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Yearly variation coupled with social interactions shape the skin 
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ABSTRACT While skin microbes are known to mediate human health and disease, 
there has been minimal research on the interactions between skin microbiota, social 
behavior, and year-to-year effects in non-human primates—important animal models 
for translational biomedical research. To examine these relationships, we analyzed skin 
microbes from 78 rhesus macaques living on Cayo Santiago Island, Puerto Rico. We 
considered age, sex, and social group membership, and characterized social behavior 
by assessing dominance rank and patterns of grooming as compared to nonsocial 
behaviors. To measure the effects of a shifting environment, we sampled skin microbiota 
(based on sequence analysis of the 16S rRNA V4 region) and assessed weather across 
sampling periods between 2013 and 2015. We hypothesized that, first, monkeys with 
similar social behavior and/or in the same social group would possess similar skin 
microbial composition due, in part, to physical contact, and, second, microbial diversity 
would differ across sampling periods. We found significant phylum-level differences 
between social groups in the core microbiome as well as an association between total 
grooming rates and alpha diversity in the complete microbiome, but no association 
between microbial diversity and measures of rank or other nonsocial behaviors. We 
also identified alpha and beta diversity differences in microbiota and differential taxa 
abundance across two sampling periods. Our findings indicate that social dynamics 
interact with yearly environmental changes to shape the skin microbiota in rhesus 
macaques, with potential implications for understanding the factors affecting the 
microbiome in humans, which share many biological and social characteristics with these 
animals.

IMPORTANCE Primate studies are valuable for translational and evolutionary insights 
into the human microbiome. The majority of primate microbiome studies focus on the 
gut, so less is known about the factors impacting the microbes on skin and how their 
links affect health and behavior. Here, we probe the impact of social interactions and 
the yearly environmental changes on food-provisioned, free-ranging monkeys living 
on a small island. We expected animals that lived together and groomed each other 
would have more similar microbes on their skin, but surprisingly found that the external 
environment was a stronger influence on skin microbiome composition. These findings 
have implications for our understanding of the human skin microbiome, including 
potential manipulations to improve health and treat disease.

KEYWORDS skin microbiome, rhesus macaques, social behavior, year-to-year 
environment, Cayo Santiago, primates, microbial diversity, 16S rRNA

T he skin is the largest organ of the mammalian body and the main barrier against 
the external world (1). Microbes on the surface of the skin often participate in a 

symbiotic relationship with host skin cells by playing a significant role in mediating 
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body odor and health (2, 3). Specifically, the immune system of the skin is heavily reliant 
on the microbiota for defense and tissue repair (4). Certain skin microorganisms, 
like Staphylococcus epidermidis, can directly modulate the expression of inflammatory 
receptors within the innate human immune system that are necessary for maintaining 
tissue integrity (5). Furthermore, the skin microbiome influences the length and quality 
of wound healing via activity of Pseudomonas spp. (6). Research comparing human and 
non-human primate skin microbiota shows that host-microbe co-evolutionary history 
can be influenced by human hygiene behavior (7). Thus, developing greater insight into 
factors associated with skin microbial diversity and composition can not only inform 
future medical interventions, but also bridge unknown gaps in the evolutionary history 
of the human microbiome. Studying how microbiomes on non-human primate skin vary 
with behavior and health may thus offer new evolutionary and translational insights for 
humans.

Recent metagenomic studies identify interactions between gut microbiota and 
social behavior in non-human animals (8–12). Among Welsh Mountain ponies, more 
frequent social interactions were associated with increased similarity in gut micro
biome composition (13). Gut microbiota of wild baboons and chimpanzees were more 
homogenous in individuals that socialized more frequently, compared with individuals 
who shared the same diet or ancestral lineage (10, 11). Baboon males disperse from 
their natal group and the duration of male residency has been correlated with higher 
microbiome similarity (14). In colobus monkeys, gut microbial beta diversity was specific 
to individual social groups, consistent with local transfer of microbes either through 
direct interaction or shared spaces (15). Similarly, humans who interacted regularly 
within the same household, including with spouses and pets, possessed similar gut 
microbiome composition (12).

Several studies show that the environment also influences the composition of the 
gut microbiome. Human gut microbial composition varied with ambient environmen
tal ozone and concentrations of nitrogen oxide and nitrogen dioxide (16). Tanzanian 
chimpanzees shared more similarity in gut microbiome composition during wet seasons 
when they were more sociable, and less similarity over periods of fewer social interac
tions during the dry seasons (17). In monkeys, the diversity of the gut microbiome can be 
explained by a combination of social behavior and seasonal change, or seasonal changes 
alone (18–21). Taken together, it is clear that social behaviors and environmental factors 
interact to shape the composition and diversity of the gut microbiome.

Several studies of the skin microbiome in mammals show associations between 
microbial diversity and seasonality, temperature, humidity, or geographic location (22, 
23). For instance, in fruit bats, seasonality was the largest driver of skin microbial diversity 
(22). Several human microbiome studies show that temperature and humidity changes 
lead to shifts in skin microbial taxa abundances [reviewed in reference (24)]. In voles, 
alpha and beta diversity of the skin microbiome clustered according to geographic area, 
whereas the gut microbiome in the same animals did not, suggesting that the skin 
microbiome is more sensitive to the environment (25). In 10 non-human mammalian 
orders, the most significant factor influencing skin microbiota after accounting for host 
taxonomic order was geographic location (26).

Despite these advances and their translational and evolutionary importance, the 
relationships between the skin microbiome, age, sex, social factors (such as group 
membership and behavior), and the environment in non-human primates remain 
unclear. We address this gap by investigating the bacterial diversity and composition 
of the skin microbiome in the free-ranging colony of rhesus macaques on Cayo Santiago 
Island, a unique and well-established living laboratory for comparative and translational 
research. We hypothesize that, first, monkeys who interact more with other monkeys 
or who have more similar social behaviors will possess more similar skin microbial 
composition and diversity. Second, we hypothesize that skin microbial diversity will vary 
across sampling periods due to naturally occurring changes in the environment (such as 
temperature, rainfall, humidity) from 1 year to the next.
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MATERIALS AND METHODS

Study subjects and behavioral data collection

Animal subjects (n = 93) were members of five different social groups and ranged in 
age from 4 to 27 years old among a free-ranging population of 1,600 rhesus macaques 
residing on Cayo Santiago Island, Puerto Rico. The founding population of the research 
colony included 409 rhesus macaques moved from India to Cayo Santiago in 1938 (27). 
Colony members self-organize into social groups, demonstrate various forms of social 
behaviors, most notably grooming (28, 29), and reproduce in a semi-natural environ
ment with minimal external manipulations. A provisioned diet consists of commercially 
available monkey chow and water, supplemented by natural vegetation. Throughout the 
year, males tend to transfer to non-natal social groups after reaching reproductive age 
(3–4 years), whereas females remain in their natal group (28, 30).

Biological samples were collected during sampling periods. These occurred 
approximately 2 months after each birth season, which vary from year to year. The 
sampling periods for this project spanned between 2 months (October–December) to 4 
months (October–February). Apart from yearly trap-and-release activities for biological 
sampling, as well as intermittent population control over the past several decades, there 
are minimal human interventions (31). These procedures are covered under the IACUC 
protocol #A6850108 of the Medical Sciences Campus, University of Puerto Rico.

All rhesus macaques in this study were individually identified, recognized, and 
monitored by observers and census takers. Extensive behavioral data, which included 
394 hours of observations (mean of 4.24 hours per animal), were collected for a subset 
of animals to calculate metrics of dominance rank, grooming, and nonsocial, or self-
directed, behaviors (SDBs: self-grooming and scratching). We operationalized behavioral 
data in several ways (Table 1): social group membership (five groups: F, HH, KK, R, 
and V), ordinal dominance rank, and rates of grooming received, grooming given, total 
grooming (adding received and given rates), and self-directed behaviors. The majority 
of animals both received and gave grooming; a smaller subset of animals only received 
or only gave grooming, but not both. For behavioral analyses, we included animals that 
were observed for more than 2 total hours of individual 10-minute focal samples (>12 
observation samples). Dominance was determined for members of each sex separately 
through both direction and outcome of win/loss interactions within social groups, and 
monkeys were accordingly assigned ordinal ranks, with lower numbers representing 
higher dominance ranks. Per animal rates of grooming and self-directed behaviors were 
calculated by dividing the number of minutes of each behavior by the total number 
of minutes observed within the 8–10 months of observation prior to the collection of 
the skin swab. Grooming was defined as running the hands or mouth through the hair 
of another monkey. Grooming bouts were recorded if grooming duration exceeded 5 
seconds. A new bout of grooming was recorded if the identity of more than one partner 
changed or if there was a pause lasting longer than 15 seconds (32). Self-grooming was 
defined as running the hands or mouth through one’s own hair and recorded if duration 
exceeded 5 seconds. A new bout of self-grooming was recorded if 15 seconds lapsed 
in which no self-grooming occurred. Scratching was defined as rapid and repeated 

TABLE 1 Skin swab samples by category and sampling perioda

Social group Behavioral Sampling period

Sub-category All F HH KK R V Dominance, grooming 
interactions, self-groom
ing, self-scratching

2013 2014 2015

Number of 
samples

78 43 4 8 11 12 53 42 3 33

Females 45 30 2 3 6 4 38 26 1 18
Males 33 13 2 5 5 8 15 16 2 15
aSampling period 2014 samples removed for sampling period statistical analyses only.
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movement of the hand or foot across the skin. A new scratch was recorded each time 
the hand or foot was removed from contact with the area of the body being scratched 
and returned to a passive position (e.g., arm returned to the side of their body) or to the 
original position of the hand or foot prior to the scratch. A new scratch was also recorded 
when the area of the body being scratched was changed (e.g., two scratching events 
were recorded if an individual moved their nails across a section of their arm, followed by 
a section of their head).

