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Abstract 
Gut microbiota affect host health and behavior throughout life but their relationship in 
endangered animals is poorly understood. Malayan sun bears are protected as an endangered 
wild species. Abnormal behavior such as stereotypies can be used as welfare indicators of 
animals in zoos. In this study, the abundance and diversity of fecal microbiota from six Malayan 
sun bears in Tianjin Zoo were assessed using 16S rRNA Illumina technology, and stereotypies 
were analyzed to identify behavioral patterns in the bears, separated into two age groups. 
Stereotypic behavior did not differ significantly between bears of different ages, but bacterial 
diversity in bears from the elderly group was significantly higher than that of the adult group. 
The gut microbiota of Malayan sun bears was dominated by Firmicutes (54.70%), 
Proteobacteria (41.90%), and Fusobacteria (1.80%). Findings from this study facilitate 
understanding of the relationship between gut microbiota and behavioral patterns, which 
could benefit the welfare of animals in captivity. 

 

Introduction 
Gut microbiota diversity and composition have been extensively researched in wild 

animals 1, 2. Fundamental studies on the microbiome-gut-brain axis have revealed compelling 
effects of gut microbes on host health, central neurochemistry, and behavior 1, 3. The Malayan 
sun bear (Helarctos malayanus) mainly inhabits the rainforests of South-east Asia and is the 
smallest bear species listed as ‘vulnerable’ by the International Union for Conservation of 
Nature (IUCN) 4, 5. The wild population of Malayan sun bears has declined by more than 30% 
in recent years because of habitat loss and the pet/entertainment trade, and consequently, 



there is an urgent need for ex-situ conservation of this species 6, 7. Zoos can offer residence to 
these bears and the bears may become habituated to humans in living condition and diets. 
Captivity can provide a beneficial living environment but can also negatively impact animal 
welfare because captivity restricts the ability of many species to perform natural behaviors 
due to the difference in environment and resources provided compared with the wild habitat 
8, 9. 

Stereotypies, a common example of abnormal behaviors, are defined as repetitive 
patterns and are attributed to boredom or stress in captive animals, indicating a habitual 
coping mechanism established in response to poor welfare 10-12. Stereotypic behavior has been 
associated with poor mental or physical health condition in Malayan sun bears 8, 12, and linked 
with poor living conditions in brown bears (Ursus arctos yesoensis) 13. Captivity restricts many 
natural behaviors due to the difference in environment. However, polar bears (Ursus 
maritimus) in captivity exhibited reduce stereotypies and increased play when welfare 
conditions were improved 6, 14, 15. Thus, it is important to investigate the possible causes of 
stereotypies because it may reflect a mechanism established in response to living conditions 
for Malayan sun bears in zoos. 

Gut microbiota are instrumental in maintaining health since microbiota closely influence 
digestion, metabolism, immunity, and development of wild animals 16, 17. The establishment of 
gut microbiota in an animal starts through contact with their mother and microbial 
composition changes during their growth 18. The age of animals and habitat conditions 
contribute to the establishment of complex microorganisms, and gradually a stable intestinal 
microflora is formed through mutual adaptation and co-evolution with the host 18-20. The gut 
microbiota is a complex ecosystem and maintain a dynamic balance and stability through 
interaction, which has been shown to be directly related to the health of non-human animals 
2, 21. In recent years, studies of model animals such as mice and domestic animals such as cows 
have covered a broad array of gut microbiota research 22, 23. However, wild animals including 
some endangered species are the least-investigated animals because of their complex 
environments 24.  

Studying gut microbiota in wild animals could offer opportunities to understand “real-life” 
microbiota and facilitate enhanced survival of animals in captivity. The gut microbiota of 
mammals has been studied in Andean bears 25, grizzly bears 26, polar bears (Ursus maritimus)27, 
and giant pandas (Ailuropoda melanoleuca) 28, 29. Such studies demonstrated that co-evolution 
exists between mammalian gut microorganisms and hosts, and that gut microbiota 
composition is closely related to the evolutionary course, feeding composition, and digestion 
of hosts 30, 31. In comparison, there are relatively few studies on the gut microbiota of wild 
animals as well as their function on animal behavior, and most of these studies focused on the 
characteristics of natural microbiota 32. Differences in gut microbes of wild animals were found 
when the living environment changed, with many natural microbes being lost following 
captivity 28, 33. Thus, studying the gut microbiota and animal behavior might facilitate the 
provision of beneficial welfare conditions for captive rehabilitant Malayan sun bears 34. 

