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Seasonal variations in the gut microbiota of white-headed black langur (Trachypithecus leucocephalus) in a limestone forest in Southwest Guangxi, China
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Investigating gut microbiota is important for understanding the physiological adaptation of animals to food availability changes in fragmented habitats and consequently providing new ideas for the conservation of endangered wild animals. In this study, we explored the gut microbiota of the endangered white-headed black langur (Trachypithecus leucocephalus), which is endemic to the limestone forests of Southwest Guangxi, China, to understand its adaptation strategies to seasonal changes in habitat using 16S rRNA sequencing. Our results revealed significant seasonal variations in the gut microbiota of white-headed black langurs. In particular, the alpha diversity was higher in the rainy season than in the dry season, and the beta diversity was significantly different between the two seasons. At the phylum level, the relative abundance of Firmicutes, Actinobacteriota, and Proteobacteria was higher in the dry season than that in the rainy season, whereas that of Bacteroidetes, Spirochaetota, and Cyanobacteria was significantly higher in the rainy season than that in the dry season. At the family level, Oscillospiraceae and Eggerthellaceae were more abundant in the dry season than in the rainy season, whereas Lachnospiraceae, Ruminococcaceae, and Monoglobaceae were more abundant in the rainy season than in the dry season. These results could have been obtained due to seasonal changes in the diet of langurs in response to food plant phenology. In addition, the neutral community model revealed that the gut microbiota assembly of these langurs was dominated by deterministic processes and was more significantly affected by ecological factors in the dry season than in the rainy season, which could be linked to the higher dependence of these langurs on mature leaves in the dry season. We concluded that the seasonal variations in the gut microbiota of white-headed black langurs occurred in response to food plant phenology in their habitat, highlighting the importance of microbiota in responding to fluctuating ecological factors and adapting to seasonal dietary changes.
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1. Introduction

The gut microbiota play an important role in host food digestion (Nicholson et al., 2012; Yatsunenko et al., 2012; Froidurot and Julliand, 2022). They directly interact with the digestive system to digest hard-to-degrade dietary components (Zhu et al., 2011; Froidurot and Julliand, 2022). For instance, the gut microbiota break down dietary fibers into short-chain fatty acids (SCFAs) to maintain energy reserves and fight against inflammation (Machado et al., 2021; Sun et al., 2022). In particular, the Firmicutes is a typical taxon that degrade cellulose and hemicellulose in the guts of animals that largely depend on plants, such as the giant panda (Ailuropoda melanoleuca; Zhu et al., 2011; Jin et al., 2021) and Udzungwa red colobus (Procolobus gordonorum; Barelli et al., 2015). In addition, the gut microbiota play an essential role in carbohydrate and lipid metabolism (Flint et al., 2012; Nicholson et al., 2012; Schoeler and Caesar, 2019). For example, a previous study revealed that the proportion of Prevotella in the gut microbiota increased with the provision of high-energy food in captive golden snub-nosed monkeys (Rhinopithecus roxellana; Wang et al., 2021). Thus, disorder in the gut microbiota are disastrous for the host and can even cause diseases (Nicholson et al., 2012); therefore, exploration of gut microbiota is important for monitoring the health of wild animals.

Although host genetics is a commonly considered determinant in structuring host gut microbiota (Amato et al., 2019), the influence of external factors, including habitat (Jin et al., 2021), behavior (Clarke et al., 2014; Barton et al., 2018), and dietary niche (Filippo et al., 2010; Losasso et al., 2018; Rothschild et al., 2018), on gut microbiota is significant. Previous studies have indicated that host diet has a more profound impact on the diversity of gut microbiota when compared to host genetics (Rothschild et al., 2018), which is mainly reflected by the provision of specific substrates for microbiota growth (Ley et al., 2008; Losasso et al., 2018). For example, compared with European children, the microbiota of African children have three unique genera, which are associated with high-fiber diets (Filippo et al., 2010). Moreover, dietary richness is strongly associated with gut microbiota diversity (Lin et al., 2021). An example being when black howler monkeys (Alouatta pigra) live in disturbed habitats, they tend to exhibit lower gut microbiota diversity when compared to others living in undisturbed habitats (Amato et al., 2013). Similarly, captivity commonly results in reduced gut microbiota diversity in animals, mostly due to the simple diets of captive individuals (Clayton et al., 2016; Frankel et al., 2019).