Sample collection, DNA extraction, and sequencing

A subset of the research colony was trapped and released annually for biological 
sampling (sampling period) as part of multiple collaborative research projects exploring 
behavior, ecology, demography, life history, and genetics (28, 29, 31–33). Skin microbes 
were collected from both the left and right axillae of sampled macaques. Axillary areas 
are a more protected region of the skin microbiota, given their relative lower exposure 
from soil and other environmental factors. Microbiome swabs were stored at −80°C at 
the research field station, shipped on dry ice to North Carolina, and stored again at −80°C 
until extraction and sequencing.

For this study, we selected 93 left axilla samples for microbial DNA isolation and 
next-generation sequencing of the 16S V4 rRNA region from three different rhesus 
macaque sampling periods (2013–2015) and five different social groups. Each animal 
was represented by only one replicate swab in the data set. Environmental changes in 
this study corresponded to natural differences (e.g., humidity, temperature, etc.) that 
occurred from one sampling period to the next, measured across each sampling period 
spanning the years 2013 to 2015. The 2013 sampling period occurred from October 
2013 through February 2014; the 2014 sampling period occurred from October 2014 
through December 2014; and the 2015 sampling period occurred from October 2015 
through December 2015. The month and year of sample collection was recorded and 
subsequently grouped according to sample period. For data analyses, all microbiome 
sequencing reads were rarefied (see below), and as a result, our assessments of social 
group and seasonality encompassed 78 monkeys (84% of the 93 monkeys with skin 
microbe sequence data were retained after rarefaction), and for some analyses, the 2014 
sampling period was removed due to unbalanced sampling. Our analyses of behavioral 
measures (dominance, grooming, SDBs) included a subset of 53 monkeys (57% of the 
total sequenced).

Each axilla was swabbed using dual-tipped rayon swabs (BD BBL culture swabs 
B4320135). One swab tip from each sample was used for microbial DNA extractions while 
the other tip remained stored at −80°C as a technical replicate. Extractions were carried 
out using PowerSoil DNA Isolation kits (MOBIO Laboratories, CA, USA) according to the 
manufacturer’s protocol with the following modifications. First, the swab tip was cut with 
sterilized scissors and vortexed in the bead lysis tube. Second, for the final elution step, 
sample columns were warmed to 55°C with 60 µL of elution buffer C6. Each kit contained 
a kit control, which was an un-sampled sterile rayon swab that was processed with the 
other samples. Isolated DNA was stored at −20°C until DNA amplification with standard 
polymerase chain reaction (PCR) methods and 16S rRNA primers “515F” and “806Rmod” 
(Table S1). DNA amplification reactions were prepared within a PCR workstation laminar 
flow hood to reduce contamination. 5 PRIME HotMasterMix (QuantaBio, CA, USA) was 
mixed with 5 µL of DNA template and 0.5 µL (10 µM) primers in 25 µL reactions and 
amplified on an Eppendorf thermal cycler (Eppendorf, Germany) using the following 
program: 94°C for 3 minutes; 35 cycles of 94°C for 45 seconds, 50°C for 60 seconds, and 
72°C for 90 seconds; followed by 72°C for 10 minutes and held at 4°C.

Reactions were checked for the expected 292 base pair (bp) fragment using gel 
electrophoresis. PCR products were cleaned individually using Zymo DNA Clean and 
Concentrator kit (Cat# D4014) per the manufacturer’s protocol and eluted in 27 µL 
of elution buffer. Each product was individually ligated with unique adapter-indexed 
fragments (Table S1) using the KAPA Biosystems Hyper Prep kit (Roche Sequencing & Life 
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Science, Pleasanton, CA) to create individual sequencing libraries. The first (“1st”) set of 
microbiome samples (28 out of 78) (Table S2) was ligated using half-volume reactions: 
25 µL clean DNA and 5 µL of end-repair and A-tail master mix, held in a thermocycler at 
20°C for 30 minutes, and 65°C for 30 minutes; then adapter ligation reaction master mix 
was added to make a 55 µL reaction, held on the thermocycler at 20°C for 15 minutes, 
then 4°C for 5 minutes. The second (“2nd”) set of samples (50 out of 78) (Table S2) 
was ligated with indexed adapters using full size reactions: 60 µL for end-repair and 
A-tailing and 110 µL for ligation reactions; then the remainder of steps followed as with 
half-volume reactions. All ligation products were cleaned using Ampure beads (Agen
court Ampure XP PN A63880). Qubit dsDNA HS Assay Kit (Invitrogen, OR, USA) was used 
to quantify all final individual products and an equal mass of each was pooled together 
in one tube for each library. The first set of samples created one library pool, which 
was quantified and verified for 450 bp size using Agilent 2200 TapeStation Analyzer 
(Agilent, CA, USA). The second set of samples was pooled, followed by quantification and 
fragment size verification using a high sensitivity DNA Agilent 2100 BioAnalyzer (Agilent, 
CA, USA). Both library pools were sequenced on the Illumina MiSeq next-generation 
sequencing instrument (Illumina, CA, USA) at the North Carolina Museum of Natural 
Sciences Genomics and Microbiology Research Laboratory using the Illumina MiSeq V3 
600 cycle sequencing reaction kit in two different sequencing runs. The first sequencing 
run was loaded at 12pM and 25% PhiX (437 k/mm2 cluster density). The second library 
was loaded at 16pM and 20% PhiX (1,100 k/mm2 cluster density).

Amplicon sequence processing

Sequenced reads were processed using the QIIME 2 pipeline (v2019.10) and its plugins 
or algorithms (q2) (34). The raw reads were demultiplexed and filtered for quality 
using the q2 demux plugin. We generated amplicon sequence variant (ASV) tables 
for all sequences in each of the two libraries using DADA2 (v 1.10.1), as implemented 
using the q2 dada2 denoise-paired command (35). Read processing steps included read 
quality filtering, read trimming and primer removal (truncated forward reads at 250 bp, 
trimmed left 19 bp; truncated reverse reads at 220 bp, trimmed left 20 bp), merging 
denoised paired-end reads, and filtering the merged reads for chimeras. For each of 
the two ASV tables, the Decontam R package (prevalence method) was used to identify 
contaminant ASVs using their respective kit control (36). The Decontam R Prevalence 
method identified 13 out of 18,935 ASVs as contaminants in the set of samples using 
the DNA isolation kit “C2,” which had a frequency range of 0.000026 in two samples 
to 0.000101 in eight samples and a prevalence range of 0.025 in two samples to 0.1 
in eight samples. The same method identified 17 out of 34,985 ASVs as contaminants 
in the set of samples using the DNA isolation kit “Cs,” which had a frequency range of 
0.000003 in 2 samples to 0.000303 in 13 samples and a prevalence range of 0.01 in 2 
samples to 0.09 in 13 samples. Due to the extremely low frequency of these removed 
taxa, their removal should not impact how these were distributed in our data set across 
sequencing libraries or other variables. The ASV tables were filtered to remove contam
inate ASVs, imported back into Qiime2 artifact format, and then combined into one 
ASV table using q2-feature-table merge. By running the q2-feature-table filter-features 
plugin, the merged table was filtered to remove ASVs that had fewer than 10 reads total. 
The resulting file was an ASV table (24,464 ASVs) of features for the 93 samples and 
the accompanying representative sequence file was also filtered to only include these 
features.