High-throughput sequencing technology based on the 16S rRNA gene has been widely 
used for microbial community detection, and more and more gut microbiota from wild animals 
have been described and studied using this technology 35, 36. This allows analysis of microbiota 
composition and can reveal interaction(s) with host behavior 35, 37. In the current study, high-



throughput sequencing technology was employed to analyze the fecal microflora of Malayan 
sun bears of different ages, and stereotypical behaviors of the bears were assessed to identify 
behavioral patterns that were indicative of the welfare state of the bears in captivity. The 
purpose of the study was to explore the diversity composition of intestinal microflora of 
Malayan sun bears and identify, for the first time, relationship(s) between animal behavior and 
fecal microflora in captive Malayan sun bears. Insights gained from the behavior of these bears 
and their differing eds could be used to inform the management and husbandry of these 
animals. Research on intestinal flora of Malayan sun bears will provide more accurate and 
scientific data resources, and also lay a theoretical foundation for molecular biology research 
on the intestinal flora of H. malayanus and for reducing stereotypies in captive animals. 

 

Results 

Effect of age on animal behavior 

The behavior of Malayan sun bears in Tianjin Zoo was defined in an ethogram shown in 
Table S1. To examine whether the presence of stereotypies was associated with age alterations, 
individual activity budgets were calculated and the difference in the stereotypical behavior 
grouped according to age was also analyzed, including mechanically repeat walking, licking 
genitals, and so on. Individual Malayan sun bears in Tianjin Zoo differed greatly in their budgets 
for active and stereotypic behavior type, but there was no significant difference between 
groups A and B (Fig. 1a).  

Bear M6 (Stereotypical behavior ratio, 42.32%) performed more stereotypical behaviors 
than the other bears, and the main stereotypic behavior of M6 was pacing along the moat in 
the exhibition area. M2 (Stereotypical behavior ratio, 35.91%) and M4 (Stereotypical behavior 
ratio, 33.82%) displayed a larger variation in stereotypical behavior, while M1 (Stereotypical 
behavior ratio, 22.62%) and M5 (Stereotypical behavior ratio, 20.12%) showed more interest 
in interacting with visitors and had a lower incidence of stereotyped behavior. Although the 
incidence of stereotypical behavior varied widely from M1 to M6, there was no significant 
difference between the two age groups of bears (Fig. 1b). 

Active behaviors were similar in all bears except M6. M5 (active behavior ratio,59.26%) 
exhibited slightly more active behavior than M1 (active behavior ratio,48.60%) and M4 (active 
behavior ratio,38.82%); however, there was no significant difference in the incidence of 
normal active behavior between M1 and M4. M3 (active behavior ratio,26.21%) was more 
inactive than M2 (active behavior ratio,32.11%), while M6 (active behavior ratio,0.62%), the 
oldest bear in the study, was the most inactive among all the bears. However, there was no 
significant difference of active behavior between two groups (Fig. 1c). 

The average relative activity of captive Malayan sun bears was 0.34 ± 0.11, while the 
average incidence of stereotypical behavior was 0.30 ± 0.11. There were no significant 
differences among stereotypies and active behaviors in the two different age groups of bears. 
 

Sequencing data analysis 



Across samples from the six Malayan sun bears in the present study, a total of 420,131 
raw sequencing reads were obtained after denoising by Illumina NovaSeq platform; raw reads 
per sample varied from 64,106 to 73,253. To establish whether the sequences covered all 
microbial species, the abundance curve of α-diversity, including Chao1, Shannon, and Simpson 
indices, was used to evaluate the accuracy of the analyses (Fig. 2). The curves tended to be flat 
when the number of sequences was greater than 4,000, indicating that increasing the number 
of sequencing reads would not yield additional operational taxonomic units (OTUs) and the 
current samples were large enough to identify the majority of OTUs (Fig. 2). 