Wild animals adjust their feeding strategies in response to the fluctuations in food resources across seasons (Zhou et al., 2018; Matsuda et al., 2020). This in turn alters the selection pressure acting on the gut microbiota (David et al., 2014; Amato et al., 2015; Li et al., 2021) and results in their dynamic balancing in response to specific diets (Amato et al., 2015; Hicks et al., 2018; Xia et al., 2021). Nonhuman primates (NHPs) tend to have more varied diets in seasons with more low-quality food, which is usually accompanied by higher gut microbiota diversity (Sun et al., 2016; Sawada et al., 2022), as reported in Japanese macaques (Macaca fuscata; Sawada et al., 2022). In addition, the responses of the gut microbiota to food availability changes are reflected in the form of fluctuations in relative abundance (Springer et al., 2017; Hicks et al., 2018). To be specific, the proportion of Bacteroidetes in the gut microbiota of rhesus macaques (Macaca mulatta) and Tibetan macaques (Macaca thibetana) increases when they consume more young leaves and fruits (Sun et al., 2016; Li et al., 2021; Xia et al., 2021). However, the Firmicutes colonizing the guts of these macaques increases when they consume more high-fiber foods (Sun et al., 2016; Li et al., 2021; Xia et al., 2021). Such flexibility in the gut microbiota serves as a buffer, allowing hosts to adapt to varied diets (Alberdi et al., 2016). Similar seasonal variations in gut microbiota have been demonstrated in white-faced capuchin monkeys (Cebus capucinus imitator; Orkin et al., 2019), Verreaux’s sifakas (Propithecus verreauxi; Springer et al., 2017), and Ethiopian geladas (Theropithecus gelada; Baniel et al., 2021).

Although food availability changes are understood to impact the gut microbiota of NHPs, we can utilize neutral community model (NCM; Sloan et al., 2006) to gain a more in depth understanding of how different community assembly processes influence gut microbiota. There are two processes that are thought to influence microbiota assembly: stochastic processes (such as mortality, dispersal, and migration; Chave, 2004) and deterministic processes (such as environmental filtering and biological interactions; Fargione et al., 2003). The relative importance of these processes can be assessed using NCM (Sloan et al., 2006). The white-lipped deer (Cervus albirostris) has been found to enhance the contribution of deterministic processes in the gut microbiota assembly due to changes in diet in captivity (Li B. et al., 2022). In addition, in the four groups of cotton bollworm (Helicoverpa armigera), although the gut microbial community assembly is mainly dominated by stochastic process, the proportion seem to be affected by the maize varieties and locations (Li S. L. et al., 2022). Exploration of complex processes in the gut microbiota assembly in endangered animals could help determine whether survival environment of host interferes with these processes and may contribute to a deeper understanding of microbiota–host interactions (Zhou and Ning, 2017; Heys et al., 2020).

White-headed black langurs (Trachypithecus leucocephalus) are rare and endangered animals included in the IUCN Red List (Bleisch and Long, 2020). Like François’ langurs (Trachypithecus francoisi; Chen et al., 2020), these langurs are highly folivorous (Huang, 2002; Li and Elizabeth Rogers, 2006; Zhou et al., 2013). These langurs have the typical digestive structure of colobine primates, such as sharp molars and an expanded rumen, which are considered adaptation to their high-fiber diet (Huang, 2002). Moreover, white-headed black langurs are exclusively found in the limestone forests of Southwest Guangxi, China, and occupy habitats characterized by little surface water availability, strong seasonality in climatic and plant phenology, and high susceptibility to human disturbance (Guangxi Forestry Department, 1993; Huang, 2002; Tang et al., 2016). These langurs adapt to highly fragmented habitats through behavioral adjustments (Li et al., 2016; Huang et al., 2017; Zhang et al., 2021). Previous studies focusing on behavioral adaptations of these langurs revealed that they heavily rely on mature leaves for their diet, particularly in the dry season when food availability is low (Li and Elizabeth Rogers, 2006; Zhou et al., 2013; Lu et al., 2021). However, when behavioral responses are insufficient to meet the hosts’ need, the animals use physiological adaptations, such as hormonal regulations (Tecot et al., 2019) and gut microbiota adjustments (Amato et al., 2015; Wong and Candolin, 2015; Bertram et al., 2022). Investigating gut microbiota is important to understand the physiological adaptation of white-headed black langurs to fragmented habitats. Previously, the limited studies on the gut microbiota of white-headed black langurs revealed that the gut microbiota of these langurs comprised Firmicutes, Proteobacteria, Bacteroidetes, and Actinobacteria (Que et al., 2022; Lai et al., 2023). Therefore, it is critical that we need to conduct further studies on the gut microbiota of the white-headed black langurs so that we can comprehend how gut microbiota responds to habitat shifts and propose new strategies for conservation biology.

