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Abstract 

Background Age-associated changes to the intestinal microbiome may be linked to inflammageing and the devel-
opment of age-related chronic diseases. Cynomolgus macaques, a common animal model in biomedical research, 
have strong genetic physiological similarities to humans and may serve as beneficial models for the effect of age 
on the human microbiome. However, age-associated changes to their intestinal microbiome have previously 
only been investigated in faecal samples. Here, we have characterised and investigated the effects of age in the cyn-
omolgus macaque intestinal tract in luminal samples from both the small and large intestine.

Results Whole metagenomic shotgun sequencing was used to analyse the microbial communities in intesti-
nal content obtained from six different intestinal regions, covering the duodenum to distal colon, of 24 healthy, 
captive-bred cynomolgus macaques, ranging in age from 4 to 20 years. Both reference-based and assembly-based 
computational profiling approaches were used to analyse changes to intestinal microbiota composition and meta-
bolic potential associated with intestinal biogeography and age. Reference-based computational profiling revealed 
a significant and progressive increase in both species richness and evenness along the intestinal tract. The microbial 
community composition also significantly differed between the small intestine, caecum, and colon. Notably, no sig-
nificant changes in the taxonomic abundance of individual taxa with age were found except when sex was included 
as a covariate. Additionally, using an assembly-based computational profiling approach, 156 putative novel bacterial 
and archaeal species were identified.

Conclusions We observed limited effects of age on the composition of the luminal microbiota in the profiled regions 
of the intestinal tract except when sex was included as a covariate. The enteric microbial communities of the small 
and the large intestine were, however, distinct, highlighting the limitations of frequently used faecal microbial profil-
ing as a proxy for the intestinal microbiota. The identification of a number of putative novel microbial taxa contributes 
to knowledge of the full diversity of the cynomolgus macaque intestinal microbiome.
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Background
The intestinal microbiota contains a diverse community 
of bacteria, fungi, archaea, and viruses [1]. These micro-
organisms ordinarily maintain a symbiotic relationship 
with the host organism, with numerous microbiota-
derived metabolites having a beneficial effect on main-
taining immune homeostasis, either through regulation 
of intestinal barrier integrity or immunomodulatory 
effects [2–15]. However, several factors can influence 
the composition of the intestinal microbiota, includ-
ing medications, diet, behaviour, and age [16–20]. An 
altered intestinal microbiota composition, referred to as 
intestinal dysbiosis, may impair immune responses and is 
linked to the pathogenesis of several human chronic dis-
eases [19, 21–25].

Previous studies in humans have demonstrated that the 
taxonomic composition of the intestinal microbiota is 
influenced by advancing age, linking this to the hypoth-
esis that age-associated intestinal dysbiosis may underlie 
the development of age-associated inflammation (inflam-
mageing) and chronic diseases [19, 26, 27]. To study 
the impact of intestinal dysbiosis on the ageing process, 
however, suitable animal models need to be identified in 
which intestinal dysbiosis naturally develops with age, 
similarly to humans. Non-human primate (NHP) species 
such as cynomolgus macaques (Macaca fascicularis), an 
Old-World NHP species commonly used in biomedical 
research, are genetically, physiologically, and behaviour-
ally more like humans than rodent models. In captivity, 
their outbred nature and less tightly controlled environ-
mental conditions also allow for validation of findings 
made using genetically inbred rodent models [28, 29].

The intestinal microbiota of cynomolgus macaques 
has previously been reported to alter with age, poten-
tially making them an appropriate model for studying 
age-associated intestinal dysbiosis in humans [30, 31]. 
However, all previous studies of the effect of age on the 
intestinal microbiome in captive cynomolgus macaques 
have utilised 16S ribosomal RNA (rRNA) analysis of the 
excreted or rectally sampled faecal microbiota as a sur-
rogate of intestinal microbial communities [30–32]. The 
limited taxonomic resolution of marker-based sequenc-
ing approaches, in addition to the poor representation 
of intestinal microbiota composition by faecal samples, 
restricts the understanding of how age affects the intes-
tinal microbiota in these important animal models 
[33–35].

Reliance on faecal samples to profile the intestinal 
microbiome has resulted in limited understanding of 
intestinal biogeography. Investigation of intestinal bio-
geography in cynomolgus macaques has not previously 
been attempted, although one study exists in captive 
rhesus macaques [36]. The study examined microbial 

community composition in different spatial regions in 
the small and the large intestine, as well as differences in 
taxonomy and function between the mucosal and luminal 
microbial communities, significantly advancing knowl-
edge of the intestinal microbiome in rhesus macaques. 
However, luminal samples were only obtained from the 
ileum onwards, providing limited insights into the small 
intestinal microbiota.

Previous studies that have applied shotgun-based 
metagenomics to NHP microbiomes used a reference-
based computational profiling approach [37–40]. These 
studies were limited in their ability to characterise a 
significant proportion of these datasets due to the scar-
city of NHP microbiome-specific microbial genomes 
within the associated reference databases [41]. A later, 
assembly-based, analysis expanded the catalogue of 
microbial genomes associated with NHP microbiomes 
and integrated them into the database of a commonly 
used reference-based computational profiling tool [41, 
42]. This offers the potential for improved characterisa-
tion of the cynomolgus macaque intestinal microbiome 
using reference-based computational profiling meth-
ods. Despite this, the use of assembly-based approaches 
alongside reference-based approaches remains beneficial, 
especially for rarely characterised microbial communi-
ties, as it allows for identification of microbial genomes 
not included within reference databases, as well as novel 
microbial genomes.

To better understand the intestinal microbiota in cyn-
omolgus macaques, we undertook a survey of the intes-
tinal prokaryome, from duodenum to distal colon, in 
captive-bred animals aged 4–20  years using shotgun 
sequencing methods. In addition, by combining refer-
ence- and assembly-based approaches, we examined 
bacterial and archaeal diversity, the impact of age on 
microbial composition, and the metabolic potential of the 
microbiome. Our goal was to gain a more detailed insight 
into the taxonomic diversity and metabolic potential of 
the intestinal microbiome in captive-bred cynomolgus 
macaques and identify how age effects these microbial 
communities.

Materials and methods
Non‑human primates
All animal procedures were approved by the UK Health 
Security Agency (UKHSA) Porton Down Establish-
ment Animal Welfare and Ethical Review Body (Project 
License: PD28B8ED5) and authorised under a UK Home 
Office license to breed, supply, and use macaques for 
scientific research (Establishment license: XBF9440B0). 
All animals were housed and captive-bred at a UKHSA 
facility and derived from Mauritian or South-East Asian 
origin. No new animals have been introduced to these 
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colonies since 2004. The breeding colonies were, and 
continue to be, maintained to the highest standard in 
terms of animal welfare, health status, genetic profile, 
and behavioural compatibility, compliant with the UK 
Home Office Code of Practice for the Housing, and Care 
of Animals Bred, Supplied or Used for Scientific Pur-
poses, 2014. Animals were housed in compatible social 
groups, either in harem breeding groups, or single sex, 
aged-matched holding groups. Their accommodation 
consisted of climate controlled, multiple room, solid floor 
caging systems, with a floor of deep litter in the largest 
rooms to allow foraging and access to a non-climate con-
trolled external ‘extension’ pen which is open to the ele-
ments. From January 2021, the climate control conditions 
were as follows: temperature 23 °C ± 2 °C; relative humid-
ity 55% ± 10%; 10 air changes per hour, 12:12 light–dark 
cycle. Prior to January 2021 the temperature was main-
tained at approximately 21°C with 10 air changes per 
hour and ambient humidity. Additional complex enrich-
ment was provided to fulfil the behavioural needs of the 
animals. Water and complete primate diet (2050/2050A, 
Teklad Global Diets®, Teklad™, Indianapolis, Indiana, 
USA) was provided ad  libitum, and supplemented daily 
with fruits, vegetables, and pulses. None of the animals 
included in the present study were used previously for 
experimental procedures. All animals used in this study 
were required to be euthanised as part of colony manage-
ment requirements.

Analysed datasets
Animals included within this study were culled for rea-
sons separate to the study objectives, such as ex-breeder 
status designation or diagnosis of non-infectious disease 
or illness. 111 luminal samples from six regions of the 
intestinal tract obtained from 24 cynomolgus macaques 
(19 females, 5 males), ranging in age from 4–20 years, 
were collected on an ad hoc basis upon autopsy. Only 
healthy animals or animals which had been culled within 
a short time-period of being diagnosed with diabetes, 
for which no treatment was administered, were included 
within this study. It was not possible to collect samples 
from all six regions from all animals, resulting in variable 
sample numbers per region studied. All samples were 
processed and sequenced as described in the following 
sections. Following read trimming and filtering, only 
samples with > 1 million reads were retained for further 
analysis (a threshold previously determined to be suf-
ficient for achieving < 1% dissimilarity to the full taxo-
nomic composition of metagenomic samples [43]). The 
resulting dataset contained samples from 24 cynomolgus 
macaques, ranging in age from 4–20 years (19 females, 5 
males) (Table  1). Where necessary for analysis, animals 
were categorised into three age groups, young (≤ 7 years; 

n = 4), adult (8–12 years; n = 4), and aged (≥ 13 years; 
n = 16).

Sample collection
Luminal content samples from six regions of the intesti-
nal tract (duodenum, jejunum, ileum, caecum, proximal 
colon, distal colon) were collected upon autopsy and snap 
frozen on dry ice. All samples were stored at −70ºC prior 
to processing.

DNA extraction
Total microbial DNA was extracted from approximately 
200 mg luminal content using the FastDNA™ Spin Kit 
for Soil DNA Extraction (MP Biomedicals, Santa Ana, 
California, USA), following manufacturer’s instructions. 
DNA was quantified and quality checked using a Qubit 
3.0 fluorometer and associated Qubit dsDNA Broad 
Range Assay Kit (Invitrogen, Waltham, Massachusetts, 
USA). For each batch, a bead-beating tube containing 
PBS only underwent the same protocol, serving as an 
extraction control. DNA samples were stored at −20 ºC 
prior to library preparation.

Library preparation and sequencing
DNA sample concentration was normalised to 5  ng/uL 
prior to library preparation. A tagmentation mix con-
taining 0.5 µL Tagmentation Buffer 1 (TB1), 0.5 μL bead-
linked transposomes (BLT) and 4.0 μL PCR-grade water 
was prepared and 5 µL per sample added to the well of 
a chilled 96-well microtitre plate. 2 µL normalised DNA 
(10  ng) was pipette mixed with the tagementation mix 
(5 μL) and heated to 55 ºC for 15 min in a PCR block. A 
PCR master mix was made up with 10 μL KAPA2G Fast 
Hot Start Ready Mix (Merck, Rahway, New Jersey, USA) 
and 2 μL PCR-grade water per sample. 12 μL of the mas-
ter mix was combined with 1 μL of 10 μM 8 bp Unique 
Dual Indexes (Illumina, San Diego, California, USA) and 
7 μL of tagmentation mix and PCR-amplified with the 

Table 1 Overview of total number of samples included in the 
present study

PC proximal colon, DC distal colon

Number of Samples

Region Young Adult Aged Total

Duodenum 1 1 2 4

Jejunum 1 1 6 8

Ileum 2 2 7 11

Caecum 3 3 14 20

PC 2 2 13 17

DC 3 0 14 17
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following cycling parameters: 72 ⁰C for 3 min, 95 ⁰C for 
1 min, 14 cycles of 95 ⁰C for 10 s, 55 ⁰C for 20 s and 72 
⁰C for 3 min. Libraries were quantified using the Quan-
tifluor® dsDNA system and a GloMax® Discover Micro-
plate Reader (Promega, Madison, Wisconsin, USA). 
Libraries were pooled following quantification in equal 
quantities. The final pool was double-SPRI size selected 
between 0.5 and 0.7X bead volumes using sample puri-
fication beads (Illumina® DNA Prep). The final pool was 
quantified on a Qubit 3.0 instrument and run using the 
D5000 ScreenTape Assay (Agilent, Santa Clara, Califor-
nia, USA) on the Agilent Tapestation 4200 to calculate 
the final library pool molarity. Extraction controls were 
included within the library preparation procedure but 
failed due to low input of genomic material, suggesting 
no or minimal DNA contamination. Pools were sent to 
Source BioScience (Nottingham, UK) and run using the 
NovaSeq 6000 or NovaSeq X system.

