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Abstract

Aging is a multifactorial process characterized by progressive changes in gut physiology and the intestinal mucosal immune system. These
changes, along with alterations in lifestyle, diet, nutrition, inflammation and immune function alter both composition and stability of the
gut microbiota. Given the impact of environmental influences on the gut microbiota, animal models are particularly useful in this field. To
understand the relationship between the gut microbiota and aging in nonhuman primates, we collected fecal samples from 20 male and 20
female rhesus macaques (Macaca mulatta), across the natural macaque age range, for 16S rRNA gene analyses. Operational taxonomic units
were then grouped together to summarize taxon abundance at different hierarchical levels of classification and alpha- and beta-diversity
were calculated. There were no age or sex differences in alpha diversity. At the phylum level, relative abundance of Proteobacteria and
Firmicutes and Firmicutes to Bacteriodetes ratio were different between age groups though significance disappeared after correction for
multiple comparisons. At the class level, relative abundance of Firmicutes_Bacilli decreased and Proteobacteria_Alphaproteobacteria and
Proteobacteria_Betaproteobacteria increased with each successively older group. Only differences in Firmicutes_Bacilli remained significant
after correction for multiple comparisons. No sex differences were identified in relative abundances after correction for multiple comparisons.
Our results are not surprising given the known impact of environmental factors on the gut microbiota.
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Within the mammalian gastrointestinal tract, there is a complex
community of more than 100 trillion microbial cells (1) collectively
known as the gut microbiota. The genomes associated with this
community represent the gut microbiome. Overall interindividual
variation in the gut microbiota is extremely large and is influenced
by host genetic background, microbes, and environmental factors
(2). Of the environmental factors, diet imposes a predominate and
rapid effect (3). The gut microbiota is known to interact both with
each other and the host and are associated with intestinal as well
as systemic diseases. Compositional and functional changes of the
human gut microbiome have been linked to many chronic meta-
bolic diseases, such as malnutrition (4) and obesity (35), and there is
increasing evidence that gut microbiota may influence metabolism
and play a role in the onset of metabolic diseases (6).
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Aging is a multifactorial process characterized by the progressive
functional decline of the principal physiological systems, including
gastrointestinal/digestive system and the intestinal mucosal immune
system (7). These changes, along with concomitant alterations in life
style, diet, nutrition, inflammation and immune function alter both the
composition and stability of the human gut microbiota (8,9). While
gut microbiotas of healthy adults are relatively stable even for decades
(10), microbiota changes evident in older adults (8,11) are likely due
to the effects of coexisting conditions and treatment thereof as well as
age-related factors (12). In general, aging is associated with decreased
intra-individual microbiota diversity and greater interindividual vari-
ation (2,8,12), though there is large variability in study results (13-15).

Animal model studies are particularly useful in situations such as
these where the whole-body response is crucial and environmental
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Table 1. Animal Demographics

Animals Young Young Adult Adult Old P

Total number of animals 10 10 10 10
Female* 5(5,0) 5(4,1) 4(3,1) 6(2,4)

Male* 5(5,0) 5(5,0) 6(6,0) 4 (4,0)

Age (mean = SD, years) 4.5=1.1° 10.2 + 0.6° 16.2 = 0.9¢ 23.3 +3.6¢ <.0001
Female 4.7 +1.2° 10.2 = 0.5° 16.7 = 0.7¢ 24.8 = 3.6¢ <.0001
Male 43110 10.1 = 0.7° 15.9 = 0.9¢ 21.0 = 2.4¢ <.0001

Age range (years) 3.1-6.0 9.4-11.1 15.2-17.5 18.4-31.6
Female 3.1-6.0 9.8-11.1 15.7-17.2 21.5-31.6
Male 3.2-5.9 9.4-11.0 15.2-17.6 18.4-23.2