Gut microbiota is a suitable tool for understanding the physiology of hosts (Amato et al., 2016; Trevelline et al., 2019), which co-evolves with the host and is significantly influenced by host diet (Rothschild et al., 2018). Changes in plant phenology in animals’ habitats would alter their diet, consequently leading to seasonal variations in their gut microbiota (David et al., 2014; Amato et al., 2015; Li et al., 2021). At present, there are limited studies on the gut microbiota of white-headed black langurs, and the data on the seasonality of their gut microbiota have not been available yet. Thus, study on seasonal changes in these langurs’ gut microbiota should be required, which could profoundly reflect the adaptation of these langurs to the habitat shifts and undoubtedly provide new ideas for animal population conservation (Trevelline et al., 2019). In this study, we used 16S rRNA high-throughput sequencing to explore the composition of the gut microbiota of white-headed black langurs in the Guangxi Chongzuo White-headed Langur National Nature Reserve. We first describe the composition and diversity of the gut microbiota and then analyze the community assembly of gut microbiota using a NCM (Sloan et al., 2006). Finally, we discuss the seasonal variations in the gut microbiota of these langurs by testing following predictions:

(1) Dietary diversity is strongly associated with gut microbiota diversity (Lin et al., 2021). High rainfall in the rainy season improves the availability of seasonal foods, such as mature fruits and young leaves, whereas low rainfall in the dry season leads to the lack of food, forcing white-headed black langurs to consume more mature leaves, which is a less varied diet (Huang, 2002; Huang et al., 2015; Tang et al., 2016). We predict that white-headed black langurs will have higher gut microbiota diversity in the rainy season than in the dry season.

(2) Changes in food availability can lead to alterations in the structure of the gut microbiota (Amato et al., 2015; Hicks et al., 2018; Xia et al., 2021). During the dry season, when food availability is reduced, white-headed black langurs consume more mature leaves rich in fibers, such as cellulose (Zhou et al., 2013; Li et al., 2016). Whereas during the rainy season, langurs consume more fruits and young leaves lean in cellulose (Li and Elizabeth Rogers, 2006; Zhou et al., 2013; Li et al., 2016). We predict that white-headed black langurs will have an increased abundance of microbiota taxa associated with cellulose digesting ability in the dry season and will colonize more taxa associated with carbohydrate digestion in the rainy season.

(3) High habitat fragmentation limits the food resources of white-headed black langurs and could increase the importance of environmental factors in community assembly (Burns et al., 2016; Ning et al., 2019; Tang et al., 2021; Li B. et al., 2022). We predict that the value of R2 based on NCM will be less than 0.5, indicating that the gut microbiota assembly of the langurs will be dominated by deterministic processes.



2. Materials and methods


2.1. Study site and subject

This research was conducted in the Guangxi Chongzuo White-headed Langur National Nature Reserve, China (107°16′53″-107°59′46″E, 22°10′43″-22°36′55″N). This reserve shows marked seasonality in temperature, rainfall, and plant resource availability (Huang, 2002). In this reserve, extreme rainfall usually occurs with high temperatures (Huang, 2002), and the year can be divided into a dry season (September to February) and a rainy season (March to August) based on rainfall patterns (Guangxi Forestry Department, 1993; Li et al., 2021; Zhang et al., 2021). The reserve is covered by unique karst forests, which are vulnerable to disturbance by human activities (farming and/or grazing) and are severely fragmented (Guangxi Forestry Department, 1993). We focused on three groups of white-headed black langurs, namely, the Botanical Garden group (25 individuals), Nongshui group (14 individuals), and Sankeshu group (14 individuals; Supplementary Table S1).



2.2. Sample collection and preservation

White-headed black langurs use caves on the cliffs as sleeping sites and defecate before leaving in the morning (Huang and Li, 2005). Before sampling, we observed langurs to determine their sleeping site and collected fecal samples under the cliff in the morning of the next day. Fresh feces were collected in the morning under the cliffs with a > 2-m interval between each sampling site to avoid collecting duplicate samples for any given individual. The middle portion of the feces, which was not in contact with the outside environment, was collected by wearing sterile gloves and using germ-free tools, such as a bamboo skewer. Each sample weighed 3–5 g and was placed in a labeled sterile collection tube. The samples transferred to an ultralow temperature refrigerator set at −80°C for storage. The study was conducted in December 2020 and January, June, and July 2021, during which 155 fecal samples were collected (Supplementary Table S1).



2.3. Ethics approval

All fecal samples were collected with permission from the Administration Center of Guangxi Chongzuo White-headed Langur National Nature Reserve. Collection of animal tissues that could cause injury or fright to the animals was not performed. We collected fecal samples after the langurs left their sleeping sites to avoid causing any stress reactions.



