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The white-headed black langur (Trachypithecus leucocephalus) is exclusively 
distributed in the karst forests and is critically endangered owing to 
habitat fragmentation. Gut microbiota can provide physiological data for 
a comprehensive study of the langur’s response to human disturbance in 
the limestone forest; to date, data on spatial variations in the langurs’ gut 
microbiota are limited. In this study, we examined intersite variations in the gut 
microbiota of white-headed black langurs in the Guangxi Chongzuo White-
headed Langur National Nature Reserve, China. Our results showed that langurs 
in the Bapen area with a better habitat had higher gut microbiota diversity. In 
the Bapen group, the Bacteroidetes (13.65% ± 9.73% vs. 4.75% ± 4.70%) and its 
representative family, Prevotellaceae, were significantly enriched. In the Banli 
group, higher relative abundance of Firmicutes (86.30% ± 8.60% vs. 78.85% ± 
10.35%) than the Bapen group was observed. Oscillospiraceae (16.93% ± 5.39% 
vs. 16.13% ± 3.16%), Christensenellaceae (15.80% ± 4.59% vs. 11.61% ± 3.60%), 
and norank_o__Clostridia_UCG-014 (17.43% ± 6.64% vs. 9.78% ± 3.83%) were 
increased in comparison with the Bapen group. These intersite variations in 
microbiota diversity and composition could be  accounted for by differences 
in food resources caused by fragmentation. Furthermore, compared with the 
Banli group, the community assembly of gut microbiota in the Bapen group was 
influenced by more deterministic factors and had a higher migration rate, but the 
difference between the two groups was not significant. This might be attributed 
to the serious fragmentation of the habitats for both groups. Our findings 
highlight the importance of gut microbiota response for the integrity of wildlife 
habitats and the need in using physiological indicators to study the mechanisms 
by which wildlife responds to human disturbances or ecological variations.
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1. Introduction

Animals commonly depend on physiological regulation in case of 
being unable to make further adaptations by shifting behavior when 
facing harsh existential conditions (Wong and Candolin, 2015; Bahram 
et al., 2016). Of the various physiological expressions, gut microbiota 
can be considered an effective indicator of the physiology and even the 
health status of wild animals (McManus et  al., 2021). The dynamic 
balance established between the gut microbiota and host in their long-
term interactions is related to energy acquisition and nutritional 
metabolism (Wu et al., 2011), which affects the immune system (Matson 
et al., 2021), nervous system (Cryan et al., 2019), and growth (Groer 
et al., 2014). Intense influences may severely disrupt the gut microbiota, 
which normally remains relatively stable, causing it to lose basic 
resistance and resilience and eventually leading to various diseases 
(Downing and Leibold, 2010; de Mazancourt et al., 2013; Fackelmann 
et al., 2021).

The gut microbiota is heavily dependent on the genetics of the host; 
however, environmental factors also shape the structures and functions 
of the gut microbiota, even outweighing the influence of the host’s 
anatomical and physiological characteristics (Dominguez-Bello et al., 
2010; Rothschild et  al., 2018). Conspecific animals distributed in 
habitats of different quality have unique gut microbiota (Amato et al., 
2013; Barelli et al., 2015). For example, black howler monkeys (Alouatta 
pigra; Amato et  al., 2013) and Udzungwa red colobus monkeys 
(Procolobus gordonorum; Barelli et al., 2015) exhibit a lower abundance 
and diversity of gut microbiota when inhabiting areas with heavier 
fragmentation compared with those inhabiting habitat with less 
fragmentation. There are significant differences in gut microbiota of 
rhesus macaques (Macaca mulatta) distributed in different geographical 
populations being grouped by altitude conditions, which is manifested 
by the production of new and unique microbiota (Zhao et al., 2018). 
Additionally, a decreased diversity in the gut microbiota of primates has 
been observed in gray–brown mouse lemurs (Microcebus griseorufus), 
which may be associated with varying degrees of human invasion of 
each habitat, occurring in Bale monkeys (Chlorocebus djamdjamesis) as 
well (Trosvik et al., 2018; Wasimuddin et al., 2022). The abundance of 
beneficial gut microbiota and functional metabolism genes is linked to 
the health of the species, with those in worse habitats showing a 
decreasing trend, which indicates that these individuals have a more 
potential disease risk (Amato et al., 2013; Barelli et al., 2015; Trosvik 
et al., 2018; Wasimuddin et al., 2022). Furthermore, the differences in 
the gut microbiota of animals living in different habitats are an outcome 
of adaptive alterations in response to ecological changes and behavioral 
adjustments, notably dietary composition (Wu et al., 2011; McManus 
et al., 2021).

By supplying a matrix for a given microbiota, diet plays a key role in 
shaping the host gut microbiota, including assisting hosts in selecting 
and expanding their corresponding degradation ability to alter the 
diversity and composition of the gut microbiota (Wu et al., 2011). For 
instance, herbivores exhibit a higher gut diversity than carnivores and 
omnivores owing to their more complex diets (Ley et al., 2008; Szekely 
et al., 2010; Deehan et al., 2020). Specifically, the Bacteroidetes has genes 
encoding enzymes that hydrolyze complicated plant polysaccharides 
(Grondin et al., 2017), and the Firmicutes is considered to have lignin-
degrading functions (Liu et al., 2019; Que et al., 2022). The hosts meet 
their major energy and nutritional demands with the help of gut 
microbiota that convert foods into short-chain fatty acids (SCFAs; 
Turnbaugh et al., 2006; Sun et al., 2022). Hence, both phyla are often 

