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Recent studies have emphasized that there is a strong link between the gut
microbiome and the brain that affects social behavior and personality in
animals. However, the interface between personality and the gut microbiome
in wild primates remains poorly understood. Here, we used high-throughput
sequencing and ethological methods in primate behavioral ecology to investigate
the relationship between gut microbiome and personality in Tibetan macaques
(Macaca thibetana). The behavioral assessment results indicated three personality
dimensions including socialization, shyness, and anxiety. There was significant
variation in alpha diversity only for shyness, with a significantly lower alpha
diversity indices (including Shannon, Chaol, and PD) for bold individuals than
for shy individuals. Using regression models to control for possible confounding
factors, we found that the relative abundance of three genera, Akkermansia,
Dialister, and Asteroleplasma, was significantly and positively correlated with
the sociability scores in the macaques. In addition, Oscillospiraceae exhibited
a positive correlation with scores for Shy Dimension. Furthermore, we found
that the predicted functional genes for propionate and pyruvate, porphyrin and
chlorophyll metabolic pathways related to animal behavior, were significant
enriched in shyness group. We propose that the gut microbiome may play an
important role in the formation of personality of Tibetan macaques.

KEYWORDS

personality, gut microbiome, Tibetan macaque, free-ranging, diversity

1 Introduction

Behavioral differences among adults in the same population are usually consistent across
time and context, and such behavioral differences, for example, behaviors related to aggression
and friendliness, are often defined as personality traits of animals (Wolf and Weissing, 2012;
Weiss et al., 2015). In a wide range of animal taxa, including humans, studies have shown that
personality can influence behavioral changes that are critical to their survival (Altschul et al.,
2018), reproduction (Rangassamy et al.,, 2015), distribution (Dinuzzo and Griffen, 2020), and
ecological adaptations (Wolf and Weissing, 2012). Numerous previous studies have focused
on the influence of various intrinsic and extrinsic factors on the process of personality shaping
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in animals, including genetics (Hancock et al., 2019), sex (Gartner and
Powell, 2012), environment (Wei et al, 2017), and physiology
(Peerboom and Wierenga, 2021). For example, changes in
neurotransmitter and hormone levels are closely related to animal
behavior, and influence the animal personality traits (Lynch and
Hsiao, 2023). Given that gut microbes can produce a wide range of
neuroactive chemicals and can also modulate the levels of
neurotransmitters in the host (Silva et al., 2020; Lynch and Hsiao,
2023), the relationship between gut microbiome and animal
personality traits has attracted attention in recent years.

In the last decade, there has been growing evidence that the gut
microbiome plays an important role in animal neurological
development (Sharon et al., 2016; Ali et al., 2019), physiological
processes (Cryan et al., 2019) and behavioral occurrences (Davidson
et al., 2018) in animals. For example, studies in humans and animals
have shown that the gut microbiome can influence host social
behaviors (Sgritta et al., 2019), stress responses (Savignac et al., 2014),
anxiety and depressive symptoms (Taylor et al., 2020) through
microbiome-gut-brain axis communication. In addition, imbalances
in gut microbiome may result in neurotransmitter imbalances,
inflammation, or enhanced activity of the hypothalamic- pituitary-
adrenal axis (HPA); which regulates the stress response (Ortega et al.,
2021; Chidambaram et al., 2022). Moreover, the gut microbiome can
influence host behavior through chemical communication of their
metabolites, such as short-chain fatty acids, with the nervous system
(Liu et al., 2020). Additionally, it has been found that the composition
of gut microbiome can be altered by direct recognition of stress
hormones such as norepinephrine and epinephrine (Li et al., 2019;
Barandouzi et al., 2022). Thus, there may be a strong link between gut
microbiome and the personality of the animal.

Fecal microbial transplantation (FMT) offers valuable insights
into the relationship between gut microbiome and personality. For
example, it has been reported that sterile rat models transplanted with
fecal microorganisms from shy and bold rats exhibit behavioral traits
similar to those of their predecessors (Gan et al., 2022). Another study
has shown that after colonizing the gut microbiome of people with
anxiety and depressive symptoms, rodents exhibit human-like
symptoms (Kelly et al., 2016). In recent years, a growing body of
research has supported a strong relationship between gut microbiome
and human personality. For example, a study in humans found that
womens and men’s anxiety levels were inversely related to
Bifidobacterium and Lactobacillus, respectively (Taylor et al., 2020).
Kim et al. (2018) found that Gammaproteobacteria and Proteobacteria
were positively associated with neuroticism and conscientiousness
when controlling for variables such as age, sex, BMI, and nutrient
intake. Moreover, the composition and diversity of gut microbiome
are related to the personality characteristics of human infants
(Aatsinki et al., 2019), and adult individuals’ negative emotions are
negative correlation with the alpha diversity of gut microbiome
significantly (Kelsey et al., 2021). Previous studies in humans and
laboratory animals have suggested that gut microbiome may be an
important factor in the formation of animal personality, but this factor
has not yet been fully revealed in a wider range of animal taxa.