2.4. DNA extraction, PCR amplification, and 16S rRNA sequencing

DNA extraction from fecal samples was performed using the E.Z.N.A.® Soil DNA Kit (Omega Bio-Tek, America). The extracted DNA was subjected to electrophoresis in a 1% agarose gel to check its quality, while its purity and concentration were analyzed using a NanoDrop 2000 (Thermo Fisher Scientific, America) micro-ultraviolet–visible spectrophotometer. The V3–V4 region of the 16S rRNA gene of the bacteria was amplified via polymerase chain reaction (PCR) (ABI GeneAmp® 9700, ABI, America), using primers (338F: 5′-ACTCCTACGGGAGGCAGCAG-3′; 806R: 5′-GGACTACHVGGGTWTCTAAT-3′; Mori et al., 2013). The PCR system consisted of 5× FastPfu Buffer (4 μl), 2.5 mM dNTPs (2 μl), 5 μM forward primer (0.8 μl), 5 μM reverse primer (0.8 μl), FastPfu polymerase (0.4 μl) (TransGen, China), BSA (0.2 μl), template DNA (10 ng), and ddH2O. Each sample was amplified thrice, and each amplification consisted of the following three stages: initial denaturation (at 95°C for 3 min), followed by 28 thermal cycles (denaturation at 95°C for 30 s, annealing at 53°C for 30 s, and extension at 72°C for 45 s), and final extension (at 72°C for 10 min and then kept at 10°C until halted by user). The PCR products of three repeats were mixed and extracted from a 2% agarose gel and then purified and quantified using the AxyPrep DNA Gel Extraction Kit (Axygen, America) and Quantus™ Fluorometer (Promega, America). The fluorescently quantified products were used to build a library using the NEXTFLEX Rapid DNA-Seq Kit (Bioo Scientific, America) and sequenced using the Illumina Miseq PE300 platform (Illumina, America).



2.5. Bioinformatics and statistical analysis

Trimmomatic software was used to filter and screen the raw sequences by setting a window of 50 bp, truncating reads with average quality values below 20, and filtering reads below 50 bp or containing N bases after quality control. The FLASH 1.2.111 software (Magoč and Salzberg, 2011) was used for splicing. The sequences were matched exactly to the primers (up to two nucleotide mismatches were allowed), and sequences that overlapped by more than 10 bp were merged after discarding those that appeared to be incorrect. Operational taxonomic unit (OTU) clustering with >97% similarity was performed in the software Uparse 7.0.10902 (Edgar, 2013), which resulted in the generation of an OTU table. The OTU sequences were compared in the 16S rRNA SILVA 138 bacteria database3 using RDP classifier 2.134 with a confidence threshold of 0.8 to obtain taxonomic information. Finally, secondary drawdown (by minimum sequence number) was performed, and subsequent analyzes were based on it.

A rank–abundance curve was plotted using the software R to assess the reasonableness of the sequencing data and the adequacy of the data volume. The community abundance of taxa was expressed as mean ± standard deviation (SD), as well as in histogram form (R v.3.3.1) to visualize the composition of the taxa. Alpha diversity analysis was conducted using Mothur software v.1.30.25 and included the ACE index, Chao index, Shannon index, and invSimpson index, which are community richness and diversity indices. The alpha diversity indices were converted to the form of log10 (x) (Warton and Hui, 2011) and visualized by R (v.4.1.2) as box plots. A generalized linear mixed model (GLMM) was constructed in R (v.4.1.2) and used to detect whether there were significant differences in those indices between the two seasons (Zheng et al., 2021; Lai et al., 2023). Wilcoxon rank-sum test was carried out by using R (v.3.3.1) to test the difference in the abundance of each taxon between dry and rainy seasons at the phylum and family levels. The p-value multiple correction was performed using the false discovery rate (FDR), and the results provided corrected p-values. Principal coordinate analysis (PCoA) was performed in R (v.3.3.1) at the OTU level based on weighted unifrac and unweighted unifrac distances, with Adonis test for analyzing differences between the two seasons. All analyzes listed above were performed on the Majorbio Cloud Platform and the significance level was set at p < 0.05.

A random forest (RF) algorithm was built in R (v.4.1.2) using the randomForest package (Breiman, 2001). The test was set up with a training set and a test set, representing 70% and 30% of all samples, respectively. The purpose of the algorithm was to identify representative taxa and obtain the Mean Decrease Gini values, where larger values indicate that the taxa had a larger contribution in variations between the two seasons. In addition, we performed five ten-fold cross-validations to minimize errors. Finally, AUC values from the ROC curves were calculated using the pROC package (Robin et al., 2011). AUC values equivalent to 0.5 indicated the absence of categorical significance, whereas values closer to 1 indicated a stronger predictive power of the model.

To investigate the construction of the community in the gut microbiota of white-headed black langurs, NCM (Sloan et al., 2006) was constructed in R (v.4.1.3) based on the OTU level to quantify the importance of stochastic and deterministic processes in community assembly, and the species migration rate (m) and model fit (0 < R2 < 1) were estimated. R2 represented the relative importance of stochastic processes, 1 − R2 represented the relative importance of deterministic processes.




3. Results


3.1. Sequencing quality estimation

A total of 7,118,780 original OTU valid sequences were obtained after high-throughput sequencing, with an average of 45,927.61 ± 14,616.09 sequences for each sample (Supplementary Table S2). After rarefying all samples by the minimum number of sample sequence, the sequence number of each sample was 22,886, and clustering yielded 2,706 OTUs, 33 phyla, and 349 families. The rarefaction curves of the Sobs index and Shannon index tended to be asymptote (Figure 1), and the Good’s coverage value of all samples ranged from 98.49% to 99.70% (Supplementary Table S3), indicating that the sequencing data were reasonable and accurately reflected most of the microbial information.
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FIGURE 1
 The rarefaction curves of Sobs index (A) and Shannon index (B) obtained based on OTUs.




