0075-y
https://doi.org/10.1007/s11894-008-0075-y
https://doi.org/10.1016/j.chom.2015.01.001
https://doi.org/10.1016/j.chom.2015.01.001
https://doi.org/10.1038/nchembio.1535
https://doi.org/10.1038/nchembio.1535
https://doi.org/10.1073/pnas.0504978102
https://doi.org/10.1073/pnas.0504978102
https://doi.org/10.1038/nrmicro1978
https://doi.org/10.1038/nrmicro1978
https://doi.org/10.1038/nature11550
https://doi.org/10.1046/j.1523-1739.2001.015002467.x
https://doi.org/10.1046/j.1523-1739.2001.015002467.x
https://doi.org/10.1038/s41598-017-15375-9
https://doi.org/10.1007/s11920-012-0337-0
https://doi.org/10.1016/j.cub.2019.03.067
https://doi.org/10.1038/nature13568
https://doi.org/10.1111/j.1523-1739.2012.01829.x
https://doi.org/10.1038/nature11711
https://doi.org/10.1038/nature11711
https://doi.org/10.1016/j.biocon.2016.03.035
https://doi.org/10.1016/j.biocon.2016.03.035
https://doi.org/10.1098/rspb.2018.2448
https://doi.org/10.1038/nature07540
https://doi.org/10.1038/nature07540
https://doi.org/10.1111/eva.12743
https://doi.org/10.1016/j.tim.2015.06.004
https://doi.org/10.1016/j.tim.2015.06.004
https://doi.org/10.1007/s11427-018-9423-3
https://doi.org/10.1007/s11427-018-9423-3
https://doi.org/10.1098/rspb.2017.0955
https://doi.org/10.1098/rspb.2017.0955
https://doi.org/10.1016/j.gecco.2019.e00644
https://doi.org/10.1016/j.gecco.2019.e00644


     |  619ZHANG et al.

Yao, R., Xu, L., Lu, G., & Zhu, L. (2019). Evaluation of the function of 
wild animal gut microbiomes using next-generation sequenc-
ing and bioinformatics and its relevance to animal conservation. 
Evolutionary Bioinformatics, 15, 1176934319848438. https​://doi.
org/10.1177/11769​34319​848438

Yao, R., Yang, Z., Zhang, Z., Hu, T., Chen, H., Huang, F., … Zhu, L. (2019). 
Are the gut microbial systems of giant pandas unstable? Heliyon, 5(9), 
e02480. https​://doi.org/10.1016/j.heliy​on.2019.e02480

Yatsunenko, T., Rey, F. E., Manary, M. J., Trehan, I., Dominguez-Bello, 
M. G., Contreras, M., … Gordon, J. I. (2012). Human gut microbiome 
viewed across age and geography. Nature, 486(7402), 222–227. https​
://doi.org/10.1038/natur​e11053

Zhao, S., Zheng, P., Dong, S., Zhan, X., Wu, Q., Guo, X., … Fan, W. (2013). 
Whole-genome sequencing of giant pandas provides insights into 
demographic history and local adaptation. Nature Genetics, 45(1), 67. 
https​://doi.org/10.1038/ng.2494

Zhu, L., Deng, C., Zhao, X., Ding, J., Huang, H., Zhu, S., … Lu, G. (2018). 
Endangered Père David’s deer genome provides insights into 

population recovering. Evolutionary Applications, 11(10), 2040–2053. 
https​://doi.org/10.1111/eva.12705​

Zhu, L., Wu, Q., Dai, J., Zhang, S., & Wei, F. (2011). Evidence of cellu-
lose metabolism by the giant panda gut microbiome. Proceedings of 
the National Academy of Sciences, 108(43), 17714–17719. https​://doi.
org/10.1073/pnas.10179​56108​

Zhu, L., Yang, Z., Yao, R., Xu, L., Chen, H., Gu, X., … Yang, X. (2018). 
Potential mechanism of detoxification of cyanide compounds by 
gut microbiomes of bamboo-eating pandas. mSphere, 3(3), e00229-
00218. https​://doi.org/10.1128/mSphe​re.00229-18

Zhu, Y.-G., Johnson, T. A., Su, J.-Q., Qiao, M., Guo, G.-X., Stedtfeld, R. 
D., … Tiedje, J. M. (2013). Diverse and abundant antibiotic resistance 
genes in Chinese swine farms. Proceedings of the National Academy 
of Sciences, 110(9), 3435–3440. https​://doi.org/10.1073/pnas.12227​
43110​

https://doi.org/10.1177/1176934319848438
https://doi.org/10.1177/1176934319848438
https://doi.org/10.1016/j.heliyon.2019.e02480
https://doi.org/10.1038/nature11053
https://doi.org/10.1038/nature11053
https://doi.org/10.1038/ng.2494
https://doi.org/10.1111/eva.12705
https://doi.org/10.1073/pnas.1017956108
https://doi.org/10.1073/pnas.1017956108
https://doi.org/10.1128/mSphere.00229-18
https://doi.org/10.1073/pnas.1222743110
https://doi.org/10.1073/pnas.1222743110