The value of α-diversity indices from Malayan sun bears are shown in Table S2. Bacterial 
community diversity and richness measured by OTUs (Chao1, Shannon, and Simpson indices) 
showed that the index of B group (elderly bears) was slightly higher than that of A group 
(adults). Although the sample size in the study was too small to test for significance, the 
difference in bacterial species diversity and richness tended to be greater for the elderly group 
(group B) compared with the adult group (group A) (Fig. S1). Average Good’s coverage was 
100% around all six samples, indicating that most of the bacterial diversity in the feces was 
obtained. 
 

Bacterial community composition in Malayan sun bears 

Bacterial community composition of the Malayan sun bears, based on 16S rRNA gene 
sequencing, was examined for potential differences according to age group of the bears. 
Bacterial composition of each fecal sample at different taxonomic levels is shown in Figs. 3, S2, 
and S3. Further examination of how these changes in phylum or genus composition affected 
the bacterial diversity as well as the richness of each age group was conducted. 

At the phylum level, gut microbiota of Malayan sun bears from A group was dominated 
by Firmicutes (76.90%), Proteobacteria (22.41%), and Fusobacteria (0.60%). These three phyla 
accounted for 99.93% of all sequences across all the samples, while unclassified bacterial 
sequences only occupied 0.07% (Fig. 3a). The gut microbiota from B group was also dominated 
by Firmicutes (55.59%), Proteobacteria (42.81%), and Fusobacteria (1.53%) (Fig. 3a, Table 1), 
although the proportions differed to those of A group. Firmicutes was the most abundant 
phylum in both groups, but the relative abundance of this phylum was slightly lower in the 
elderly group (group B) compared with the adult group (group A). The second most common 
phylum in the two groups was the Proteobacteria, and the elderly group (group B) had a higher 
proportion of this phylum compared with the adult group (group A). 

At the genus level, the most abundant genera in A group were Streptococcus (57.18%), 
Escherichia-Shigella (20.89%), Lactobacillus (10.67%), Clostridium_sensu_stricto_1 (4.10%), 
and Enterococcus (2.50%). The most abundant genera in B group were Escherichia-Shigella 
(34.17%), Streptococcus (24.99%), Clostridium_sensu_stricto_1 (13.48%), Romboutsia (3.54%), 
and Klebsiella (3.24%). Community heatmap analysis and mean relative abundances at the 
genus level of all six samples are displayed in Fig. 3b and Table 2. The most common genus in 
the adult group (group A) was Streptococcus, followed by Escherichia-Shigella. In contrast, the 
opposite trend was observed in the elderly group (group B), with Escherichia-Shigella as the 
most abundant genus, followed by Streptococcus. The Class_Circos and heatmap of the two 
groups are shown in Fig. 4.  



 

β-Diversity analysis and community structures 

To explore the relationship between fecal microbes and age, PCoA was used to visualize 
similarities or dissimilarities via a dendrogram using Bray–Curtis distances, and thus the 
difference in β-diversity of the six samples in the two groups could be evaluated (Fig. 5a). On 
the PCoA plot, there are six symbols, with each symbol representing one gut microbiota. 
Bacterial communities from the A group clustered tightly and were separated from those of 
the B group along principal coordinate axis 1 (PCoA1) with the largest amount of variation 
(74.87%) using weighted unifrac distance. This indicated that there was a clear grouping 
pattern that separated the two groups. Furthermore, the unique and shared bacterial taxa in 
all Malayan sun bears were analyzed. At the phylum level, 10 phyla were shared and there 
were only two unique phyla (Fig. S4a). At the genus level, 61 genera were shared as the core 
bacterial genus and the unique genera in each group were 33 (A group) and 56 (B group), 
respectively (Fig. S4b). 

Given the suggested link between gut bacteria and host age in many animals, the 
similarities in gut microbiota from the two groups were analyzed. The top two abundant core 
phyla were Firmicutes and Proteobacteria, while the top two abundant core genera were 
Streptococcus and Escherichia-Shigella (Fig. 5b,5c). The relative abundance of known 
pathogenic species, focusing on Proteobacteria, was higher in group B than in group A, and 
there was a significant decrease in abundance of Lactobacillus, as commonly reported with 
aging. Bubble plot showing comparative OTU profiles could be seen in Fig.5d.  

