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Abstract
Changes in diet causing ecological stress pose a significant challenge to animal survival. In response, the gut 
microbiota, a crucial part of the host’s digestive system, exhibits patterns of change reflective of alterations in the 
host’s food component. The impact of temporal dietary shifts on gut microbiota has been elucidated through 
multidimensional modeling of both food component and macronutrient intake. However, the broad distribution of 
wild generalist and the intricate complexity of their food component hinder our capacity to ascertain the degree 
to which their gut microbiota assist in adapting to spatial dietary variations. We examined variation in patterns 
of the gut microbial community according to changes in diet and in a colobine monkey with a regional variable 
diet, the golden snub-nosed monkey (Rhinopithecus roxellana). Specifically, we analyse the interactions between 
variation in food component, macronutrient intake and the gut microbial community. We compared monkeys 
from four populations by quantifying food component and macronutrient intake, and by sequencing 16S rRNA 
and the microbial macro-genomes from the faecal samples of 44 individuals. We found significant differences in 
the diets and gut microbial compositions, in nutrient space and macronutrient intake among some populations. 
Variations in gut microbiota composition across distinct populations mirror the disparities in macronutrient intake, 
with a notable emphasis on carbohydrate. Geographical differences in the diet among of golden snub-nosed 
monkey populations will result in macronutrient intake variation, with corresponding differences in macronutrient 
intake driving regional differences in the compositions and abundances of gut microbiota. Importantly, the gut 
microbiota associated with core digestive functions does not vary, with the non-core gut microbiota fluctuating 
in response to variation in macronutrient intake. This characteristic may enable species heavily reliant on gut 
microbiota for digestion to adapt to diet changes. Our results further the understanding of the roles gut microbiota 
play in the formation of host dietary niches.
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Introduction
Dietary habits represent a crucial area of research within 
the field of animal-environment interactions. Under-
standing how animals respond to diet changes (changes 
in the food component) is pivotal to uncovering the 
mechanisms behind their dispersal and distribution 
patterns [1]. Thus, species with complex food compo-
nents and a wide range of distribution have become a 
hot research group in dietary habit studies [2–4]. Here 
we use ‘generalist’ to describe widely distributed spe-
cies with complex food components, displaying variabil-
ity across temporal and spatial scales. Most research on 
generalists’ responses to ecological pressures stemming 
from diet changes has concentrated on host behavioral 
strategies and physiological adaptations [5–7]. However, 
recent research has indicated that symbiotic gut micro-
biota significantly influence the host’s digestive processes 
[8]. Furthermore, gut microbiota has been shown to help 
host respond to ecological stress [9, 10]. Therefore, a crit-
ical aspect of understanding how gut microbiota support 
their hosts in the face of ecological stresses due to diet 
changes lies in examining the relationship between these 
microbial communities and the temporal or spatial varia-
tions in the food components of generalists [11, 12].

Preliminary research has shown that changes in 
host diet significantly influence the composition of gut 
microbes [13]. Both temporal and spatial diet changes 
in generalist have been observed to significantly impact 
their gut microbiota [14, 15]. For example, the gut micro-
biota of the Ethiopian geladas (Theropithecus gelada) 
exhibits seasonal variations that correspond to changes in 
food components [14]. Research on yaks (Bos grunniens) 
have shown that the composition of their gut microbiota 
correlates with the geographical distribution of the host 
populations, indicating an adaptation to their food intake 
[16]. However, research focusing solely on the level of 
food component to explain the impact of diet changes on 
gut microbiota cannot account for the variability intro-
duced by different food items [14, 17]. The inconsisten-
cies due to changes in food components complicate the 
quantification of their influence on gut microbiological 
shifts [14, 17]. This situation limits our exploration of 
what factors drive gut microbiota to exhibit changes in 
response to changes in food component.

Fortunately, the development of nutritional ecology 
has provided new perspectives on the research of dietary 
habits. Nutritional geometric modeling allows down-
scaling the complexity of food components to a stable 
set of three macronutrients, carbohydrate, available 
protein, and lipid [18]. Thus, the effect of dietary habits 
on gut microbiota has been further clarified. Studies on 
temporal diet changes highlight the need for a multidi-
mensional analysis that considers both food components 
and macronutrient intake [19–21]. Seasonal alterations 

in food component influence gut microbiota changes 
through shifts in macronutrient intake [17, 21]. Addition-
ally, spatial variation sculpts a distinctive pattern, with 
regional food availability disparities causing significant 
differences in the food components of geographically 
isolated populations. For example, the mountain gorilla 
(Gorilla beringei beringei) has significant differences in 
food components between two geographically separated 
populations [22]. There were significant differences in the 
food components of different populations of red colobus 
monkeys (Procolobus rufomitratus) living from the north 
to the south of Kibale National Park [23]. But few stud-
ies have been able to determine food components and 
macronutrient intake data for host individuals of gut 
microbiota in populations from different regions due to 
the difficulty of quantifying macronutrient intake in wild 
populations. In particular, how gut microbiota of general-
ist respond to changes in food components and possibly 
macronutrient intake as a result of spatial variation will 
help us to understand what adaptive roles gut microbiota 
play in changes in host diets.