represented in large proportions in the gut microbiota of herbivores (De 
Filippis et al., 2016). In the wild primates, a higher relative abundance 
of Bacteroidetes has been linked to the digestion of high-quality foods, 
such as fruits, young leaves, and buds, which are distributed more widely 
in high-quality habitats (Li et al., 2021; Xia et al., 2021). In contrast, a 
higher abundance of Firmicutes is regarded as a response to low-quality 
habitats that contain fewer high-quality food resources (Li et al., 2021; 
Xia et al., 2021), as observed in other typical folivorous primates that 
must degrade crude cellulose and lignin, such as François’s langur 
(Trachypithecus francoisi; Chen et  al., 2020) and the silvered langur 
(Trachypithecus cristatus; Le et al., 2019; Que et al., 2022). Therefore, 
data on relationship between the host’s gut microbiota, diet and habitat 
could provide insights into adaptation strategy, consequently facilitating 
effective wildlife conservation.

Whether the host is sensitive to the environment touches on the 
process of microbial community assembly (Zhou and Ning, 2017). The 
niche and neutral theories are the two theoretical frameworks for 
understanding microbial community assembly (Dini-Andreote et al., 
2015). The neutral theory states that stochastic processes are correlated 
with the birth, death, migration, and ecological drift of microbiota 
community, whereas the niche theory argues that deterministic 
processes are linked to abiotic and biotic factors (Fargione et al., 2003; 
Zhou et al., 2013). Whether deterministic or stochastic processes are 
dominant in community assembly has been controversial (Chen et al., 
2019; Li et  al., 2019). The relative importance of stochastic and 
deterministic processes can be quantified using the neutral community 
model (NCM; Sloan et al., 2006). For example, the NCM reveals that 
deterministic and stochastic processes jointly shape microeukaryotic 
community assembly in rivers under human disturbance (Gad et al., 
2020). However, this assembly in subtropical rivers is shaped by 
stochastic processes because the water is more complex and changeable 
(Chen et  al., 2019). In contrast, a study on rhesus macaques with 
different foods in altered seasons confirmed the dominant role of 
deterministic processes in microbiota assembly owing to environmental 
filtering (Liu et  al., 2022). The variations in the importance of 
deterministic and stochastic processes in the microbiota are likely 
habitat-dependent; therefore, investigating the assembly process in 
biological communities is important to explain the formation and 
maintenance mechanisms of biodiversity in the microbiota (Zhou and 
Ning, 2017; Heys et al., 2020).

White-headed black langurs (Trachypithecus leucocephalus) are 
exclusively distributed in the limestone forest in Southwest Guangxi, 
China, and are listed as critically endangered on the IUCN Red List 
(Bleisch and Long, 2020). These langurs are leaf-eating animals that 
prefer young leaves (Huang et al., 2008b). These animals face severe 
habitat fragmentation aggravated by human disturbance, which is 
threatening their survival (Huang, 2002; Li and Rogers, 2005). The 
Guangxi Chongzuo White-headed Langur National Nature Reserve 
comprises four areas, namely, Dalin, Tuozhu, Banli, and Bapen. This 
study was conducted in Banli and Bapen. The Banli area is more severely 
fragmented and has lower plant diversity than the Bapen area because 
of increased human disturbance (Huang et  al., 2008a; Huang et  al., 
2017). Previous studies have focused on the behavioral ecology of white-
headed black langurs (Zhou et al., 2011; Huang et al., 2017; Zhang et al., 
2021) and have provided data on their adaptability to habitat 
fragmentation. However, the mechanism of the langurs’ physiological 
response to habitat fragmentation remains unclear. Hence, in this study, 
we analyzed the gut microbiota from 203 fecal samples of white-headed 
black langurs. We  first described the structural features of the gut 
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microbiota and then further compared the intersite variations in the 
diversity and composition of the gut microbiota. Finally, we assessed the 
relative importance of the community assembly process of the gut 
microbiota by applying the NCM. We tested the following predictions:

 (1) A positive correlation has been found between diet diversity and 
gut microbiota (Heiman and Greenway, 2016; Frankel et  al., 
2019). More-fragmented habitats with lower vegetation diversity 
stimulate Banli group to forage and increase the diversity of their 
diets (Huang et al., 2017; Zhang et al., 2021). We, thus, predicted 
that the diversity of the gut microbiota in the Banli group would 
be higher than that in the Bapen group.

 (2) Young leaves in fragmented habitats are commonly limited (Zhou 
et al., 2011). Banli group suffering deeper habitat fragmentation 
will rely more heavily on low-quality foods, such as mature leaves 
(Li et al., 2016). We, thus, predicted that langurs living in Banli 
would have a higher relative abundance of cellulose-
degrading bacteria.

 (3) Lower vegetation diversity may intensify the competition for 
resources (Li et al., 2022). Banli has lower vegetation diversity 
(Huang et al., 2008a). We, thus, predicted that the community 
assembly of the langurs’ gut microbiota in Banli area would 
be more affected by deterministic processes.

2. Materials and methods

2.1. Study site, study subjects, and sample 
collection

This study was performed in the Guangxi Chongzuo White-
headed Langur National Nature Reserve (107°16′53″–107°59′46″E, 
22°10′43″–22°36′55″N), which is covered by limestone forest with an 
altitude ranging from 400 to 600 m (Guangxi Forestry Department, 
1993). Fecal samples for this study were collected from nine groups in 
Banli and Bapen. We collected 155 fecal samples from Banli between 
December 2020 and January 2021 and June and July 2021. We collected 
48 samples from Bapen during July and November 2021 
(Supplementary Table 1). White-headed black langurs use caves and/
or crevices in cliffs as their permanent sleeping sites and defecate at 
the cave edges before leaving their sleeping sites in the morning. 
We collected feces under the cliffs after the langurs had left. While 
collecting the samples, we  wore sterile gloves and used sterilized 
bamboo sticks to obtain ~3–5 g of the internal part that was 
uncontaminated and placed it in sterile collection tubes. After making 
clear marks, we immediately placed the samples in a dry ice box and 
then transferred them to a −80°C ultra-low–temperature refrigerator 
for storage until further DNA extraction.