3.2. Gut microbial composition in different seasons

At the phylum level, the gut microbiota of white-headed black langurs were dominated by Firmicutes (87.31% ± 10.85%), Actinobacteriota (5.13% ± 4.36%), and Verrucomicrobiota (2.72% ± 3.72%) in the dry season, whereas they were dominated by Firmicutes (85.32% ± 6.53%), Bacteroidetes (7.30% ± 4.82%), and Actinobacteriota (2.95% ± 2.49%) in the rainy season (Figure 2A; Supplementary Table S4). At the family level, the dominant taxa were norank_o__Clostridia_UCG-014, Oscillospiraceae, and Christensenellaceae. The proportion of those families were 18.97% ± 7.36%, 19.11% ± 6.34%, and 16.48% ± 4.94% in the dry season and 16.45% ± 5.89%, 14.71% ± 3.57%, and 14.93% ± 4.09% in the rainy season, respectively (Figure 2B; Supplementary Table S5).
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FIGURE 2
 Compositions of the gut microbiota of white-headed black langurs at the phylum level (A) and family level (B). “Others” includes all taxa whose relative abundance is less than 1%.




3.3. Seasonal variations in community composition

The Wilcoxon rank-sum test revealed that the relative abundance of Firmicutes, Actinobacteriota, and Proteobacteria at the phylum level was significantly higher in the dry season than in the rainy season. In contrast, the relative abundance of nine phyla, including Bacteroidetes, Spirochaetota, and Cyanobacteria, was significantly higher in the rainy season than in the dry season (Figure 3A; Supplementary Table S4). At the family level, Oscillospiraceae and Eggerthellaceae showed higher abundance in the dry season than in the rainy season. Moreover, the proportion of Lachnospiraceae, Ruminococcaceae, Monoglobaceae, Prevotellaceae, Muribaculaceae, and unclassified_c__Clostridia was higher in the rainy season than in the dry season (Figure 3B; Supplementary Table S5). Furthermore, the results of the RF revealed that among the taxa that differed between the dry and rainy seasons, the greatest contribution was made by Bacteroidetes at the phylum level (AUC = 0.995) and Prevotellaceae at the family level (AUC = 1.000; Figure 4).

[image: Figure 3]

FIGURE 3
 Differences in the composition of the white-headed black langurs gut microbiota at the phylum level (A) and family level (B), with asterisks showing the degree of difference, * for p < 0.05, ** for p < 0.01, and *** for p < 0.001. Only the top 15 taxa are shown in the figure.
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FIGURE 4
 Plots of results for the importance of random forest variables at the phylum level (A), and family level (C), sorted by Mean Decrease Gini values, with higher values indicating greater contribution of the taxon in causing seasonal variations. The ROC curves at the phylum level (B) and at the family level (D).




3.4. Seasonal changes in alpha and beta diversities

Alpha diversity analysis based on OTUs showed that the Shannon index (χ2 = 58.384, df = 1, p < 0.001), invSimpson index (χ2 = 80.112, df = 1, p < 0.001), ACE index (χ2 = 6.779, df = 1, p = 0.009), and Chao index (χ2 = 4.724, df = 1, p = 0.030) were noticeably higher in the rainy season than in the dry season (Figure 5; Supplementary Tables S3, S6). Moreover, PCoA indicated significant differences in the community structure of the gut microbiota of white-headed black langurs between the two seasons based on weighted unifrac (R2 = 0.200, p = 0.001) and unweighted unifrac distances (R2 = 0.087, p = 0.001; Figure 6).
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FIGURE 5
 Comparison of alpha diversity in the gut microbiota between the dry season and the rainy season, with asterisks showing the degree of difference, * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.
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FIGURE 6
 Comparison of beta diversity in the gut microbiota between the dry season and the rainy season based on weighted Unifrac (A) and unweighted Unifrac (B) distances.




3.5. Community assembly of gut microbiota

Results of the NCM revealed that the explanation of the stochastic process of gut community assembly in white-headed black langurs was 47.5% and the microbial species mobility was 0.125. In this model, 62.7% of the microbiota were within the 95% confidence interval of the theoretical prediction, 25.7% of the microbiota were above the interval, and 11.6% of the microbiota were below the interval (Figure 7A). In addition, differences of gut microbiota assembly between the dry (Figure 7B) and rainy seasons were observed (Figure 7C). This model showed that the microbial species mobility of the gut microbiota assembly in white-headed black langurs was higher in the dry season than in the rainy season (m = 0.188 vs. m = 0.173), and the proportion that could be explained by stochastic processes was lower in the dry season (47.6%) than in the rainy season (49.4%). Moreover, the number of microbial species in the 95% confidence interval was higher in the dry season (75.3%) than in the rainy season (69.3%).