Taxonomic and functional characterisation
Raw sequence reads were trimmed to a minimum quality 
score of phred 30 and adapter sequences were removed 
using Fastp (v0.23.1) [44]. Host reads were determined 
and removed by mapping reads to the cynomolgus 
macaque genome (Macaca fascicularis T2T-MFA8v1.0) 
using BBmap from BBtools (v36.79) (sourceforge.net/
projects/bbmap). Calculation of raw sequence reads fol-
lowing host read removal was carried out using SeqFu 
(v1.17) [45]. Per-sample read numbers are shown in 
Additional File 1.

Taxonomic profiling was performed on filtered reads 
using MetaPhlAn (v4.1) with the database mpa_vJun23_
CHOCOPhlAnSGB_202307 [42, 46]. The size of the 
unknown fraction was estimated using the parameter: 
−− unclassified_estimation . Assignment of reads to 
MetaCyc pathways was performed using HUMAnN3 
(v3.9) with DIAMOND (v2.1.9) and MetaPhlAn (v4.1), 
and using the mpa_vJun23_CHOCOPhlAnSGB_202307 
and uniref90 (v201901b) databases [42, 46, 47]. Taxo-
nomic and functional read abundances were normalised 
using copies per million (CoPM).

Genome reconstruction and clustering
Metagenome assembled genomes (MAGs) were recon-
structed from trimmed and decontaminated reads using 
MetaWRAP (v1.2.1) [48]. Single sample assembly was 
carried out using MEGAHIT (v1.2.9) [49]. Summary 
statistics of the assembly were generated using QUAST 
[50]. Contigs longer than 1000 nucleotides were filtered 
using seqtk (v1.4.0) [51] and binned using MetaBAT2 
(v2.15) [52], Maxbin2 (v2.2.6) [53], and Concoct (v1.1.0) 
[54] and consolidated using MetaWRAP’s bin_refine-
ment module, with completion and contamination 
parameters set as 50% completion and 10% contamina-
tion. Bins were dereplicated using dRep (v3.4.3) [55], 
yielding 470 medium quality MAGs (completion > 50% 
and contamination < 10%) and 258 high quality MAGs 
(completion > 90% and contamination < 5%), as assessed 
by CheckM [56]. MAGs were clustered at 5% genetic dis-
tance using dRep, resulting in 728 species-level genome 
bins (SGBs). Taxonomy was assigned using the Genome 
Taxonomy Database Tool Kit (GTDB-Tk) (v2.4.0) and 
GTDB release 220 [57–60]. 156 SGBs were undefined 
at species level, representing putative novel taxa. Abun-
dance of each putative novel SGB was quantified using 
MetaWRAPs quant_bin module. Abundance was nor-
malised to copies per million (CPM). Data visualisation 
was carried out in R (v4.3.2) using RStudio (v2024.04.2) 
[61, 62]. The scripts used for data visualisation and anal-
ysis are available from the Github repository https:// 
github. com/ Cat- Elin/ 1224_ CMBio geogr aphyM anusc ript 
(December 2024).

Alpha and beta diversity analyses
Species relative abundances obtained from MetaPhlAn 
(v4.1) were imported into R and manipulated using the 
phyloseq package (v1.48.0) [63]. Alpha diversity metrics 
(Chao1, Inverse Simpson’s index, and Shannon diver-
sity) were calculated using the alpha function from the 
microbiome package (v1.24.0) [64]. To facilitate statistical 
comparisons of alpha diversity values between intestinal 
regions a linear mixed effects model was created using 
the nlme package (v3.1.163) [65]. The model specification 
was as follows:

lme
(

diversity ∼ type + age, random =∼ 1|ID, data = data,method = REML
)

.

https://github.com/Cat-Elin/1224_CMBiogeographyManuscript
https://github.com/Cat-Elin/1224_CMBiogeographyManuscript
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“ID” refers to each animal’s unique identification code, 
“diversity” refers to the relevant alpha diversity metric, 
and “data” refers to the relevant dataset. ID was included 
as a random effect (~ 1|ID) to account for intra-subject 
correlations in diversity measurements obtained from 
intestinal regions within the same animal. The intestinal 
region (“type”) was included as a fixed effect to assess the 
relationship between intestinal region and alpha diversity. 
“Age” was also included as a fixed effect as it is a potential 
confounding factor. The model is fit by maximising the 
restricted log-likelihood (“REML”). The Benjamini-Hoch-
berg (BH) procedure was applied to the raw p-values to 
control for multiple comparisons and adjust for the false 
discovery rate (FDR).

To facilitate comparisons of alpha diversity values with 
age per intestinal region, linear models with the following 
model specification were created using the stats (v4.3.2) 
package [61]:

where “diversity” refers to the relevant alpha diversity 
metric, “age” refers to continuous age, and “data” refers to 
the relevant dataset.

To assess beta diversity, a non-metric multidimensional 
scaling (NMDS) ordination based on Bray–Curtis dis-
similarities was performed using the phyloseq package. 
Statistical differences between age groups and intestinal 
regions were assessed by performing a permutational 
multivariate analysis of variance (PERMANOVA) with 

lm(diversity ∼ age, data = data)

999 permutations using the function Adonis2 from the 
R package Vegan (v2.6.6.1) [66]. Permutations were con-
strained within samples obtained from the same ani-
mal to account for intra-subject correlations in diversity 
measurements.

All statistical analysis testing associations of alpha and 
beta diversity with intestinal region and age were also run 
with sex included as a covariate. The results of this analy-
sis are in Additional Files 11 – 13.

Analysis of associations between taxonomic and functional 
features and age
To assess significant associations between the relative 
abundance of both characterised and putative novel 
prokaryotic taxa and MetaCyc pathways with increas-
ing age, the abundance of taxa and functional pathways 
per intestinal region were analysed using MaAsLin2 
[67]. Continuous age was set as a fixed effect. An FDR of 
10% was used. Each analysis was performed twice, once 
without and once with sex included as a fixed effect. 
For each analysis, the following parameters were used: 
min_prevalence = 0.4,max_significance = 0.1, normalisation =

"NONE", transform = "none", analysis_method = "LM", correction = "BH ".

Results
To investigate the effect of age and biogeography on 
the intestinal microbiome in captive-bred cynomolgus 
macaques, 77 luminal content samples from 6 regions 
(duodenum to distal colon) of the intestinal tract from 24 

Fig. 1 Kingdom-level intestinal microbiota composition across different spatial regions in captive cynomolgus macaques. Age groups are defined 
as 4–7 years (Young), 8–12 years (Adult) and 13–20 years (Aged). Within each facet, individual bars represent samples from different animals, 
arranged in order of ascending age from left to right. D Duodenum, J Jejunum
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Fig. 2 Diversity of intestinal microbiota composition across regions in captive cynomolgus macaques of differing ages. Alpha diversity is assessed 
using three metrics: A Chao1 index B Inverse Simpson’s index C Shannon’s index. D Tables summarizing statistically significant differences in alpha 
diversity between intestinal regions (* = p < 0.05). E NMDS plot based on Bray–Curtis dissimilarity, showing the clustering of samples by intestinal 
region and age group. Age groups are defined as 4–7 years (Young), 8–12 years (Adult) and 13–20 years (Aged). D Duodenum, J Jejunum, I Ileum, C 
Caecum, PC Proximal Colon, DC Distal Colon
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cynomolgus macaques of differing ages (4–20 years) were 
sequenced. An overview of the samples and the associ-
ated metadata is in Additional File 3.

To investigate the taxonomic composition of the micro-
biota in different spatial regions of the intestinal tract, we 
initially employed a reference-based approach. On aver-
age, approximately 55.36% (± 19.70) of the estimated total 
number of microbial genomes could be characterised 
using this approach (Fig.  1). Archaea were identified in 
39 samples, with an average relative abundance of 0.25% 
(± 0.46). The highest percentage of archaeal taxa in any 
sample was 1.96%.

Alpha diversity metrics were used to compare species 
richness and evenness across intestinal spatial regions 
(Fig.  2A-D). Age did not demonstrate a significant 
association with diversity when controlling for region. 
When comparing intestinal regions, Chao1 and Inverse 
Simpson’s index were observed to progressively and sig-
nificantly increase in the caecum, the proximal colon, 
and the distal colon compared to the duodenum, jeju-
num, and ileum (p < 0.05) (Additional File 4). Shannon 
diversity progressively and significantly increased in the 
ileum, caecum, proximal colon, and distal colon com-
pared to the duodenum and jejunum (p < 0.05) (Addi-
tional File 4). The same significant associations were 
observed when statistical models were adjusted for sex 
in addition to region and age (Additional File 11).

Using data obtained from the reference-based profiling 
approach, beta diversity at the species level was assessed 
using a NMDS plot based on Bray–Curtis community 
dissimilarities (Fig.  2E). A PERMANOVA was con-
ducted to assess the impact of age and intestinal region 
on community composition, with the analysis revealing 
that approximately 36.56% of the total variance could be 
explained by these factors. Pairwise statistical compari-
sons revealed no differences in community composition 
between age groups but did reveal distinct clustering 
patterns across different intestinal regions (Additional 
File 5). The microbial communities of the duodenum, 
jejunum, and ileum exhibited similarities and formed a 
distinct cluster, as did the proximal and distal colon. The 
microbial composition of the caecum appeared distinct 
from all other regions. The same clustering patterns were 
observed if the PERMANOVA was adjusted for sex in 
addition to intestinal region and age, with sex estimated 
to account for only 1.22% of the total variance, although 
this was not significant (Additional File 12). These find-
ings were suggestive that environmental factors, such as 
pH or nutrient availability, influenced microbial com-
munity composition in each intestinal region, although 
other, unknown, factors also accounted for a significant 
proportion of the total variance.

Region-specific assessments of the association between 
increasing age and alpha diversity were also carried out. 
Three alpha diversity metrics, Chao1, Inverse Simpson’s 
index, and Shannon diversity, were assessed (Fig. 3A-C). 
Significant, positive associations between age and Shan-
non’s diversity (p = 0.004) and Inverse Simpson’s index 
(p = 0.029) were observed in the distal colon. In contrast, 
no significant correlation between age and Chao1 was 
observed, suggesting that while species evenness may 
increase with age in the distal colon, species richness 
remains stable. No significant correlation was observed 
between age and alpha diversity in any other intestinal 
region (Additional File 6). When sex was included as a 
covariate within this analysis, a significant, negative asso-
ciation was observed between age and Shannon’s diver-
sity (p = 0.047) and Inverse Simpson’s index (p = 0.037) in 
the duodenum, suggestive of a link between sex, age, and 
diversity in this region (Additional File 13).

Bacterial taxonomy was assessed in samples from each 
intestinal region. Across both the small and large intes-
tine, the three most abundant phyla were Bacteroidota 
(Bacteroidetes), Bacillota (Firmicutes), and Pseudomon-
adota (Proteobacteria). In the large intestine, on aver-
age, 23.5% of the identified taxa were Bacteroidota, 19.4% 
were Bacillota, and 8.07% were Pseudomonadota. In the 
small intestine, however, 13.8% of identified taxa were 
Bacillota, 3.1% were Bacteroidota, and 2.27% were Pseu-
domonata (Fig. 4A). At the genus level, the top 10 most 
abundant taxa included Sarcina, primarily in the small 
intestine, and Segatella (Fig. 4B). In small intestinal sam-
ples, the most abundant species was Sarcina ventriculi. 
Of the top 10 most abundant taxa, seven were Segatella 
or Candidatus Segatella species (Fig. 4C). The total num-
ber and abundance of Segatella species at > 0.1% rela-
tive abundance across all samples was then investigated, 
revealing that Segatella species or candidate Segatella 
species were identified in 60 out of 77 samples and in all 
regions except the jejunum (Fig. 5).

Investigation of archaeal taxonomy revealed eight spe-
cies in two phyla, Euryarchaeota and Candidatus Ther-
moplasmatota (Fig.  6A, 6C). Species from both phyla 
were identified in spatial regions from the ileum to the 
distal colon. Methanobrevibacter was the most dominant 
taxon at genus level (Fig. 6B).