Body weight (kg) 7.4+ 1.8 11.0 = 3.9® 11.2 = 2.6° 11.0 = 3.4 .020
Female 6.8 1.5 8.2+2.0 9.8+2.6 9.0=+1.8 154
Male 7.9 +2.2° 13.7 + 3.4> 12.2 £2.3% 13.9 = 3.1° .013

Body weight range (kg) 5.1-11.0 5.6-19.1 7.4-16.6 7.0-17.0
Female 5.1-8.5 5.6-10.3 7.4-12.9 7.0-11.2
Male 5.2-11.0 10.6-19.1 9.6-16.6 9.9-17.0

Notes: For pair housed animals, only one animal per pair was included in analyses. Age and body weight are from the time of sample collection. p Values are
from ANOVA, values with different superscripts within rows are significantly different by Tukey HSD (p < .035).

*Number of animals (number of animals singly housed, number of animals pair housed).

effects are reasonably expected to impact results. Given the over-
size impact of environmental influences on the gut microbiota and
the degree to which the gut microbiota is involved in a multitude
of body systems, animal models are particularly useful in this field.
While rodent models are undoubtedly useful, they cannot recap-
itulate the human condition to the same degree as do nonhuman
primate models such as the well-studied rhesus monkey (Macaca
mulatta). Unlike in human studies, in nonhuman primate studies en-
vironment, dietary intake and medical history can be fully described,
and studies can be designed to assure comprehensive subject moni-
toring and strict protocol adherence. At its most basic, studies in
rhesus monkeys can be designed to eliminate or reduce the effect
of lifestyle factors on the microbe community. In addition, unlike
rodents, rhesus monkeys display patterns of eating and sleeping be-
havior that mirror those of humans, have a life span measured in dec-
ades, and develop and age in similar ways to humans. Furthermore,
rhesus monkey share ~93% sequence identity with the human
genome (16,17), and this similarity extends to numerous aspects of
their anatomy, physiology, neurology, endocrinology, immunology,
and behavior (18). While other nonhuman primate species serve as
valuable models for studies of gut microbiota, the breadth of existing
knowledge regarding captive rhesus macaques and aging rhesus ma-
caques, in particular, make them the ideal animal model for studying
aging and the gut microbiota.

Monkey gut microbiota has been explored in several contexts.
For example, studies have explored the relationship between gut
microbiota and obesity (19), diet type (20,21), diet and ecology (22),
ecological plasticity (23), social structure (24,25), and impact of cap-
tivity (26). Unfortunately, few studies have been designed to explore
the impact of aging on gut microbiota in nonhuman primate models.
Here, we explore gut microbiota differences related to age and sex in
rhesus macaques housed at the Wisconsin National Primate Research
Center (WNPRC). We hypothesize that, as in humans, aged rhesus ma-
caques will have decreased intra-individual microbiota diversity and
greater interindividual variation compared with younger animals. We
further hypothesize that there will be a sex difference in microbial
composition. However, we acknowledge that it is possible that both
age-related and sex-related differences will be attenuated by the tight
environmental control under which our animals are maintained.

Methods

Animals

In order to assess the effects of age and sex on gut microbiota, we
evaluated fecal microbiome in 40 healthy rhesus macaques housed
at the WNPRC at the University of Wisconsin, Madison. An equal
number of males and females were studied across four age groups:
young, young adult, adult, and old. All females were known to be
nonpregnant. Subject numbers, ages, and body weights are given in
Table 1. Animals more than 18 years of age constitute the aged group
as at this age rhesus macaques are known to exhibit age-related
phenotypes such as sarcopenia (18). For reference, the overall me-
dian life span of rhesus monkeys at the WNPRC is 27 years, and the
maximum life span is 40 years (27).