The distribution of ASV sequence lengths was inspected in R (v 3.6.1) using DADA2 
(v 1.12.1) (35). A total of 3,152 ASVs (12.9%) deviated from the expected amplicon 
length (~254 bp), and were removed as potential non-target hits. The 21,312 ASVs 
whose sequence lengths were in the range of 252–255 bp were saved for downstream 
processing. After examining the ASV table, 15 of the 93 samples were removed based on 
previous analysis (see rarefaction below) due to low sample sequencing depth and 78 
samples were retained out of the total sequenced 93 samples (20,905 ASVs remained). 
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ASVs were clustered in Qiime2 at 100% sequence identity using the open reference 
method (q2-vsearch) (37) against the Silva nr 99 reference database, v132 (16S only), to 
cluster those ASVs that existed on opposite strands and only differed in base pair at their 
sequence start. Taxa were assigned to the resulting 17,988 ASVs using the assignTaxon
omy and addSpecies functions (with tryRC = TRUE) in R using DADA2 with the Silva 
reference database (v132) (38). The data processing steps and resulting ASV counts are 
listed in (Table S1). The ASV table with all samples was adjusted for batch correction 
for the two different sequencing libraries using MMUPHIN in R (39) and the metadata 
column “SeqLib” with co-variants “KitCntrl” and “SamplingPeriod.” Each co-variant has a 
number of samples that overlap with one or the other SeqLib sets. Batch correction with 
these co-variants was chosen to give more power to the overall data set for which some 
social groups have small sample numbers. Despite controlling for the sampling period 
variable with MMUPHIN, biological differences between the samples collected from the 
two sampling periods are still observed. This allowed us one standard batch-adjusted 
ASV table to use in analyses for both hypotheses.

Data analyses

Feature rarefaction and rooted tree generation

A rooted phylogenetic tree was generated on the 93 samples from a multiple sequence 
alignment of representative sequences using the q2 algorithm align-to-tree-mafft-fast-
tree (40–42). Next, the q2-diversity core-metrics-phylogenetic plugin was used to rarefy 
to a sequencing depth of 35,000, based on the q2 alpha rarefaction curves for Faith’s 
phylogenetic diversity (Faith’s PD), via q2-rarefaction (43–45). The chosen sequencing 
depth allowed the inclusion of the most phylogenetically diverse set of microbiota 
from our data set giving a comprehensive microbiome while keeping a majority of 
samples. Choosing a lower sequencing depth would exclude valuable microbiota. At 
35,000 sampling depth, 17,812 ASVs and 78 samples remained in the rarefied ASV 
feature table. A rooted phylogenetic tree was re-generated on the 78 samples from 
a multiple sequence alignment of clustered representative sequences using the q2 
align-to-tree-mafft-fasttree. The rooted tree, the resulting metadata file (Table S2), and 
rarefied ASV feature table (Table S3) were used for downstream analysis where required. 
We characterized the rarefied ASV feature table as the “complete” microbiome table. 
For sampling period analysis only, this table was further filtered to remove three 2014 
sampling period samples, retaining only 75 samples and 17,498 ASVs from sampling 
periods 2013 and 2015.

Core and non-core microbiome features

The complete microbiome table containing the rarefied ASVs was collapsed to 
the taxonomic level of phylum and core features identified for visualization, via 
qiime2-2021.04 q2-core features (46). The core features 1.0 list (e.g., features present 
in 100% of samples) was used to filter the complete microbiome table and output 
a “core” microbiome feature table, via q2-filter-features. The same core features were 
then removed from the complete microbiome table to output a “non-core” microbiome 
feature table. Core and non-core feature tables were then exported to biom format (47). 
For sampling period analysis only, phyla core and non-core tables were filtered to retain 
only 75 samples from 2013 and 2015 sampling periods.

The core microbiome was calculated for the family level of classification at 1.0 (e.g., all 
animals have the core bacteria; Tables S4 and S5) using the program Calypso (48). Given 
the large diversity of bacteria in our data set, the family-level classification was used to 
more easily resolve the core features. Calypso was used to generate the Venn diagram 
output and a detailed table of abundances for taxa in each sub-group. Sampling period 
2014 was included here as these tables were shown only for the distribution of taxa and 
not for statistical analysis.
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Relative abundance

Relative abundances from the rarefied table were calculated as an average for each 
taxon across all samples within a specified variable and are presented for complete, 
core, and non-core microbiomes. The three different feature tables (complete, core, and 
non-core) were individually merged with the taxonomy table and animal metadata in R. 
For the 78 samples assigned to a social group, the rarefied ASV table included 17,812 
ASVs. The ASVs were agglomerated at the phylum level using the R package phyloseq 
(v 1.36.0) (49), which resulted in 51 phyla. For the 75 samples assigned to the 2013 or 
2015 sampling periods, the rarefied ASV table included 17,498 ASVs. When these ASVs 
were agglomerated at the phylum level, there were again 51 phyla. In both cases, four 
of the phyla did not have an assigned taxa. Bar plots displaying relative abundance 
of phyla across (i) social groups and (ii) sampling periods were created in R (v 4.1.0) 
using the ggplot2 package (50, 51). To identify potential significant differences between 
phyla across different social groups and across different sampling periods, we used 
Kruskal-Wallis (KW) (52) or Wilcoxon signed rank (53) tests in the R package ggpubr (v 
0.4.0).

The abundances were also assessed using a compositional approach (54). With this 
method, one examines the ratios between taxa such that a change in taxa abundance is 
relative to the other taxa. An application of this approach can be seen in a study of the 
vaginal microbiome in expectant Brazilian mothers (55). The zCompositions R package 
(v 1.4.0-1) was used to replace zero values with non-zero values using the count zero 
multiplicative method (56). The relative abundances for each sample were calculated 
and then center log ratio (CLR) transformed using the R package CoDaSeq (v 0.99.6) 
(57). Boxplots were generated using ggpubr (v 0.4.0) for each of the phyla with an 
assigned taxa, with CLR-transformed relative abundance values displayed on the y-axes. 
For comparisons across social groups, an overall P-value is shown on each plot and was 
calculated using a Kruskal-Wallis test. Pairwise comparisons between social groups were 
calculated using Wilcoxon tests. For sampling period, differences between the 2013 and 
2015 seasons were calculated using Wilcoxon tests.

Alpha diversity analysis

We calculated indexes of Faith’s PD for the 78 rarefied samples (q2-diversity) using the 
rarefied feature table at 35,000 sampling depth (44). The Faith index values displayed 
a normal distribution following a Shapiro-Wilk test of normality (P = 0.786) (58). After 
establishing normalcy, Faith’s PD values were compared against the categorical variables 
of social group and sampling period (44, 59). Tukey’s honest significant test was 
performed on analysis of variance (ANOVA) to examine pairwise comparison between 
groups and to correct for multiple comparisons (60). A Student’s t-test was performed 
between sampling periods (61). All 78 samples were analyzed by Faith’s PD for social 
group and 75 samples for sampling period, while the subset of 53 samples was analyzed 
for behavior, including total grooming, grooming received, grooming given, and SDBs. 
Analyses were performed in R Studio using the vegan package, with plots visualized 
using ggplot2 (50, 62). To compare the Faith’s PD index on a continuous variable, a 
linear plot with fitted regression line was visualized in R using ggplot2 and P-values for 
statistical significance were determined (59).

Likewise, Shannon diversity indexes for the 78 rarefied samples were generated 
using q2-diversity and the rarefied feature table at 35,000 sampling depth (34, 45). 
Using the Shapiro-Wilk test of normality, we found Shannon index values in a non-nor
mal distribution for the complete microbiome (P = 0.000943) and for the non-core 
microbiome (P = 0.00000365); however, values were normally distributed for the core 
microbiome (P = 0.9722) (58). For the core microbiome, differences in Shannon diversity 
across different social groups were statistically tested using ANOVA and across sam
pling periods (75 samples) using a Student’s t-test (45, 59). For the complete and 
non-core microbiomes, significance (52) was determined using a Kruskal-Wallis test, the 
non-parametric equivalent of ANOVA (52), or for pairwise comparisons, we used the 
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non-parametric Wilcoxon signed rank test (53). All statistical analyses were performed in 
R Studio using the vegan package, with plots visualized using ggplot2 (50, 60). We tested 
and visualized Shannon diversity according to age and sex variables for 78 samples, 
according to sampling period for 75 samples, and according to ordinal dominance 
ranks and the other behavioral metrics (described above) for 53 samples using linear 
regression plots in R (63).

Beta diversity analysis

Weighted and unweighted UniFrac distance matrices (q2-diversity) were calculated and 
plotted on the Principal Co-ordinates Analysis (PCoA) axis, with beta group significance 
determined through the adonis2 function in the R packages phyloseq and vegan (62, 64–
70). The 78 samples assigned to social groups and the subset of 75 samples assigned to 
the 2013 and 2015 sampling periods were tested according to their categorical variables, 
and plots were visualized in RStudio using the package ggplot2 (50).