2.2. Ethics approval

We collected langur fecal samples with the permission of the 
Administration Center of Guangxi Chongzuo White-headed Langur 
National Nature Reserve. This study did not involve any invasive animal 
tissue procedures. Furthermore, we  collected the samples after the 
langurs left their sleeping sites to avoid any stress reactions caused by 
the collection.

2.3. DNA extraction, PCR amplification, and 
sequencing

Total DNA was extracted from fecal samples of white-headed 
black langurs using an E.Z.N.A.® Soil DNA Kit (Omega Bio-Tek, 
America). A NanoDrop 2000 (Thermo Fisher Scientific, America) 
was used to detect the concentration and purity of the DNA, and 
1% agarose gel electrophoresis was used to detect the extraction 
quality of the DNA. The TransGen AP221-02 reaction system 
(TransGen, China) comprised 4 μL of 5× FastPfu buffer, 4 μL of 
2.5 mM dNTPs, 0.8 μL of forward primer (5 μm) and reverse primer 
(5 μm), 0.4 μL of FastPfu polymerase, 0.2 μL of BSA, 10 ng of 
template DNA, and enough ddH2O to bring the total amount of 
reagent to 20 μL. In this system, highly specific amplification 
primers were used (338F:5′-ACTCCTACGGGAGGCAGCAG-3′ 
and 806R:5′-GGACTACHVGGGTWTCTAAT-3′; Mori et  al., 
2014). The amplified DNA was first denatured at 95°C for 3 min, 
then subjected to 28 PCR cycles (denaturation at 95°C for 30 s, 
annealing at 53°C for 30 s, and extension at 72°C for 45 s), and 
finally extended at 72°C for 10 min to obtain amplification products 
located in the 16S rDNA V3–V4 region using a PCR amplifier 
model ABI GeneAmp® 9700 (ABI, America). Three replicates of 
each sample were run, and products from the same sample were 
mixed and detected using 2% agarose gel electrophoresis and 
recovered using an AxyPrep DNA Gel Extraction Kit (Axygen, 
America). The PCR products were detected and quantified using a 
Quanti Fluor™-ST Blue Fluorescence Quantification System 
(Promega, America), after which the corresponding proportion was 
mixed as per the sequencing volume requirement of each sample. 
According to the fluorescence quantitative measurement results, a 
NEXTFLEX Rapid DNA-Seq kit (Bio Scientific, America) was used 
to construct a sequencing library. The sequencing platform used 
was an Illumina Miseq PE 300 (Illumina, America).

2.4. Bioinformatics and statistical analysis

The following procedures were performed on Majorbio Cloud 
Platform1. The raw sequences were quality-controlled using 
Trimmomatic. This step included removing repetitive, low-quality 
(<20 bp) sequences containing primer linkers and sequences with a high 
proportion of N and then filtering out reads of <50 bp after quality 
control. The PE reads obtained from sequencing were spliced with Flash 
1.2.112 (Magoč and Salzberg, 2011) according to the overlap relationship. 
The redundant, low-abundance sequences were removed with Usearch 
113 (Edgar, 2010), and the chimeras were removed with UCHIME 
(Edgar et al., 2011) to obtain valid sequences. The valid sequences of all 
samples were clustered using Uparse 114 (Edgar, 2013) at a threshold of 
97% to obtain the OTUs. The OTU representative sequences were 
generated using Qiime 1.9.15 (Caporaso et al., 2010), and valid sequences 
with >97% similarity to the representative sequences were selected to 
generate the original OTU tables. The obtained OTUs were compared 

1 https://www.majorbio.com/

2 https://ccb.jhu.edu/software/FLASH/index.shtml

3 http://www.drive5.com/usearch/

4 http://www.drive5.com/uparse/

5 http://qiime.org/install/index.html
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with the 16S rRNA SILVA 138 bacterial database6 for species 
classification annotation using RDP Classifier,7 and the classification 
confidence level was set to 80%. The samples were leveled twice using 
the minimum number of sequences, and only OTUs of bacterial 
domains were retained, finally yielding the OTU tables for 
subsequent analysis.

Alpha diversity analysis was performed using Mothur 1.30.3.8 The 
dilution curves were used to determine whether the data for this 
sequencing were sufficient and reasonable. Values of invSimpson 
represent the reciprocal of Simpson index, and the variations in values 
with the Shannon index are proportional to species diversity. The ACE 
and Chao indexes indicate the species richness of the community. The 
principal co-ordinate analysis (PCoA) reflects the similarity or 
variability of the community composition in the samples. The distance 
between different sample points was calculated using Qiime 1.9.1. 
Significant differences were analyzed for sample species between two 
sites using a Wilcoxon rank–sum test with a confidence interval of 95%, 
and the results were expressed as corrected p-values. Based on the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) database, the functional 
prediction of gut microbiota in fecal samples was performed by PICRUSt 
2 (version 2.2.09; Douglas et al., 2020). According to the information 
obtained from the three levels of the KEGG pathway, the abundance of 
each level was calculated to obtain the abundance table of KEGG 
pathway. Intersite differences in functional pathways were analyzed 
using the Mann–Whitney U-test.