Non-human primates (NHPs), a major group within the order of
mammalia, have always been valuable model systems for the study of
human behavior, physiology and health (Blaszczyk, 2020). Studies of
wild populations such as common marmosets (Callithrix jacchus),
white-faced capuchins (Cebus capucinus), and chimpanzees (Pan

Frontiers in Microbiology

10.3389/fmicb.2024.1381372

troglodytes) have demonstrated that NHPs exhibit a certain degree of
individual behavioral variability, making them ideal subjects for
exploring wild animal personality (Brandao et al., 2019; Rawlings
et al.,, 2020; Slipogor et al., 2021). Previous studies have verified that
individual differences are highly stable in adulthood in most rhesus
macaques (Suomi et al., 1996). In particular, research conducted on
Tibetan macaques (Macaca thibetana) has highlighted the diverse
behaviors, frequent inter-individual interactions, intricate social
relationships, and a subset of personality characteristics in this species
(Pritchard et al., 2014). Therefore, the wild Tibetan macaques have the
potential to offer critical insight into the interface between personality
and gut microbiome that are missing from previous studies.

The social group of Tibetan macaques inhabiting the Mt.
Huangshan in Anhui Province has been the subject of behavioral
studies since 1986, providing a good opportunity to assess the link
between the gut microbiome and personality in NHPs. In this study,
we used high-throughput sequencing and research methods in
primate behavioral ecology to investigate the relationship between gut
microbiome and personality in Tibetan macaques. Our primary
objectives were to (1) describe the composition of the fecal
microbiome and personality traits of individual group members; (2)
test whether personality traits is associated with the diversity,
composition, and predicted functional metagenomes of the Tibetan
macaque gut microbiome, taking into account age and sex, and (3)
present these results in the context of what is known about the
relationship between the gut microbiome of other mammals and
animal behavior, and discuss the gut’s potential role in personality
formation in Tibetan macaques.

2 Materials and methods

2.1 Samples collection and ethics
statement

This study was conducted in the Mt. Huangshan National Reserve
located in southern part of Anhui Province, China (30°29N,
118°10’E), which is a highly seasonal ecosystem with an annual mean
temperature of 15.3°C. The average elevation of the study area is 500 m
above sea level, with a maximum elevation of 1,310m. The study
group named Yulinkeng 1 (YA1) has been habituated and monitored
continuously since 1986. Due to the long history of the group being
used for behavioral research, all individuals can be identified by
specific physical characteristics. The ages of all individuals born in the
group in the last 36 years are known, and the ages of all immigrants
are estimated from information on individuals of known age in the
group. During the period of our study, the group consisted of 61
individuals, including 27 adults (12 males and 15 females) and 34
juveniles (22 males and 12 females). Only 24 identified adults were
included in this study, as the three newly migrated individuals often
moved around the edges of the group, making it difficult to collect
fecal samples from them. Information on all individuals involved in
this study is presented in Supplementary Table S1.

We obtained a total of 94 fresh fecal samples (x=mean+SD,
x=3.92+0.40) from the 24 identified adult individuals (with females
aged >5years and males aged >7 years), including 15 females and 9
males. Fecal samples were collected between February 2023 and May
2023 from all age/sex classes. All fecal samples were collected, stored,
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and transported in the RNAlater (QIA-GEN, Valencia, CA,
United States). The samples were frozen under —80°C at the field
research base. Our samples were transported at ambient temperature,
but were then stored at —80°C until DNA extraction began. This
research was approved by the Institutional Animal Care and Use
Committee of the Anhui

number BH20221203).