Significantly different taxa

To more fully understand differentially abundant taxa, we compared ASV features 
between sampling periods (2013 versus 2015), using the program ALDEx2 (q2-aldex2) 
(71–73). These were chosen for comparison because they showed a significant difference 
in pairwise alpha diversity using Faith’s PD calculations. The subset of samples collec
ted during both sampling periods (n = 75) were filtered from the clustered and batch 
adjusted feature table of non-rarefied counts. Significance was calculated using Welch’s 
t-test and Wilcoxon test on CLR transformed counts. Benjamini–Hochberg (BH) corrected 
values were calculated for each feature (74). Results using a corrected Welch’s t-test 
were displayed in preliminary volcano and effect plots, and differences were extracted 
using default parameters (significance threshold = 0.15; effect threshold = 0; difference 
threshold = 0). Significant differential features and their calculated values were then 
exported from QIIME2 and imported into R. We represented all pairwise comparative 
differences between 2013 and 2015 in a single volcano plot created with the R packages 
tidyverse v1.3.0 (75), ggrepel v0.8.2, and ggplot2 v.3.3.2 (50), with values depicting 
log2(fold change) plotted against −log10 transformed P-values.

Environmental weather data

Knowing that weather changes from 1 year to the next can have an impact on envi
ronment of microbes, we retrieved local climatological data from a weather station 
at Roosevelt Roads Naval Station, Ceiba, Puerto Rico using online archives maintained 
by the National Oceanic and Atmospheric Administration (https://www.ncdc.noaa.gov). 
The weather station is located approximately 14 km from Cayo Santiago Island. Daily 
measurements were compared for the entire months of sampling periods in 2013 and 
2015. We assessed daily averages for dew point temperature, dry bulb temperature, wet 
bulb temperature, relative humidity, sea level pressure, station pressure, wind speed, 
as well as the maximum and minimum dry bulb temperature, departure from normal 
average temperature, peak wind speed, daily precipitation, and daily sustained wind 
speed. Weather station data were compiled for 377 different days, including 140 days 
spanning 1 October 2013 through 25 January 2014 (2013 sampling period; no data 
available for February 2014); 121 days spanning 1 October 2014 through 30 Decem
ber 2014 (2014 sampling period); and 116 days spanning 1 October 2015 through 31 
December 2015 (2015 sampling period). Missing data were coded as not available, and 
trace rain measurements (T) were converted to 0.001 inches for statistical purposes 
(two-sample t-tests).

Disease annotation of significant taxa

MicroPattern was used to evaluate the list of differentially abundant bacteria according 
to sampling periods. MicroPattern is an open source web-based tool that uses microbial 
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terms to run an algorithm of enrichment analysis on a database of microbes and 
associated diseases, phenotypes, or traits and calculates the disease similarity. After 
submitting the list of our top significant taxa (see results) into the online portal (76), the 
tool returned statistical output for potentially pathogenic bacteria.

RESULTS

We identified 17,812 features (ASVs or amplicon sequence variants) of the 16S rRNA 
V4 region from the rarefied data set of 78 skin axillary swabs from rhesus macaques 
living on Cayo Santiago in Puerto Rico. An assessment of the overall microbiome 
composition revealed a total diversity spanning 47 known phyla, plus 160 unknown 
features (sequences) of bacteria or Archaea. Within this total composition, the most 
abundant phyla, as measured by relative abundance, comprised Firmicutes (52.1%), 
Proteobacteria (18.2%), Bacteroidetes (11.5%), and Actinobacteria (9.6%), which match 
the most abundant phyla on human skin, albeit with differing proportions (7, 77). 
The most abundant phylum on macaque skin, Firmicutes, was present in all monkeys 
and approached the proportions reported in previous studies of rhesus oral micro
biome (54.7% relative abundance) (78). Several additional phyla, including Chloroflexi, 
Cyanobacteria, Epsilonbacteraeota, and Tenericutes, encompassed 5.1% of microbes on 
rhesus macaque skin with the remaining other phyla totaling 3.3% in relative abundance. 
The taxa represented by low abundance create a dramatically more diverse microbiome 
for rhesus than human skin. Of the identified unique taxa, we found 108 classes, 240 
orders, 415 families, 1195 genera, and 515 species in the skin microbiome of the rhesus 
macaque. The top 30 genera for all animals were identified and listed in Table 2. At the 
genus level, the two highest relative abundant genera were Lactobacillus (7.84%) and 
Streptococcus (4%) in all animals (Table 2). Staphylococcus, one of the most commonly 
found genera on human axillary skin (79), was third most abundant at 2.8%. Corynebacte
rium, another common human skin axillary microbe (79), was found to be only 0.7% in 
abundance on macaque skin. Other soil-related bacteria such as Ruminococcus_1 were 
1.5% of total genera. Prevotella_9 makes up 1.3% and four other Prevotella genera less 
than 0.6% each. Propionibacteriaceae genera are present at extremely low amounts (less 
than 0.002% collectively).

Age and sex effects and alpha diversity

Human skin microbiome studies have indicated variation based on age and sex (80, 81), 
so we assessed the impact of these factors in the rhesus macaques. By assessing alpha 
diversity and richness in all animals according to age and sex (Fig. 1), we found a negative 
association between age and Shannon index of skin microbiota diversity for males (R2 = 
−0.14, P = 0.031) (Fig. 1A), but no directional relationship for females (P = 0.5) (Fig. 1B).

Social group and skin microbiome composition

We first examined the microbial taxonomy for all 78 animals living across five social 
groups (F, KK, R, HH, V). We calculated relative abundances (sample averages) of the top 
20 phyla per social group using the complete microbiome table of features (Fig. 2A). 
Patterns of phyla abundance were generally consistent across social groups, although 
the proportion of each taxon varied slightly according to social group. The most 
abundant phylum, Firmicutes, varied in relative abundance from a minimum of 47% 
in group F to a maximum of 56% in group V. The next three most abundant phyla 
included Proteobacteria (min: 16.8% in group HH; max: 20.5% in group F), Bacteroidetes 
(min: 10.5% in group HH; max: 12.8% in group F), and Actinobacteria (min: 7% in group V; 
max: 12% in group KK). Cyanobacteria comprised 0.97% abundance in group R and 3.2% 
in group F.

We calculated CLR-transformed relative abundances of each known phyla and 
identified statistically significant differences by KW test (P ≤ 0.05) between pairs of social 
groups (Fig. 2B). For instance, Actinobacteria was less abundant in group F compared to 
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group R (P = 0.0019) and also compared to group KK (P = 0.000033). Actinobacteria was 
less abundant in group V compared with group R (P = 0.032), and compared with group 
KK (P = 0.00071). Members of group R had less Cyanobacteria than members of group 
F (P = 0.015). Firmicutes was less abundant in group F than in group R (P = 0.032) or in 
group V (P = 0.022). Proteobacteria was more abundant in group R than in group F (P 
= 0.029), while members of group KK had higher relative abundances of Proteobacteria 
compared with members of group F (P = 0.0026) and members of group HH (P = 0.0081).

Social group and total microbiota alpha diversity

Social group was next examined for microbial diversity of the complete microbiome 
for the five social groups. We assessed our first hypothesis about whether diversity of 
bacteria would vary by social group since individuals in the same social group were more 
likely to interact with each other, to the exclusion of members of other social groups. 
Based on various diversity measures of bacteria using the complete microbiome feature 
table, we found no significant differences in alpha diversity by social group [Shannon 
KW P = 0.75; Faith’s PD ANOVA Pr(>F) value 0.22] (Fig. S1A and B). Social groups R and V 
displayed the most pairwise difference in mean for Shannon alpha diversity, while social 
groups F and V showed the highest pairwise difference in mean Faith’s PD alpha diversity 
(0.24 and 0.12 adjusted P-values, respectively).

TABLE 2 Top 30 genera in all 78 macaques and the percent relative abundances of each individual genus 
out of the total genera abundance

Genus Percent relative abundance

Lactobacillus 7.8%
Streptococcus 4.1%
Staphylococcus 2.8%
Lachnospiraceae_g. 2.8%
Acinetobacter 2.7%
Faecalibacterium 2.6%
Ruminococcaceae (UCG-005) 2.1%
Ruminococcaceae (UCG-008) 1.9%
Sphingomonas 1.9%
Chloroplas:_;g. 1.6%
Ruminococcus_1 1.5%
Kurthia 1.4%
Prevotella_9 1.4%
Blautia 1.3%
Mollicutes (RF39);_;g. 1.1%
Rikenellaceae (RC9_gut_group) 1.1%
Alloprevotella 1.1%
Ruminococcaceae (UCG-002) 1.0%
Campylobacter 1.0%
Subdoligranulum 0.9%
Actinobacillus 0.9%
Fusobacterium 0.9%
Ruminococcaceae_g. 0.9%
Agathobacter 0.8%
Glutamicibacter 0.8%
Nocardioides 0.8%
Ruminococcaceae (UCG-014) 0.8%
Corynebacterium 0.7%
Prevotellaceae (UCG-003) 0.7%
Succinivibrio 0.6%
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Social group and core microbiome versus non-core microbiome taxonomies 
and diversity

We parsed core and non-core ASV feature tables to the level of phylum. The core phyla 
are separate from the least common non-core phyla that were found only in a subset 
of samples in some groups, as represented in bar plots (Fig. S1C and D). We observed 
differences in relative abundances between core taxa that are common taxa living on 
the skin of rhesus macaques, some of which were significant in our assessment of the 
complete microbiome (Fig. 2B). The proportions show more variability between social 
groups (e.g., social groups F and R are significantly different in all four taxa) for the core 
phyla, as described in the complete data set .