 

Conclusions 

The intestinal microbiota of wild animals plays an important role in host metabolism, 
development, and behavior. Studies on the microbiome-gut-brain axis have revealed 
compelling effects of the microbiome on behavior and neurophysiology; however, how 
microbiota changes modulate host behavior and the microbial effects on each mode of 
behavior have yet to be elucidated 38-40. In the current study, stereotypical behaviors were 
observed in all Malayan sun bears from Tianjin Zoo, which was similar to previous studies 5. 
Age changes and gut microbiota construction in these bears were subsequently examined to 
determine the potential relationship between the factors and stereotypical behaviors 41. 

The environment is quite different between wild habitats and zoos. Animals spend a lot 
of time searching for food with species-appropriate behaviors in the wild 6, 42, whereas the 
food is offered on a routine schedule, including the time to eat and the amount, when animals 
are kept in zoos 43, 44. Stereotypical behaviors can occupy more than 50% of the time of a 
captive Malayan sun bear living in a minimal undersized habitat 8, thus the current study 
assumed this behavior was associated with poor physical health. All six Malayan sun bears in 
the current study exhibited stereotypical behaviors. Although the incidence of this behavior 
varies greatly between individuals, the overall prevalence of stereotypies was relatively low 
suggesting that the Tianjin Zoo habitat provided a relatively good living environment 
compared with other captive environments. 

Stereotypies can be reduced using enrichment programs such as providing novel toys and 



foraging opportunities, but other factors including seasonal changes, visitor density, and the 
relationship with the construction of gut microbes must be explored as possible causes of 
stereotypical behaviors in captive Malayan sun bears 45. In a previous study, stereotypical 
behaviors increased when visitors were present at a relative high level. Seasonal changes, 
which are related to mating and forage-seeking behaviors in the wild, may affect stereotypical 
behaviors in captive polar bears and black bears 45. 

This study analyzed, for the first time, stereotypical behaviors of Malayan sun bears in 
relation to the composition of gut microbiota. The gut microbiota, associated with many 
diseases including allergies, diabetes, and obesity, could affect each Malayan sun bear of 
different ages in a unique manner. In healthy individuals, the gut bacterial community is mainly 
dominated by the phyla Firmicutes, and this result was similar in the two groups of Malayan 
sun bears. Through analysis of the sequencing results, Firmicutes and Proteobacteria were 
revealed as the dominant phyla in the feces of Malayan sun bears. Thus, the microbial 
community structure in fecal samples of Malayan sun bears is essentially the same as that of 
many other mammalian species, including giant panda, polar bear (Ursus maritimus), and 
black bear (Ursus thibetanus). 

The main bacterial phyla in feces of giant pandas were Firmicutes and Proteobacteria. 
The intestinal flora of the black bear (Ursus thibetanus) was identified into 12 phyla including 
Firmicutes, Proteobacteria, and Fusobacteria. The construction was similar at the phyla level 
in Malayan sun bears, but at the genus level, the fecal flora of Malayan sun bears differed from 
those of giant panda and black bear. Fecal samples of Malayan sun bears had a high content 
of Streptococcus, followed by Escherichia coli/Shigella, and Clostridium at the genus level, 
while the dominant bacteria in the fecal flora of giant panda were Clostridium and Escherichia 
coli/Shigella. The dominant bacteria in the intestinal flora of polar bear (Ursus maritimus) and 
black bear are Enterococcus, and Clostridium. Reasons for the differences between these 
findings and the gut microbiota of Malayan sun bears were further analyzed. Although giant 
panda and Malayan sun bears both belong to the order Carnivora, their dietary habits are 
different. Giant pandas predominantly eat bamboo, while Malayan sun bears are omnivores. 
Polar bears, black bears, and Malayan sun bears also have different food preferences. Species 
differences may therefore be the main reason for the differences in intestinal flora among 
animals in the same family. In addition, the intestinal flora of wild animals is affected by many 
factors, such as food, individual body, age, and so on. By analyzing the intestinal flora of 
Malayan sun bears of different ages, it was revealed that the diversity in adult Malayan sun 
bears was the highest. Firmicutes occupied 76.90% in the adult group (A group), but only 
occupied 55.59% in the elderly group (B group). Members of the Proteobacteria, containing 
many pathogens, were more abundant in the elderly group (42.81%) than in the adult group 
(22.41%). Meanwhile, the main genera in the adult group were Streptococcus (57.18%) and 
Escherichia coli (20.89%). The main genera in the elderly group were Escherichia coli/Shigella 
(34.17%) and Streptococcus (24.99%). Generally, an increase in members of the Proteobacteria 
and lower overall community diversity were observed in the elderly group, indicating that the 
physical health of the elderly group was not as good as that of the younger group. 