Animals were housed either singly or socially in standard primate
enclosures and grouped into rooms with auditory and visual contact
with other animals. Animal rooms were maintained at 21-26°C with
~50%-65% relative humidity. Artificial room lighting was automat-
ically controlled to provide 12-hour light and dark periods. Animals
had continuous access to municipal water and were fed standard pri-
mate chow (Teklad 2050, Envigo, Madison, WI) ad libitum. Animals
had no antibiotic exposure within 2 months of sample collection.
The protocol (G005726) for this study was approved by the Animal
Care and Use Committee of the Office of the Vice Chancellor for
Graduate Research and Education of the University of Wisconsin—
Madison, an AAALAC-accredited program.

Fecal Sample Collection and Bacterial 16S rRNA
Sequencing and Processing

After cage-washing in the morning, animals were separated from
cage-mates (if applicable) and observed until fecal samples were pro-
duced. These samples were then collected from the drop-pan below
each cage, subsampled into prepared sterile bead beating tubes, and
stored at —-80°C until processing by a bead beating protocol for
DNA isolation as previously described (5,28,29). The variable region
V4 amplicon of the bacterial 16S rRNA gene was amplified using
barcoded primers (515F: 5-GTGCCAGCMGCCGCGGTAA-3;
806R: 5-GGACTACHVGGGTWTCTAAT-3’) and sequencing was
performed using quality-filtered paired end Illumina sequencing
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reads using the Illumina MiSeq platform (28,29). All sequencing
was performed at the same time. 16S rRNA sequences were aligned
and those with 97% similarity were clustered into operational
taxonomic units (OTUs) using the UCLUST algorithm (30) using
QIIME (Quantitative Insights Into Microbial Ecology, version 1.9.1)
software package (31) and assigned the lowest possible taxonomic
classifications from the Greengenes reference database (v13.8)
(32) using a naive Bayesian classifier requiring an 80% confidence
score. Samples were rarefied to 9,439 reads/sample with singletons
removed.

OTUs with <0.0005% of total sequence reads were filtered out
from the data set to account for sequencing errors. OTUs were then
grouped together to summarize taxon abundance at different hier-
archical levels of classification. Diversity between samples, or beta
diversity (B-diversity) was measured by unweighted Unifrac analysis
(33). Diversity of bacterial “species” in a given sample type, or the
alpha diversity (a-diversity), was calculated based on the entire data
set including all OTUs, using Shannon’s diversity matrix as imple-
mented in QIIME (31). This matrix measures compositional com-
plexity based both on evenness (relative abundance of difference
OTUs/species and their even distribution in a sample) and richness
(number of OTUs/species present in a sample) (34) of the microbial
ecosystem. In order to visualize the dissimilarity matrix between all
samples, we performed principal components analysis (PCoA) by
QIIME and 3D PCoA plots were generated using EMPEROR (35).

Statistical Analysis

Data were analyzed by age group (combining sexes) and sex (com-
bining age groups) separately. For each of the studies (age, sex), all
data were evaluated for normality and homogeneity of variance. Age
and body weight were compared by ANOVA with post hoc testing
(Tukey HSD) or unpaired Student’s ¢-tests as appropriate. o-diversity
was tested between groups by nonparametric Kruskal-Wallis tests or
Mann-Whitney test as appropriate based on the number of groups.
Differences in microbial DNA populations at the phylum, class,
and species levels, across age and sex were tested by nonparametric
Kruskal-Wallis or Mann—Whitney tests, as appropriate based on the
number of groups. Initially, OTUs of interest were identified as those
having a p < .05. Final determination of significance was established
after post hoc correction for false discovery rate (FDR) using estab-
lished techniques (36). Following comparative analyses, Spearman
correlation analyses were performed between body weight and
OTUs identified as differing in relative abundance by age or sex.

Results
Impact of Age

Demographic data for the 40 animals evaluated in this study are
presented in Table 1. Per the study design, age was different across
the four groups (young, young adult, adult, old). Body weight in fe-
males did not differ across the age groups but in the males, animals
in the young group weighed less than those in the young adult and
old groups leading to an overall difference in body weight between
the age groups.