Shannon diversity of the core microbiome significantly differed across social groups 
(ANOVA; P = 0.037; Fig. 2C), suggesting that the most consistently present phyla found 
among all the samples varied in abundance by social group. Specifically, group V 
displayed less diversity compared to the other groups. The most notable difference in 
core microbiome alpha diversity occurred between social groups F and V (adjusted P = 
0.0211, Tukey multiple comparisons of means at a 95% confidence level).

We next examined family-level classifications for the core microbes in order to better 
understand the diversity between social groups at a finer scale (Table S4). This assess
ment uncovered 29 core bacterial families, such as Ruminococcaceae and Lachnospira
ceae, found across all monkeys from every social group.

Turning to the non-core microbiome, we found overall  that the difference 
between the mean alpha diversity for each social  group fell  just short of the 
conventional threshold for statistical  significance  [Shannon KW; P  = 0.059, (Fig.  S1E)]. 
Group F compared with social  group R has significantly  higher Shannon diversity. 
There are several  bacterial  families not shared among all  animals in each of these 
groups (Table S4).  The social  groups F,  V,  and R shared the more common (pan) 
bacterial  families,  while the social  groups with the most unique bacteria were 
groups HH and KK. Twenty-three families of bacteria were found on all  members 
of social  group HH, while 11 different  bacterial  families were found on all  members 
of group KK (Table S4).  These bacterial  families were not universally found on all 
monkeys residing in the other social  groups.

FIG 1 Shannon diversity regression plot as a function of age for males (A) and females (B).
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FIG 2 Summary of microbiome diversity for social groups F, HH, KK, R, and V. (A) Bar plot displaying the average relative abundances of the top 20 representative 

phyla per group. (B) Box plots representing the taxonomic differences for specific phyla among social groups, with significance assessed using a KW test on CLR 

transformed relative abundance values: Actinobacteria (KW P = 0.00013), Cyanobacteria (KW P = 0.12), Firmicutes (KW P = 0.044), and Proteobacteria (KW P =

(Continued on next page)
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Social group and beta diversity

We examined beta diversity via unweighted UniFrac distance using the complete ASV 
microbiome feature table, which incorporates the phylogenetic relationships of microbes 
between and within each group (70). We predicted that beta diversity would cluster by 
social group membership, and that the unweighted metric would not minimize features 
with very low abundance. Our results confirmed this by showing that the beta diversity 
by unweighted UniFrac distance matrix on a PCoA plot was significant [Adonis Pr(>F) = 
0.002] by social group membership (Fig. 2D). The R2 factor 0.07 indicated that social 
group membership contributed to 7% of bacterial composition variability. However, 
there was no significant relationship between social group and beta diversity when the 
weighted metric was applied to the feature table matrix (PCoA R2 0.084, P = 0.094).

Dominance rank and alpha diversity

Next, we examined alpha diversity for the 53 monkeys with behavioral data. There 
was no significant association between male dominance rank and alpha diversity 
as measured by Shannon index. Lower-ranking females were associated with lower 
microbiota diversity as measured by the Shannon index compared with higher-ranking 
females, but not significantly (P = 0.09) (Fig. S2). Three outlier female samples from the 
same maternal line (2A5, 29Z, 52P) were previously high ranking before being displaced 
briefly from their social group (group F) (29). They returned to the group at a lower rank 
the year prior to sampling, but displayed an elevated diversity. Further investigation of 
social group and individuals’ maternal lines could give more insight into lower-ranking 
females correlating with lower microbial diversity if migrated females were removed 
from the analysis.

Grooming behavior and phylogenetic alpha diversity

To address our hypothesis that monkeys with higher grooming rates would display 
higher measures of alpha diversity, we parsed Faith’s PD from the complete microbiome 
feature table for a subset of monkeys with behavioral data (n = 53). We found a 
positive correlation between phylogenetic alpha diversity and the rate of total time 
spent engaged in social grooming (P = 0.02; Fig. 3A). The same alpha diversity measure 
was used to explore correlations between other behavioral measures, including the 
rate of time a monkey spent receiving grooming from another monkey and the rate of 
time spent giving grooming, the latter being slightly significant, indicating that a higher 
level of social interaction leads to more skin diversity (P = 0.06, P = 0.048, respectively; 
Fig. 3B and C). Compared with social behaviors, measures of SDBs (self-grooming and 
self-scratching; Fig. 3D and E) were not significantly associated with alpha diversity, 
suggesting there was a combined positive effect of total grooming (given or received) 
and not SDBs.

Sampling period and skin microbe composition

We assessed the relative abundance of the top 20 phyla according to the year of 
sampling period (2013 versus 2015) for the complete microbiome rarefied feature table 
(Fig. 4A). Based on the sample averages, the most common phylum, Firmicutes, was the 
most abundant of total bacteria during the 2013 sampling period (51%) compared with 
2015 (46%). Proteobacteria was the second most prevalent phyla in the range of 18% 
(2013) and 21% (2015). The relative abundances for Bacteroidetes, Actinobacteria, and 

FIG 2 (Continued)

0.0096). Pairwise comparisons between groups were assessed using t-tests; the symbolic number coding of P-values is as follows: *, P ≤ 0.05; **, P ≤ 0.01; ***, P 

≤ 0.001; ****, P ≤ 0.0001. (C) Box plots representing alpha diversity using Shannon’s H for the core phyla by social group. Asterisk above social groups F and V 

indicates significance (p.adj = 0.02). (D) PCoA plot showing significant association between beta diversity as measured by unweighted UniFrac and social group 

membership (Adonis2 R2 0.073).
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Cyanobacteria in 2015 were 13.3%, 7.4%, and 3.4%, respectively, and were 11.2%, 10%, 
and 1.6% in 2013. After CLR transformation of relative abundances, Firmicutes, Actinobac
teria, and Proteobacteria were significantly higher in 2013 than in 2015 (Wilcoxon P 
= 0.0042, 0.0000053, 0.0012, respectively). Deinococcus-Thermus and Fusobacteria had 
significantly higher abundance in 2013 at 0.29% (over 2015 at 0.28%) (CLR Wilcoxon P = 
0.0039) and 1.52% (over 2015 at 0.77%) (CLR Wilcoxon P = 2.6e − 06), respectively (Fig. 
4B).

Sampling period and alpha diversity

We addressed our hypothesis that environmental influences also played a role in 
influencing skin microbial diversity by comparing sampling periods 2013 and 2015 in 
the complete microbiome. Shannon’s alpha diversity differed significantly (Wilcoxon; P = 
0.0034; Fig. 5A); if the three samples from 2014 were included as a representative third 
sampling period, the significance remains (Kruskal Wallis; P = 0.013). Faith’s PD metric of 

FIG 3 Relationships between microbiota diversity and grooming. (A) Scatter plot showing a significant correlation between Faith’s phylogenetic diversity 

measurement of alpha diversity and the rate of total time a monkey spent grooming (grooming given+ grooming received). There was a slight increase in 

diversity for social grooming measures for higher (B) rate of time receiving grooming and (C) rate of time giving grooming, but none for rate of time spent in 

self-directed behaviors, such as (D) self-grooming and (E) self-scratching.

Research Article Microbiology Spectrum

Month XXXX  Volume 0  Issue 0 10.1128/spectrum.02974-23 14

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

26
 S

ep
te

m
be

r 
20

23
 b

y 
19

2.
15

8.
23

8.
20

9.

https://doi.org/10.1128/spectrum.02974-23


alpha diversity varied significantly by sampling period (t-test; P = 1.1 × 10−5), with the 
higher diversity measurements occurring in 2015 (Fig. 5B).

FIG 4 Summary of microbiome diversity according to year of sample period: 2013 (42 samples), 2015 

(33 samples). (A) Bar plot of the average relative abundances of the top 20 total representative phyla per 

year. (B) Box plots representing the significant pairwise taxa using Wilcoxon tests on CLR transformed 

relative abundance values on phyla: Actinobacteria, Firmicutes, Deinococcus-Thermus, Fusobacteria, and 

Proteobacteria.
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Sampling period and core versus non-core taxonomic diversity

Tests for significant differences across sampling periods were performed using the core 
and non-core microbiome feature tables, both of which were parsed from the complete 
microbiome feature table as described above. First, we compared relative abundances 
of phyla represented by the core and non-core microbiome feature tables according 
to sampling period in bar plots (Fig. S3A and B). Deinococcus-Thermus was one of the 
most abundant phyla in the non-core microbiome and significantly higher in 2013 as 
stated above. Next, Shannon diversity measures for the core microbiome (at the level of 
phylum) fell above the conventional threshold for statistical significance across sampling 
periods (P = 0.29) (Fig. S3C). Sampling periods 2013 and 2015 shared the same richness 
of core microbiota diversity. When we parsed core feature tables to the level of family, 
we identified 29 core families of bacteria that were present on all monkeys during every 
sampling period (Table S5).