Zoological  Society  (permit

2.2 DNA extraction and sequencing

We extracted DNA from frozen fecal samples using the QIAamp®
Fast DNA Stool Mini Kit (Qiagen) and strictly followed the protocol
specified by the manufacturer. Primers 338F (5-ACTCCTACG
GGAGGCAGCAGG-3’) and 806R (5-GGACTACHVGGGTW
TCTAAT-3") were used to amplify the V3-V4 region of the 16S rRNA
gene (Mori et al., 2014). PCR reaction mixtures contained 5-100 ng of
DNA template, 1 x GoTaq Green master mix, 1 M MgCl,, and 5 pmol
of each primer. The PCR reaction conditions included 3min of
pre-denaturation at 95°C, followed by 35 cycles of 95°C for 40, 52°C
for 30, 72°C for 50s, and a final extension at 72°C for 7 min. The PCR
products underwent validation through agarose gel electrophoresis.
After the individual quantification step, amplicons were pooled in
equal amounts, and pair-end 2 x300bp sequencing was performed
using the Illumina Miseq platform (San Diego, CA, United States) at
Majorbio Bio-Pharm Technology Co., Ltd., Shanghai, China.

2.3 Personality assessment

To prevent any negative effects on the monkey colony, recording
staff should maintain an appropriate distance from the colony when
collecting behavioral data utilizing a digital voice recorder (model
News my V03) and a DV camera (FDR-APX55, Sony Corporation,
Tokyo, Japan). All the data were collected when the monkeys were
in the natural forest, without the influence of human activity. Focal
animal sampling was used to record randomly selected subjects for
15min. We will select another individual randomly if the focal
individual could not be followed or was lost from view during the
sampling period. During the next 15min sampling period, we will
effort to locate and record the behavior of the lost individual. The
data we collected did not include the chaotic events caused by
conflict events or sexual pursuits (Sueur and Petit, 2008).
Simultaneously, behavioral sampling was employed to gather
behavioral information for low-probability occurrences (Altmann,
1974), such as chase, bite, flee. We recorded 17 different behaviors
(Kohn et al,, 2016; Chen R. et al,, 2018), among which the
observation duration of sit alone, self-groom, groom, and proximity
were recorded, while the frequency of self-scratch, approach, bridge,
present, leave, redirection, stare, ground slap, chase, seize, bite, avoid,
and flee were recorded. Behavioral definitions are provided in
Supplementary Table S2. From February to April 2023, data
collection from 24 adult Tibetan macaques yielded 3,600 min of
observation and 384 low-probability incidents.

During the analysis, we categorized bite, grasp., stare, ground
slap, redirection and chase as aggressive behaviors, while avoid and
flee were categorized as submissive behaviors (Kohn et al., 2016).
Using the principal function from the psych package in R,
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we performed principal component analysis (PCA) and obtained
standardized factor loadings and component scores without
employing data rotation (Revelle, 2023). Principal Component
Analysis (PCA) was performed on a 24 x 11 matrix of behavioral
data, where each row corresponds to a unique individual and each
column represents the behavior of interest. The data was normalized
by dividing the duration or frequency of individual behaviors by the
total duration or frequency of all behaviors. Reliability analyses
were also performed using KMO and Bartlett’s test of sphericity,
implemented using SPSS 27.0.1. In order to enhance the
interpretability of our findings, we utilized both quantitative and
qualitative analytical strategies. The qualitative analysis involves
grouping the data into high and low quartiles based on scores to
explore and interpret the differences in behavioral or functional
aspects among these groups. In contrast, the quantitative analysis
focused on identifying and quantifying the correlational
relationships among the scores, aiming to elucidate the numerical
patterns and trends that may exist between the variables under
investigation (Park et al., 2021). It should be noted here that because
the gut microbiome usually variations in a gradient among social
individuals, it is difficult to fully reflect the relationship between
personality and gut microbiome by simple personality grouping, so
the personality evaluation method used in the present study is
different from the previous method used by our research team, but
it does not mean that there is a contradiction between the two
assessment results.

2.4 Bioinformatics and statistical analysis

Using the sliding window approach implemented in fastp v0.19.6,
we cropped the raw FASTQ sequencing data for adapter sequences
and quality control (Chen S. et al., 2018). Sequences containing N
bases were removed. We utilized FLASH (v1.2.7) to merge overlapping
paired-end reads, assembling sequences longer than 10bp based on
their overlapped sequence, with a maximum mismatch ratio of 0.2 in
the overlap region and discarding unassembleable reads (Magoc and
Salzberg, 2011). Furthermore, using DADA2 within Qiime 2 to
truncate forward and reverse reads, denoise the data, and identify and
eliminate chimeras, we clustered the quality-check of sequences into
Amplicon Sequence Variants (ASVs) (Callahan et al., 2016; Bolyen
et al, 2019). Classify-sklearn (Naive Bayes) was used to assign
taxonomy to Amplicon Sequence Variations using SILVA ribosomal
RNA database.! During the analysis, none of the families and genera
that were shown as “unclassified” or “norank” in the database were
shown in the results.