Figure 1 represents the overall composition of the fecal
microbiomes in young, young adult, adult, and old at the phylum
(Figure 1A) and class (Figure 1B) taxonomic level. PCoA revealed
no differences in overall fecal microbiota community structure as
determined by unweighted UniFrac (Figure 1C). At the phylum level,
relative abundance of Proteobacteria (Figure 1D) and Firmicutes
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Figure 1. Taxonomic distribution of fecal microbiome of healthy young (3.1-
6.0 years of age), young adult (9.4-11.1 years of age), adult (15.2-17.5 years
of age), and old (18.4-31.6 years of age) rhesus macaques by phylum (A) and
class (B). Individual phyla and classes are included in the graph only if the
average abundance in at least one of the age groupings exceeded 1%. (C)
Comparison of fecal microbiome B-diversity (unweighted UniFrac) between
different rhesus macaque age groups. (D-F) Microbial DNA populations
differentially expressed between young (orange), young adult (green), adult
(red), and old (blue) rhesus macaques at the phylum level. None remain
significant after correction for multiple comparisons via false discovery rate.
Box and whiskers represent the range of observed values.

(Figure 1E) and ratio of Firmicutes to Bacteriodetes (F/B ratio) were
significantly different between age groups though significance did
not remain after correction for multiple comparisons by FDR. At the
classlevel (Supplementary Table 1), relative abundance of Firmicutes_
Bacilli decreased with each successively older group (p = .002) and
relative abundance of Proteobacteria_Alphaproteobacteria and
Proteobacteria_Betaproteobacteria increased with each successively
older group (p =.038 and p = .012, respectively). Only differences in
Firmicutes_Bacilli remained significant after correction for multiple
comparisons by FDR. A total of 19 different species from the phyla
Bacteroidetes, Firmicutes, and Proteobacteria were significantly dif-
ferent between age groups though none remained significant after
correction for multiple comparisons by FDR (Supplementary Table
2). No correlations were found between body weight and OTUs
identified as differing in relative abundance by age (data not shown).

Figure 2 depicts a-diversity measurements, including richness
(chaol and observed species), phylogenetic diversity, and overall
sample diversity measured according to Shannon and Simpson met-
rics. Measures of a-diversity did not differ between age groups.

Impact of Sex
We evaluated a total of 20 males and 20 females. There were no
differences in age between males and females. As expected for this
sexually dimorphic species, males weighed more (p = .0006) than
females.

Figure 3 represents the overall composition of the fecal
microbiomes in females and males at the phylum (Figure 3A) and
class (Figure 3B) taxonomic level. PCoA revealed no differences


http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glaa048#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glaa048#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glaa048#supplementary-data

1296

Journals of Gerontology: BIOLOGICAL SCIENCES, 2020, Vol. 75, No. 7

Richness - Chaot Richness - Observed Species Phylogenetic Diversity

g o g o 3 4
& so & s §
5 5 §
g 5 H
3 3 3
2 P-4 2
T s 3 a0 3
: g S

Young Youngadut Adut  Old Young Youngadut Adut  Old Young Youngadut Adut  Old

Diversity - Shannon index Diversity - Simpson index

lamga J7778

Young Youngadut Adut  Old Young Youngadut Adut  Old

Relative Abundance (%)
Relative Abundance (%)

Figure 2. Comparison of a-diversity of the fecal microbiome between healthy
young (orange), young adult (green), adult (red), and old (blue) rhesus
macaques. Five indices were used to represent the richness (chao1, observed
species), phylogenetic diversity, and sample diversity (shannon and simpson
indices). Box whiskers indicate the range of observed values.
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Figure 3. Taxonomic distribution of fecal microbiome of healthy female
and male rhesus macaques by phylum (A) and class (B). Individual phyla
and classes are included in the graph only if the average abundance in
at least one of the sex groupings exceeded 1%. (C) Comparison of fecal
microbiome B-diversity (unweighted UniFrac) between female and male
rhesus macaques. (D-F) Microbial DNA populations differentially expressed
between female (red) and male (blue) rhesus macaques at the phylum level.
None remain significant after correction for multiple comparisons via false
discovery rate. Box and whiskers represent the range of observed values.