To address these questions, we selected a widespread 
species with a generalized diet, serving as an ideal model 
for examining the interplay between gut microbiota and 
spatial dietary variation. The golden snub-nosed mon-
key (Rhinopithecus roxellana), a generalist, inhabits 
the mixed forests of China’s mountainous central prov-
inces, including Shaanxi, Sichuan, Hubei, and Gansu 
[24]. Despite being categorized as leaf-eating colobines, 
golden snub-nosed monkeys consume a diverse range of 
food items, encompassing leaves, seeds, ripe fruits, buds, 
bark, twigs, flowers, and lichens [25]. The availability of 
these diverse foods fluctuates temporally and spatially, 
with more than a 50% variation in food items across dif-
ferent regions [24]. Our study aimed to determine the 
impact of spatial dietary differences on the composi-
tion, structure, and function of gut microbiota within 
the same species. We posed two key questions: (1) What 
differences exist in food component and macronutrient 
intake among various populations of golden snub-nosed 
monkeys, and how do these differences affect the gut 
microbiota’s composition? (2) How does the functional-
ity of the gut microbiota vary in response to changes in 
food component and macronutrient intake across these 
populations?

Materials and methods
Data collection
The four study sites were all located in the Qinling 
Mountains: (i) Shaanxi Foping Guanyin Mountain 
Nature Reserve (FP) (107°51′~108°01′ E, 33°35′~33°45′ 
N), (ii) Huangbaiyuan National Nature Reserve (HBY) 
(107°31′~107°42′ E, 33°42′~33°54′ N), (iii) Changq-
ing National Nature Reserve (HY) (107°17′~107°55′ E, 
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33°19′~33°44′ N), and (iv) Louguantai National Forest 
Park (LGT) (108°12′~108°27′ E, 33°47′~34°05′ N). We 
collected food intake data and took faecal samples from 
golden snub-nosed monkey individuals in each popula-
tion during the winter (November to February).

For the FP, LGT and HBY populations, we randomly 
identified target adult individuals and accurately the food 
intake data using previously described methods [17]. In 
brief, we randomly chose one individual per day and con-
ducted continuous observations of the focal animal from 
dawn to dark to record its feeding data. During the obser-
vation session, the distance between the observer and the 
subject was less than 5 m. We recorded the type, quantity 
of the food and the amount of time feeding [25]. After 
the focal individual completed feeding, leftover foods 
were collected as food item samples. All samples were 
labelled with the information of the collection time, type, 
and size. Then, they were immediately weighed within 
0.2–3 h and sent to the laboratory for storage before the 
analysis of their macronutrient components.

We collected faecal samples from individuals with 
recorded feeding behaviour on the same day for high-
throughput sequencing. After the focal individual def-
ecated, we immediately collected the faces with sterile 
cotton swabs and sterile toothpicks. The sample was 
then stored in 2 mL centrifuge tubes and frozen in liquid 
nitrogen before analysis.

Owing to research environment constraints, we were 
unable to collect individual food intake data for the HY 
population. However, we estimated the average intake by 
dividing the total food consumption of the HY group by 
the number of its members. We randomly obtained fae-
cal samples from 5 adult individuals in the HY popula-
tion. Samples of golden snub-nosed monkeys collected 
from different regional populations are shown in the Sup-
plementary Table.

Nutrient analysis
We used previously described techniques to analyse the 
macronutrients and energy values of each food item 
[25–28]. The nutrients of each food item were analysed 
for lipids (L), total non-structural carbohydrates (TNC), 
starch, neutral detergent fibre (NDF), acid detergent fibre 
(ADF), acid detergent lignin (ADL), available protein 
(AP), and ash content. For each food item consumed by 
the target individuals, we determined the macronutrient 
intake by multiplying the nutrient content, as analysed 
in the laboratory, by the quantity of the food item intake. 
These intakes were then summed to calculate the avail-
able protein, fat, and carbohydrate intake for each target 
individual. Metabolizable energy (ME) was calculated 
for each macronutrient using conversion factors of AP 
17 kJ/g, lipid 37 kJ/g, TNC 16 kJ/g [29] and NDF 9 kJ/g.

DNA extraction and 16S rRNA gene sequencing
The microbial DNA (with a total mass of 1.2–10.0 ng) was 
isolated from each faecal sample using the MOBIO Pow 
erSoil DNA Isolation Kit and was quantified with Nano-
Drop One (Thermo Fisher Scientific, Waltham, MA, 
USA). The V4 regions of the DNA genes were amplified 
by using the specific primer 515F (5’-GTGCCAGCMGC-
CGCGGTAA-3’) and 806R (5’-GGACTACHVGGGTW 
TCTAAT-3’) [30]. After amplification and detection, the 
PCR products were mixed in equal density ratios and 
then were purified with an E.Z.N.A.® Gel Extraction Kit 
(Omega, USA). The sequencing library was created using 
NEBNext® Ultra™ DNA Library Prep Kit for Illumina® 
(New England Biolabs, Beverly, MA, USA) according 
to the manufacturer’s instruction, and the indexes were 
added. Next, the library was sequenced on an Illumina 
Hiseq2500 platform (Magigene Biotechnology Co., Ltd. 
Guangzhou, China), and the 250  bp paired-end reads 
were generated. The sequence with ≥ 97% similarity was 
clustered into the same operational taxonomic units 
(OTU) by USEARCH (http:// www.dri ve5.com /use arch/). 
The silva (https://www.arb-silva.de/) database was used 
to annotate taxonomic information (confidence thresh-
old score ≥ 0.5).