Age associated changes in the abundance of specific 
bacterial or archaeal taxa was initially investigated in 
all intestinal regions, with no significant associations 
observed (Additional File 7). However, when sex was 
included as a covariate, the abundance of S. ventriculi 
and Limosilactobacillus reuteri, a species associated 
with probiotic properties, was negatively associated with 
age and male animals [68]. In the distal colon, L. reu-
teri, cellulose-degrader Ruminococcus champanellensis, 
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Ligilactobacillus animalis, a probiotic species which has 
been positively associated with intestinal barrier integrity 
in vitro, and Oliverpabstia intestinalis, previously identi-
fied in the porcine intestine, in addition to a number of 
uncharacterised bacterial taxa, were positively associated 
with age [69–71]. Methanobacteriaceae was also posi-
tively associated with age in this region (Additional File 
14).

The metabolic potential of the intestinal microbiome 
was then assessed in each spatial region, with the identi-
fied pathways were sorted into broader classes of higher 
organisational terms for visualisation (Fig.  7). The asso-
ciation between the abundance of each pathway and 

animal age was assessed in each region, with pathway 
abundance found to be similar across all samples (Addi-
tional File 8). No significant changes in taxonomic com-
position were detected with age, and pathway abundance 
profiles were similar across intestinal regions when using 
broader pathway classifications. When sex was included 
as a covariate within the statistical models, however, 
significant associations between pathway abundance 
and age were observed in the ileum, proximal colon, 
and distal colon (Additional File 15). Most of the iden-
tified pathways in the distal colon were associated with 
specific taxa, such as L. animalis, suggesting that altera-
tions in pathway abundance were linked to changes in 

Fig. 3 The effect of age on region-specific intestinal microbiota alpha diversity in captive cynomolgus macaques. Alpha diversity is assessed 
using three metrics: A Chao1 index B Inverse Simpson’s index C Shannon’s index. Where the correlation between age and alpha diversity reaches 
statistical significance (p < 0.05) the p-value is displayed on the plot. D Duodenum, J Jejunum, I  Ileum, CCaecum, PC Proximal Colon, DC Distal Colon
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Fig. 4 Top 10 most abundant bacterial taxa in the captive cynomolgus macaque intestinal microbiota across regions. Taxa are shown at the A 
Phylum B Genus and C Species level in animals of differing ages. Age groups are defined as 4–7 years (Young), 8–12 years (Adult) and 13–20 years 
(Aged). Within each facet, individual bars represent samples from different animals, arranged in order of ascending age from left to right. D 
Duodenum, J Jejunum
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taxa abundance, potentially in response to age-associated 
shifts in the intestinal environment.

Due to the large proportion of metagenomes that 
remain unclassified when carrying out reference-based 
taxonomic profiling, an assembly-based approach was 
also employed to reconstruct bacterial and archaeal 
genomes de novo. Following single-sample assembly and 
contig binning processes, 2667 MAGs were retrieved that 
met the criteria of completeness of > 50% and contamina-
tion of < 10%, previously defined as medium quality draft 
genomes [72]. Of these, 801 had completeness of > 90% 
and contamination of < 5%, defined as high quality draft 
genomes [72].

MAGs were clustered at 95% ANI to obtain 728 SGBs, 
which were composed of 721 bacterial SGBs and seven 
archaeal SGBs. Of those not defined to species level, 155 
bacterial SGBs (21.5% total SGBs) and one archaeal SGB 
(14.3% total SGBs) had an average nucleotide identity 
of < 95%, representing potentially novel species (Addi-
tional File 9). Overall, these SGBs consisted of 16 phyla, 
and primarily comprising bacterial taxa within the phy-
lum Bacillota and class Clostridia (Fig. 8A, B). At order 
and family level, the most common taxonomic assign-
ments were Lachnospirales and Lachnospiraceae (Fig. 8C, 
D). The archaeal genome was assigned to the phylum 
Methanobacteriota and genus Methanobrevibacter 
(Fig. 8A, D). The distribution of these SGBs was relatively 
homogenous within large intestinal regions, while largely 
absent from the small intestine (Fig. 9). When assessing 

the differential abundance of this set of putative novel 
SGBs with age, the abundance of two bacterial SGBs was 
found to correlate with age significantly and negatively in 
the proximal colon when the FDR was set to 10% (Addi-
tional File 2). These SGBs were assigned to the genera 
UBA11490 and RF16. No other SGBs were found to sig-
nificantly alter with age in any region (Additional File 10). 
When sex was included as covariate within this analysis, 
the abundance of five bacterial SGBs were found to posi-
tively correlate with age in the distal colon. This included 
the genus RF16 and four genera within Bacillota; Mit-
suokella, Coprococcus_A, UMGS1865, and Mogibacteriu
m_A.

Discussion
To investigate the effects of age on the cynomolgus 
macaque microbiota in multiple spatial regions of the 
intestinal tract, we carried out reference-based taxo-
nomic profiling, in addition to de novo metagenomic 
assembly methods, to characterise both known and 
uncharacterised prokaryotic microbes.

Characterisation of the captive‑bred cynomolgus macaque 
intestinal tract using reference‑based profiling
Bacteroidota, Bacillota, and Pseudomonadota are the 
most abundant phyla in all spatial regions of the intesti-
nal microbiome in the cohort of cynomolgus macaques 
studied. In the large intestine the relative abundance of 
Pseudomonadota is approximately one third of that of 

Fig. 5 Relative abundance of Segatella species in the captive cynomolgus macaque intestinal microbiota across regions. Age groups are defined 
as 4–7 years (Young), 8–12 years (Adult) and 13–20 years (Aged). Within each facet, individual bars represent samples from different animals, 
arranged in order of ascending age from left to right. Only samples with greater than 0.1% relative abundance of Segatella are shown. D Duodenum, 
I Ileum
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Fig. 6 Top 10 most abundant archaeal taxa in the captive cynomolgus macaque intestinal microbiota across regions. Taxa are shown at the A 
Phylum B Genus and C Species level in animals of differing ages. Age groups are defined as 4–7 years (Young), 8–12 years (Adult) and 13–20 years 
(Aged). Within each facet, individual bars represent samples from different animals, arranged in order of ascending age from left to right. Only 
samples with greater than 0.01% relative abundance of Archaea are shown
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Bacteroidota and Bacillota. This aligns with previous 
studies of the faecal microbiota in captive cynomolgus 
macaques, the human faecal microbiota, and the ileal 
and large intestinal luminal microbiota in captive rhesus 
macaques [30–32, 36, 73]. In contrast, a study of the fae-
cal microbiota in wild rhesus macaques and wild hybrids 
of rhesus and cynomolgus macaques found approxi-
mately equal proportions of Pseudomonadota, Bacte-
roidota, and Bacillota in the macaque faecal microbiota 
[73]. This discrepancy may be related to several factors, 
including differences in environment, diet, and host 
genetics and physiology.

Species belonging to the genus Segatella are notably 
abundant within the ileum, caecum, proximal colon, and 
distal colon of the present NHP cohort. Further investi-
gation of the prevalence of all Segatella species at > 0.1% 
abundance revealed the presence and identity of 10 Sega-
tella species. Segatella was formerly part of the Prevotella 
genus [74–76]. Before the recent taxonomic revision of 
Prevotella into multiple genera, its presence was associ-
ated with the microbiomes of non-Westernised popu-
lations and those which follow plant-based, high-fibre 
diets, such as the Mediterranean diet [77–82]. As most 
of these studies could only assign taxa to genus level, it 
is unclear whether Segatella species are present within 
these metagenomic datasets.

An increased prevalence and diversity of Segatella 
species is associated with non-westernised compared 
to westernised human populations [75, 76]. Nine of the 

ten Segatella species identified within the present data-
set are found mainly within human, particularly non-
westernised, and captive NHP populations, while the 
remaining species are highly prevalent in wild, adult 
baboons [75]. It is possible that the prevalence of pri-
marily human-associated Segatella taxa is a result of 
captivity. Previous studies of the faecal microbiota in 
wild douc langurs and howler monkeys has shown that 
captivity is associated with increased similarity to the 
human faecal microbiota [83, 84]. Housing wild-born 
cynomolgus macaques in captivity for one year has sig-
nificant effects on the taxonomic composition of their 
faecal microbiota, including an enrichment of S. copri 
[83]. This study was carried out prior to the reclassifica-
tion of S. copri into 13 distinct species, so it is unclear 
which of the species in the S. copri complex is present 
in this dataset. Dietary and environmental differences, 
including continual interaction with human handlers, 
in captive versus wild macaques may account for the 
captivity-associated enrichment of S. copri (complex) 
[83].

S. ventriculi, a gram-positive, anaerobic bacterium, 
is dominant in small intestinal samples. This bacterial 
species has previously been identified in several mam-
mals, including a number of Old World NHPs, suggest-
ing that it may be a commensal organism in the present 
cohort of captive cynomolgus macaques [85, 86]. In 
humans, it is nearly absent in meat-eaters, but is pre-
sent in faecal samples of vegetarians [87]. However, in 

Fig. 7 Abundance of MetaCyc pathways across different regions of the captive cynomolgus macaque intestinal tract. Pathways are categorised 
into higher-level organisational terms. Age groups are defined as 4–7 years (Young), 8–12 years (Adult) and 13–20 years (Aged). Within each 
facet, bars represent individual samples from different animals, arranged by ascending age from left to right. Pathway abundance is normalised 
and expressed as copies per million (CoPM) to account for variation in sequencing depth. D Duodenum
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more recent studies, S. ventriculi is typically associated 
with gastrointestinal disorders, including emphysema-
tous gastritis, gastric perforation, and gastric ulcers [88, 
89]. Therefore, it is possible that S. ventriculi may be an 
opportunistic pathogen in humans, and its detection 

may be rare due to its localisation to the small intestine; 
a region that is difficult to sample and poorly character-
ised in humans. There are previous reports of S. ventric-
uli being associated with lethal gastrointestinal disease 
in NHPs [90, 91]. However, 16S rRNA sequencing has 

Fig. 8 Taxonomic labels of putative novel species-level genome bins (SGBs). SGBs were obtained from the intestinal metagenomes of captive 
cynomolgus macaques of differing ages. Classifications are shown at the A Phylum level B Class level, C Order level and D Family level
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indicated that there is substantial sequence variation 
between strains of S. ventriculi, raising the possibility 
that virulence varies between strains [85]. Strain vari-
ation may therefore account for the absence of patho-
genicity in the present cohort of cynomolgus macaques. 
Alternatively, tolerance for S. ventriculi colonisation 
may stem from differences in host physiology and/or 
microbial community interactions.

The average relative abundance of archaea in the pre-
sent cohort was 0.25%, lower than previously reported 
in humans (approximately 1.2%) [92]. All identified 
archaea are methanogens from the Euryarchaeota 
and Candidatus Thermoplasmatota (formerly Euryar-
chaeota) phyla, aligning with findings in humans [93]. 
Although no studies of archaeal taxonomy and abun-
dance exist in cynomolgus macaques, methanogens are 

Fig. 9 Abundance of putative novel species-level genome bins (SGBs) at the genus level. SGBs were obtained from the intestinal metagenomes 
of captive cynomolgus macaques across different age groups: 4–7 years (Young), 8–12 years (Adult) and 13–20 years (Aged). Within each facet, 
labels represent individual samples from different animals, arranged by ascending age from left to right. Abundance is normalised and expressed 
as counts per million (CPM), with white represents absent taxa. Abbreviations: D = Duodenum
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the dominant archaeal species detected in other Old 
World primate species, including those belonging to 
Hominidae, and have also been identified in wild and 
captive rhesus macaques [36, 94, 95]. Archaeal abun-
dance has been positively correlated with dietary fibre 
content in NHPs [94]. It is unclear, however, whether 
reduced archaeal abundance in this cohort compared to 
previous human studies is due to factors such as envi-
ronment and diet, or limitations in the DNA extraction 
method used for archaea [92].

Intestinal biogeography varies along the intestinal tract
Our findings suggest that luminal microbial community 
structure is distinct in the small intestine, caecum, and 
colon respectively. This is not unexpected, as environ-
mental factors including intestinal pH, tissue architec-
ture, nutrient availability, the mucus layer, and oxygen 
availability are known to vary along the intestinal tract, 
all of which may affect intestinal microbial composition 
[96–98]. In captive rhesus macaques, however, luminal 
microbial community structure does not differ between 
small intestinal (ileal) and colonic samples, although 
mucosal community structure does, possibly due to dif-
fering oxygen and nutrient availability between the 
lumen and the mucosa [36, 98]. The discrepancy between 
our findings and those in rhesus macaques may be due 
to differences in animal husbandry, sample collection and 
processing, and analysis.