The following operations were performed with R 4.1.2: The alpha 
diversity indexes were converted into the form of log10 (x) (Warton and 
Hui, 2010). They were visualized as box plots and used for generalized 
linear mixed model (GLMM) calculations. The GLMM was used to 
compare intersite differences in the alpha diversity of the gut microbiota 
of white-headed black langurs. In this model, the geography was set as 
a fixed factor, the indices as response variables, and the different monkey 
groups as random factors. The differences between the two models with 
and without fixed effects were compared using ANOVA to determine 
the effect of fixed factors on the response variables.

We then constructed the NCM based on an OTU table to 
demonstrate the relative importance of stochastic processes on gut 
microbiota community assembly (Sloan et  al., 2006). This model 
estimated the migration rate of the gut microbial community (indicated 
by the m value) and the impact of random effects on the construction 
process (indicated by R2). The value of m is inversely proportional to the 
dispersal limitation, which shows that abundant taxa are generally 
higher than rare taxa because the latter are more likely to disappear from 
a single host owing to ecological drift. Within the range of 0–1, R2 
represents the stochastic effect and the remaining part represents the 
deterministic effect (1 − R2).

Using the randomForest package, massive decision trees were 
constructed after processing the data according to the random and 
put-back sampling principle (Breiman, 2001). Objects were classified 
sequentially to obtain the random forest model. The relative importance 
of bacterial taxa was expressed using Mean Decrease Gini and ranked, 
with larger values being more important. To ensure the performance of 
the random classifier, we  performed the following steps: First, 70% 

6 https://www.arb-silva.de/

7 http://rdp.cme.msu.edu/

8 https://www.mothur.org/wiki/Download_mothur

9 https://github.com/picrust/picrust2/

fraction of the sample was designated as the training set and the 
remaining 30% as the test set, which served as the basis for evaluating 
the model performance. Next, a 10-fold cross-validation was performed 
and repeated five times to avoid uncertain evaluation results. Eventually, 
the area under the curve (AUC) values were obtained using the pROC 
package (Robin et  al., 2011), considering values ranging from 0.5 
(nonsense classification) to 1 (perfect classification; Robin et al., 2011).

3. Results

3.1. Variations in gut microbiota 
composition: Banli group possessed more 
unique taxa and richer bacterial taxa of 
Firmicutes than Bapen group

After the quality control, a total of 11,291,593 optimized sequences 
were obtained from 203 fecal samples, with an average of 55,624 ± 13,334 
sequences per sample (Supplementary Table 2). The OTU table after 
flattening revealed 3,091 OTUs, 35 phyla, 384 families, and 778 genera. 
Good’s coverage estimators for all samples ranged from 98.40% to 
99.68% (99.38% ± 0.22%; Supplementary Table 3), which indicated that 
the sequencing results were representative of the actual occurrence of 
microbial species in the samples. The Shannon 
(Supplementary Figure 1A) and Sob curves (Supplementary Figure 1B) 
showed that the curves of all samples were asymptotic, which signified 
that the amount of sequencing data was sufficient to reflect the majority 
of microbial diversity information in the samples.

The langurs from the Banli and Bapen groups shared 1878 OTUs, 
31 phyla, and 284 families. The Banli group possessed 1,024 unique 
OTUs and 79 unique families, and the Bapen group exhibited 189 
unique OTUs and 21 unique families. Moreover, all groups had two 
unique phyla (Supplementary Figure 2).

At the phylum level, all samples were occupied by Firmicutes (Banli 
group: 86.30% ± 8.60% vs. Bapen group: 78.85% ± 10.35%), Bacteroidetes 
(4.75% ± 4.70% vs. 13.65% ± 9.73%), and Actinobacteria (3.88% ± 3.56% 
vs. 1.82% ± 2.04%), which accounted for >94% of the total relative 
abundance (Figure  1A). At the family level, the top three included 
Oscillospiraceae (Banli group: 16.93% ± 5.39% vs. Bapen group: 
16.13% ± 3.16%), Christensenellaceae (15.80% ± 4.59% vs. 
11.61% ± 3.60%), and norank_o__Clostridia_UCG-014 (17.43% ± 6.64% 
vs. 9.78% ± 3.83%; Figure 1B). Other taxonomic groups at the phylum 
and genus levels are shown in Supplementary Tables 4, 5.

Dominant phyla and families in the samples were analyzed for 
intergroup differences using the Wilcoxon rank–sum test. The results 
showed that the relative abundance of Firmicutes and Actinobacteria in 
the Banli group was significantly higher than that in the Bapen group at 
the phylum level, whereas Bacteroidetes and Proteobacteria in the 
Bapen group were significantly increased compared with the Banli 
group (Figure  1C). At the family level, the relative abundances of 
Christensenellaceae and norank_o__Clostridia_UCG-014  in the 
microbiota were significantly higher than those of the Bapen group, 
whereas the relative abundances of UCG-010, Prevotellaceae, and 
Butyricicoccaceae in the Bapen group were significantly higher than 
those of the Banli group (Figure 1D). Details of the various species at 
both taxonomic levels are listed in Supplementary Tables 4, 5.

We used a random forest model to construct classifiers to rank the 
importance of gut microbiota, which promotes the formation of intersite 
variations. At the phylum level, the most important taxa contributing to 
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intersite variations in the gut microbiota of white-headed black langurs 
were Bacteroidetes, followed by Proteobacteria and Campylobacterota. 
At the family level, these variations were accounted for by 
Butyricoccaceae, Peptococcaceae, and Rikenellaceae. The AUC values 
of the phylum and family levels were 0.963 and 1.000, respectively, 
which indicate an exceptional classification (Figure 2).