Metagenomic sequencing and gene catalogue 
construction
The sequencing library was created using NEBNext® 
Ultra™ DNA Library Prep Kit for Illumina® (New England 
Biolabs, Beverly, MA, USA). The library was analysed for 
size distribution by Agilent2100 Bioanalyzer (Agilent, 
USA), and then were sequenced by Illumia Hiseq2500 
platform in MAGIGene Co., Ltd. (Shenzhen, China). 
Quality control was conducted by Trimmomatic (Version 
0.38). The reads aligned to the NCBI nonredundant (NR) 
database were removed with MEGAHIT (Version 1.2.9). 
The remaining high-quality reads were used for further 
analysis. The assembly of reads was conducted using 
MEGAHIT de novo. For each sample, a series of k-mer 
values (49 to 87) were used and the optimal one with the 
longest N50 value were chosen for the remaining scaf-
folds. The clean data were mapped against scaffolds using 
MEGAHIT. Unused reads from each sample were assem-
bled using the same parameters. Genes (minimum length 
of 100 nucleotides) were predicted on scaftigs longer 
than 500 bp using Prodigal (Version 2.6.3). Then, a non-
redundant gene catalogue was constructed with Linclust 
(Version 2.0) using a sequence identity cut-off of 0.9. To 
determine the abundance of genes, reads were realigned 
to the gene catalog with BBMap (Version 37.68,  h t t  p s : 
/  / s o  u r  c e f o r g e . n e t / p r o j e c t s / b b m a p     ) . Only genes with 2 
mapped reads no less than 2 were considered exist in a 
sample. The abundance of genes was calculated by count-
ing the number of reads and normalizing by gene length. 

http://www.drive5.com/usearch/
https://www.arb-silva.de/
https://sourceforge.net/projects/bbmap
https://sourceforge.net/projects/bbmap
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Genes were then searched in KEGG database  (   h t t p : / / w w 
w . k e g g . j p / k e g g /     ) and CAZy database  (   h t t p : / / w w w . c a z y . o r 
g /     ) for annotation.

Statistical analysis
We used Permutational Multivariate Analysis of Vari-
ance (PERMANOVA) to compare the differences in the 
Principal Component Analysis (PCA) results of food 
intake quality and nutrient space among the four regional 
populations, utilizing the vegan package in R (Version 
4.3.2). We used the Kruskal-Wallis test with Bonferroni 
correction for multiple post-hoc pairwise comparisons 
to compare the differences in available protein, lipid, 
and carbohydrate energy supply among the four regional 
populations in R (Version 4.3.2).

We used the Kruskal-Wallis test with Bonferroni cor-
rection for multiple post-hoc pairwise comparisons to 
compare the differences in the Shannon index and the 
Chao1 index of gut microbiota among the four regional 
populations in R (Version 4.3.2). We used PERMANOVA 
to compare the differences in the Principal Co-ordinates 
Analysis (PCoA) results for gut microbiota composition 
among the four regional populations, utilizing the vegan 
package in R (Version 4.3.2). We employed the Linear 
Discriminant Analysis Effect Size (LEfSe) algorithm [31], 
setting a threshold at LDA > 4, to identify microbial com-
munities that exhibit significant differences across differ-
ent regions.

We used PCA to compare the differences in the results 
of the CAZy database annotation for gut microbiota 
among the four regional populations utilizing the vegan 
package in R (Version 4.3.2). We used the Kruskal-Wal-
lis test with Bonferroni correction for multiple post-hoc 
pairwise comparisons in R (Version 4.3.2) to compare 
the differences in the carbohydrate metabolic pathways 
as delineated by the KEGG database among the four 
regional populations.

To ascertain the influence of environmental factors on 
the composition of 16S rRNA-based gut microbiota spe-
cies-sample data, we performed a Detrended Correspon-
dence Analysis (DCA). This analysis indicated that the 
first gradient length was 5.173. Based on this outcome, 
we proceeded with Canonical Correspondence Analysis 
(CCA), utilizing the vegan package in R (Version 4.3.2), 
to examine how the ratios of available protein, lipid, 
and SC.TNC (the ratio of neutral detergent fibre supply 
(NDF) to total carbohydrate supply (TNC + NDF)) impact 
the composition of the 16S rRNA-based gut microbiota.