Alpha diversity is also elevated in the cynomolgus 
macaque caecum and colon compared to the small intes-
tine when assessed by Chao1 and Inverse Simpson’s 
index, similarly to previous findings in mice [99]. When 
assessed by Shannon’s index, alpha diversity significantly 
and progressively increased from the ileum onwards. 
However, while findings in mice suggest that there is no 
significant difference in alpha diversity in the caecum 
and the colon, our findings suggest that alpha diversity 
in the caecum is distinct from both the small intestine 
and the colon in captive cynomolgus macaques [99]. This 
apparent discrepancy may be due to differences in intes-
tinal tissue anatomy in mice and cynomolgus macaques, 
although a study directly comparing the two is lacking. 
However, it is known that the anatomy of the mouse and 
human intestinal tract differs due to distinct dietary pat-
terns, with the caecum known to be relatively larger in 
mice due to it being the primary site of fermentation, as 
opposed to the large intestine in humans [100]. It is pos-
sible that similar differences in intestinal anatomy exist 
between cynomolgus macaques and mice, contributing 
to differences in microbial community composition.

There are limited age‑associated changes to the captive 
cynomolgus macaque intestinal microbiome
Microbial community structure in different age groups 
is not dissimilar when assessed using beta diversity, sug-
gesting no or limited differences. The correlation between 
measures of alpha diversity and age is also inconsistent 
across intestinal regions, with associations only reach-
ing significance in one region whether sex is included 
as a covariate or not. There is also no evidence that the 
abundance of specific taxa or metabolic pathways signifi-
cantly change with age except when sex was included as 
covariate. This may mean that sex is a confounder in the 
relationship between age and microbiome composition 
(potentially because of unequal age distributions between 
sexes in the present cohort), or that the strength of the 
effect of age on intestinal microbiome composition is sex 
dependent. The latter possibility would align with the 
findings of a previous study, which found that microbial 
community composition in anal samples obtained from 
wild rhesus macaques and rhesus/cynomolgus macaque 
hybrids was significantly associated with age in male, but 
not female, animals [73]. Further analysis with a larger 
cohort and even ratio of male and female animals would 
be necessary to test and provide confidence in these find-
ings. Overall, however, our findings suggest that, while 
there may be changes in the proportional distribution 
of taxa, microbial community structure and richness is 
maintained with age in captive cynomolgus macaques.

The limited changes in community composition with 
age described here contrasts with the findings of a pre-
vious study of captive, male cynomolgus macaques [30]. 
The study by Wei et. al., 2022, found distinct microbial 
community composition profiles in faecal samples taken 
from different age groups, including infant (1–2  years), 
young adult (4–6  years), middle-aged (7–10  years), and 
elderly (≥ 13  years) macaques [30]. The animals were, 
however, individually caged, which does not reflect the 
social dynamics of our group-housed and wild popula-
tions of cynomolgus macaques and may have influenced 
the ability to discern significant results. Other factors 
which may lead to the discrepancy between findings 
include differences in cohort size, distribution of ages, 
methodology, and sex [30].

Identification of putative novel microbial taxa 
from the cynomolgus macaque intestinal microbiome
On average, approximately half of the estimated total 
number of microbial genomes in the captive cynomol-
gus macaque intestinal microbiome could be character-
ised using reference-based profiling methods. As a result, 
we utilised an assembly-based approach to reconstruct 
microbial genomes de novo from our metagenomic 
dataset. Using a single-sample assembly approach, 156 
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putative novel bacterial and archaeal SGBs can be identi-
fied, all of which can be classified to genus level. Primar-
ily, these SGBs appeared to be distributed across regions 
of the large intestine, from caecum to distal colon. While 
this may reflect differences in taxonomic composition in 
the small and the large intestine, it is also possible that 
the reduced read depth observed in small intestinal sam-
ples compared to the large intestine obscures the true 
distribution of these putative novel SGBs (Additional File 
1).

When we tested whether the abundance of the iden-
tified SGBs was associated with age, we found that two 
SGBs correlated significantly and negatively, with five 
correlating significantly and positively with age when 
sex was included as a covariate. These findings highlight 
possible age-associated changes in taxonomy which may 
be obscured by the inability to characterise the entirety 
of the microbial genome catalogue of the cynomolgus 
macaque intestinal microbiome. The majority of novel 
SGBs belonged to the Lachnospiraceae family, which 
comprises a diversity of genera capable of metabolising 
dietary polysaccharides [101]. The identification of these 
putative novel taxa highlights the dearth of NHP-specific 
microbial taxa in reference databases and suggests that 
the cynomolgus macaque microbiome may be a source 
of previously unrealised microbial diversity. Future work 
should include functional characterisation of these SGBs 
to develop an understanding of their function.

Limitations
The restricted number of animals, unequal age distribu-
tion of the cohort, and inclusion of two animals recently 
diagnosed with diabetes represent the main limita-
tions of this study. The study also did not include ani-
mals > 20  years, with the typical lifespan of cynomolgus 
macaques in captivity being 25–30  years. It is therefore 
possible that the upper limit of the cohort’s age range, in 
addition to the size of the cohort, cannot fully capture 
age-associated effects on the intestinal microbiome. In 
addition, the limited representation of the cynomolgus 
macaque intestinal microbiome in commonly used ref-
erence-based profiling databases restricts characterisa-
tion of the bacterial and archaeal communities and the 
ability to discern age-associated alterations. In response 
to infection or injury, the animals within this cohort are 
treated with antibiotics, occasionally followed with probi-
otic treatment, which can influence microbial taxonomic 
composition [102]. This, in addition to close contact from 
co-housing, augmented by grooming behaviours, may 
collectively promote the sharing and similarities of the 
intestinal microbiome between individuals of different 
ages [39, 103–106]. Close contact between macaques of 
differing ages in social groups is, however, reflective of 

social interactions in both humans and wild cynomolgus 
macaques.

Conclusions
To our knowledge, this study represents the first char-
acterisation of both the small and large intestinal micro-
biome across the lifespan in captive-bred cynomolgus 
macaques. The distinct microbial compositions of the 
small intestine, caecum, and colon highlight the limita-
tions of the ongoing and frequent use of faecal microbial 
community profiles as a proxy for those of the intestinal 
lumen. In addition, while reference-based profiling meth-
ods have improved for NHP microbiomes, allowing us to 
identify changes in microbial taxonomy and abundance, 
the age-associated alterations in abundance of a small 
number of putative novel taxa indicates that there may 
be further age and sex-associated alterations that remain 
undetected. There is evident need for further expansion 
of microbial genome reference databases to capture the 
full diversity of and potential age-associated changes 
to NHP microbiomes. The catalogue of putative novel 
genomes retrieved from the present dataset provides a 
valuable resource that contributes to this aim.
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to assess differences in microbial community composition between 
intestinal regions and age groups. Age groups are defined as 4–7 years, 
8–12 yearsand 13–20 years. Abbreviations: D = Duodenum, J = Jejunum, 
I = Ileum, C = Caecum, PC = Proximal Colon, DC = Distal Colon. Results 
of linear models used to facilitate comparisons between alpha diversity 
and age. Statistical results of linear models used to measure associations 
between three metrics of alpha diversityand age in samples from each 
region of the intestinal tract. Abbreviations: D = Duodenum, J = Jejunum, 
I = Ileum, C = Caecum, PC = Proximal Colon, DC = Distal Colon. Associa-
tions between taxonomic abundance and age, analysed using MaAsLin2. 
The effect of age on the differential abundance of taxa identified using 
reference-based computational profilingwas assessed using MaAsLin2. All 
results are shown here, including non-significant associations. Associa-
tions between metabolic pathway abundance and age, analysed using 
MaAsLin2. The effect of age on the differential abundance of MetaCyc 
pathways identified using HUMAnN3 was assessed using MaAsLin2. All 
results are shown, including non-significant associations. Putative novel 
species-level genome binsidentified via an assembly-based computa-
tional profiling approach. Assigned taxonomy of putative novel SGBs 
identified in the analysed metagenomic dataset. Associations between 
putative novel SGB abundance and age, analysed using MaAsLin2. The 
effect of age on the differential abundance of putative novel species-level 
genomes binsidentified using an assembly-based computational profiling 
approach was assessed using MaAsLin2. All results are shown, includ-
ing non-significant associations. Statistical comparisons between alpha 
diversity and region with sex included as a fixed effect. Linear mixed-
effects models were used to examine the associations between region 
and three metrics of alpha diversityin metagenomic samples collected 
from different regions of the intestinal tract. Age and sex were included 
as fixed effects. Abbreviations: D = Duodenum, J = Jejunum, I = Ileum, 
C = Caecum, PC = Proximal Colon, DC = Distal Colon. Results of pairwise 
multiple comparisons following PERMANOVA with sex included as a fixed 
effect. Pairwise comparisons were performed to assess differences in 
microbial community composition between intestinal regions and age 
groups. Sex was included as a fixed effect. Age groups are defined as 4–7 
years, 8–12 yearsand 13–20 years. Abbreviations: D = Duodenum, J = 
Jejunum, I = Ileum, C = Caecum, PC = Proximal Colon, DC = Distal Colon. 
Statistical comparisons between alpha diversity and age with sex included 
as a fixed effect. Statistical results of linear models used to measure 
associations between three metrics of alpha diversityand age in samples 
from each region of the intestinal tract. Sex was included as a fixed effect. 
Abbreviations: D = Duodenum, J = Jejunum, I = Ileum, C = Caecum, PC 
= Proximal Colon, DC = Distal Colon. Associations between taxonomic 
abundance and age with sex included as a fixed effect. The effect of age 
on the differential abundance of taxa identified using reference-based 
computational profilingwas assessed using MaAsLin2. Sex was included as 
a fixed effect. All results are shown, including non-significant associations. 
Associations between metabolic pathway abundance and age with sex 
included as a fixed effect. The effect of age on the differential abundance 
of MetaCyc pathways identified using HUMAnN3 was assessed using 
MaAsLin2. Sex was included as a fixed effect. All results are shown, includ-
ing non-significant associations. Associations between putative novel SGB 
abundance and age with sex included as a fixed effect. The effect of age 
on the differential abundance of putative novel species-level genomes 
binsidentified using an assembly-based computational profiling approach 
was assessed using MaAsLin2. Sex was included as a fixed effect. All results 
are shown, including non-significant associations

Acknowledgements
We thank all staff of the UKHSA primate facility at Porton Down for animal 
husbandry, ensuring high standards of animal welfare, acquisition and 
use of samples which would otherwise have been discarded. UKHSA also 
acknowledges funding from the UK Department of Health for funding for the 
maintenance and operation of the primate facility. We thank Sumeet Tiwari 
for his help uploading the datasets generated in this study to the NCBI SRA. 
We also thank Andrea Telatin and George Savva for their guidance regarding 
the bioinformatic and statistical analyses of this data. Bioinformatics analyses 
were performed on CLIMB-BIG-DATA computing infrastructure (funded by 
the UK’s Medical Research Council through grant MR/T030062/1) and the 

Norwich BioScience Institute Partnership “Research Computing” team (for High 
Performance Computing resources).

Author contributions
Conceptualisation: C.P., S.R.C., S.G.P.F.; Methodology: C.P., A.P., S.A.J., D.J.B., C.J.M., 
R.E.; Resources: J.D., S.G.P.F.; data curation: C.P.; writing—original draft prepara-
tion, C.P.; writing—review and editing, C.P., S.A.J, S.G.P.F., S.R.C.; supervision, 
S.R.C.; project administration, S.R.C.; funding acquisition, S.R.C.