In this study, the dominant phyla in fecal samples of six Malayan sun bears were identical, 
but the content of the same phyla in fecal samples of different individuals was different. There 
were also differences in the number, species, and abundance of the microflora at the class, 



order, family, and genus levels. The diversity of the fecal microflora of each Malaya sun bear 
was also different, indicating that there were individual differences and individual specificity 
in the fecal microflora of Malayan sun bears. The composition of mammalian intestinal flora 
changes with different hosts. Since the six sampled Malayan sun bears share the same diet 
and feeding environment, age is hypothesized to be the main factor responsible for the results 
of this study, in addition to individual animal life. 

To ascertain whether the gut microbiota can affect behavior, the correlation between 
individual behavior and microbial ratio was explored (Table 3). Analysis of the relationship 
between the top five phyla/genera and the two behaviors revealed that Streptococcus and 
Escherichia coli/Shigella were negatively correlated with active behavior and positively 
correlated with stereotypical behavior. In contrast, Clostridium and Lactobacillus were 
positively correlated with active behavior and negatively correlated with stereotypical 
behavior. These results suggested that there were significant differences in intestinal flora 
between different ages, and that Clostridium and Lactobacillus may contribute to the 
expression of active behavior of Malayan sun bears. Furthermore, the relative abundance of 
known pathogenic bacterial species (mainly species of the genus Proteus) in the elderly group 
was higher than that in the adult group, and the abundance of Lactobacillus decreased 
significantly with increasing age. Therefore, the physical health of the older group was not as 
good as that of the younger group, and stereotyped behaviors occurred more frequently. 

In summary, this study characterized the gut microbiota of Malayan sun bears using 16S 
rRNA gene sequencing analysis. The captive diet, feeding environment, and behavior pattern 
all directly affect the intestinal flora structure of these animals, but exactly how these factors 
influence the structure of flora composition remains a mystery. The incidence of stereotypic 
behavior in the elderly group (B group) was higher than that in the adult group (A group). 
There was no significant difference in stereotyped behavior according to age, but bacterial 
diversity was significantly higher in the older group than in the adult group. Firmicutes and 
Proteobacteria were the dominant flora in both groups, among which Streptococcus, 
Escherichia coli/Shigella, and Clostridium were the dominant genera. With the increase of age, 
the abundance of Streptococcus in the intestinal tract of Malayan sun bears gradually 
decreased, while the abundance of Escherichia coli/Shigella and Clostridium increased. This 
study revealed the intestinal flora of Malay bears and preliminarily explored the relationship 
between intestinal flora and behavioral patterns, which may have applications in helping to 
protect this endangered species. 

 

 

Methods 

Ethics information 

All work including the sample collection and behavior observations complied with the 
current laws of China and followed applicable international and national guidelines. Fecal 
sample collections were conducted under permit without direct contact with the Malayan sun 
bears. All experimental procedures carried out were approved by the Forestry Bureau of 
Tianjin Province of China (approval number: [2020]17). 



 

Subjects and behavior analysis 

Behavioral observations were recorded from six individual Malayan sun bears at Tianjin 
Zoo, China. Although there were many sun bears in the Zoo, only those that could be easily 
identified or monitored by the observer were analyzed in this study. Samples and observations 
were collected from one male and five female bears ranging from 5 to 30 years old. The age, 
sex, and other information of the six Malayan Sun Bears is shown in Table S3. The bears were 
divided into two groups according to their ages: A group (adult, 3<age<15) and B group (elderly, 
age>15). 