Results
Regional diets
In this study, we collected food intake data from the FP, 
LGT, HBY and HY populations of golden snub-nosed 
monkeys (Fig. 1a). The FP population takes 10 food items: 

Zea mays, Bothrocaryum controversum, Quercus dolicho-
lepis, Fargesia qinlingensis, Glechoma longituba, Litchi 
chinensis, Arachis hypogaea, Rubus pungens, Callicarpa 
nudiflora and Litsea pungens. The LGT population takes 
9 food items: Ilex chinensis Sims, Malus pumila, Solanum 
melongena, Daucus carota, A. hypogaea, milk, mantou, 
Glycine max, Helianthus annuus and egg. The HBY pop-
ulation takes 9 food items: M. pumila, D. carota, Z. mays, 
Ligustrum sinense, Armeniaca mume, Berberis diaphana, 
Lindera reflexa, Morus alba and Mangifera indica. The 
HY population takes 5 food items: M. pumila, Z. mays, A. 
hypogaea, D. carota, Brassica pekinensis.

PCA was conducted using data on the quality of food 
intake within each of the four populations. We discov-
ered that food intake among golden snub-nosed monkeys 
significantly varied between all four subgroups (PER-
MANOVA, P < 0.05, Table 1; Fig. 1a).

Nutritional properties
To measure whether there were differences in nutrient 
space for all food intake consumed in all four populations 
(Fig. 1b) we used PCA. We found significant variation in 
nutrient space between the FP and HBY and the LGT and 
HBY populations (PERMANOVA, P < 0.05, Table 2).

The energy (kJ) measurements for macronutrients 
showed that in the LGT population, available protein 
intake provided 924.76 ± 68.30  kJ (M ± SE), lipid intake 
provided 970.36 ± 425.16  kJ, and carbohydrate intake 
provided 6411.99 ± 691.74  kJ. In the HBY population, 
available protein intake provided 401.13 ± 103.85  kJ, 
lipid intake provided 115.78 ± 36.38 kJ, and carbohydrate 
intake provided 4824.43 ± 1337.66 kJ. For the FP popula-
tion, available protein intake provided 193.10 ± 74.13  kJ, 
lipid intake provided 169.35 ± 65.86 kJ, and carbohydrate 
intake provided 1914.54 ± 707.12  kJ. The HY population 
as a whole exhibited an average intake of available pro-
tein providing 140.94  kJ, lipid providing 738.94  kJ, and 
carbohydrate providing 7310.85  kJ. Available protein 
energy supply decreased sequentially from the LGT, HBY, 
FP, and HY population. Lipid energy supply decreased 
sequentially from the LGT, HY, FP, and HBY population. 
Carbohydrate energy supply decreased sequentially from 
the HY, LGT, HBY, and FP population. Data for macro-
nutrient energy in each population are shown in Fig. 1c, 
d, e).

Microbial compositions and functional genes
We used both Shannon and Chao1 indexes to estimate 
diversity and taxon richness of the gut microbiota of 
individuals sampled from each population, respectively. 
Differences in Shannon and Chao1 indexes between pop-
ulations in different regions are shown in Supplementary 
Fig. 1. We found that taxon richness mostly decreased in 
the order of LGT, HBY, HY and FP. The diversity of gut 

http://www.kegg.jp/kegg/
http://www.kegg.jp/kegg/
http://www.cazy.org/
http://www.cazy.org/
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Fig. 1 Food component, nutrient space and macronutrient intake of golden snub-nosed monkey from different regions. (a) Heat map of food intake 
quality of golden snub-nosed monkeys in different regions. The darker colour indicates a higher proportion of such food intake in this area compared to 
other areas. (b) Nutrient space of golden snub-nosed monkey populations in different regions. The figure’s points show the percentage of macronutrient 
energy from each food item relative to total nutrient supply. The x-axis measures carbohydrate energy’s share of total macronutrients, and the y-axis does 
the same for available protein. Closed shapes indicate the nutrient space for different monkey populations: blue dots for HY, yellow squares for HBY, red 
triangles for FP, and green pentagrams for LGT. (c) The comparison of available protein intake. (d) The comparison of carbohydrate intake. (e) The compari-
son of lipid intake. The asterisk (*) indicates statistical significance at the P < 0.05 (Kruskal-Wallis test)
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microbiota was decreasing in the order of HBY, LGT, HY, 
and FP.

The OTU level data were used to perform PCoA, which 
showed significant differences between populations for 
the first and second principal components (Fig. 2a) (PER-
MANOVA, P < 0.05, Table 3).