The Shannon diversity index, Chao 1 index, PD index
(phylogenetic diversity index), and weighted and unweighted UniFrac
distance matrices were calculated using Qiime 2 (Bolyen et al., 2019).
We performed all subsequent analyses on taxa whose mean relative
abundance was greater than 0.01% and found in at least 10% of the
samples (Kim et al., 2018). The Kolmogorov-Smirnov normality test
was utilized in our analysis to assess the normal distribution of relative
abundance of bacterial colonies, functional guilds, and alpha diversity

1 https://www.arb-silva.de/
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index. In addition, we took advantage of the Reconstruction of
Unobserved States (version 2; PICRUSt 2), predicting the KEGG
pathway by normalizing ASVs by 16S rRNA copy number to gain
insight into the function and trophic patterns of bacterial communities
(Langille et al., 2013).

To explore whether the composition of the gut microbiome and
alpha diversity differed between personality subgroups, we analyzed
using an unpaired student’s ¢-test in the case of a normal distribution
and the Mann-Whitney U test in the case of a non-normal distribution
in the qualitative analysis. Principal coordinates analysis (PCoA) was
performed with the R packages Made4 and Vegan (Culhane et al,,
2005).  Permutational —multivariate analysis of variance
(PERMANOVA) was employed to investigate the differences in beta
diversity among individuals with varying personality traits. For
identifying species and functional guilds with significant differences
between subgroups, the trans_diff function in the microeco package
in R was used to implement linear discriminant analysis effect size
(LEfSe) (Liu et al., 2021). In this analysis, method is specified as ‘lefse¢’
and the group variable is set for the groups to be compared, while no
method is set to correct for p-values. Finally, taxa and functional
guilds with LDA values greater than 2 and p-values less than 0.05 were
used for further analysis.

In the quantitative analysis, the correlation between standardized
factor scores derived from the principal component analysis and alpha
diversity using a general linear model, controlling for age and gender.
The analyses were carried out using the Imer function from the Ime4
package in R (Bates et al., 2015). To study the complex relationships
between personality traits and microbiome, we used Maaslin2
(Multivariable Association with Linear Models) package of R to
implement a generalized linear model (Mallick et al., 2021). MaAslin2
was used to detect the association between microbial composition and
each participant’s personality, taking into account the age and sex of
the participants, and all analyses used the default options.
We considered age and gender together with the standardized factor
scores as independent variables, while the alpha diversity index was
set as the dependent variable for analysis. To maintain a stringent
threshold for statistical significance, the Benjamini-Hochberg
correction (FDR) was applied to correct for p-values at g<0.1
(Johnson, 2020).

3 Results

3.1 General patterns of the fecal bacterial
profile

After quality filtering, a total of 4,464,436 high-quality readings
were obtained from the 94 samples, with an average of 47,494 +7,779
sequences per sample. Representatives from 19 known bacterial phyla
were found by taxonomic identification at 97% sequence identity,
which was dominated by Firmicutes (x=55.04+10.26%) and
Bacteroidetes (x=24.80%9.05%). Other phyla represented were
Spirochaetota (x=9.50+6.79%), Proteobacteria (x=4.64 +4.37%). The
dominant families were Oscillospiraceae (x=11.96+3.67%),
Prevotellaceae (x=11.31%+6.37%), Lachnospiraceae
(x=11.11%£4.71%). The predominant known genera detected in the
(x=8.81+6.78%),

fecal samples were Treponema Prevotella

(x=8.66 % 5.69%).
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3.2 Personality traits of all study subjects