[image: Figure 7]

FIGURE 7
 Neutral community model results in all samples (A), the dry season (B) and rainy season (C). The solid black line indicates the best fit and the 95% confidence interval between the two dashed lines, with OTUs above, below, or in the confidence interval marked by different colors. “R2” is the model fit and “m” is the migration rate.





4. Discussion


4.1. Composition of gut microbiota

The gut microbiota of white-headed black langurs are characterized by a high proportion of Firmicutes, similar to most colobine primates, including wild golden snub-nosed monkeys and the Udzungwa red colobus. Maintaining high abundance of Firmicutes is commonly considered a digestive strategy that has evolved in active response to highly folivorous diets (Barelli et al., 2015, 2020; Wang et al., 2021). Leaves, especially mature leaves, are rich in lignins and cellulose, both of which are difficult to digest (Que et al., 2022). Firmicutes exhibit genes that encode polysaccharide lyases that degrade dietary fiber into small molecules, such as butyrate, to allow absorption by the host (Sun et al., 2022). For example, there are a large number of genes from glycoside hydrolase families in Ruminococcaceae and Lachnospiraceae, which encode for cellulases and xylanases that degrade dietary fibers into SCFAs to provide energy (Biddle et al., 2013). At the family level, dominant taxa, such as norank_o__Clostridia_UCG-014, Oscillospiraceae, and Christensenellaceae, belong to Firmicutes. This in combination with the expanded rumen is an adaptation response to a large intake of fiber (Sun et al., 2016; Li et al., 2021; Xia et al., 2021).

Bacteroidetes are also a dominant phylum in the gut microbiota of white-headed black langurs and are associated with the digestion of carbohydrates and proteins that are richly available in fruits and young leaves (Wu et al., 2011; Sun et al., 2016; Hicks et al., 2018). A similar pattern of the gut microbiota was identified in sympatric rhesus macaques, in which Prevotella contributed to fructose degradation (Chen et al., 2020). The other dominant phyla occurring in the gut microbiota of the langurs included Actinobacteriota, Verrucomicrobiota, and Proteobacteria. The abundance of Verrucomicrobiota in the gut of the langurs is mainly contributed by Akkermansiaceae, which is associated with the digestion of mucin and might be involved in protecting intestinal mucus layer integrity and maintaining host health (Geerlings et al., 2018). The presence of Akkermansiaceae has also been reported in François’ langurs (Chen et al., 2020). Bifidobacteria, belonging to Actinobacteriota, encode multiple glycosyl hydrolases that can utilize complex carbohydrates from plants (Ventura et al., 2007). Proteobacteria, although reportedly potentially pathogenic, include Succinivibrio, which consumes cellulose and hemicellulose to produce SCFAs (Baniel et al., 2021). These dominant phyla perform major digestive and metabolic functions in the gut, and the taxa with a low proportion maintain the ecological balance of the community and high functional redundancy (Cho and Blaser, 2012; Liu et al., 2022).

The F/B (Firmicutes/Bacteroidetes) ratio has been considered an appropriate proxy for energy balance (Turnbaugh et al., 2006; Springer et al., 2017). A high F/B ratio is efficient at calorie absorption from food (Turnbaugh et al., 2006; Koliada et al., 2017). Compared with previous studies, the F/B ratio of white-headed black langurs (18.07) was higher than that of frugivorous primates [such as red-fronted lemur (Eulemur rufifrons), F/B = 0.98 (Murillo et al., 2022)] and omnivorous primates [such as yellow baboon (Papio cynocephalus), F/B = 2.60 (Barelli et al., 2020) and Tibetan macaques, F/B = 2.65 (Xia et al., 2021)]. The F/B ratio of white-headed black langurs was even higher than that of other folivorous primates [such as ring-tailed lemurs (Lemur catta), F/B = 3.26 (Bennett et al., 2016) and Udzungwa red colobus, F/B = 2.17 (Barelli et al., 2020)]. Higher F/B ratios may be a digestive strategy for white-headed black langurs to adapt to low-quality food resources available in fragmented habitats. Fragmentation has resulted in a reduced foraging range and limited food resources for these karst-dwelling animals (Huang, 2002; Huang et al., 2017). Similar to white-headed black langurs, the sympatric François’ langurs have high F/B ratios, likely enhancing their ability to obtain energy from low-quality foods (Chen et al., 2020). Therefore, high F/B ratios in white-headed black langurs might be an effective strategy to positively respond to low-quality foods, especially in the dry season when mature leaves are intensively consumed (Li et al., 2016; Lu et al., 2021).