To further explore variation in the golden snub-nosed 
monkey gut microbiota among the four populations, 
we performed an analysis of the composition of the gut 
microbiota. 16S rRNA sequencing for species annotation 
of the gut microbiota showed that the majority of OTUs 
could be classified at the phylum taxonomic level (94.5%) 
(Fig. 2b), the order taxonomic level (91.8%) (Fig. 2c), and 
the genus taxonomic level (91.2%). In total, 42 taxa were 
detected in the four regional populations, of which the 
top10 identifiable dominant phylum accounted for up to 

97% of the total abundance ratio (abundance of the domi-
nant phylum except for the total phylum abundance). 
Firmicutes, Proteobacteria, Bacteroidetes, Spirochaetes, 
Kiritimatiellaeota, Tenericutes, Planctomycetes, Cyano-
bacteria, Fibrobacteres, Verrucomicrobia, Euryarchaeota, 
Actinobacteria as dominant phyla in different regional 
populations. The results of the ratio of Firmicutes to Bac-
teroidetes (F/B) showed that HBY population was the 
highest at 4.11, FP population was the second highest 
at 2.32, HY population was the next highest at 2.20, and 
LGT population was the last at 2.19 and the lowest. A 
total of 154 Orders were annotated at the order level, and 
we studied the 20 orders with the highest abundance. Of 
these, 14 species showed enrichment among populations 
in all four regions, with higher abundance of Clostridi-
ales, Bacteroidales, WCHB1-41, and Mollicutes_RF39. 
In particular, the abundance of Aeromonadales in the 
LGT population was lower than the abundance of the 
other populations, while the Bradymonadales was more 
abundant than the other populations. In the HY popula-
tion we observed lower abundance of Methanomassili-
icoccales compared to other populations. A total of 229 
families were annotated at the family level, with Rumi-
nococcaceae, Muribaculaceae, Lachnospiraceae, Rikenel-
laceae and Christensenellaceae being enriched in all 
four regional populations. In addition, we note that the 
abundance of Succinivibrionaceae is lower in the LGT 

Table 1 Tests of intergroup differences in the quality of food 
intake of populations of golden snub-nosed monkeys in different 
regions (PERMANOVA)
Group F-Model R2 P value P adjusted
LGT vs. HBY 53.867 0.658 0.001 0.001
LGT vs. FP 116.038 0.779 0.001 0.001
LGT vs. HY 90.021 0.849 0.002 0.002
HBY vs. FP 69.214 0.640 0.001 0.001
HBY vs. HY 9.892 0.310 0.001 0.001
FP vs. HY 24.022 0.471 0.001 0.001

Table 2 Tests of intergroup differences in nutrient space of 
golden snub-nosed monkey populations in different regions 
(PERMANOVA)
Group R2 P value P adjusted
LGT vs. HBY 0.258 0.01 0.030
LGT vs. FP 0.023 0.422 0.422
LGT vs. HY 0.070 0.276 0.331
HBY vs. FP 0.215 0.004 0.024
HBY vs. HY 0.156 0.254 0.331
FP vs. HY 0.094 0.060 0.120

Table 3 Tests of intergroup differences in gut microbiota of 
golden snub-nosed monkey populations in different regions 
(PERMANOVA)
Group R2 P value P adjusted
LGT vs. HBY 0.657 0.001 0.001
LGT vs. FP 0.967 0.001 0.001
LGT vs. HY 0.827 0.030 0.007
HBY vs. FP 0.931 0.001 0.001
HBY vs. HY 0.802 0.001 0.001
FP vs. HY 0.702 0.001 0.001

Fig. 2 Differences in the gut microbiota of golden snub-nosed monkeys from different regions. (a) PCoA based on OTU level gut microbiota data of 
golden snub-nosed monkey from different regions. Analysing regional differences in dominant bacterial populations. Relative abundance of dominant 
phylum (b) and order (c) in four regions based on 16S rRNA gene pools
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population compared to the other populations, and that 
Acidobacteriaceae Subgroup 1 has a higher abundance 
compared to the other populations.

Cause the FP and LGT populations share similarities 
in their nutrient space, but significant differences exist in 
the quality of food intake, the energy supply from mac-
ronutrients, and the composition of the gut microbiota. 
To more effectively identify the specific gut microbiota 
responsible for the differences between the FP and LGT 
populations, we utilized LEfSe analysis to detect signifi-
cant variations in gut microbiota composition between 
these two groups. The results, as depicted in Fig.  3a, 
indicate that certain microbial groups exhibit significant 
differences in abundance between the two populations. 
Specifically, the Christensenellaceae_R_7_group, Rumino-
coccaceae_NK4A214_group, Ruminococcaceae_UCG_13, 

Ruminococcaceae_UCG_5, and the Ruminococcus_1 
genus is found to be more abundant in the LGT popu-
lation. In contrast, the Rikenellaceae_RC9_gut_group, 
Ruminobacter, Ruminococcaceae_UCG_9, and Succini-
vibrio genus show a higher abundance in the FP popula-
tion, marking a notable distinction between the FP and 
LGT populations in terms of their gut microbiota com-
position (Fig. 3a).