3.2. Variations in gut microbiota diversity: 
Bapen group had higher alpha diversity 
index than Banli group

According to the results of alpha diversity analysis, the Shannon 
index (Banli group: 4.821 ± 0.370 vs. the Bapen group: 4.984 ± 0.264) and 

A B

C

D

FIGURE 1

Composition of the gut microbiota at the phylum (A) and family (B) levels. All taxa with a relative abundance of <1% were classified as “others”. The 
composition difference analysis in the gut microbiota community at the phylum (C) and family (D) levels. Only the top 15 bacterial taxa are displayed. 
Significant difference was expressed by “*” for p < 0.05, “**” for p < 0.01, and “***” for p < 0.001.
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invSimpson index (57.575 ± 22.396 vs. 73.890 ± 23.367) of the gut 
microbiota of langurs in the Banli and Bapen group differed significantly 
(Shannon: χ2 = 5.792, df = 1, p = 0.016; invSimpson: χ2 = 7.734, df = 1, 
p = 0.005). However, the ACE index and Chao index did not show 
significant intersite variations (Figure 3A). The detailed results of mean 
and SD values and GLMM are shown in Supplementary Tables 3, 6, 
respectively.

Results of the PCoA based on Bray–Curtis showed that the 
structures of the gut microbiota of langurs differed significantly 
(R2 = 0.093, p = 0.001) between geographic groups (Figure 3B).

3.3. Variations in the functional profiles of 
gut microbiota: Banli group had richer 
functional pathways than Bapen group

At KEGG pathway level 1, there were three pathways, namely, 
cellular processes, environmental information processing and genetic 
information processing, more enriched in Banli group. The remaining 
three pathways had no significant difference between the two groups. At 
KEGG pathway 2, the pathways related to metabolism were more 

abundant in the Bapen group than in the Banli group. Specifically, 
metabolism of other amino acids and glycan biosynthesis and 
metabolism were more enriched in the Bapen group than in the Banli 
group (Figure 4).

3.4. Community assembly of gut microbiota: 
Two groups shared similar explanation and 
migration rate

According to the results of the NCM, random effects explained 
50.3% (for the Banli group) and 48.1% (for the Bapen group) of the 
community assembly of the white-headed black langurs’ gut microbiota. 
The migration rate of gut microbiota was higher in the Bapen group 
(m = 0.135) than in the Banli group (m = 0.124). Of the gut microbiota 
of the Banli group, 59.7% were within the theoretical prediction range 
of the random effects calculated by the model, whereas 23.6% were 
above this value and 16.7% were below it. The proportion of gut 
microbiota in the Bapen group that fell within the interval of theoretical 
predictions as measured by the model was 78.8%, with 13.2% above this 
limit and 8.0% below it (Figure 5).

A B

C D

FIGURE 2

The results of relative importance ranking based on values of Mean Decrease Gini at the phylum (A) and family (B) levels. ROC curve used to test the effect 
of the classifier of random forest model at the phylum (C) and family (D) levels. The closer the difference between the value of AUC and 1, the better the 
result of classification.
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FIGURE 3

Compared with the alpha diversity in gut microbiota between the Banli and Bapen groups (A). Significant difference was expressed by “*” for p < 0.05, “**” 
for p < 0.01, and “***” for p < 0.001. Regional comparison of gut microbiota beta diversity based on OTUs (Tested by Adonis) (B).

A B

FIGURE 4

Differences in the functional profiles prediction in gut microbiota of white-headed black langurs in pathway level 1 (A) and pathway level 2 (B). Significant 
difference was expressed by “*” for p < 0.05, “**” for p < 0.01, and “***” for p < 0.001. The orange bar represents Banli group, and the blue one represents 
Bapen group.
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4. Discussion

4.1. Characteristics of the gut microbiota

The predominant taxa in the gut microbiota of white-headed black 
langurs in the fragmented habitats are Firmicutes and Bacteroidetes. 
Previous studies found similar results in colobine monkeys, such as Sichuan 
snub-nosed monkeys (Rhinopithecus roxellana; Su et  al., 2016) and 
Udzungwa red colobus monkeys (Barelli et al., 2015). The sympatric rhesus 
macaques and François’ langurs also follow a similar pattern (Chen et al., 
2020). This result might be related to the fragmentation of its habitat in 
different degrees. Generally, degradation of habitat quality leads to a scarcity 
of high-quality food resources, such as fruits (Zhao et al., 2018). To satisfy 
the basic needs for energy and nutrition, dwelling primates preferentially 
feed on leaves, including mature ones, using a similar foraging strategy in 
response to habitat destruction, which consequently shapes the composition 
of their gut microbiota (Huang et al., 2008b; Wu et al., 2011). Firmicutes and 
Bacteroidetes likely make a large contribution to the digestion of plant 
polysaccharides, which are prominent in these primates’ leaf-based diets 
(Barelli et al., 2015; Su et al., 2016; Chen et al., 2020).