Funding
This study was supported by the UK Research Innovation (UKRI) Biotechnol-
ogy and Biological Sciences Research Council (BBSRC) Institute Strategic 
Programme Grant Gut Microbes and Health BB/R012490/1 and its constituent 
projects BBS/E/F/000PR10353, BBS/E/F/000PR10355 and BBS/E/F/000PR10356 
(S.R.C., A.P., S.J., and S.G.P.F.) and by the BBSRC Institute Strategic Programme 
Food, Microbiome and Health BB/X011054/1 and its constituent projects 
BBS/E/F/000PR13631 and BBS/E/F/000PR13633 (S.R.C., A.P., S.J. and S.G.P.F). 
The QIB Sequencing facility and D.J.B. , C.J.M. , and R.E. were funded by BBSRC 
Core Capability Grant BB/CCG1860/1. C.P. was supported by a BBSRC Norwich 
Research Park Biosciences Doctoral Training Partnership funded CASE PhD 
studentship with UKHSA (grant number BB/T008717/1).

Availability of data and materials
The datasets generated and analysed during the current study are available in 
the NCBI Sequence Read Archive (SRA), under the project accession number 
PRJNA1164203 [107].

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Food, Microbiome and Health, Quadram Institute Bioscience, Norwich 
Research Park, Norwich NR4 7UQ, UK. 2 UK Health Security Agency, Porton 
Down, Salisbury SP4 0JG, UK. 3 Norwich Medical School, University of East 
Anglia, Norwich NR4 7TJ, UK. 

Received: 3 December 2024   Accepted: 12 April 2025

References
 1. Sender R, Fuchs S, Milo R. Are we really vastly outnumbered? Revisiting 

the ratio of bacterial to host cells in humans. Cell. 2016;164(3):337–40. 
https:// doi. org/ 10. 1016/j. cell. 2016. 01. 013.

 2. Kim S, Seo SU, Kweon MN. Gut microbiota-derived metabolites tune 
host homeostasis fate. Semin Immunopathol. 2024;46(1–2):2. https:// 
doi. org/ 10. 1007/ s00281- 024- 01012-x.

 3. Martin-Gallausiaux C, Marinelli L, Blottiere HM, Larraufie P, Lapaque N. 
SCFA: mechanisms and functional importance in the gut. Proc Nutr Soc. 
2021;80(1):37–49. https:// doi. org/ 10. 1017/ S0029 66512 00069 16.

 4. Park JH, Kotani T, Konno T, Setiawan J, Kitamura Y, Imada S, Usui Y, 
Hatano N, Shinohara M, Saito Y, Murata Y, Matozaki T. Promotion of 
intestinal epithelial cell turnover by commensal bacteria: role of short-
chain fatty acids. PLoS ONE. 2016. https:// doi. org/ 10. 1371/ journ al. pone. 
01563 34.

 5. Venkatesh M, Mukherjee S, Wang H, Li H, Sun K, Benechet AP, Qiu Z, 
Maher L, Redinbo MR, Phillips RS, Fleet JC, Kortagere S, Mukherjee 
P, Fasano A, Le Ven J, Nicholson JK, Dumas ME, Khanna KM, Mani S. 
Symbiotic bacterial metabolites regulate gastrointestinal barrier func-
tion via the xenobiotic sensor PXR and Toll-like receptor 4. Immunity. 
2014;41(2):296–310. https:// doi. org/ 10. 1016/j. immuni. 2014. 06. 014.

https://doi.org/10.1016/j.cell.2016.01.013
https://doi.org/10.1007/s00281-024-01012-x
https://doi.org/10.1007/s00281-024-01012-x
https://doi.org/10.1017/S0029665120006916
https://doi.org/10.1371/journal.pone.0156334
https://doi.org/10.1371/journal.pone.0156334
https://doi.org/10.1016/j.immuni.2014.06.014


Page 18 of 21Purse et al. Animal Microbiome            (2025) 7:47 

 6. Gurav A, Sivaprakasam S, Bhutia YD, Boettger T, Singh N, Ganapathy 
V. Slc5a8, a Na-coupled high-affinity transporter for short-chain fatty 
acids, is a conditional tumour suppressor in colon that protects against 
colitis and colon cancer under low-fibre dietary conditions. Biochem J. 
2015;469:267–78. https:// doi. org/ 10. 1042/ Bj201 50242.

 7. Korsten S, Vromans H, Garssen J, Willemsen LEM. Butyrate protects 
barrier integrity and suppresses immune activation in a Caco-2/PBMC 
co-culture model while HDAC inhibition mimics butyrate in restoring 
cytokine-induced barrier disruption. Nutrients. 2023. https:// doi. org/ 10. 
3390/ nu151 22760.

 8. Chang PV, Hao L, Offermanns S, Medzhitov R. The microbial metabolite 
butyrate regulates intestinal macrophage function via histone deacety-
lase inhibition. Proc Natl Acad Sci U S A. 2014;111(6):2247–52. https:// 
doi. org/ 10. 1073/ pnas. 13222 69111.

 9. Schulthess J, Pandey S, Capitani M, Rue-Albrecht KC, Arnold I, Franchini 
F, Chomka A, Ilott NE, Johnston DGW, Pires E, McCullagh J, Sansom SN, 
Arancibia-Carcamo CV, Uhlig HH, Powrie F. The short chain fatty acid 
butyrate imprints an antimicrobial program in macrophages. Immunity. 
2019;50(2):432–45. https:// doi. org/ 10. 1016/j. immuni. 2018. 12. 018.

 10. Song X, Sun X, Oh SF, Wu M, Zhang Y, Zheng W, Geva-Zatorsky N, 
Jupp R, Mathis D, Benoist C, Kasper DL. Microbial bile acid metabolites 
modulate gut RORgamma(+) regulatory T cell homeostasis. Nature. 
2020;577(7790):410–5. https:// doi. org/ 10. 1038/ s41586- 019- 1865-0.

 11. Campbell C, McKenney PT, Konstantinovsky D, Isaeva OI, Schizas M, 
Verter J, Mai C, Jin WB, Guo CJ, Violante S, Ramos RJ, Cross JR, Kadaveru 
K, Hambor J, Rudensky AY. Bacterial metabolism of bile acids promotes 
generation of peripheral regulatory T cells. Nature. 2020;581(7809):475–
9. https:// doi. org/ 10. 1038/ s41586- 020- 2193-0.

 12. Song XY, Zhang HH, Zhang YB, Goh B, Bao B, Mello SS, Sun XM, Zheng 
W, Gazzaniga FS, Wu M, Qu FF, Yin QZ, Gilmore MS, Oh SF, Kasper 
DL. Gut microbial fatty acid isomerization modulates intraepithelial 
T cells. Nature. 2023;619(7971):837–43. https:// doi. org/ 10. 1038/ 
s41586- 023- 06265-4.

 13. Shiratori H, Oguchi H, Isobe Y, Han KH, Sen A, Yakebe K, Takahashi D, 
Fukushima M, Arita M, Hase K. Gut microbiota-derived lipid metabolites 
facilitate regulatory T cell differentiation. Sci Rep. 2023. https:// doi. org/ 
10. 1038/ s41598- 023- 35097-5.

 14. Clarke TB, Davis KM, Lysenko ES, Zhou AY, Yu Y, Weiser JN. Recognition of 
peptidoglycan from the microbiota by Nod1 enhances systemic innate 
immunity. Nat Med. 2010;16(2):228–31. https:// doi. org/ 10. 1038/ nm. 
2087.

 15. Abt MC, Osborne LC, Monticelli LA, Doering TA, Alenghat T, Sonnenberg 
GF, Paley MA, Antenus M, Williams KL, Erikson J, Wherry EJ, Artis D. Com-
mensal bacteria calibrate the activation threshold of innate antiviral 
immunity. Immunity. 2012;37(1):158–70. https:// doi. org/ 10. 1016/j. 
immuni. 2012. 04. 011.

 16. Claesson MJ, Jeffery IB, Conde S, Power SE, O’Connor EM, Cusack S, 
Harris HM, Coakley M, Lakshminarayanan B, O’Sullivan O, Fitzger-
ald GF, Deane J, O’Connor M, Harnedy N, O’Connor K, O’Mahony 
D, van Sinderen D, Wallace M, Brennan L, Stanton C, Marchesi JR, 
Fitzgerald AP, Shanahan F, Hill C, Ross RP, O’Toole PW. Gut microbiota 
composition correlates with diet and health in the elderly. Nature. 
2012;488(7410):178–84. https:// doi. org/ 10. 1038/ natur e11319.

 17. Claesson MJ, Cusack S, O’Sullivan O, Greene-Diniz R, de Weerd H, 
Flannery E, Marchesi JR, Falush D, Dinan T, Fitzgerald G, Stanton C, van 
Sinderen D, O’Connor M, Harnedy N, O’Connor K, Henry C, O’Mahony D, 
Fitzgerald AP, Shanahan F, Twomey C, Hill C, Ross RP, O’Toole PW. Com-
position, variability, and temporal stability of the intestinal microbiota 
of the elderly. Proc Natl Acad Sci U S A. 2011;108:4586–91. https:// doi. 
org/ 10. 1073/ pnas. 10000 97107.

 18. López-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. Hallmarks 
of aging: an expanding universe. Cell. 2023;186(2):243–78. https:// doi. 
org/ 10. 1016/j. cell. 2022. 11. 001.

 19. Ghosh TS, Shanahan F, O’Toole PW. Toward an improved definition of a 
healthy microbiome for healthy aging. Nature Aging. 2022;2(11):1054–
69. https:// doi. org/ 10. 1038/ s43587- 022- 00306-9.

 20. Vila AV, Collij V, Sanna S, Sinha T, Imhann F, Bourgonje AR, Mujagic Z, 
Jonkers DMAE, Masclee AAM, Fu JY, Kurilshikov A, Wijmenga C, Zherna-
kova A, Weersma RK. Impact of commonly used drugs on the composi-
tion and metabolic function of the gut microbiota. Nat Commun. 2020. 
https:// doi. org/ 10. 1038/ s41467- 019- 14177-z.

 21. Romano S, Savva GM, Bedarf JR, Charles IG, Hildebrand F, Narbad A. 
Meta-analysis of the Parkinson’s disease gut microbiome suggests 
alterations linked to intestinal inflammation. NPJ Parkinsons Dis. 2021. 
https:// doi. org/ 10. 1038/ s41531- 021- 00156-z.

 22. Liu P, Wu L, Peng G, Han Y, Tang R, Ge J, Zhang L, Jia L, Yue S, Zhou K, Li 
L, Luo B, Wang B. Altered microbiomes distinguish Alzheimer’s disease 
from amnestic mild cognitive impairment and health in a Chinese 
cohort. Brain Behav Immun. 2019;80:633–43. https:// doi. org/ 10. 1016/j. 
bbi. 2019. 05. 008.

 23. Vogt NM, Kerby RL, Dill-McFarland KA, Harding SJ, Merluzzi AP, Johnson 
SC, Carlsson CM, Asthana S, Zetterberg H, Blennow K, Bendlin BB, Rey 
FE. Gut microbiome alterations in Alzheimer’s disease. Sci Rep. 2017. 
https:// doi. org/ 10. 1038/ s41598- 017- 13601-y.

 24. Zheng JY, Sun QR, Zhang MJ, Liu CY, Su Q, Zhang L, Xu ZL, Lu WQ, 
Ching JSC, Tang WT, Cheung CP, Hamilton AL, O’Brien ALW, Wei SC, 
Bernstein CN, Rubin DT, Chang EB, Morrison M, Kamm MA, Chan 
FKL, Zhang JW, Ng SC. Noninvasive, microbiome-based diagnosis of 
inflammatory bowel disease. Nat Med. 2024. https:// doi. org/ 10. 1038/ 
s41591- 024- 03280-4.

 25. Mei ZD, Wang FL, Bhosle A, Dong DY, Mehta R, Ghazi A, Zhang YC, Liu 
YX, Rinott E, Ma SY, Rimm EB, Daviglus M, Willett WC, Knight R, Hu FB, 
Qi QB, Chan AT, Burk RD, Stampfer MJ, Shai I, Kaplan RC, Huttenhower 
C, Wang DD. Strain-specific gut microbial signatures in type 2 diabetes 
identified in a cross-cohort analysis of 8,117 metagenomes. Nat Med. 
2024. https:// doi. org/ 10. 1038/ s41591- 024- 03067-7.

 26. Wilmanski T, Diener C, Rappaport N, Patwardhan S, Wiedrick J, Lapidus 
J, Earls JC, Zimmer A, Glusman G, Robinson M, Yurkovich JT, Kado DM, 
Cauley JA, Zmuda J, Lane NE, Magis AT, Lovejoy JC, Hood L, Gibbons 
SM, Orwoll ES, Price ND. Gut microbiome pattern reflects healthy 
ageing and predicts survival in humans. Nat Metab. 2021;3(2):274–86. 
https:// doi. org/ 10. 1038/ s42255- 021- 00348-0.