The results of the CCA indicate that the percentage of 
energy intake from available protein, the percentage of 
energy intake from lipid, and SC.TNC are associated with 
the structure of the gut microbial community. We found 
that the SC.TNC influence factor can well separate FP 
from LGT population (Fig.  3b). This indicates that car-
bohydrate macronutrient intake may plays an important 

Fig. 3 Differential gut microbiota, environmental influences and functional differences of golden snub-nosed monkey from different regions. (a) Dif-
ferential gut microbiotas between FP and LGT populations of golden snub-nosed monkey. The groups of gut microbiotas shown are those that differ in 
different groupings, and the length of the bar graph indicates the magnitude of the differences. (b) Nutritional effects on microbial communities in FP and 
LGT. Each sample is represented by a point, while arrows emanating from the origin represent different environmental factors. The length of the arrows 
indicates the strength of the influence of each environmental factor on community variation; longer arrows signify greater impact. The angle between 
the arrows reflects their correlation: acute angles indicate positive correlation between two environmental factors, while obtuse angles indicate negative 
correlation. (c) PCA based on gut microbiota CAZy-family data of golden snub-nosed monkey from different regions
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role in the differentiation of gut microbiota in FP and 
LGT populations.

To estimate functional differences in the gut microbi-
ota across the four populations, we used macro genomic 
sequencing methods to compare the annotation results 
of the CAZy database (Fig.  3c). PERMANOVA showed 
significant differences among all four populations. We 
noticed that the abundance of CAZy enzymes that domi-
nate carbohydrate digestion were significantly different 
between FP and LGT populations. Previous studies have 
shown that carbohydrate metabolism is the most impor-
tant secondary metabolic pathway in golden snub-nosed 
monkey populations [32], the significant difference result 
suggesting that carbohydrate intake has an important 
role in the composition and function of the gut micro-
biota in this study.

Upon meticulous analysis of the KEGG database 
annotations pertaining to carbohydrate metabolic path-
ways (Supplementary Fig.  2), we discerned an absence 
of significant variation across regional populations in 
the Citrate cycle (TCA cycle), Pyruvate metabolism, 
and Butanoate metabolism—pathways integral to cel-
lular energy harnessing [33]. Furthermore, our result 
revealed a congruence between the relative abundance of 
Starch and sucrose metabolism, and Fructose and man-
nose metabolism pathways in distinct regional popula-
tions and the macronutrient intake and food components 
characteristic of those regions.

The hub OTUs fluctuated with the energy based on 
WGCNA analysis
We selected the OTUs present in more than 33% of 
the samples in the FP and LGT subgroups, and then 
employed a one-step network building approach to con-
struct the network. The network type is set to sign, and 
the soft threshold is set to 14. The adjacency matrix is 
defined based on criteria reflecting approximate scale-
free topology, with a minimum module size of 60. The 
module detection sensitivity DeepSplit of 3. And mod-
ules correlated at 0.25 or above will be merged. Cluster-
ing results reveal that a total of 1855 OTUs are resolved 
into 8 different modules, where grey modules are unclas-
sified. The correlation between module eigenvalue and 
trait was calculated. The module-trait relationship heat-
map demonstrated the correlation coefficient between 
module eigenvalues and traits (Fig.  4a). 116 OTUs in 
the red module were significantly associated with the 
SC.TNC (P < 0.05).

We select the top 50% of OTUs based on them between 
centrality in the red module of WGCNA and construct 
a network graph in Cytoscape (Fig.  4b). 36 OTUs were 
exclusively found in the LGT population, while 22 OTUs 
were found in both the LGT and FP populations. In the 
red module, OTU_588, OTU_221, OTU_45, OTU_497, 

OTU_34, and OTU_12 was identified as candidate cen-
tral OTUs (with thresholds of module membership > 0.6 
and genes significance > 0.3). They belong to the follow-
ing taxa: Lachnospiraceae (OTU_588), Lachnospiraceae_
UCG-1 (OTU_221), Clostridiales_vadinBB60_group 
(OTU_497), Christensenellaceae_R-7_group (OTU_34), 
Rikenellaceae_RC9_gut_group (OTU_45), and Fibrobac-
ter (OTU_12).

Discussion
Our findings indicate that the differences in food items 
and nutrient space among golden snub-nosed mon-
key populations from different regions do not fully 
correspond to the variations in macronutrient intake 
observed. Despite similarities or differences in food com-
ponents among two regional populations, these do not 
necessarily reflect the nutrient spaces. Furthermore, the 
nutrient space itself does not fully represent the levels of 
macronutrient intake. We have observed a similar situa-
tion of unequal food intake differences and macronutri-
ent intake differences in another generalist primate, the 
rhesus monkey, which is relatively specialized in mac-
ronutrient intake, despite significant differences in the 
food items of consumed by rhesus monkeys [34, 35]. This 
discrepancy may arise from environmental differences 
among populations. Even with the presence of similar 
or dissimilar food components, the varying or identical 
energy requirements of animals drive differences in mac-
ronutrient intake [36]. The phenomenon underscores the 
importance of employing a multidimensional approach, 
considering both food component and macronutrient 
intake, to interpret variation in animal dietary patterns 
[37].

Our results on the alpha diversity indices of the micro-
biota indicate that the richness of the gut microbiota 
decreased in the order of LGT, HBY, FP, and HY popula-
tions; and the diversity of the gut microbiota decreased 
in the order of HBY, LGT, HY, and FP populations (Sup-
plementary Fig. 1). There are complex similarities or dif-
ferences in gut microbiota community diversity among 
different populations. In light of this, placing the discus-
sion of macronutrient intake’s effects on gut microbiota 
within a multidimensional context of food component 
and macronutrient intake will be beneficial for under-
standing the origins of gut microbiota community differ-
ences [21].