In contrast, Shannon diversity for the phyla level non-core microbiome was found 
to differ significantly across sampling periods 2013 and 2015 (Fig. 5C; P = 0.045). Upon 
finer scale, the pan and unique bacterial families are in the non-core (Table S5). For 
instance, Bacteroidaceae were present in all 2015 animals but only in 76% of 2013 
animals. Collectively, these rarer microbe families were present on different monkeys 

FIG 5 Diversity metrics according to year of sample period: 2013 and 2015. Box plots representing alpha diversity using (A) Shannon’s H and (B) Faith’s 

phylogenetic diversity for each monkey’s complete microbiome composition per year, as well as (C) Shannon’s H calculated for only the phyla level non-core 

taxa (complete taxa minus the core taxa found across 75 animals). (D) PCoA plot showing significant association between beta diversity as measured by 

weighted UniFrac and year of animal sampling [Adonis2 R2 = 0.12, P(F-corrected) = 0.001]. (E) PCoA plot showing significant association between beta diversity as 

measured by unweighted UniFrac and year of animal sampling [Adonis2 R2 = 0.052, P(F-corrected) = 0.001].
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during different sampling periods, suggesting they may be pervasive on the island albeit 
at lower abundances but higher in one or the other sampling period.

Sampling period and beta diversity

In addition, we found support for the hypothesis that samples collected from animals 
within the same sampling period would be more similar than samples collected across 
different periods, as demonstrated by measures of weighted UniFrac beta diversity 
[Pr(>F) = 0.001; Fig. 5D]. Sampling period accounted for 11.8% of bacterial composition 
variability (Adonis2 R2 0.118). In addition, beta diversity by unweighted UniFrac and 
sampling period were also positively correlated with 5% variability [Pr(>F) = 0.001; 
Adonis2 R2 0.052], further suggesting that fluctuating environmental variation plays a 
role in influencing microbial composition and abundance (Fig. 5E).

Sampling period and differentially abundant taxa

We compared taxa abundances from 2013 and 2015 (for n = 75 animals) to find 
differentially abundant microbial taxa. We compared these two periods because the 
phylogenetic difference in pairwise alpha diversity was largest between these two 
sampling periods (False Discovery Rate (FDR) corrected P = 0.0000165) and they had 
similar sample sizes (42 in 2013 and 33 in 2015). We therefore performed an analysis of 
differential abundance. The output included a total of 68 significant differentials, which 
included nine phyla, 13 classes, 24 orders, 41 families, 38 genera, and nine known species 
of bacteria and Archaea. Thirty-seven of the 68 significant features (54.4%) were found 
to be differentially abundant at a lower significance threshold with q-score (we.eBH 
P-value) of <0.05 (Fig. S4). When we applied our highest stringency level threshold 
q-score <0.015, 12 features (17.5% of 68) were the most significantly abundant taxa 
in one sampling period or the other as shown in the volcano plot (Fig. 6). Of these 
12, seven features have higher abundance in 2015 relative to 2013. One of the most 
overabundant bacteria in 2013 relative to 2015 were from the phylum Actinobacteria 
(Nocardioides). Normalized abundance for species Nocardioides aestuarii is much higher 
for more samples in 2013 than 2015 when plotted using the CLR transformation (Fig. 6).

We performed microbe set enrichment to identify associations between differen-
tially abundant taxa with specific diseases (list of genera searched in the MicroPattern 
software: Sarcina, Acinetobacter, Rhodococcus, Rickettsiella, Stenotrophomonas, Paracoc
cus, Altererythrobacter, Cecembia, Ruminococcaceae, Nocardioides, Betaproteobacteriales). 
The most overabundant bacterium in 2015 relative to 2013 was represented by the 
genus Acinetobacter (phylum: Proteobacteria). The genus Acinetobacter emerged as a 
pathway component for skin infection according to our enrichment analysis in MicroPat
tern (P = 0.0083, FDR = 0.0167); however, we were not able to distinguish the species-
level identity of the 16S amplicon sequence in our data set; thus, we could not identify 
if it was infectious, which warrants further investigation (82). Another differentially 
abundant taxon, from the genus Rhodococcus, was also more abundant in 2015 than 
2013, yet our analysis was not able to identify the species level. This genus is represented 
by a broad range of species, most of which are not harmful to skin.

Sampling period and weather data

In order to address environmental differences between sampling periods, weather data 
were compared between the 2013 and 2015 to identify potential differences linked to 
variation in temperature, rainfall, and humidity. The weather during 2015 was character
ized by more humid conditions (mean daily average dew point temperature: 2013 = 69.7; 
2015 = 74.0; t = −4.55; P < 0.0001; mean daily average relative humidity: 2013 = 73.1; 
2015 = 79.3; t = −3.44; P < 0.001). The relatively more humid conditions of 2015 were 
also depicted by a higher mean daily average wet bulb temperature (2013 = 73.5; 2015 = 
76.2; t = −4.89; P < 0.0001), albeit with a similar daily average dry bulb temperature (2013 
= 81.7; 2015 = 81.7; t = −0.3; P = 0.38).

Research Article Microbiology Spectrum

Month XXXX  Volume 0  Issue 0 10.1128/spectrum.02974-23 17

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

26
 S

ep
te

m
be

r 
20

23
 b

y 
19

2.
15

8.
23

8.
20

9.

https://doi.org/10.1128/spectrum.02974-23


While differences in rainfall and wind speed were not statistically significant, the 
weather during 2015 was characterized by higher daily measurements of rain relative 
to 2013 (mean daily precipitation: 2013 = 2.8 mm/day; 2015 = 3.3 mm/day; t = −0.48; P 
= 0.31) and by higher wind speeds (mean daily average wind speed: 2013 = 11.2 kph; 
2015 = 11.9 kph; t = −1.24; P = 0.11). In order to substantiate consistent atmospheric 
differences between 2013 and 2015, we expanded the analysis to include the preceding 
month of weather data for each sampling period. When these data from September 
2013 and September 2015 were included in our comparisons, we found consistent and 
concordant statistical differences in mean daily precipitation and mean daily average 
wind speed by sampling period (Table S6).

DISCUSSION

Our analysis of 78 skin swabs indicated that yearly environmental factors strongly 
influence the diversity and composition of the skin microbiota of rhesus macaques 
living on Cayo Santiago, Puerto Rico. Social group membership and social behavioral 
interactions between monkeys also account for some of the variation, albeit with less 
influence. Our work supports previous research indicating a higher diversity of skin 
microbiota on non-human primate skin than on humans (7, 26). Overall, our charac
terization of the skin microbiome of macaques is consistent with previous studies of 
human skin indicating the most abundant phyla comprising Actinobacteria, Firmicutes, 
Bacteroidetes, and Proteobacteria (83). The top three most abundant phyla (Firmicutes, 
Bacteroidetes, and Proteobacteria) were also reported in oral, vaginal, and anal swab
bed samples from macaques (78). While the skin of other mammals comprises higher 
proportional abundances of Bacteroidetes taxa relative to taxa within the phylum 
Actinobacteria, our results suggest that the skin of rhesus macaques harbors closer 
proportional abundances (84). In addition, Chloroflexi was found in higher proportions 

FIG 6 The volcano plot (center) depicts the differences between the 2013 and 2015 sampling periods for each detected ASV (red and black points). Taxa 

depicted in red are the most highly significant (P < 0.015). Overabundant ASVs from 2013 are located on the negative (left) side of the volcano plot, while 

overabundant ASVs from 2015 are located on the positive (right) side. The violin plots surrounding the volcano plot depict the CLR values of the most significant 

taxa from the volcano plot; left: overabundant taxa in 2013; right: overabundant taxa in 2015.
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relative to Actinobacteria on the skin of other mammals, but we found the opposite on 
the skin of rhesus macaques on Cayo Santiago (84).

Sex, rank, and age are weakly associated with skin microbiome diversity

We did not find a strong relationship between variation in microbial alpha diversity 
and dominance rank or overall age among rhesus macaques. Yet, when we examined 
these factors according to sex, we found tentative support for sex-specific impacts of 
age. Among males, skin microbiome diversity was reduced in older monkeys, whereas 
females did not show this association. Dominance rank potentially predicted skin 
microbial diversity for females, but not males. Apart from a few outlier low-ranking 
female monkeys that had higher ranks before temporarily moving from group F to 
small social sub-groups (OO and NN), female rhesus macaques with lower dominance 
ranks had lower measures of skin microbiome diversity. Unless social groups fission, 
which occurs seldomly, then females typically remain in their social group throughout 
their life while inheriting their rank along maternal lines (31), suggesting high-ranking 
matrilines coupled with patterns of female philopatry have enhanced skin microbe 
diversity. Additional research that broadens the sample size and frequencies of samples 
from older adult males and females will be required to explore the effects of age and 
ranks in greater detail.