We evaluated the behavioral dataset for all individuals using
principal component analysis (PCA). The results showed that the
three principal components (PCs) met the criteria of the loadings plot
test with eigenvalues greater than 1 and cumulatively explained
66.396% of the
(Supplementary Figure S1). In addition, because the absolute value of

variance in the correlation matrix
the loading coeflicients on the three principal components for all
behavioral variables except present exceeded 0.5, present was not
included in the subsequent analysis. The PCA component loadings of
different behaviors were presented in Table 1. After analyzing the
specific behavioral patterns associated with each component,
we identified personality traits that corresponded to the varying scores
of individuals on these components. Individuals with higher scores on
Component 1 had a reduced inclination to be alone and frequently
engaged in social behaviors, including approach, bridge, leave, and
groom. Consequently, they were classified as “Social” On the other
hand, individuals with higher scores in Component 2 tended to avoid
contact with other individuals and rarely exhibited aggressive
behavior, leading to the categorization of these individuals as “Shy”
Additionally, those with higher scores on Component 3 displayed a
higher frequency of self-grooming and self-scratching behaviors,
which are known to be positively correlated with anxiety levels (Zhang
2014).
Supplementary Table S3 provides the principal component scores for

et al, Therefore, this trait was named “Anxious”
adult individuals of the YA1 group, which will be used for subsequent
quantitative analysis.

Given the complex and variable nature of individual personality,
representing them with a single dimension may not fully capture the
actual situation. Consequently, individuals were divided into positive
and negative groups based on their scores on principal components
(positive group: above the lower quartile; negative group: below the
upper quartile). To better differentiate between groups, distinct names
are assigned to the positive and negative groups for each principal
component. For instance, individuals in the positive Sociality group

tend to engage in social interactions such as grooming, approaching,

TABLE 1 Principal component analysis component loadings in adult
Tibetan macaques.

Behavior Components and loadings
PC1 PC2 PC3
Sit alone —0.892%* —0.346 0.174
Grooming 0.585% 0.536 -0.375
Proximity 0.825% —0.263 —0.218
Bridging 0.713* —0.26 —-0.05
Approach 0.689* 0.044 0.169
Leave 0.678* 0.04 —0.071
Submission —-0.122 0.766* 0.198
Aggression 0.544 —0.601%* 0.1
Present 0.063 0.452 —0.475*
Self-grooming 0.191 0.33 0.773%
Self-scratching 0.593 0.086 0.631%

*The heaviest loadings for each item.
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and bridging, and are thus named “Sociality”” Conversely, individuals
in the negative group are more likely to avoid social interactions and
prefer solitude, and are named “Loneliness” By extension, the
remaining subgroups are named “Shyness” and “Boldness;” as well as
“Anxiety” and “Calmness”” This categorization will be employed for
subsequent qualitative analysis.

3.3 Gut microbial diversity and personality
traits

Considering age and sex, only the Shy Dimension exhibits a
correlation with alpha diversity indices (Shannon: p =0.008; Chao 1:
p=0.001; PD: p =0.001, General linear model, Figure 1A-C), while other
personality dimensions do not show significant correlations with alpha
diversity (Supplementary Table S4). Our qualitative analysis further
supports these findings. We consistently observed that the alpha diversity
indices of the Shyness are significantly higher than those of the Boldness
(Shannon: p =0.016; Chao 1: p =0.004, Mann-Whitney U test; PD:
p =0.001, unpaired students t-test, Figure 1D-F). No significant
differences were found among the groups of other personality types
(Supplementary Figure S2). In addition, gender had no significant effect
on the relationship between personality and alpha diversity.

We conducted PCoA and PERMANOVA tests on weighted and
unweighted UniFrac distances to investigate the prediction of beta
diversity by different personality dimensions. The PERMANOVA tests
revealed significant separation between sociality and loneliness based
on unweighted UniFrac distances (R*=0.034, p=0.035, Figure 2A),
whereas no significant separation was detected when employing the
weighted distances (R*=0.028, p=0.476, Figure 2B). In addition, a
significant divergence was observed between shyness and boldness
(unweighted UniFrac, R*=0.024, p=0.012; weighted UniFrac,
R*=0.054, p=0.008, Figures 2C,D). However, no significant

10.3389/fmicb.2024.1381372

divergence was detected between anxiety and calmness

(Supplementary Figure S3).