The ratio of Firmicutes to Bacteroidetes (F/B) indicates 
differences in the gut microbiota’s ability to intake nutri-
ents [38]. Populations with higher crude fibre content 
in their nutrient intake tend to have higher F/B values 
in their gut microbiota [39]. The higher F/B ratio in FP 
and HBY populations may be attributed to their greater 
consumption of natural food compared to other popula-
tions, leading to increased intake of crude fibre (Fig. 1). 
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This phenomenon illustrates that the F/B ratio in the gut 
microbiota correlate with the dietary patterns of popu-
lations in different regions. Similar to previous studies, 
we found that the enriched bacterial orders were found 
in populations from different regions with similar func-
tions in assisting host digestion of nutrients [40] (Fig. 2). 

Abundance of Clostridium was positively correlated with 
crude fat apparent digestibility with fibre metabolism, 
especially crude fibre and acid detergent fibre apparent 
digestibility [41, 42]. Bacteroidales plays a role in cellu-
lolytic and in the digestion of complex glycans [43, 44]. 
WCHB1-41 bacteria degrade mucins and convert them 

Fig. 4 Identification of key module and hub OTUs based on WGCNA. (a) Correlation between module eigenvalues and traits of golden snub-nosed 
monkey. Depth of colour corresponds to depth of correlation and P value of each module. (b) Network graph of the hub OTUs. Each node represented 
the OTUs who’s between centrality value was in the top 50%, and its colour represented the corresponding module, the size of each node represented the 
betweenness centrality value, the size of each line thickness represented the weight value between nodes (OTUs). Visualization of the complete weighted 
networks comprising 58 candidate hub OTUs associated with SC.TNC. Among them, 36 red nodes represent unique bacterial species in the LGT popula-
tion, while 22 blue nodes denote species shared between the LGT and FP populations
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into short-chain fatty acids (SCFAs), which provide nutri-
ents for other bacteria and cells [45]. Mollicutes_RF39 
bacterial abundance was affected by polysaccharides such 
as oat β-glucan and chicory inulin [46]. Aeromonadales, 
found in lower abundance in LGT population, was shown 
to be one of the causative agents of intestinal inflam-
mation [47], whereas Bradymonadales, found in higher 
abundance, was shown to be a predatory probiotic [48, 
49]. We suggest that the increased abundance of Brady-
monadales bacteria in the LGT population may have 
suppressed the abundance of harmful bacteria similar to 
Aeromonadales.

At the family level, gut microbiota found to be enriched 
in different populations are equally indicative of nutrient 
processing. Ruminococcaceae degrade cellulose polysac-
charides and produce beneficial metabolites [50]. Muri-
baculaceae, widely present in gut microbiota, digest 
carbohydrates, induce lipolysis, and enhance insulin sen-
sitivity [51]. Lachnospiraceae ferment dietary fibres to 
promote healthy gut and immune function [52]. Rikenel-
laceae and Christensenellaceae are associated with lipid 
metabolism [53]. In our study, Succinivibrionaceae exhib-
ited lower abundance in the LGT population compared 
to other populations, while A. Subgroup1 showed higher 
abundance. Intriguingly, both bacteria are considered 
to be associated with nitrogen element absorption. We 
hypothesize that the bacterial population responsible for 
digesting proteins and utilizing nitrogen elements has 
undergone changes in the LGT population compared to 
other populations. The differences in these bacterial pop-
ulations, which perform similar functions, may be attrib-
uted to variations in geographical environments [54]. 
Similarly, we found a higher abundance of Prevotellaceae 
in the HY population, which usually indicates a higher 
capacity of the host to digest simple carbohydrates [55]. 
We also observed the lowest abundance of Akkermansia 
in this population, and high abundance of this genus is 
usually negatively correlated with overall macronutri-
ent intake [56]. The results of gut microbiota abundance 
coincide with the results that the HY population has the 
simplest food component and the highest macronutrient 
intake level compared with other populations.

We conducted a literature review of the functions of 
the gut microbiota resulting from the LEfSe analyses 
(Fig. 3a). We found that the differentially significant gut 
microbiota of LGT populations were strongly associated 
with carbohydrate digestion and were more abundant. 
For example, the abundance of the Christensenellaceae_R 
7_group was positively correlated with the products 
acetate and butyrate associated with carbohydrate diges-
tion [57]. Ruminococcaceae_NK4A214_group produces 
energy by fermenting dietary fibre [58]. Research on the 
genera Ruminococcaceae_UCG_13, Ruminococcaceae_
UCG_5, and Ruminococcus_1 has demonstrated that 

Ruminococcaceae are involved in the breakdown of cel-
lulose and starch, and they can produce products such as 
acetate that is associated with carbohydrate digestion [32, 
59]. The gut microbiota results matched our macronu-
trient intake results, with the LGT populations having a 
higher carbohydrate intake than the FP populations.