Social group and grooming behavior influences skin microbial composition

Tung et al. showed that baboons in the same social group demonstrated more simi
lar gut microbiome composition (11). We hypothesized that rhesus macaques would 
display variation in microbial diversity in accordance with social group membership 
and behavioral metrics (i.e., grooming, SDBs), yet these hypotheses were met with 
mixed results. While no significant associations were found between social group 
membership and the complete assemblage of axillary skin microbiome features as 
measured by alpha diversity, parsed assemblages representing the core and non-core 
phyla were variable in both evenness and richness across social groups. Total composi
tional taxonomic diversity revealed that skin microbiomes on rhesus macaques were 
more phylogenetically similar as measured within social group members rather than 
between social groups, which is consistent with a previous study of gut microbes in 
endangered ring-tailed lemurs in southwestern Madagascar (9). There, researchers found 
no significant differences in gut microbial alpha diversity across social groups, and this 
result was consistent with frequent migration patterns and overlapping home ranges. In 
the population of macaques in our study, adult males tend to disperse from their natal 
social groups to join new groups, and this dispersal, combined with significant overlap of 
territories for some of the social groups, may help explain the lack of clear differences in 
alpha diversity across social groups. At the same time, we found a significant difference 
between the core microbiome on monkeys in social group F compared with monkeys in 
social group V, suggesting social groups could be characterized by the more common 
taxa of bacteria, but not so with the least ubiquitous taxa, or those which comprised the 
non-core microbiome. Variability between these two social groups could be influenced 
by several factors, including changes in the environment between sampling period years. 
Sampling effort was balanced across years for each of these two social groups (group F: 
2013: 23, 2014: 0, 2015: 20; group V: 2013: 7, 2014: 1, 2015: 4).

We found several weak associations that should be interpreted with caution due 
to the nature of our sampling. Some social groups, for instance, were represented by 
less than 10 animals, and their axillary samples were collected across multiple trap 
months and years (2, 3, 11). In addition, social group F was the largest social group and 
encompassed a greater area of the island compared with other social groups, adding to 
the complexity of social group dynamics. Group V spends more time on the sub-island 
of Cayo than any other group contributing to spatial factors and possibly influencing 
this group’s lower microbial diversity. Finally, the large number of low abundant rare 
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features greatly contributed to the total skin microbiota, and were minimized when 
weight (quantitative measure) was added to distance metrics in beta diversity. This factor 
potentially diminished the phylogenetic taxonomic composition compared between 
several social groups. Additionally, the rare phyla in the non-core microbiota did not have 
a large impact on the variability between social groups.

Earlier studies of this population demonstrated how social interactions, defined by 
grooming behavior, were consistent for group F females until nearing time to eviction 
from their social network, at which time they became more discriminating and groomed 
with close kin (29, 31, 33). Females having a strong grooming connection to a top partner 
gives that female a higher chance of survival (29, 31, 33). Our assessment revealed a 
positive association between social grooming behavior and phylogenetic diversity of 
skin microbes, and this result corroborates an earlier finding from a captive population 
of rhesus macaques whereby grooming and huddling tendencies were linked to more 
similar gut microbiomes (20). We speculate that social grooming interactions gave rhesus 
macaques more opportunities to share phylogenetically similar skin microbes compared 
to nonsocial physical interactions (like SDBs).

Yearly differences influence skin microbiota

We hypothesized that skin microbes on rhesus macaques would exhibit yearly differ-
ences based on the date they were collected, and in fact, the most salient signals 
for microbial diversity were in accordance with the different sampling periods. Similar 
effects were observed using microbiome data generated from skin samples collected 
from dogs, whereby diversity across seasonally collected samples was significantly 
higher than among those collected within the same season (23), indicating that time 
and environment can influence microbial diversity.

We found microbial differences in phylogenetic diversity and abundance in 2013 
versus 2015. The same effect was true regarding richness and evenness of features, 
corroborating a seasonal effect found in the gut mycobiomes of Tibetan macaques (19). 
The non-core microbiome taxa in rhesus macaque skin samples illustrate the variability 
of abundance and evenness of rare phyla that fluctuate between sampling periods. The 
total skin microbiota is visually distinguishable between 2013 and 2015. In addition, 
when the distance metric was weighted in beta diversity, rare taxa were not overshad
owed. We identified differentially abundant bacteria between 2013 and 2015, which 
represented the most phylogenetically diverse sampling periods with relatively similar 
sampling sizes. For example, the highly abundant 2013 bacterium Nocardioides aestuarii 
was first isolated from a Korean tidal flat sediment (85) bacterium and may be differen-
tially abundant between sampling periods due to the drier air in 2013. Another highly 
abundant 2013 bacterium, Rickettsiella, is found within the cells of arthropods, which 
are commonly found on macaque fur. With a less humid climate in 2013, arthropods, 
such as ticks, may have thrived and transmitted Rickettsiella to the fur and skin of rhesus 
macaques. The bacterium that is the most abundant during both 2013 and 2015, but 
with a slightly higher level in 2015, is the Firmicute Sarcina ventriculi. With anaerobic 
metabolism, it can often be found in stomachs of mammals, but also in soil or mud.

Differentially abundant bacteria may have diverged due to differences in humidity 
levels. These types of environmental effects were found in other primates. For exam
ple, the cyclical wet and dry seasons in Costa Rica influenced the gut microbiomes 
of Capuchins, and the differentially abundant skin taxa of rhesus macaque that we 
identified in this study spanned similar phyla (Firmicutes and Proteobacteria) (21). 
However, we also found differentially abundant taxa in the phylum Actinobacteria. 
Further monitoring is necessary, especially with regard to functional impact, since the 
genus Acinetobacter was significantly abundant on macaque skin during the more humid 
2015 season, whereas the same genus was found in the gut of Capuchins during the late 
dry season (21).

We found the alpha diversity between the two largest social groups with the 
most diverse microbiota, F and V, to not be significantly different and did not pursue 
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additional tests to explore social group pairwise differential abundance tests. Because 
we controlled for sampling period in our batch correction method, we cannot surmise 
if social group or behavior exerts further influences on the effect of microbe seasonal
ity. We recognize that strong and salient signals from yearly impacted environmental 
factors may have overshadowed any potential correlations between microbial diversity 
and social behaviors. In the future, within-year sampling of skin microbes in social 
groups that have larger sample sizes will help to uncover potential finer-grain differences 
associated with social behaviors, much in the same way that gut microbiome research 
has exposed the interplay between the environment and social behaviors that contribute 
to the overall diversity of bacteria in the gut (17–21, 86). Further studies could include 
the maternal line data to assess if the skin microbiota is heritable in social groups and 
associated with age or environment, similar to the gut microbiome in wild baboons (76). 
The results of our study allude to the potential importance of the broader environment in 
modulating the skin microbiome, and by extension, the protective abilities of our body’s 
first line of defense. Understanding how the environment and social network impact 
primate skin microbiota will help determine how we can manipulate the skin microbiota 
for improved health in humans and research animals in the future.

Conclusions

This study has uncovered associations between microbe diversity and social group 
membership and, to a larger extent, sampling periods. We found a core set of phyla 
on the skin of every sampled rhesus macaque from all social groups, but the most 
common core phyla varied in their abundance according to social group membership. 
We also found that the full diversity of skin microbes, as well as rare non-core phyla, 
varied significantly by year of sampling period. In addition, rhesus macaques that 
spent more time social grooming were characterized by more diverse skin microbes. 
Several variables, such as the overlap of territories, can influence these weak associations 
between the microbial diversity and social behavior, and greater sample sizes are needed 
for some groups to validate with increased statistical power. We hypothesized that social 
group membership would show a positive correlation with skin microbes, as previously 
shown for gut microbes in different non-human primate populations. Yet after assess
ments of group dynamics and social behaviors, we recognize that larger sample sizes 
correlating to a single sampling period are likely required to potentially uncover effects 
that are not masked due to stronger yearly environmental factors. While our results 
uncovered correlations, further research is necessary to determine the functional and 
health-related impacts of environmental influences on skin microbial diversity.

Our study demonstrates the influence of year-to-year environment on skin microbes 
in the axillary region of macaques on Cayo Santiago, Puerto Rico. We set the stage for 
continued skin microbiome research in anticipation that this trajectory, combined with 
our other behavioral, genetic, and health data in the same monkeys, will potentially 
shed light on the connections between behavior, microbiome, and interactions with the 
external environment.