Specifically, the Firmicutes is linked to degrade dietary fiber (Sun 
et al., 2022), converting them to SCFAs that are directly absorbed by the 
host’s gut wall as energy (Turnbaugh et  al., 2006). In addition, the 
Oscillospiraceae (Firmicutes) exhibits the highest relative abundance in 
both groups and could be  involved in the degradation of mucin 
(Raimondi et al., 2021). Mucin is a major component of mucus in the 
gastrointestinal tract, which protects hosts from physical and chemical 
damage (Raimondi et  al., 2021). Adequate mucin may assist in the 
smooth movement of hard dietary fiber in the gut, reducing the leakage 

risk of toxic secondary metabolites into the gut mucosa (Raimondi et al., 
2021). However, abnormal elevation of mucin may be associated with 
inflammatory bowel disease (Raimondi et al., 2021). Oscillospiraceae, 
Christensenellaceae, and norank_o__Clostridia_UCG-014 are 
considered to be involved in the production of SCFAs (Morotomi et al., 
2012; Koeck et al., 2014; Konikoff and Gophna, 2016). Additionally, 
Ruminococcaceae and Lachnospiraceae belonging to Firmicutes have 
often been reported in other studies and accounted for a relatively high 
proportion of our results too, making large contributions to the efficient 
degradation of plant polysaccharides (Arumugam et al., 2011; Tomova 
et al., 2019). Bacteroidetes is closely related to the degradation of protein 
and animal fat (Wu et al., 2011) and can degrade pectin and simple 
carbohydrates in fruits and other foods (Hale et al., 2019). Prevotellaceae 
(Bacteroidetes) is closely linked to the proportion of fruits in the 
animals’ food (Sun et  al., 2016). These higher-abundance taxa are 
essential for the energy budget balance and for maintaining the health 
of white-headed black langurs in fragmented habitats.

The intersite variations of these two phyla in relative abundance can 
be expressed using F/B (ratio of the relative abundance of Firmicutes 
and Bacteroidetes; Turnbaugh et al., 2006). The folivorous primates, 
such as François’s langurs (8.24) (Chen et al., 2020) and Udzungwa red 
colobus monkeys (6.22) (Barelli et  al., 2015), have higher F/B than 
frugivorous primates, such as red-fronted lemurs (Eulemur rufifrons) 
(0.98) (Murillo et al., 2022) and brown lemurs (Eulemur fulvus) (0.5) 
(Greene et al., 2021), as well as omnivorous primates, such as Tibetan 
macaques (Macaca thibetana) (2.65) (Xia et al., 2021). In this study, the 
F/B of white-headed black langurs was much higher than that of the 
aforementioned species (12.34). F/B is positively correlated with the 
ability to obtain energy (Turnbaugh et al., 2006). The higher F/B of the 
langurs may be associated with the fragmented habitat because they 
could have high energy requirements in response to the scarcity of high-
quality foods caused by habitat fragmentation in the limestone forest.

In folivorous primates, although the major dominant gut microbiota 
are Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria, there 
are minor differences in the order of their relative abundance. A 
tendency may be seen in the white-headed black langurs for the relative 
abundance of Proteobacteria or Actinobacteria to be higher than that of 
Bacteroidetes within a given situation (Que et al., 2022). Proteobacteria 
has been shown to facilitate the digestion of animal proteins (De Filippo 
et al., 2010). In parallel, this phylum includes many disease-causing 
genera; hence, its irregular and sharp elevations in the relative 
abundance frequently serve as the first reflection of an individual’s 
health status (Shin et al., 2015). Actinobacteria also play an essential role 
in maintaining gut homeostasis, of which, Bifidobacteria, the most 
widely recognized, is extensively used as a probiotic and can also assist 
in the hydrolysis of plant polysaccharides by producing glycosyl 
hydrolases (Pokusaeva et  al., 2011). Gut microbiota increase the 
plasticity by adjusting their relative abundance to fit survival needs but 
not by changing the species of high-abundance taxa.

4.2. Intersite variations in gut microbiota

Our results indicate that the alpha diversity in the gut microbiota of 
the Bapen group was higher than that in the Banli group inhabiting more-
fragmented sites, which is contrary to Prediction 1. The Banli group 
exhibits higher diet diversity because langurs in more-fragmented habitats 
adopt an energy conservation strategy and depend on more species of 
plants to obtain energy (Huang et al., 2017; Zhang et al., 2021). However, 

A

B

FIGURE 5

The quantitative results of stochastic processes in the community 
assembly of the gut microbiota in Banli group (A) and Bapen group (B). 
Random effects on the community construction of gut microbiota 
were expressed by “R2”. The migration rate of species for the whole 
microbiota community is denoted by “m”. The solid black line indicates 
the best fitness between the actually occurring frequency of OTUs and 
the theoretical predicted frequency of the model. Field between the 
two black dashed lines means the 95% confidence interval, beyond 
which is an outlier.
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the Banli group did not display a high alpha diversity in the gut microbiota, 
as expected. This observation is contradictory to the findings of previous 
studies on black howler monkeys (Amato et al., 2013) and Udzungwa red 
colobus monkeys (Barelli et al., 2015), which considering gut microbiota 
diversity is positively corrected with diet diversity. This pattern could 
be associated with the degree of additional human disturbance suffered 
by the two groups and another indicator of diversity, namely, evenness. 
Additional human disturbance rather than habitat fragmentation itself 
may be responsible for the decrease in the diversity of gut microbiota 
(Fackelmann et al., 2021). The Banli area has more inhabitants and human 
activity, including farmland reclamation and felling of trees, encroaching 
on the home ranges of the langurs gradually (Huang et al., 2008a). This 
will further affect the langurs’ food resources by reducing the possibility 
that they eat parts of plants other than the leaves (Huang et al., 2008a). 
Although the Banli group fed on more kinds of plants, the common 
behavior of eating leaves may make the intake of nutrients unitary and 
thereby reduce the diversity of gut microbiota.