Each bear was observed for two sessions including each morning (between 0800 and 
1100) and each afternoon (between 1300 and 1600), and data were typically collected 5 days 
a week, which allowed for behavioral differences arising from the time of day. Bears were 
typically on exhibit together in Tianjin Zoo, and their behaviors were divided into two 
categories: active behavior included all activities except sleeping, while stereotypical behavior 
mainly comprised mechanical repetitive behavior. All behavioral data were analyzed using 
SPSS 26.0 statistical software (IBM, Chicago, IL, USA). The two types of behaviors were 
analyzed by Mann–Whitney U test 46.  

 

Collection and DNA extraction of fecal samples and construction of 

libraries 

Fecal samples of Malayan sun bears were collected at Tianjin Zoo immediately after 
natural defecation and were transferred into 2-mL sterile cryopreservation tubes and stored 
at -80°C in the laboratory as soon as possible. 

DNA was extracted from the fecal samples using QiAamp DNA Stool Mini Kit (QIAGEN) 
according to the manufacturer’s instructions. Total DNA was eluted in 50 μL ddH2O and stored 
at -80°C until further use. DNA concentration was measured with an ultraviolet 
spectrophotometer, and all six samples were suitable for use in the construction of amplicon 
libraries. The V3-V4 region of the 16S rRNA gene was amplified by PCR based on methods in 
the literature and using the primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′-
GACTACHVGGGTATCTAATCC-3′) 47, 48. The resulting amplicons were prepared for sequencing, 
and libraries were assessed with the Library Quantification Kit for Illumina (Kapa Biosciences, 
Woburn, MA, USA). Libraries were sequenced by LC-Bio Technology Co., Ltd (Hang Zhou, 
Zhejiang Province, China) using a NovaSeq PE250 platform with an Agilent 2100 Bioanalyzer 
(Agilent, Santa Clara, CA, USA). 

 

Bioinformatics, sequencing, and statistical analyses 

All samples were sequenced and paired-end reads were assigned. These reads were 
truncated by removing the barcode and merged using FLASH 49. Quality filtering on the raw 



reads was performed under specific conditions to obtain high-quality clean tags according to 
the fqtrim (v0.94). Chimeric sequences were filtered using Vsearch software (v2.3.4). Alpha 
diversity and a species accumulation curve were calculated to show the complexity of gut 
microbiota species. The feature abundance of each sample was normalized by SILVA classifier 
using relative abundance. Alpha diversity, including Chao1, observed species, Good’s coverage, 
Shannon, and Simpson indices, were calculated by QIIME2 microbiome bioinformatics 
platform (https://qiime2.org) to analyze the complexity of species diversity. 

β-Diversity analysis was performed and principal coordinate analyses (PCoA) were 
determined to investigate structural variation in microbial communities using unweighted and 
weighted UniFrac distance metrics 50. Sequence blast was used for alignment, and the feature 
sequences were annotated with the SILVA database. Taxa abundances at the phylum, class, 
order, family, and genus levels of all the fecal samples were statistically compared using the R 
package (v3.5.2) 51. SPSS Statistics 21.0 (IBM) software was used to analyze the data and one-
way analysis of variance (ANOVA) was used to evaluate the differences. P<0.05 was considered 
statistically significant.  
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Figures 

Figure Legends 
Figure 1. Behavioral data analysis of animals. (a) Behavioral data statistics for each individual 
Malayan sun bear (including active behavior and stereotypies). (b) Differences in active 
behavior between the two groups of bears. (c) Differences in stereotypies between the two 
groups of bears. 
 

Figure 2. Curves of alpha-diversity analysis. Curves are based on (a) Chao1, (b) observed-outs, 
(c) Shannon, and (d) Simpson indices. The x-coordinate is the number of sequences and each 
curve in the graph represents a sample, which is labeled with a different color. 
 

Figure 3. Microbial structure of all fecal samples from Malayan sun bears at phylum and genus 
levels. Bar-plots show the abundance and distribution of (a) the 18 most abundant phyla and 
(b) the 30 most abundant genera. 
 