 27. Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A. Inflammag-
ing: a new immune-metabolic viewpoint for age-related diseases. 
Nat Rev Endocrinol. 2018;14(10):576–90. https:// doi. org/ 10. 1038/ 
s41574- 018- 0059-4.

 28. Phillips KA, Bales KL, Capitanio JP, Conley A, Czoty PW, Hart BA, Hopkins 
WD, Hu SL, Miller LA, Nader MA, Nathanielsz PW, Rogers J, Shively CA, 
Voytko ML. Why primate models matter. Am J Primatol. 2014;76(9):801–
27. https:// doi. org/ 10. 1002/ ajp. 22281.

 29. Messaoudi I, Estep R, Robinson B, Wong SW. Nonhuman primate mod-
els of human immunology. Antioxid Redox Signal. 2011;14(2):261–73. 
https:// doi. org/ 10. 1089/ ars. 2010. 3241.

 30. Wei ZY, Rao JH, Tang MT, Zhao GA, Li QC, Wu LM, Liu SQ, Li BH, Xiao BQ, 
Liu XY, Chen JH. Characterization of changes and driver microbes in 
gut microbiota during healthy aging using a captive monkey model. 
Genomics Proteomics Bioinformatics. 2022;20(2):350–65. https:// doi. 
org/ 10. 1016/j. gpb. 2021. 09. 009.

 31. Duan JJ, Yin BM, Li W, Chai TJ, Liang WW, Huang Y, Tan XM, Zheng 
P, Wu J, Li YF, Li Y, Zhou W, Xie P. Age-related changes in microbial 
composition and function in cynomolgus macaques. Aging-US. 
2019;11(24):12080–96. https:// doi. org/ 10. 18632/ aging. 102541.

 32. Yang YP, Lu Y, Yu PJ, Liu QM, Gao CS, Zhang XT, Sun Q. Characterization 
of gut microbial alterations in cynomolgus macaques during growth 
and maturation. Zool Res. 2022;43(2):176–9. https:// doi. org/ 10. 24272/j. 
issn. 2095- 8137. 2021. 304.

 33. Johnson JS, Spakowicz DJ, Hong BY, Petersen LM, Demkowicz P, Chen 
L, Leopold SR, Hanson BM, Agresta HO, Gerstein M, Sodergren E, Wein-
stock GM. Evaluation of 16S rRNA gene sequencing for species and 
strain-level microbiome analysis. Nat Commun. 2019. https:// doi. org/ 
10. 1038/ s41467- 019- 13036-1.

 34. Ahn J-S, Lkhagva E, Jung S, Kim H-J, Chung H-J, Hong S-T. Fecal 
microbiome does not represent whole gut microbiome. Cell Microbiol. 
2023;2023(1):6868417. https:// doi. org/ 10. 1155/ 2023/ 68684 17.

 35. Levitan O, Ma L, Giovannelli D, Burleson DB, McCaffrey P, Vala A, 
Johnson DA. The gut microbiome-Does stool represent right? Heliyon. 
2023;9(3): e13602. https:// doi. org/ 10. 1016/j. heliy on. 2023. e13602.

 36. Yasuda K, Oh K, Ren B, Tickle TL, Franzosa EA, Wachtman LM, Miller AD, 
Westmoreland SV, Mansfield KG, Vallender EJ, Miller GM, Rowlett JK, 
Gevers D, Huttenhower C, Morgan XC. Biogeography of the intestinal 
mucosal and lumenal microbiome in the rhesus macaque. Cell Host 

https://doi.org/10.1042/Bj20150242
https://doi.org/10.3390/nu15122760
https://doi.org/10.3390/nu15122760
https://doi.org/10.1073/pnas.1322269111
https://doi.org/10.1073/pnas.1322269111
https://doi.org/10.1016/j.immuni.2018.12.018
https://doi.org/10.1038/s41586-019-1865-0
https://doi.org/10.1038/s41586-020-2193-0
https://doi.org/10.1038/s41586-023-06265-4
https://doi.org/10.1038/s41586-023-06265-4
https://doi.org/10.1038/s41598-023-35097-5
https://doi.org/10.1038/s41598-023-35097-5
https://doi.org/10.1038/nm.2087
https://doi.org/10.1038/nm.2087
https://doi.org/10.1016/j.immuni.2012.04.011
https://doi.org/10.1016/j.immuni.2012.04.011
https://doi.org/10.1038/nature11319
https://doi.org/10.1073/pnas.1000097107
https://doi.org/10.1073/pnas.1000097107
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1038/s43587-022-00306-9
https://doi.org/10.1038/s41467-019-14177-z
https://doi.org/10.1038/s41531-021-00156-z
https://doi.org/10.1016/j.bbi.2019.05.008
https://doi.org/10.1016/j.bbi.2019.05.008
https://doi.org/10.1038/s41598-017-13601-y
https://doi.org/10.1038/s41591-024-03280-4
https://doi.org/10.1038/s41591-024-03280-4
https://doi.org/10.1038/s41591-024-03067-7
https://doi.org/10.1038/s42255-021-00348-0
https://doi.org/10.1038/s41574-018-0059-4
https://doi.org/10.1038/s41574-018-0059-4
https://doi.org/10.1002/ajp.22281
https://doi.org/10.1089/ars.2010.3241
https://doi.org/10.1016/j.gpb.2021.09.009
https://doi.org/10.1016/j.gpb.2021.09.009
https://doi.org/10.18632/aging.102541
https://doi.org/10.24272/j.issn.2095-8137.2021.304
https://doi.org/10.24272/j.issn.2095-8137.2021.304
https://doi.org/10.1038/s41467-019-13036-1
https://doi.org/10.1038/s41467-019-13036-1
https://doi.org/10.1155/2023/6868417
https://doi.org/10.1016/j.heliyon.2023.e13602


Page 19 of 21Purse et al. Animal Microbiome            (2025) 7:47  

Microbe. 2015;17(3):385–91. https:// doi. org/ 10. 1016/j. chom. 2015. 01. 
015.

 37. Li X, Liang S, Xia Z, Qu J, Liu H, Liu C, Yang H, Wang J, Madsen L, Hou Y, Li 
J, Jia H, Kristiansen K, Xiao L. Establishment of a Macaca fascicularis gut 
microbiome gene catalog and comparison with the human, pig, and 
mouse gut microbiomes. Gigascience. 2018. https:// doi. org/ 10. 1093/ 
gigas cience/ giy100.

 38. Pallikkuth S, Mendez R, Russell K, Sirupangi T, Kvistad D, Pahwa R, Vil-
linger F, Banerjee S, Pahwa S. Age associated microbiome and microbial 
metabolites modulation and its association with systemic inflammation 
in a rhesus macaque model. Front Immunol. 2021. https:// doi. org/ 10. 
3389/ fimmu. 2021. 748397.

 39. Tung J, Barreiro LB, Burns MB, Grenier JC, Lynch J, Grieneisen LE, Alt-
mann J, Alberts SC, Blekhman R, Archie EA. Social networks predict gut 
microbiome composition in wild baboons. Elife. 2015. https:// doi. org/ 
10. 7554/ eLife. 05224.

 40. Hicks AL, Lee KJ, Couto-Rodriguez M, Patel J, Sinha R, Guo C, Olson 
SH, Seimon A, Seimon TA, Ondzie AU, Karesh WB, Reed P, Cameron KN, 
Lipkin WI, Williams BL. Gut microbiomes of wild great apes fluctuate 
seasonally in response to diet. Nat Commun. 2018. https:// doi. org/ 10. 
1038/ s41467- 018- 04204-w.

 41. Manara S, Asnicar F, Beghini F, Bazzani D, Cumbo F, Zolfo M, Nigro E, 
Karcher N, Manghi P, Metzger MI, Pasolli E, Segata N. Microbial genomes 
from non-human primate gut metagenomes expand the primate-
associated bacterial tree of life with over 1000 novel species. Genome 
Biol. 2019;20(1):299. https:// doi. org/ 10. 1186/ s13059- 019- 1923-9.

 42. Blanco-Miguez A, Beghini F, Cumbo F, McIver LJ, Thompson KN, Zolfo 
M, Manghi P, Dubois L, Huang KD, Thomas AM, Nickols WA, Piccinno G, 
Piperni E, Puncochar M, Valles-Colomer M, Tett A, Giordano F, Davies R, 
Wolf J, Berry SE, Spector TD, Franzosa EA, Pasolli E, Asnicar F, Hutten-
hower C, Segata N. Extending and improving metagenomic taxonomic 
profiling with uncharacterized species using MetaPhlAn 4. Nat Biotech-
nol. 2023;41(11):1633–44. https:// doi. org/ 10. 1038/ s41587- 023- 01688-w.

 43. Gweon HS, et al. The impact of sequencing depth on the inferred taxo-
nomic composition and AMR gene content of metagenomic samples. 
Environ Microb. 2019. https:// doi. org/ 10. 1186/ s40793- 019- 0347-1.

 44. Chen SF, Zhou YQ, Chen YR, Gu J. fastp: an ultra-fast all-in-one FASTQ 
preprocessor. Bioinformatics. 2018;34(17):884–90. https:// doi. org/ 10. 
1093/ bioin forma tics/ bty560.

 45. Telatin A, Fariselli P, Birolo G. SeqFu: a suite of utilities for the robust and 
reproducible manipulation of sequence files. Bioengineering-. 2021. 
https:// doi. org/ 10. 3390/ bioen ginee ring8 050059.

 46. Beghini F, McIver LJ, Blanco-Miguez A, Dubois L, Asnicar F, Maharjan S, 
Mailyan A, Manghi P, Scholz M, Thomas AM, Valles-Colomer M, Weingart 
G, Zhang Y, Zolfo M, Huttenhower C, Franzosa EA, Segata N. Integrating 
taxonomic, functional, and strain-level profiling of diverse microbial 
communities with bioBakery 3. Elife. 2021. https:// doi. org/ 10. 7554/ 
eLife. 65088.

 47. Buchfink B, Xie C, Huson DH. Fast and sensitive protein alignment using 
DIAMOND. Nat Methods. 2015;12(1):59–60. https:// doi. org/ 10. 1038/ 
nmeth. 3176.

 48. Uritskiy GV, DiRuggiero J, Taylor J. MetaWRAP-a flexible pipeline for 
genome-resolved metagenomic data analysis. Microbiome. 2018. 
https:// doi. org/ 10. 1186/ s40168- 018- 0541-1.

 49. Li DH, Luo RB, Liu CM, Leung CM, Ting HF, Sadakane K, Yamashita H, 
Lam TW. MEGAHIT v1.0: a fast and scalable metagenome assembler 
driven by advanced methodologies and community practices. Meth-
ods. 2016;102:3–11. https:// doi. org/ 10. 1016/j. ymeth. 2016. 02. 020.

 50. Gurevich A, Saveliev V, Vyahhi N, Tesler G. QUAST: quality assessment 
tool for genome assemblies. Bioinformatics. 2013;29(8):1072–5. https:// 
doi. org/ 10. 1093/ bioin forma tics/ btt086.

 51. Li, H. seqtk. 2024; https:// github. com/ lh3/ seqtk.
 52. Kang DWD, Li F, Kirton E, Thomas A, Egan R, An H, Wang Z. MetaBAT 2: 

an adaptive binning algorithm for robust and efficient genome recon-
struction from metagenome assemblies. PeerJ. 2019. https:// doi. org/ 10. 
7717/ peerj. 7359.

 53. Wu YW, Simmons BA, Singer SW. MaxBin 2.0: an automated binning 
algorithm to recover genomes from multiple metagenomic datasets. 
Bioinformatics. 2016;32(4):605–7. https:// doi. org/ 10. 1093/ bioin forma 
tics/ btv638.

 54. Alneberg J, Bjarnason BS, de Bruijn I, Schirmer M, Quick J, Ijaz UZ, Lahti 
L, Loman NJ, Andersson AF, Quince C. Binning metagenomic contigs by 
coverage and composition. Nat Methods. 2014;11(11):1144–6. https:// 
doi. org/ 10. 1038/ Nmeth. 3103.