3.4 Correlations of gut microbial
composition and personality scores

We performed MaAsLin2 analyses to identify specific microbial
taxa significantly associated with personality traits, taking into
account age and gender. We performed domain-specific analyses for
each personality trait and there were 12 candidate taxa significantly
associated with personality traits (false discovery rate of g<0.1,
Figure 3A-F and Supplementary Table S6). Among them, nine taxa
exhibited a significant positive correlation with factor scores for
Social, including Veillonellaceae (r=0.701, p<0.001, q=0.010),
Akkermansiaceae (r=0.701, p=0.004, g=0.069), Succinivibrionaceae
(r=0.611, p=0.006, g=0.089), Desulfovibrionaceae (r=0.666,
p<0.001, g=0.031), Dialister (r=0.640, p<0.001 g=0.022),
Prevotellaceae_UCG.003 (r=0.483, p=0.005, g=0.079), Akkermansia
(r=0.701, p=0.004, g=0.069), Asteroleplasma (r=0.496, p=0.004,
q=0.073), Succinivibrio (r=0.611, p=0.006, g=0.090). Two taxa were
significantly negatively correlated with the scores for Social
Dimension, including Enterobacteriaceae (r=-0.811, p=0.004,
q=0.069) and Escherichia-Shigella (r=—0.798, p=0.004, ¢=0.072).
Furthermore, Oscillospiraceae (r=0.222, p=0.001, ¢=0.073)
exhibited a positive correlation with factor scores for Shy Dimension.

3.5 Variation of microbial composition
among different personality groups

In order to gain a deeper understanding of the results obtained
from the Maaslin2 analysis, a pairwise difference comparison

***p-value <0.001.
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FIGURE 1

Variation of alpha diversity in the dimensions of shyness. Chao 1 index, Shannon index, and PD index were used for alpha diversity. (A—C) represent
qualitative traits; (D—F) represent quantitative traits. The sample size and detailed results are shown in Supplementary Tables S4, S5. Shaded areas
represent 95% confidence intervals. *p-value < 0.05, **p-value < 0.01,
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(negative group vs. positive group of a specific category of personality)
was performed on the microbial taxa obtained by MaAsLin2 analysis.
The results revealed distinctions among the 10 identified taxonomic
groups in their respective cohorts, aligning with the conclusions
drawn from MaAsLin2 analysis (Figure 4 and Supplementary Table S7).
Seven taxonomic groups, including Veillonellaceae (p=0.001),
Dialister (p=0.003), Desulfovibrionaceae (p=0.004),
Succinivibrionaceae (p=0.027), Prevotellaceae_UCG.003 (p=0.036),
Asteroleplasma (p=0.006), and Succinivibrio (p=0.025), were
significantly more abundant in the sociality group compared to the
loneliness group. In contrast, the loneliness group had a higher
abundance of two taxonomic groups, Enterobacteriaceae (p=0.017)
and Escherichia-Shigella (p=0.014). Additionally, Oscillospiraceae
(p=0.040) was significantly more abundant in the shyness group than
in the boldness group. However, it is noteworthy that although the
mean relative abundance of Akkermansiaceae and Akkermansia tends
to be higher in the sociality group compared to the loneliness group,
this difference is not statistically significant (p>0.05).

In addition, LEfSe analysis was employed to pinpoint significant
variations in biomarkers at the family and genus levels across different
groups (LDA>2, p<0.05, Figure 5). In the sociality group, three
Desulfovibrionaceae, and

families including Veillonellaceae,
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Succinivibrionaceae, and nine genera including Desulfovibrio,
Olsenella, Anaerorhabdus_furcosa_group, Prevotellaceae_UCG-003,
Dorea, Dialister, Asteroleplasma, Blautia, and Succinivibrio were
prominently enriched. Conversely, Enterobacteriaceae and
Escherichia-Shigella were found to be enriched in the loneliness group.
The shyness group had an enrichment of five taxonomic groups,
including two families (Oscillospiraceae and Oligosphaeraceae) and
three genera (Anaerostipes, Ruminococcus and Z20). In the boldness
group, one family (Streptococcaceae) and two genera (Catenibacterium
and GWE2-31-10) were enriched. The anxiety group was characterized
by the enrichment of two families, (Spirochaetaceae and
Akkermansiaceae), as well as four genera (Treponema, Bacteroides_
pectinophilus_group, Prevotellaceae_NK3B31_group,

Akkermansia). Two taxa (Helicobacteraceae, Helicobacter) were

and

enriched in the calmness group.