in overall fecal microbiota community structure as determined
by unweighted UniFrac (Figure 3C). At the phylum level, relative
abundance of Plantomycetes (Figure 3D) and Verrucomicrobia
(Figure 3E) were significantly different between males and females
though significance did not remain after correction for multiple com-
parisons by FDR. The F/B ratio of was not different between males
and females. At the class level (Supplementary Table 3), relative abun-
dance of Firmicutes_Clostridia and Verrucomicrobia_Verruco-5
were lower in males than females though significance disappeared
after correction for multiple comparisons by FDR. A total of 23
different species from the phyla Actinobacteria, Bacteroidetes,
Elusimicrobia, Firmicutes, Plantomycetes, and Verrucomicrobia
were significantly different between males and females though none
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Figure 4. Comparison of a-diversity of the fecal microbiome between healthy
female and male rhesus macaques. Five indices were used to represent the
richness (chaol1, observed species), phylogenetic diversity, and sample
diversity (shannon and simpson indices). Box whiskers indicate the range of
observed values. No significant differences were observed.

remained significant after correction for multiple comparisons by
FDR (Supplementary Table 4). No correlations were found between
body weight and OTUs identified as differing in relative abundance
between males and females (data not shown).

Figure 4 depicts a-diversity measurements, including richness
(chaol and observed species), phylogenetic diversity, and overall
sample diversity measured according to Shannon and Simpson
metrics. Measures of a-diversity did not differ between females
and males.

Discussion

The main purpose of this study was to understand the effect of aging
on the fecal microbiota in rhesus monkeys. We found no differ-
ences between our age groups in a-diversity. At the phylum level, we
found higher levels of proteobacteria in old monkeys and decreasing
levels of Firmicutes with increasing age as seen in humans (8). We
also found an age-related difference in the F/B ratio. Although un-
like in many human studies, these differences did not remain sig-
nificant after statistical correction for multiple correlations. The
only age-related difference that remained significant was decreased
Firmicutes_Bacilli with increasing age group which is contrary to
what has been found in humans (8). We additionally examined our
data for sex effects. Contrary to recent reports from human studies
(37,38), we found no differences between male and female monkeys
that remained significant after correction for multiple comparisons.
However, the relatively small group sizes, particularly in the older
ages and given the expected inter-individual variation, should be
taken into account.

It is not clear why results in this study disagree with findings from
human studies. It is possible that we did not see more age-related al-
terations in gut microbiota due to our level of control over diet and
environment and the fact that we restricted our sampling to clinic-
ally healthy individuals. Firmicutes_Bacilli is known to participate in
dietary and drug metabolism. Perhaps the decreased dietary variety
and general lack of polypharmacy in our population may in part ex-
plain why our results do not mimic those in humans.

When studying aging microbiota it can not be ignored that older
individuals often have a variety of comorbidities that are known
to impact the gut microbiota. This likely leads to the fact that, as
seen with the ELDERMET cohort, the microbiota of older adults is
highly variable between individuals and becomes more diverse and
variable with age (11). This large variation can be explained by a
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host of external factors, such as increasing gut dysbiosis with age
together with the use of antibiotics, lack of nutrition (12), overall
health status, living situation (13), and increased inflammatory
status (8,39). A major benefit of exploring the gut microbiota in an
animal model is the ability to control external factors which may
explain the lack of an age-related effect on interindividual diversity
in our study.