4.2. Seasonal variations

Our result indicated that the alpha diversity of the gut microbiota of white-headed black langurs was higher in the rainy season than in the dry season, strongly supporting prediction one. This result could be correlated to higher dietary diversity in the rainy season. A diverse diet provides varied substrates to support the development of specific bacteria, which facilitates high gut microbial diversity (Lin et al., 2021). In the limestone forest of Southwest Guangxi, China, the availability of young leaves and fruits is positively corelated to rainfall (Huang et al., 2015; Tang et al., 2016), which provides the langurs with abundant food resources and high food selectivity in the rainy season (Li and Elizabeth Rogers, 2006; Zhou et al., 2013; Zhang et al., 2021). Several plant species consumed by the langurs, such as Broussonetia papyrifera, show strong seasonality in phenology changes and even lose all their leaves in the dry season (low temperature and rainfall; Huang, 2002; Li and Elizabeth Rogers, 2006). These plants are eaten by the langurs exclusively in the rainy season, resulting in greater dietary and gut microbiota diversities (Zhou et al., 2013). Similar findings have been reported for rhesus macaques (Liu et al., 2022).

Beta diversity analysis indicated significant differences in the gut microbiota of white-headed black langurs across seasons. At the phylum level, the proportion of Firmicutes in the dry season was significantly higher, whereas the proportion of Bacteroidetes was higher in the rainy season; these findings supported prediction two. Enrichment of Firmicutes in the dry season might be associated with the increased utilization of fallback food (mature leaves) by white-headed black langurs (Zhou et al., 2013; Li et al., 2016). The availability of fruits and young leaves is reduced in the dry season and the langurs depend more on mature leaves (Zhou et al., 2013; Li et al., 2016). Firmicutes are powerful in coping with difficult-to-degrade dietary components, compensating for the energy income of animals during the dry season with high-fiber intakes (Zhu et al., 2011; Amato et al., 2015; Sun et al., 2022). Bacteroidetes were found in a higher proportion in the rainy season, probably owing to a rich intake of mature fruits and young leaves (Li et al., 2016; Lu et al., 2021). These food items contain more simple carbohydrates and proteins than mature leaves and can be used effectively by Bacteroidetes, especially Prevotella and Bacteroides (Sun et al., 2016; Hicks et al., 2018; Xia et al., 2021). Research on white-faced capuchin monkeys also indicated a positive correlation between Bacteroidetes and fruit consumption (Orkin et al., 2019). In the present study, the F/B ratio of the langurs was higher in the dry season (59.80) than in the rainy season (11.69), which suggested an adaptation to the large intake of mature leaves in the dry season to cope with the cold weather (Ley et al., 2006; Turnbaugh et al., 2006).

Furthermore, the increase of Proteobacteria in the dry season could be linked to the low temperature. Previous study on mice gut microbiota revealed that exposure to cold conditions significantly increased the number of Proteobacteria, which help the hosts to withstand low temperatures by improving energy accumulation (Chevalier et al., 2015). Limestone forests have lower temperatures in the dry season than in the rainy season (Huang, 2002), and higher proportion of Proteobacteria in white-headed black langurs gut microbiota may be a mechanism to withstand cold. The greater abundance of Actinobacteriota in the dry season was mainly contributed by Eggerthellaceae, which is associated with dietary phenolics metabolism in the human gut (Hervert-Hernández and Goñi, 2011). Dietary phenolics are usually transported to the colon as cellulose carriers to be metabolized by the gut microbiota into bioactive molecules that promote the growth of beneficial bacteria and inhibit the development of harmful bacteria (Jakobek and Matić, 2019). In the current research, the increased intake of fiber in the dry season may result in more dietary polyphenols being transported to the colon, thus providing more metabolic substrates for Eggerthellaceae (Hervert-Hernández and Goñi, 2011; Jakobek and Matić, 2019).

At the family level, Prevotellaceae showed a higher prevalence in the rainy season, which could be linked to the high intake of fruits and young leaves. Prevotellaceae can encode carbohydrate-active enzymes that degrade xylan and pectin (Filippo et al., 2010; Flint et al., 2012). In primate guts, Prevotellaceae is usually considered to respond positively to increased intake of fruits and young leaves (Sun et al., 2016; Springer et al., 2017; Orkin et al., 2019; Liu et al., 2022). Tibetan macaques, for example, have an increased abundance of Prevotellaceae during the transition from the food-lean winter to the fruit-rich spring (Sun et al., 2016). Oscillospiraceae more commonly colonizes the gut of white-headed black langurs in the dry season and might be linked to the digestion of cellulose (Gophna et al., 2017). Some of its members ferment glycans in the host gut to butyrate, which has anti-inflammatory effects, and may be linked to the digestion of leaves (Gophna et al., 2017). It is also noteworthy that the two common taxa of Firmicutes, Ruminococcaceae and Lachnospiraceae, show a significantly higher percentage in the rainy season. This result differs from the findings on most NHPs’ gut microbiota (Amato et al., 2015; Li et al., 2021; Xia et al., 2021). Ruminococcaceae and Lachnospiraceae are commonly associated with high-fiber diets (Zhu et al., 2011; Biddle et al., 2013; Amato et al., 2015). To be specific, the proportion of both taxa in the animals’ gut increases during the leaf-consuming period and decreases during the fruit-consuming period (Amato et al., 2015; Li et al., 2021; Xia et al., 2021). However, the results of this study may be related to the higher gut microbiota diversity in the rainy season. In fact, the diversity of gut microbiota is positively correlated with functional diversity (Lozupone et al., 2012), and the higher percentage of Ruminococcaceae and Lachnospiraceae may be the result of maintaining high functional diversity.