3.6 Predicted functional metagenome in
personality groups

Furthermore, LEfSe analyses showed that several predicted
metabolic functions (KEGG pathway level 3) were enriched in one of
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the two groups for specific personality categories (LDA >2, p <0.05).
The predicted functional genes of Phosphotransferase system were
overrepresented in the Sociality individuals compared to the
Loneliness subtype (Figure 6A). Additionally, five (Oxidative
phosphorylation, Folate biosynthesis, Galactose metabolism, Fructose
and mannose metabolism, and Other glycan degradation) and eight
(Biosynthesis of amino acids, Two-component system, Porphyrin and
chlorophyll metabolism, Propanoate metabolism, Pyruvate
metabolism, Cysteine and methionine metabolism, Thiamine
metabolism, and Sulfur relay system) KEGG pathways were enriched
in Boldness and Shyness groups, respectively, (Figure 6B).

Concurrently, four KEGG pathways (Biosynthesis of secondary
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metabolites, Carbon fixation pathways in prokaryotes, Citrate cycle,
and Photosynthesis) were overrepresented in the group of Calmness
individuals. Only the metabolic pathway of Bacterial chemotaxis was
detected to be enriched in Anxiety group (Figure 6C).

4 Discussion

In the current study, we found differences in alpha and beta diversity
as well as the specific bacterial taxa and predicted functional metagenome
of the gut microbiome of different personality traits in Tibetan macaques.
Previous studies in human and laboratory animals have shown that
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personality can predict the diversity of gut microbiome. For example,
individuals in early childhood with high alpha diversity tend to have
higher extraversion (Christian et al., 2015; Jiang et al., 2015), and low
alpha diversity is strongly associated with increased expression of negative
emotions in human infants (Kelsey et al., 2021). However, a recent study
did not find significant differences in the alpha and beta diversity of the
gut microbiome between bold and shy Mongolian gerbils (Meriones
unguiculatus) (Gan et al., 2022). Our findings showed that alpha diversity
is lower in boldness individuals than in shyness individuals on the Shy
Dimension. Individuals with boldness personality typically show higher
levels of aggression in Tibetan macaques. Previous study in this species
has shown that adult males with higher aggressive behavior also have
higher cortisol levels than those of low-ranked males (Wu et al., 2021),
implying that individuals with higher levels of aggressive behavior may
face higher stress levels. Furthermore, increased social stress has also been
shown to lead to a decrease in the diversity of gut microbiome (Bailey
etal, 2011; Partrick et al,, 2018). This may offer a possible explanation for
boldness individuals had lower gut microbial diversity than
shyness individuals.

In addition, recent studies have shown that the enrichment of some
specific microbial taxa in the gut can influence the behavior and
personality of animals. For example, there is a significant positive
correlation between the relative abundance of Akkermansia and human
sociability (Johnson, 2020). In autistic spectrum disorder (ASD) patients,
the relative abundance of Akkermansia and Dialister was significantly
lower in depressed patients compared to non-depressed patients (Valles-
Colomer etal,, 2019; Yang et al., 2020). Consistent with previous studies,
we also found that individuals with higher sociability scores in Tibetan
macaques had higher relative abundance of Akkermansia and Dialister
in their gut. Both genera are involved in carbohydrate metabolism and
produce short-chain fatty acids (SCFAs) such as acetate, propionate and
butyrate (Jiang et al., 2015; Morris et al., 2017). In addition, butyrate and
other by-products of microbial fermentation have been reported as
chemical messengers that promote social interaction (Stilling et al.,
2016). Moreover, Akkermansia has been shown to increase levels of
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serotonin (5-HT), which is thought to improve socialization in humans
(Walsh et al., 2018; Guo et al., 2023). On the other hand, Asteroleplasma
is positively correlated with communicative abilities, which may
be related to its promotion of a-ketoglutarate production (Gu et al.,
2021). Since a-ketoglutarate serves as a precursor to glutamate, a
neurotransmitter known to facilitate social play in adolescents,
Asteroleplasma may enhance social interaction by increasing the
availability of glutamate (Moussawi et al.,, 2011; Jo et al., 2012; Bredewold
etal, 2015). Thus, our study suggests that the increase of Akkermansia,
Dialister and Asteroleplasma in the gut microbiome of Tibetan macaques
may contribute to the personality traits of sociality.