Building upon previous research, we further elucidated 
the impact of carbohydrate energy intake on gut micro-
biota, utilizing the SC.TNC as a determinant of the pro-
portion of energy derived from fibrous foods relative to 
the overall carbohydrate energy supply. We employed the 
WGCNA model to identify relevant gut microbial taxa 
and calculated the Chao1 index to assess the diversity 
across various populations. It was discovered that there 
existed a discrepancy between the FP and LGT popu-
lations (P < 0.05). Specifically, the Chao1 index of the 
LGT population was higher than that of the FP popula-
tion, aligning with the nutritional findings indicating 
lower fibre intake in the LGT population. Concurrently, 
we observed no significant difference in the Chao1 
index between the HBY and HY populations, which 
could be attributed to the similarity in the ratio of fibre 
to total food component between the two populations. 
These outcomes suggest that alterations in macronutri-
ent intake resulting from changes in food consumption 
are among the factors influencing the composition and 
functionality of the gut microbiota in golden snub-nosed 
monkeys.

Some studies suggest that host evolution has a greater 
impact on gut microbiota than diet [60], they often 
only consider the types of food consumed when exam-
ining dietary influence. This study argues that such an 
approach is insufficient. This study has discovered that 
variations within the gut microbiota correspond to alter-
ations in the host’s macronutrient intake. We propose 
that a comprehensive analysis, which takes into account 
various dimensions of food components and macronu-
trient intake, yields a more accurate understanding. This 
view is supported by studies observing the relationship 
between diet and gut microbiota across different species, 
such as rhesus monkeys, giant pandas, and others [21].

It is also noteworthy that the candidate central OTUs 
associated with carbohydrate digestion common to 
both the LGT and FP populations, are also widespread 
in other species and have important digestive functions. 
For instance, in humans Lachnospiraceae (order Clos-
tridium) has a positive association with the digestion of 
beta-carotene, vitamin E, and accessible fat, while dis-
playing a negative association with digestion of meat, 
total protein, and cholesterol [55]. Additionally, Lach-
nospiraceae (order Clostridium) is strongly influenced 
by non-starch polysaccharides [61]. In yaks, the C. 
vadinBB60 group was identified as enriched across mul-
tiple regions and seasons [45]. Additionally, the presence 
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of Rikenellaceae_RC9_gut_group is associated with 
enhanced rumen function, promoting a more favourable 
environment for nutrient absorption and digestion [62]. 
The Christensenellaceae-R-7 group in chickens is linked 
to nutrient intake efficiency, propionate concentration, 
and lipid metabolism [63]. Fibrobacter plays a vital role 
in the metabolism and function of the microbiota of 
ruminants [64]. The similar to the patterns observed in 
this study, human gut microbiota research has identified 
a common “core microbiome” at the genus level across 
individuals, despite variations in the composition of gut 
microbiota among individuals [10]. This leads to the 
hypothesis that, regardless of feeding trait, the composi-
tion of the core gut microbiota performing digestive and 
absorptive functions will be similar if animals meet the 
same trend of macronutrient intake, whereas specific dif-
ferences in food components and macronutrient intake 
will drive fluctuations in the composition and function 
of the non-core gut microbiota performing digestive and 
absorptive functions. The KEGG functional annotation 
outcomes corroborate our hypothesis. Although the rela-
tive abundance of the ‘Starch and sucrose metabolism’ 
and ‘Fructose and mannose metabolism’ pathways in 
populations from diverse geographical regions reflects a 
pattern of variation consistent with the changes in food 
component and macronutrient intake characteristic of 
those populations, the relative abundance of the core 
metabolic pathways associated with nutrient metabo-
lism, specifically the Citrate cycle (TCA cycle) [65] and 
Pyruvate metabolism, exhibits no significant variation 
among these geographically distinct populations [66]. 
This observation implies an underlying uniformity in the 
central metabolic processes across populations, irrespec-
tive of their food component and macronutrient intake. 
This hypothesis helps explain why the gut microbiota is 
adaptive to dietary changes.

Conclusions
This study demonstrated some key results: First, although 
various regional populations of golden snub-nosed 
monkeys exhibited differences across different dietary 
dimensions (food component, nutrient space, and mac-
ronutrient intake), however, these disparities couldn’t be 
directly compared across dimensions. 2. Regional food 
intake differences led to shifts in macronutrient intake, 
thereby influencing the gut microbiota patterns observed 
in golden snub-nosed monkeys from various regions. 3. 
While the gut microbiota composition of golden snub-
nosed monkeys varied notably among different regions, 
the core bacteria for digestive functions remained stable 
and enriched across different populations and taxonomic 
orders. The findings underscore the critical importance of 
considering various dietary dimensions when examining 
the adaptive responses to dietary alterations in generalist. 

Concurrently, the study reveals patterns of change within 
the gut microbiota that are pivotal for comprehending 
the mechanisms by which these microbial communi-
ties adjust to the ecological pressures induced by dietary 
shifts in generalist species.
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