There is a significant difference in alpha diversity between the two 
groups; however, the richness did not markedly differ, suggesting that 
evenness may be contributed to this intersite variation in microbiota. 
The langurs’ response to severe fragmentation included the addition of 
lower-quality leaves, such as mature leaves, in their diets (Li et al., 2016). 
Meanwhile, the langurs are restricted by farmlands in the flat zones of 
limestone hills; hence, they occupy small home ranges and must increase 
their consumption of mature leaves (Huang et al., 2017). This behavior 
has led to the overwhelming dominance of Firmicutes and likely 
lowered the evenness of gut microbiota of the Banli group. Furthermore, 
higher vegetation diversity in the Bapen area increases the probability 
of foraging on fruits or other plant parts, resulting in an increased 
relative abundance of Bacteroidetes (Wu et al., 2011; Hale et al., 2019) 
and increased evenness.

The langurs in the Banli group had a higher abundance of Firmicutes 
and significantly differed from the Bapen group, which supports 
Prediction 2. This result may be related to the fact that young leaves are 
more likely to be exhausted in the more-fragmented Banli area, forcing 
the langurs to feed more on mature leaves (Li et al., 2016). Hence, the 
langurs of the Banli group might have a higher abundance of cellulose-
degrading bacteria. Besides, the abundance of Firmicutes is also 
increased in high-fat, high-protein diet populations as it is closely 
associated with energy production (Turnbaugh et al., 2006). A greater 
F/B was found in the Banli group than in the Bapen group (18.07 vs. 
5.75). The langurs of the Banli group experience more severer habitat 
fragmentation, which forces a reduction in home range size that requires 
them to increase movement time and daily path length to forage (Zhou 
et al., 2011; Zhang et al., 2021). Furthermore, the langurs in Banli spend 
more time on feeding compared with individuals in the Bapen group 
(Huang et al., 2017), which also requires the gut microbiota to efficiently 
degrade these fibers and convert them into energy.

Christensenellaceae forms a symbiotic system with other bacteria 
distributed in a probiotic that favors the maintenance of intestinal 
homeostasis (Li et al., 2020), and reduction of norank_o__Clostridia_
UCG-014 has been observed in patients with diabetes (Karlsson et al., 
2013). Both taxa are benefit to the host health and can breakdown 
cellulose to produce SCFAs (Morotomi et al., 2012; Koeck et al., 2014), 
which coincides with the adaptation of the Banli group to a more-
fragmented habitat. Butyricicoccaceae contributes the most to intersite 
variations in the gut microbiota, which is a typical butyric acid-producing 
family and has significantly higher relative abundance in the microbiota 
from Banli group. This finding may be related to the differences in the 

parts of foods consumed by the two groups and the effect of strong 
interactions between colonies in the gut microbiota (Huang et al., 2017; 
Jeong and Kim, 2022). Studies have shown that the number of 
Butyricicoccaceae is negatively correlated with the proliferation of 
anaerobic methanogens (Jeong and Kim, 2022). The Bapen group eat 
less-mature leaves, which means that they need fewer methanogens to 
ferment cellulose in the digestive cavity (the structure of fermentable 
cellulose, similar to that of ruminants, evolved to accommodate diets rich 
in leaves; Lambert, 1998), which may lead to an increase in 
Butyricicoccaceae. Similarly, wild black howler monkeys have more 
Butyricicoccaceae in their gut microbiota, which is positively correlated 
with the consumption of young leaves by the hosts (Amato et al., 2015).

Notwithstanding the overwhelming advantage of Firmicutes, the 
contribution of Bacteroidetes to intersite variations could not be ignored. 
Most members of Bacteroidetes are likely affected by environmental 
factors because their change in abundance is only subject to a few 
explanations of host genetic factors (Goodrich et al., 2016). In this study, 
both Bacteroidetes and Prevotellaceae in the Bapen group were 
significantly higher than those in the Banli group. Functionally, 
Bacteroidetes actively participates in carbohydrate metabolism, which 
is characterized by the presence of the polysaccharide utilization locus, 
and its encoded proteins engage in the construction of carbohydrate 
utilization systems (Grondin et al., 2017). For example, during seasons 
rich in high-quality foods, the guts of rhesus macaques and Tibetan 
macaques are rich in Bacteroidetes associated with assimilating simple 
carbohydrates and pectin, of which Prevotellaceae is a representative (Li 
et  al., 2021; Xia et  al., 2021). The Bapen group suffered less habitat 
fragmentation and have larger home ranges (Huang et al., 2008a; Huang 
et al., 2017). This may allow them to eat higher-quality foods, such as 
fruits rich in simple carbohydrates, which further promote the 
colonization of Bacteroidetes.

The Banli group had more unique bacterial taxa. Even in poor 
habitats, the langurs are reluctant to settle for low-quality foods and 
search for a wider variety of plants with young leaves (Huang et al., 
2017). High richness of unique bacterial taxa may increase the speed of 
recovery to the original state and the ability to maintain dynamic 
balance when the community is disturbed (Downing and Leibold, 2010; 
de Mazancourt et al., 2013). In addition, when langurs are deficient in 
important plant resources and increase the consumption of diversified 
supply plants that are not usually eaten, increased bacterial populations 
provided an excellent opportunity for functional redundancy. At this 
time, unique taxa with low abundance temporarily drive the digestion 
of these rare foods (Lozupone et al., 2012). This is of great significance 
for langurs with more interference in maintaining the stability of the gut 
microbiota because the degree of interference is often closely related to 
the susceptibility of the animals to diseases (Fackelmann et al., 2021).