 55. Olm MR, Brown CT, Brooks B, Banfield JF. dRep: a tool for fast and accu-
rate genomic comparisons that enables improved genome recovery 
from metagenomes through de-replication. ISME J. 2017;11(12):2864–8. 
https:// doi. org/ 10. 1038/ ismej. 2017. 126.

 56. Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW. CheckM: 
assessing the quality of microbial genomes recovered from isolates, sin-
gle cells, and metagenomes. Genome Res. 2015;25(7):1043–55. https:// 
doi. org/ 10. 1101/ gr. 186072. 114.

 57. Chaumeil P-A, Mussig AJ, Hugenholtz P, Parks DH. GTDB-Tk v2: memory 
friendly classification with the genome taxonomy database. Bioinfor-
matics. 2022;38(23):5315–6. https:// doi. org/ 10. 1093/ bioin forma tics/ 
btac6 72.

 58. Chaumeil P-A, Mussig AJ, Hugenholtz P, Parks DH. GTDB-Tk: a toolkit to 
classify genomes with the Genome Taxonomy Database. Bioinformat-
ics. 2019;36(6):1925–7. https:// doi. org/ 10. 1093/ bioin forma tics/ btz848.

 59. Parks DH, Chuvochina M, Chaumeil P-A, Rinke C, Mussig AJ, Hugen-
holtz P. A complete domain-to-species taxonomy for Bacteria and 
Archaea. Nat Biotechnol. 2020;38(9):1079–86. https:// doi. org/ 10. 1038/ 
s41587- 020- 0501-8.

 60. Parks DH, Chuvochina M, Waite DW, Rinke C, Skarshewski A, Chaumeil 
P-A, Hugenholtz P. A standardized bacterial taxonomy based on 
genome phylogeny substantially revises the tree of life. Nat Biotechnol. 
2018;36(10):996–1004. https:// doi. org/ 10. 1038/ nbt. 4229.

 61. R Core Team, R: A Language and Environment for Statistical Computing. 
2023, R Foundation for Statistical Computing: Vienna, Austria, https:// 
www.R- proje ct. org/.

 62. Posit team, RStudio: Integrated Development Environment for R., in Posit 
Software, PBC. 2024: Boston, MA, http:// www. posit. co/.

 63. McMurdie PJ, Holmes S. phyloseq: an R package for reproducible 
interactive analysis and graphics of microbiome census data. PLoS ONE. 
2013. https:// doi. org/ 10. 1371/ journ al. pone. 00612 17.

 64. Lahti L, Shetty S, Tools for microbiome analysis in R. 2017, http:// micro 
biome. github. com/ micro biome.

 65. Pinheiro J, Bates D, and R Core Team, nlme: Linear and Nonlinear Mixed 
Effects Models, in R package version 3.1–166. 2024, https:// CRAN.R- proje 
ct. org/ packa ge= nlme.

 66. Dixon P. VEGAN, a package of R functions for community ecology. J Veg 
Sci. 2003;14(6):927–30. https:// doi. org/ 10. 1111/j. 1654- 1103. 2003. tb022 
28.x.

 67. Mallick H, Rahnavard A, McIver LJ, Ma S, Zhang Y, Nguyen LH, Tickle TL, 
Weingart G, Ren B, Schwager EH, Chatterjee S, Thompson KN, Wilkinson 
JE, Subramanian A, Lu Y, Waldron L, Paulson JN, Franzosa EA, Bravo HC, 
Huttenhower C. Multivariable association discovery in population-scale 
meta-omics studies. PLoS Comput Biol. 2021. https:// doi. org/ 10. 1371/ 
journ al. pcbi. 10094 42.

 68. Abuqwider J, Altamimi M, Mauriello G. Limosilactobacillus reuteri in 
health and disease. Microorganisms. 2022. https:// doi. org/ 10. 3390/ 
micro organ isms1 00305 22.

 69. Morais S, Ben David Y, Bensoussan L, Duncan SH, Koropatkin NM, Mar-
tens EC, Flint HJ, Bayer EA. Enzymatic profiling of cellulosomal enzymes 
from the human gut bacterium, Ruminococcus champanellensis, 
reveals a fine-tuned system for cohesin-dockerin recognition. Environ 
Microbiol. 2016;18(2):542–56. https:// doi. org/ 10. 1111/ 1462- 2920. 13047.

 70. Boll EJ, Winther KD, Knudsen TTM, Copani G, Cappellozza BI. Ligilacto-
bacillus animalis 506 protects the intestinal barrier from the damaging 
effects of enteric pathogens and deoxynivalenol. Animals (Basel). 2024. 
https:// doi. org/ 10. 3390/ ani14 020269.

 71. Wylensek D, et al. A collection of bacterial isolates from the pig 
intestine reveals functional and taxonomic diversity. Nat Commun. 
2020;11(1):6389. https:// doi. org/ 10. 1038/ s41467- 020- 19929-w.

 72. Bowers RM, et al. Minimum information about a single amplified 
genome (MISAG) and a metagenome-assembled genome (MIMAG) of 
bacteria and archaea. Nat Biotechnol. 2017;35(8):725–31. https:// doi. 
org/ 10. 1038/ nbt. 3893.

 73. Chen Z, Yeoh YK, Hui M, Wong PY, Chan MCW, Ip M, Yu J, Burk RD, 
Chan FKL, Chan PKS. Diversity of macaque microbiota compared 

https://doi.org/10.1016/j.chom.2015.01.015
https://doi.org/10.1016/j.chom.2015.01.015
https://doi.org/10.1093/gigascience/giy100
https://doi.org/10.1093/gigascience/giy100
https://doi.org/10.3389/fimmu.2021.748397
https://doi.org/10.3389/fimmu.2021.748397
https://doi.org/10.7554/eLife.05224
https://doi.org/10.7554/eLife.05224
https://doi.org/10.1038/s41467-018-04204-w
https://doi.org/10.1038/s41467-018-04204-w
https://doi.org/10.1186/s13059-019-1923-9
https://doi.org/10.1038/s41587-023-01688-w
https://doi.org/10.1186/s40793-019-0347-1
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.3390/bioengineering8050059
https://doi.org/10.7554/eLife.65088
https://doi.org/10.7554/eLife.65088
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1186/s40168-018-0541-1
https://doi.org/10.1016/j.ymeth.2016.02.020
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.1093/bioinformatics/btt086
https://github.com/lh3/seqtk
https://doi.org/10.7717/peerj.7359
https://doi.org/10.7717/peerj.7359
https://doi.org/10.1093/bioinformatics/btv638
https://doi.org/10.1093/bioinformatics/btv638
https://doi.org/10.1038/Nmeth.3103
https://doi.org/10.1038/Nmeth.3103
https://doi.org/10.1038/ismej.2017.126
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1093/bioinformatics/btac672
https://doi.org/10.1093/bioinformatics/btac672
https://doi.org/10.1093/bioinformatics/btz848
https://doi.org/10.1038/s41587-020-0501-8
https://doi.org/10.1038/s41587-020-0501-8
https://doi.org/10.1038/nbt.4229
https://www.R-project.org/
https://www.R-project.org/
http://www.posit.co/
https://doi.org/10.1371/journal.pone.0061217
http://microbiome.github.com/microbiome
http://microbiome.github.com/microbiome
https://CRAN.R-project.org/package=nlme
https://CRAN.R-project.org/package=nlme
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1371/journal.pcbi.1009442
https://doi.org/10.1371/journal.pcbi.1009442
https://doi.org/10.3390/microorganisms10030522
https://doi.org/10.3390/microorganisms10030522
https://doi.org/10.1111/1462-2920.13047
https://doi.org/10.3390/ani14020269
https://doi.org/10.1038/s41467-020-19929-w
https://doi.org/10.1038/nbt.3893
https://doi.org/10.1038/nbt.3893


Page 20 of 21Purse et al. Animal Microbiome            (2025) 7:47 

to the human counterparts. Sci Rep. 2018. https:// doi. org/ 10. 1038/ 
s41598- 018- 33950-6.

 74. Hitch TCA, Bisdorf K, Afrizal A, Riedel T, Overmann J, Strowig T, Clavel T. A 
taxonomic note on the genus Prevotella: description of four novel gen-
era and emended description of the genera Hallella and Xylanibacter. 
Syst Appl Microbiol. 2022. https:// doi. org/ 10. 1016/j. syapm. 2022. 126354.

 75. Blanco-Miguez A, Galvez EJC, Pasolli E, De Filippis F, Amend L, Huang 
KD, Manghi P, Lesker TR, Riedel T, Cova L, Puncochar M, Thomas AM, 
Valles-Colomer M, Schober I, Hitch TCA, Clavel T, Berry SE, Davies R, 
Wolf J, Spector TD, Overmann J, Tett A, Ercolini D, Segata N, Strowig T. 
Extension of the Segatella copri complex to 13 species with distinct 
large extrachromosomal elements and associations with host condi-
tions. Cell Host Microbe. 2023;31(11):1804–19. https:// doi. org/ 10. 1016/j. 
chom. 2023. 09. 013.

 76. Tett A, Huang KD, Asnicar F, Fehlner-Peach H, Pasolli E, Karcher N, 
Armanini F, Manghi P, Bonham K, Zolfo M, De Filippis F, Magnabosco 
C, Bonneau R, Lusingu J, Amuasi J, Reinhard K, Rattei T, Boulund F, 
Engstrand L, Zink A, Collado MC, Littman DR, Eibach D, Ercolini D, 
Rota-Stabelli O, Huttenhower C, Maixner F, Segata N. The Prevotella copri 
complex comprises four distinct clades underrepresented in western-
ized populations. Cell Host Microbe. 2019;26(5):666–79. https:// doi. org/ 
10. 1016/j. chom. 2019. 08. 018.

 77. Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-Bello MG, 
Contreras M, Magris M, Hidalgo G, Baldassano RN, Anokhin AP, Heath 
AC, Warner B, Reeder J, Kuczynski J, Caporaso JG, Lozupone CA, Lauber 
C, Clemente JC, Knights D, Knight R, Gordon JI. Human gut microbiome 
viewed across age and geography. Nature. 2012;486(7402):222–7. 
https:// doi. org/ 10. 1038/ natur e11053.

 78. Schnorr SL, Candela M, Rampelli S, Centanni M, Consolandi C, Basaglia 
G, Turroni S, Biagi E, Peano C, Severgnini M, Fiori J, Gotti R, De Bellis G, 
Luiselli D, Brigidi P, Mabulla A, Marlowe F, Henry AG, Crittenden AN. 
Gut microbiome of the Hadza hunter-gatherers. Nat Commun. 2014. 
https:// doi. org/ 10. 1038/ ncomm s4654.

 79. Obregon-Tito AJ, Tito RY, Metcalf J, Sankaranarayanan K, Clemente JC, 
Ursell LK, Zech Xu Z, Van Treuren W, Knight R, Gaffney PM, Spicer P, 
Lawson P, Marin-Reyes L, Trujillo-Villarroel O, Foster M, Guija-Poma E, 
Troncoso-Corzo L, Warinner C, Ozga AT, Lewis CM. Subsistence strate-
gies in traditional societies distinguish gut microbiomes. Nat Commun. 
2015. https:// doi. org/ 10. 1038/ ncomm s7505.

 80. De Filippo C, Cavalieri D, Di Paola M, Ramazzotti M, Poullet JB, Massart 
S, Collini S, Pieraccini G, Lionetti P. Impact of diet in shaping gut micro-
biota revealed by a comparative study in children from Europe and 
rural Africa. Proc Natl Acad Sci U S A. 2010;107(33):14691–6. https:// doi. 
org/ 10. 1073/ pnas. 10059 63107.

 81. Pasolli E, Asnicar F, Manara S, Zolfo M, Karcher N, Armanini F, Beghini F, 
Manghi P, Tett A, Ghensi P, Collado MC, Rice BL, DuLong C, Morgan XC, 
Golden CD, Quince C, Huttenhower C, Segata N. Extensive unexplored 
human microbiome diversity revealed by over 150,000 genomes 
from metagenomes spanning age, geography, and lifestyle. Cell. 
2019;176(3):649–62. https:// doi. org/ 10. 1016/j. cell. 2019. 01. 001.