Figure 4. Circlize diagram and community heatmap of gut microbiota. (a) Circlize diagram of A 
group and B group showing the correlation of sample species abundance. (b) Community 
heatmap analysis of A group and B group at genus level. 
 

Figure 5. Comparison of abundant microflora between two groups. (a) PCoA plots based on 
weighted unifrac distances of gut microbiome. (b) Comparison chart showing significant 
difference at phylum level between the two groups. (c) Comparison chart showing significant 
difference at genus level between the two groups. (d) Bubble plot showing comparative OTU 
profiles belonging to each co-occurrence network. 
  



Tables: 
Table 1 Mean relative abundance of top five abundant phyla (%) in the Malayan sun bears 

 

Sample group Phylum (mean relative abundance, %) 

A Firmicutes (76.90) 
 

Proteobacteria (22.41) 
 

Fusobacteria (0.60) 
 

Actinobacteria (0.05) 
 

Bacteroidetes (0.01) 

B Firmicutes (55.59) 
 

Proteobacteria (42.81) 
 

Fusobacteria (1.53) 
 

Actinobacteria (0.04) 
 

Cyanobacteria (0.01) 

 

 

 

Table 2 Mean relative abundance of top five abundant genera (%) in Malayan sun bears 

 

Sample group Genus (mean relative abundance, %) 

A Streptococcus (57.18) 
 

Escherichia-Shigella (20.89) 
 

Lactobacillus (10.67) 
 

Clostridium_sensu_stricto_1 (4.10) 
 

Enterococcus (2.50) 

B Escherichia-Shigella (34.17) 
 

Streptococcus (24.99) 
 

Clostridium_sensu_stricto_1 (13.48) 
 

Romboutsia (3.54) 
 

Klebsiella (3.24) 

 

 



Table 3  Correlation analysis between intestinal flora and animal behaviors (active behavior 
and stereotyped behavior) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Taxonomic 

classification 

level 

Bacteria Active behavior Stereotyped 

behavior 

  r p r p 

Phylum Firmicutes -0.265 0.612 0.116 0.827 

 Proteobacteria 0.246 0.639 -0.126 0.811 

 Fusobacteria 0.267 0.609 0.115 0.827 

 Actinobacteria 0.734 0.096 0.076 0.881 

 Bacteroidetes -0.405 0.426 0.765 0.076 

Genus Streptococcus 0.382 0.455 -0.298 0.566 

 Escherichia-Shigella -0.084 0.874 0.256 0.624 

 Clostridium_sensu_stri

cto_1 

-0.613 0.196 0.523 0.287 

 Lactobacillus 0.320 0.526 -0.293 0.573 

 Cetobacterium 0.267 0.609 -0.201 0.703 



Figures

Figure 1

Behavioral data analysis of animals. (a) Behavioral data statistics for each individual Malayan sun bear
(including active behavior and stereotypies). (b) Differences in active behavior between the two groups of
bears. (c) Differences in stereotypies between the two groups of bears.



Figure 2

Curves of alpha-diversity analysis. Curves are based on (a) Chao1, (b) observed-outs, (c) Shannon, and
(d) Simpson indices. The x-coordinate is the number of sequences and each curve in the graph represents
a sample, which is labeled with a different color.



Figure 3

Microbial structure of all fecal samples from Malayan sun bears at phylum and genus levels. Bar-plots
show the abundance and distribution of (a) the 18 most abundant phyla and (b) the 30 most abundant
genera.



Figure 4

Circlize diagram and community heatmap of gut microbiota. (a) Circlize diagram of A group and B group
showing the correlation of sample species abundance. (b) Community heatmap analysis of A group and
B group at genus level.



Figure 5

Comparison of abundant micro�ora between two groups. (a) PCoA plots based on weighted unifrac
distances of gut microbiome. (b) Comparison chart showing signi�cant difference at phylum level
between the two groups. (c) Comparison chart showing signi�cant difference at genus level between the
two groups. (d) Bubble plot showing comparative OTU pro�les belonging to each co-occurrence network.
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