Although Ruminococcus was not identified in the regression
analysis for Shy Dimension, it was significantly enriched in individuals
of shyness group. In addition, it was shown that the relative abundance
of Ruminococcus was high in the gut flora of Tibetan macaques,
prompting us to consider that it may have an important link to host
behavior. Research on the personality of infants aged between 1 and
12 months has found that Ruminococcus is positively associated with
negative emotions, including sadness and fear, at 12 months of age
(Fox et al., 2021). In addition, Ruminococcus has also been found to
be associated with depression and negative emotions in research on
brain health and disease (Coretti et al., 2019; Ahmed et al., 2020; Wang
et al,, 2020). In Tibetan macaques, individuals of the shyness group
tend to avoid others and experience more attacks from within the
group, with a greater probability of negative emotions. This may
explain the significant abundance of Ruminococcus in individuals of
the shyness group. In contrast, Oscillospiraceae, another group of
bacteria, has been demonstrated to be enriched in depression using
various depression models (Liu et al., 2022). However, no significant
association has been reported between this family and traits of shyness
or boldness, and its potential role on personality needs to be further
explored and researched.

Furthermore, we found that predicted functional genes for several
metabolic pathways of gut microbiome, related to animal behavior
and personality, were enriched across personality types. The boldness
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group showed a significant enrichment of metabolic pathways for
fructose, mannose, and galactose, leading to elevated blood glucose
levels (Kovacic and Somanathan, 2013; Patel et al., 2015). Studies have
shown that hyperglycemic state is closely associated with insulin
resistance (Brown and Goldstein, 2008; Huri et al., 2014). Insulin
resistance is positively correlated with elevated cortisol levels (Lehrke
etal., 2008; Nguyen et al., 2023), which have been shown to facilitate
an increase in aggressive behaviors (Alink et al., 2008; Azurmendi
etal,, 2016). This could be a significant contributing factor to the more
frequent aggressive behavior observed in the boldness group of
Tibetan macaques. Additionally, our result revealed a significant
enrichment of propionate and pyruvate metabolic pathways within the
boldness group. It is noteworthy that propionate can be converted into
pyruvate through a series of complex biochemical reactions (Wheeler
et al, 2008), suggesting a shared functional significance in the
enrichment of both pathways. Recent research indicates that
experimental rats treated with pyruvate exhibit a significant reduction
in aggression, indicating that pyruvate can mitigate host aggressive
behavior (Frank et al., 2023), which contributes to the understanding
of the lower aggression observed in the shy group. Furthermore, the
shyness group was found to exhibit enrichment in porphyrin and
chlorophyll metabolic pathways, aligning with prior research
outcomes in Mongolian gerbils (Gan et al., 2022).

Although there is evidence that phenylalanine and tyrosine are
precursors of a variety of secondary metabolites that inhibit
5-hydroxytryptophan production, which may contribute to anxiety
(Millan, 2003; Ruhe et al., 2007; Goni-Allo et al., 2008; Albert et al.,
2014), whether the enrichment of secondary metabolite biosynthetic
pathways contributes to the development of an anxious personality in
Tibetan macaques remains to be investigated. In the field of human
health research, the presence of gut bacteria such as Parabacteroides,
Bifidobacterium, and Faecalibacterium has been firmly associated with
anxiety (Taylor et al., 2020; Simpson et al., 2021). However, due to the
limited feasibility of assessing specific anxiety behavior types,
compounded by the challenging nature of collecting behavioral data
in wild animals, our study failed to identify microbial taxa associated
with anxious. Therefore, specialized research with a focus on anxiety
is imperative. Moreover, accurately determining factors such as
weight, dietary preferences, and consumption rates in wildlife presents
significant difficulties in our study, which constitutes a limitation that
needs to be addressed.

5 Conclusion

In this study, we attempted to explore the relationship between
personality traits and gut flora in a wild primate social group. Our
findings demonstrate that the personality traits are associated with the
differences in alpha and beta diversity of the gut microbiome in
Tibetan macaques, as well as the taxonomic composition and
prediction of functional genes. Our study suggests that the gut
microbiome may play an important role in the formation of
personality of Tibetan macaques. However, it will be necessary to
demonstrate the specific function of gut flora in the formation of
personality traits in non-human primates and the pathways through
which they are influenced, in conjunction with fecal bacterial
transplantation (FMT) techniques. Although the effects of gender and
age were taken into account in this study, other important factors such
as food and environment were not addressed. Moreover, limited by
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existing knowledge, the enrichment of some specific bacterial taxa and
predicted functional metagenomes of the gut microbiome in different
personality traits of Tibetan macaques is not yet well explained. More
research is still needed regarding the relationship between gut
microbiome and personality of Tibetan macaques.
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