 82. Rinott E, Meir AY, Tsaban G, Zelicha H, Kaplan A, Knights D, Tuohy 
K, Scholz MU, Koren O, Stampfer MJ, Wang DD, Shai I, Youngster I. 
The effects of the Green-Mediterranean diet on cardiometabolic 
health are linked to gut microbiome modifications: a randomized 
controlled trial. Genome Med. 2022;14(1):29. https:// doi. org/ 10. 1186/ 
s13073- 022- 01015-z.

 83. Sawaswong V, Chanchaem P, Kemthong T, Warit S, Chaiprasert A, 
Malaivijitnond S, Payungporn S. Alteration of gut microbiota in wild-
borne long-tailed macaques after 1-year being housed in hygienic 
captivity. Sci Rep. 2023. https:// doi. org/ 10. 1038/ s41598- 023- 33163-6.

 84. Clayton JB, Vangay P, Huang H, Ward T, Hillmann BM, Al-Ghalith GA, 
Travis DA, Long HT, Tuan BV, Minh VV, Cabana F, Nadler T, Toddes B, 
Murphy T, Glander KE, Johnson TJ, Knights D. Captivity humanizes the 
primate microbiome. Proc Natl Acad Sci U S A. 2016;113(37):10376–81. 
https:// doi. org/ 10. 1073/ pnas. 15218 35113.

 85. Makovska M, Killer J, Modrackova N, Ingribelli E, Amin A, Vlkova E, 
Bolechova P, Neuzil-Bunesova V. Species and strain variability among 
sarcina isolates from diverse mammalian hosts. Animals. 2023. https:// 
doi. org/ 10. 3390/ ani13 091529.

 86. Ushida K, Tsuchida S, Ogura Y, Hayashi T, Sawada A, Hanya G. Draft 
genome sequences of Sarcina ventriculi strains isolated from wild 

Japanese Macaques in Yakushima Island. Genome Announc. 2016. 
https:// doi. org/ 10. 1128/ genom eA. 01694- 15.

 87. Crowther JS. Sarcina ventriculi in human faeces. J Med Microbiol. 
1971;4(3):343–50. https:// doi. org/ 10. 1099/ 00222 615-4- 3- 343.

 88. Marcelino LP, Valentini DF, Machado S, Schaefer PG, Rivero RC, Osvaldt 
AB. Sarcina ventriculi a rare pathogen. Autops Case Rep. 2021. https:// 
doi. org/ 10. 4322/ acr. 2021. 337.

 89. Tartaglia D, Coccolini F, Mazzoni A, Strambi S, Cicuttin E, Cremonini C, 
Taddei G, Puglisi AG, Ugolini C, DiStefano I, Basolo F, Chiarugi M. Sarcina 
Ventriculi infection: a rare but fearsome event. A systematic review of 
the literature. Int J Infect Dis. 2022;115:48–61. https:// doi. org/ 10. 1016/j. 
ijid. 2021. 11. 027.

 90. Bae GS, Jeon ES, Son HC, Kang P, Lim KS, Hwang EH, Kim G, Baek SH, An 
YJ, Shim GY, Woo YM, Kim Y, Oh T, Kim SH, Hong J, Koo BS. Clostridium 
ventriculi in a cynomolgus monkey with acute gastric dilatation and 
rupture: a case report. J Med Primatol. 2024. https:// doi. org/ 10. 1111/ 
jmp. 12668.

 91. Owens LA, Colitti B, Hirji I, Pizarro A, Jaffe JE, Moittie S, Bishop-Lilly KA, 
Estrella LA, Voegtly LJ, Kuhn JH, Suen G, Deblois CL, Dunn CD, Juan-
Salles C, Goldberg TL. A Sarcina bacterium linked to lethal disease in 
sanctuary chimpanzees in Sierra Leone. Nat Commun. 2021;12(1):763. 
https:// doi. org/ 10. 1038/ s41467- 021- 21012-x.

 92. Chibani CM, Mahnert A, Borrel G, Almeida A, Werner A, Brugère JF, Grib-
aldo S, Finn RD, Schmitz RA, Moissl-Eichinger C. A catalogue of 1,167 
genomes from the human gut archaeome. Nat Microbiol. 2022;7(1):48–
61. https:// doi. org/ 10. 1038/ s41564- 021- 01020-9.

 93. Horz HP, Conrads G. The discussion goes on: What is the role of Eur-
yarchaeota in humans? Archaea. 2010. https:// doi. org/ 10. 1155/ 2010/ 
967271.

 94. Thomas CM, Desmond-Le Quemener E, Gribaldo S, Borrel G. Factors 
shaping the abundance and diversity of the gut archaeome across 
the animal kingdom. Nat Commun. 2022. https:// doi. org/ 10. 1038/ 
s41467- 022- 31038-4.

 95. Zhang C, Yu Y, Yue L, Chen Y, Chen Y, Liu Y, Guo C, Su Q, Xiang Z. Gut 
microbiota profiles of sympatric snub-nosed monkeys and macaques in 
Qinghai-Tibetan Plateau show influence of phylogeny over diet. Com-
mun Biol. 2025;8(1):95. https:// doi. org/ 10. 1038/ s42003- 025- 07538-6.

 96. Prochazkova N, Laursen MF, La Barbera G, Tsekitsidi E, Jorgensen MS, 
Rasmussen MA, Raes J, Licht TR, Dragsted LO, Roager HM. Gut physiol-
ogy and environment explain variations in human gut microbiome 
composition and metabolism. Nat Microbiol. 2024;9(12):3210–25. 
https:// doi. org/ 10. 1038/ s41564- 024- 01856-x.

 97. Paone P, Cani PD. Mucus barrier, mucins and gut microbiota: the 
expected slimy partners? Gut. 2020;69(12):2232–43. https:// doi. org/ 10. 
1136/ gutjnl- 2020- 322260.

 98. Zheng L, Kelly CJ, Colgan SP. Physiologic hypoxia and oxygen homeo-
stasis in the healthy intestine. A review in the theme: cellular responses 
to hypoxia. Am J Physiol Cell Physiol. 2015;309(6):C350–60. https:// doi. 
org/ 10. 1152/ ajpce ll. 00191. 2015.

 99. Anders JL, Moustafa MAM, Mohamed WMA, Hayakawa T, Nakao R, 
Koizumi I. Comparing the gut microbiome along the gastrointestinal 
tract of three sympatric species of wild rodents. Sci Rep. 2021. https:// 
doi. org/ 10. 1038/ s41598- 021- 99379-6.

 100. Nguyen TL, Vieira-Silva S, Liston A, Raes J. How informative is the mouse 
for human gut microbiota research? Dis Model Mech. 2015;8(1):1–16. 
https:// doi. org/ 10. 1242/ dmm. 017400.

 101. Vacca M, Celano G, Calabrese FM, Portincasa P, Gobbetti M, De Angelis 
M. The controversial role of human gut lachnospiraceae. Microorgan-
isms. 2020. https:// doi. org/ 10. 3390/ micro organ isms8 040573.

 102. Anthony WE, Wang B, Sukhum KV, D’Souza AW, Hink T, Cass C, Seiler 
S, Reske KA, Coon C, Dubberke ER, Burnham CD, Dantas G, Kwon JH. 
Acute and persistent effects of commonly used antibiotics on the 
gut microbiome and resistome in healthy adults. Cell Rep. 2022;39(2): 
110649. https:// doi. org/ 10. 1016/j. celrep. 2022. 110649.

 103. Russell A, Copio JN, Shi Y, Kang S, Franklin CL, Ericsson AC. Reduced 
housing density improves statistical power of murine gut microbiota 
studies. Cell Rep. 2022;39(6): 110783. https:// doi. org/ 10. 1016/j. celrep. 
2022. 110783.

 104. Johnson KVA, Watson KK, Dunbar RIM, Burnet PWJ. Sociability in a non-
captive macaque population is associated with beneficial gut bacteria. 
Front Microbiol. 2022. https:// doi. org/ 10. 3389/ fmicb. 2022. 10324 95.

https://doi.org/10.1038/s41598-018-33950-6
https://doi.org/10.1038/s41598-018-33950-6
https://doi.org/10.1016/j.syapm.2022.126354
https://doi.org/10.1016/j.chom.2023.09.013
https://doi.org/10.1016/j.chom.2023.09.013
https://doi.org/10.1016/j.chom.2019.08.018
https://doi.org/10.1016/j.chom.2019.08.018
https://doi.org/10.1038/nature11053
https://doi.org/10.1038/ncomms4654
https://doi.org/10.1038/ncomms7505
https://doi.org/10.1073/pnas.1005963107
https://doi.org/10.1073/pnas.1005963107
https://doi.org/10.1016/j.cell.2019.01.001
https://doi.org/10.1186/s13073-022-01015-z
https://doi.org/10.1186/s13073-022-01015-z
https://doi.org/10.1038/s41598-023-33163-6
https://doi.org/10.1073/pnas.1521835113
https://doi.org/10.3390/ani13091529
https://doi.org/10.3390/ani13091529
https://doi.org/10.1128/genomeA.01694-15
https://doi.org/10.1099/00222615-4-3-343
https://doi.org/10.4322/acr.2021.337
https://doi.org/10.4322/acr.2021.337
https://doi.org/10.1016/j.ijid.2021.11.027
https://doi.org/10.1016/j.ijid.2021.11.027
https://doi.org/10.1111/jmp.12668
https://doi.org/10.1111/jmp.12668
https://doi.org/10.1038/s41467-021-21012-x
https://doi.org/10.1038/s41564-021-01020-9
https://doi.org/10.1155/2010/967271
https://doi.org/10.1155/2010/967271
https://doi.org/10.1038/s41467-022-31038-4
https://doi.org/10.1038/s41467-022-31038-4
https://doi.org/10.1038/s42003-025-07538-6
https://doi.org/10.1038/s41564-024-01856-x
https://doi.org/10.1136/gutjnl-2020-322260
https://doi.org/10.1136/gutjnl-2020-322260
https://doi.org/10.1152/ajpcell.00191.2015
https://doi.org/10.1152/ajpcell.00191.2015
https://doi.org/10.1038/s41598-021-99379-6
https://doi.org/10.1038/s41598-021-99379-6
https://doi.org/10.1242/dmm.017400
https://doi.org/10.3390/microorganisms8040573
https://doi.org/10.1016/j.celrep.2022.110649
https://doi.org/10.1016/j.celrep.2022.110783
https://doi.org/10.1016/j.celrep.2022.110783
https://doi.org/10.3389/fmicb.2022.1032495


Page 21 of 21Purse et al. Animal Microbiome            (2025) 7:47  

 105. Moeller AH, Foerster S, Wilson ML, Pusey AE, Hahn BH, Ochman H. 
Social behavior shapes the chimpanzee pan-microbiome. Sci Adv. 2016. 
https:// doi. org/ 10. 1126/ sciadv. 15009 97.

 106. Raulo A, Ruokolainen L, Lane A, Amato K, Knight R, Leigh S, Stumpf R, 
White B, Nelson KE, Baden AL, Tecot SR. Social behaviour and gut micro-
biota in red-bellied lemurs (Eulemur rubriventer): in search of the role of 
immunity in the evolution of sociality. J Anim Ecol. 2018;87(2):388–99. 
https:// doi. org/ 10. 1111/ 1365- 2656. 12781.

 107. Purse C, Parker A, James SA, Baker DJ, Moss CA, Evans R, Durham J, 
Funnell SGP, Carding SR, Metagenomic sequencing of cynomolgus 
macaque stool. 2024: NCBI Sequence Read Archive.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1126/sciadv.1500997
https://doi.org/10.1111/1365-2656.12781

	Intestinal microbiota profiles of captive-bred cynomolgus macaques reveal influence of biogeography and age
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Materials and methods
	Non-human primates
	Analysed datasets
	Sample collection
	DNA extraction
	Library preparation and sequencing
	Taxonomic and functional characterisation
	Genome reconstruction and clustering
	Alpha and beta diversity analyses
	Analysis of associations between taxonomic and functional features and age

	Results
	Discussion
	Characterisation of the captive-bred cynomolgus macaque intestinal tract using reference-based profiling
	Intestinal biogeography varies along the intestinal tract
	There are limited age-associated changes to the captive cynomolgus macaque intestinal microbiome
	Identification of putative novel microbial taxa from the cynomolgus macaque intestinal microbiome
	Limitations

	Conclusions
	Acknowledgements
	References