The functional pathways that were significantly enriched at the 
KEGG pathway level 1 were detected in the Banli group, which may 
be  related to the fact that they had a larger number of unique gut 
microbiota than the Banli group. This may address the need for the 
langurs in the Banli group to adjust to a more fragmented habitat by 
further expanding the feasibility of functional redundancy to take effect 
in the gut microbiota, as found in previous study on Rana dybowskii with 
diarrhoea (Tong et  al., 2020). However, there were no significant 
difference in metabolic pathway. This may be related to the fact that 
white-headed black langurs maintain a highly foliar diet in limestone 
forest and the two study sites are highly fragmented (Huang et al., 2008a; 
Huang et  al., 2017). Furthermore, among the metabolism-related 
pathways at level 2, two pathways linked to protein metabolism that were 
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significantly enriched in the Bapen group. According to the composition 
of the gut microbiota in Bapen group of the langurs, this is probably 
because the Bacteroidetes and Proteobacteria closely related to protein 
degradation were significantly enriched. Further study should be needed.

4.3. Community assembly of the gut 
microbiota

Our results showed the greater influence of the stochastic 
process in the Banli group, which contradicts Prediction 3. The R2 
of the NCM presented little difference between the two groups (both 
~50%), which indicates that the community assembly of the gut 
microbiota of langurs is jointly built on a combination of stochastic 
and deterministic processes. Our results were similar to those of a 
study on latitudinal phytoplankton distribution (Chust et al., 2013), 
which suggests that deterministic or stochastic processes are not the 
exclusive outcome of community construction. The habitats of both 
groups have already become extremely fragmented, despite minor 
differences in fragmentation levels and result in similar 
environmental selection pressures on the langurs (Huang et  al., 
2008a). Furthermore, the flexible foraging behavior of langurs in the 
Banli group might narrow the gap with the physiological response 
of the langurs in the Bapen group, consequently bringing the 
processes affecting gut microbial community assembly in these two 
groups closer. The increased influence of the stochastic processes 
on the Banli group is grounded in the ascending environmental 
homogeneity and functional redundancy. Specifically, the small 
spatial fragments could decrease heterogeneity, reduce 
environmental preferences, and increase the possibility that 
stochastic factors will dominate (Bahram et al., 2016). Moreover, the 
strong functional redundancy caused by the high taxonomic 
richness increases the influence of stochastic factors (Vellend, 2010; 
Bahram et  al., 2016). As specialists living in limestone forests, 
white-headed black langurs could have reached a peak in the 
richness of the gut microbiota for adaptation to poor habitats.

The migration rates of the Bapen group were only slightly higher 
than those of the Banli group. Species migration rates are generally 
positively correlated with their diversity as they contribute heavily to 
quantitative dispersal (Mo et al., 2018). More frequent group activities 
of hosts may shrink the social distance between individuals, which is 
conducive to the spread of gut microbiota among langurs (Sarkar et al., 
2020). Intimate communicative behaviors between individual langurs 
living in the limestone forest include playing and grooming, with the 
former occurring more frequently among young langurs and the latter 
being observed more continually on colder days (Huang et al., 2017; 
Zheng et al., 2021). The time budgets of these two groups of langurs in 
grooming are similar, but individuals in the Banli group spend more 
time playing with each other (Huang et al., 2017). Therefore, compared 
with the Banli group, the langurs in the Bapen group showed only a 
weak advantage in the interindividual migration rate of the gut 
microbiota. More than 50% of the bacterial taxa in the Banli and Bapen 
groups fell within the 95% confidence interval, which indicates that they 
were mostly in a stochastic condition. It is still necessary to consider the 
degree of fragmentation in both sites. Severe fragmentation has resulted 
in progressively smaller habitat fragments for both groups, which is 
likely to enhance environmental homogeneity. These similar indices in 
the NCM not only suggest that deterministic and stochastic processes 

are of equal importance but also indicate that the habitats are severely 
fragmented and that population and habitat conservation activities are 
urgently needed.

There should be  weakness in current study. Specifically, 
we focused on the intersite variation in the microbiota, without 
considering their seasonality. We admit that current results could 
be  weakened by the detailed seasonal comparison; however, 
we  provide preliminary pattern of microbiota composition and 
structure for the karst dwelling primates, consequently deepening 
our understanding on the adaptation in responses to habitat 
fragmentation on the physiological insight. Moreover, information 
on the function of the microbiota is relatively limited. Further 
studies at the metagenomic level and the interaction between 
seasonality and geography should be needed.

In summary, intersite variations exist in the structure and 
diversity of gut microbiota between geographical groups of white-
headed black langurs inhabiting various forests under different 
levels of habitat fragmentation. The gut microbiota diversity of 
langurs in Banli group with deeper fragmentation was lower, which 
could be related to increased human disturbance. The Banli group 
had much higher levels of Firmicutes, which could be related to 
their consumption of low-quality foods, such as mature leaves. 
Firmicutes helps the langurs digest dietary fiber and produce large 
amounts of energy, which helps them adapt to life in the limestone 
forest. Both groups showed similar values of interpretive degree and 
were at ~50% on the community assembly of gut microbiota. This 
finding indicates that the community assembly is built on a 
combination of stochastic and deterministic processes, which could 
be  related to the flexible survival strategy of the Banli group 
narrowing the gap with the Bapen group. We  conclude that the 
white-headed black langurs’ response to changing food resources in 
habitats with different levels of fragmentation is to adjust the 
diversity and composition of the gut microbiota. This finding 
highlights the importance of gut microbiota in the adaptation to 
habitats and the need for using physiological indicators to study the 
mechanisms by which wildlife responds to human disturbance and/
or ecological variability.
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SUPPLEMENTARY FIGURE 1

Shannon (A) and Sob (B) dilution curves show sufficient sequencing  
depth.

SUPPLEMENTARY FIGURE 2

Number of species shared and unique of Banli and Bapen groups at OTU (A), 
phylum (B), and family (C) levels.
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