4.3. Seasonal differences in community assembly

The fit of the NCM indicates that deterministic processes play a predominant role in the assembly of the gut microbiota of white-headed black langurs, which is consistent with prediction three. This result may be linked to fragmented habitats. Changes in environmental factors probably enhance the role of deterministic processes (Burns et al., 2016; Li B. et al., 2022). For example, after a major dietary and living environment adjustment in adult zebrafish, the community assembly shifted from dominance of neutral to deterministic processes (Burns et al., 2016). In this research, the more pronounced effect of deterministic processes could be caused by the limited food resources and low dietary quality in the fragmented habitat. The habitats in which the langurs live suffer from high fragmentation (Huang et al., 2008), characterized by high vegetation diversity but low biomass (Huang, 2002). The limited food resources might increase competition for foods among langur groups (Sun et al., 2016), forcing a greater shift in their diet to mature leaves (Li et al., 2016). The result is a large accumulation of fibers in the gut, which adjusts selection pressure, and causes a specific change in the structure of the microbiota (Amato et al., 2015; Hicks et al., 2018; Li et al., 2021; Xia et al., 2021). Furthermore, leaves have lower nutrients and more secondary metabolites than sugar-rich fruits (Que et al., 2022). Previous studies have demonstrated that reduced nutritional levels intensify competition among bacterial taxa, leading to an intensification of deterministic processes (Ning et al., 2019; Tang et al., 2021). For instance, the gut microbial assembly in the jejunum of Duroc × Bamei pigs shifted to deterministic process dominance due to the addition of dietary fiber in the diet (Tang et al., 2021). Thus, the food with low nutritional level in the habitat may have heightened the importance of deterministic processes in the gut microbiota assembly of white-headed black langurs. According to the NCM, the dry season was affected more by deterministic processes than the rainy season, which might be due to the fact that these langurs heavily depend on mature leaves in the dry season (Zhou et al., 2013; Li et al., 2016; Lu et al., 2021). Such greater addition of dietary fiber alters the selection pressure (David et al., 2014; Amato et al., 2015; Li et al., 2021), emphasizing the contribution of deterministic processes.

In addition, the NCM results showed that migration limitations in the dry season are lower than that in the rainy season, likely owing to close social distance between individuals in the dry season. Generally, social interactions result in similar gut microbiota (Moeller et al., 2016). The white-headed black langurs increase the frequency of sunning and the time spent on resting and grooming behaviors when temperatures are low (Huang, 2002; Zhang et al., 2021). These behaviors bring members closer to each other and reduce the social distance (Zhang et al., 2021), creating opportunities for the spreading of the gut microbiota. In addition, there are fewer food options for the langurs during the dry season when food resources are scarce (Li and Elizabeth Rogers, 2006; Zhou et al., 2013; Lu et al., 2021). The similar food composition among individuals may also facilitate the spread of bacteria. Random taxa in the 95% confidence interval also showed similar seasonal differences. Furthermore, taxa higher than the prediction interval are more likely to colonize the host gut, possibly owing to their easier adaptation to the gut environment (Burns et al., 2016). Besides, the taxa below the prediction interval that were rejected by the host gut may be a protective mechanism, which is associated with resistance to invasion by pathogenic bacteria (Burns et al., 2016).

In summary, changes in the habitat’s plant phenology alters the diet of white-headed black langurs (Huang, 2002; Li and Elizabeth Rogers, 2006; Zhou et al., 2013; Li et al., 2016), further causing seasonal changes in their gut microbiota. Firmicutes with a high percentage of colonization in the dry season could be associated with increased consumption of fiber-rich food such as mature leaves. The abundance of food resources during the rainy season elevated the abundance of the Bacteroidetes as well as gut microbiota diversity. The results demonstrate that dynamic changes in gut microbiota are a strategy for white-headed black langurs to adapt to seasonal changes in food availability, which is amplified by habitat fragmentation. Our results highlight the importance of seasonal variations in the gut microbiota on the adaptation of the white-headed black langurs to the unique environment of limestone forests, providing additional insights into understanding the physiological adaptation strategy used by langurs in response to seasonality in the karst forest.
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