Within individuals, gut microbial diversity declines with age
and its function in metabolism and regulation of the immune
system is reduced. This gives the chance for opportunistic patho-
gens to invade and inflame the gut giving rise to various diseases
(12). In a study of centenarians from Northern Italy, Biagi and
colleagues found lower species diversity in the centenarians com-
pared with younger adults along with specific changes within
Firmicutes and enrichment of Proteobacteria which contains many
opportunistic bacteria (8). These specific changes match what we
observed in our aging study.

There is large variability in results from human studies exploring
age-related differences in gut microbiota with some studies showing
increased diversity and others showing decreased diversity (13). This
lack of consensus is likely a result of the fact that gut microbiota di-
versity is inversely correlated with biological age (ie, overall health
or frailty) as opposed to chronological age (14). Specifically, as bio-
logical age increases, overall gut microbiota richness decreases, while
some microbial taxa associated with unhealthy aging emerge (15).
This relationship with biological versus chronological age raises
the question of appropriate study design. Are the longest-lived in-
dividuals (ie, super-centenarians) able to somehow counteract the
negative effects of aging? Is it possible that the aging process is
somehow different in these individuals; is successful aging different
from normal aging? Our use of all clinically healthy animals for this
study may have somewhat curtailed potential differences between
biological and chronological age.

Studies specifically addressing the effect of aging on the gut
microbiome in nonhuman primates are limited. The loss of mucosal
barrier function with increasing age in old world monkeys has been
documented (vervet: (40,41); baboon: (42)). The two vervet monkey
studies (40,41) additionally assessed the fecal microbiome. As in
our study, no age-related differences were found in either vervet
monkey study. Similar to our study, these studies were also likely
hampered by inclusion of a limited number of animals in the old
group. Furthermore, the vervet studies included only females and
animals were moved to new housing shortly before sampling began.
Therefore, it is important to note that while our results are different
from those in human studies, they do recapitulate the overall lack
of difference in microbiome with aging found in another old world
monkey species, the vervet monkey.

This study has several important limitations. We character-
ized only fecal-derived populations. It is known that throughout
the length of the gut different regions harbor distinct microbial
communities that are adapted to local conditions, such as tissue
structure, host secretions, pH, and oxygen concentration. In this
study, because we used easily accessible feces, we focus only on the
distal part of the large intestine as a proxy for the entire GI tract.
Furthermore, less than 10,000 reads/sample is low. At the time of
sample analysis, this was the best technology that was reasonably
available to us. We appreciate that this may have impacted species
richness; however, we believe our depth of sequencing is adequate
to infer relative abundance of members of the microbial community.
Any future analyses of microbiome would use a higher number of
reads. Although we have excellent diet and environmental control

over our animals, there are differences in diet, treatment exposures,
and health that were unavoidable. An advantage is that we have
complete medical, treatment, and experimental histories available
so we can utilize this information to provide better understanding
of our data, and in a larger study, we would be able to use this in-
formation to segregate our data. Finally, some of the animals in the
old group exceed median survival age for this species with some as
old as the human equivalent of 90+ years of age. It cannot be ig-
nored that these individuals may in fact represent “optimal agers”
that have some degree of survivor benefit and therefore do not ac-
curately represent normal aging. Moving forward, larger studies in
this species including frailty and microbiome assessments will help
clarify the relationship between biological age and gut microbiota
and solidify the rhesus monkey as a model for integrating mechan-
isms of aging.

In conclusion, although our results do not recapitulate those
from human studies, they do match the findings from what are,
to the best of our knowledge, the only other studies that have
explored the effect of aging on gut microbiota in captive old
world monkeys. Given the abundance of information supporting
the overwhelming impact of diet, health, and environment on gut
microbiota composition, it is not surprising that under our well-
controlled conditions we saw limited age effects and no sex dif-
ferences. This does not detract from the use of the rhesus monkey
model for explorations involving the gut microbiota. In fact,
moving forward, larger studies in this species including frailty and
microbiome assessments will help clarify the relationship between
biological age and gut microbiota and solidify the rhesus monkey
as a model for integrating mechanisms of aging.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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