ACKNOWLEDGMENTS

The authors would like to thank Dr. Marianne Barrier at the NC Museum of Natural 
Sciences for support as the Laboratory Manager, as well as volunteer Karen Rodgers and 
intern Michael Hils for background research. The authors would like to also thank Athy 
Robinson, Joel Glick, Josue Negron, Daniel Phillips, and the Caribbean Primate Research 
Center (CPRC) staff for their feedback and research support.

This research is supported by NIH grants R01-MH096875 and R01-MH118203. The 
CPRC is supported by the National Institutes of Health with grants to the University of 
Puerto Rico. An Animal and Biological Material Resource Center Grant (P40-OD012217) 
was awarded to UPR from the Office of Research Infrastructure Programs (ORIP), and a 
Research Facilities Construction Grant (C06-OD026690) was awarded for the renovation 

Research Article Microbiology Spectrum

Month XXXX  Volume 0  Issue 0 10.1128/spectrum.02974-23 21

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

26
 S

ep
te

m
be

r 
20

23
 b

y 
19

2.
15

8.
23

8.
20

9.

https://doi.org/10.1128/spectrum.02974-23


of CPRC facilities after Hurricane Maria. This research complied with all relevant animal 
care regulations and national laws.

AUTHOR AFFILIATIONS

1North Carolina Museum of Natural Sciences, Raleigh, North Carolina, USA
2Department of Neuroscience, University of Pennsylvania, Philadelphia, Pennsylvania, 
USA
3Bioinformatics Research Center, North Carolina State University, Raleigh, North Carolina, 
USA
4Caribbean Primate Research Center, University of Puerto Rico, San Juan, Puerto Rico, 
USA
5Centre for Research in Animal Behaviour, University of Exeter, Exeter, United Kingdom
6Marketing Department, University of Pennsylvania, Philadelphia, Pennsylvania, USA
7Department of Psychology, University of Pennsylvania, Philadelphia, Pennsylvania, USA
8Department of Biological and Biomedical Sciences, North Carolina Central University, 
Durham, North Carolina, USA
9Department of Evolutionary Anthropology, Duke University, Durham, North Carolina, 
USA
10Department of Biological Sciences, North Carolina State University, Raleigh, North 
Carolina, USA
11Renaissance Computing Institute, University of North Carolina at Chapel Hill, Chapel 
Hill, North Carolina, USA

AUTHOR ORCIDs

Christina E. Roche  http://orcid.org/0009-0009-0732-1345
Michael J. Montague  http://orcid.org/0000-0003-0253-4404
JiCi Wang  http://orcid.org/0000-0002-1667-6561
Allison N. Dickey  http://orcid.org/0000-0002-7466-2870
Angelina Ruiz-Lambides  http://orcid.org/0000-0003-0733-4110
Lauren J. N. Brent  http://orcid.org/0000-0002-1202-1939
Michael L. Platt  http://orcid.org/0000-0003-3912-8821
Julie E. Horvath  http://orcid.org/0000-0002-6426-035X

FUNDING

Funder Grant(s) Author(s)

HHS | National Institutes of Health 
(NIH)

R01-MH096875, 
R01-MH118203

Michael J. Montague

JiCi Wang

Angelina Ruiz-Lambides

Michael L. Platt

HHS | NIH | Office of Research 
Infrastructure Programs, National 
Institutes of Health (ORIP)

P40-OD012217, 
C06-OD026690

Michael J. Montague

Angelina Ruiz-Lambides

Michael L. Platt

AUTHOR CONTRIBUTIONS

Christina E. Roche, Data curation, Formal analysis, Investigation, Methodology, Project 
administration, Validation, Visualization, Writing – original draft, Writing – review and 
editing | Michael J. Montague, Data curation, Formal analysis, Methodology, Supervision, 
Validation, Visualization, Writing – original draft, Writing – review and editing | JiCi Wang, 
Formal analysis, Methodology, Validation, Visualization, Writing – original draft, Writing 
– review and editing | Allison N. Dickey, Formal analysis, Methodology, Writing – review 
and editing | Angelina Ruiz-Lambides, Data curation, Methodology, Writing – review 

Research Article Microbiology Spectrum

Month XXXX  Volume 0  Issue 0 10.1128/spectrum.02974-23 22

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

26
 S

ep
te

m
be

r 
20

23
 b

y 
19

2.
15

8.
23

8.
20

9.

https://doi.org/10.1128/spectrum.02974-23


and editing | Lauren J. N. Brent, Data curation, Formal analysis, Investigation, Method
ology, Writing – review and editing | Michael L. Platt, Funding acquisition, Resources, 
Supervision, Writing – review and editing | Julie E. Horvath, Conceptualization, Funding 
acquisition, Investigation, Methodology, Project administration, Resources, Supervision, 
Writing – original draft, Writing – review and editing

DATA AVAILABILITY

The raw sequence data for all samples were deposited as fastq-formatted files in NCBI’s 
Sequence Read Archive (SRA) repository (BioProject PRJNA675026; accession numbers in 
Table S2).

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental material (Spectrum02974-23- S0001.pdf). Supplemental figures.
Supplemental file 1 (Spectrum02974-23- S0002.xlsx). Table S1.
Supplemental file 2 (Spectrum02974-23- S0003.xlsx). Table S2.
Supplemental file 3 (Spectrum02974-23- S0004.csv). Table S3
Supplemental file 4 (Spectrum02974-23- S0005.xlsx). Table S4.
Supplemental file 5 (Spectrum02974-23- S0006.xlsx). Table S5.
Supplemental file 6 (Spectrum02974-23- S0007.xlsx). Table S6.

REFERENCES

1. Woodhams DC, Brandt H, Baumgartner S, Kielgast J, Küpfer E, Tobler U, 
Davis LR, Schmidt BR, Bel C, Hodel S, Knight R, McKenzie V. 2014. 
Interacting symbionts and immunity in the amphibian skin mucosome 
predict disease risk and probiotic effectiveness. PLoS One 9:e96375. 
https://doi.org/10.1371/journal.pone.0096375

2. Gomez D, Sunyer JO, Salinas I. 2013. The mucosal immune system of fish: 
the evolution of tolerating commensals while fighting pathogens. Fish 
Shellfish Immunol 35:1729–1739. https://doi.org/10.1016/j.fsi.2013.09.
032

3. James AG, Austin CJ, Cox DS, Taylor D, Calvert R. 2013. Microbiological 
and biochemical origins of human axillary odour. FEMS Microbiol Ecol 
83:527–540. https://doi.org/10.1111/1574-6941.12054

4. Chen YE, Fischbach MA, Belkaid Y. 2018. Skin microbiota-host interac
tions. Nature 555:543. https://doi.org/10.1038/nature25994

5. Belkaid Y, Tamoutounour S. 2016. The influence of skin microorganisms 
on cutaneous immunity. Nat Rev Immunol 16:353–366. https://doi.org/
10.1038/nri.2016.48

6. Williams H, Crompton RA, Thomason HA, Campbell L, Singh G, McBain 
AJ, Cruickshank SM, Hardman MJ. 2017. Cutaneous Nod2 expression 
regulates the skin microbiome and wound healing in a murine model. J 
Invest Dermatol 137:2427–2436. https://doi.org/10.1016/j.jid.2017.05.
029

7. Council SE, Savage AM, Urban JM, Ehlers ME, Skene JHP, Platt ML, Dunn 
RR, Horvath JE. 2016. Diversity and evolution of the primate skin 
microbiome Proc Biol Sci 283:20160992. https://doi.org/10.1098/rspb.
2016.0992

8. Gilbert JA. 2015. Social behavior and the microbiome. Elife 4:e07322. 
https://doi.org/10.7554/eLife.07322

9. Bennett G, Malone M, Sauther ML, Cuozzo FP, White B, Nelson KE, Stumpf 
RM, Knight R, Leigh SR, Amato KR. 2016. Host age, social group, and 
habitat type influence the gut microbiota of wild ring-tailed lemurs 
(Lemur catta). Am J Primatol 78:883–892. https://doi.org/10.1002/ajp.
22555

10. Degnan PH, Pusey AE, Lonsdorf EV, Goodall J, Wroblewski EE, Wilson ML, 
Rudicell RS, Hahn BH, Ochman H. 2012. Factors associated with the 
diversification of the gut microbial communities within chimpanzees 
from Gombe National Park. Proc Natl Acad Sci U S A 109:13034–13039. 
https://doi.org/10.1073/pnas.1110994109

11. Tung J, Barreiro LB, Burns MB, Grenier J-C, Lynch J, Grieneisen LE, 
Altmann J, Alberts SC, Blekhman R, Archie EA. 2015. Social networks 
predict gut microbiome composition in wild baboons. Elife 4:e05224. 
https://doi.org/10.7554/eLife.05224

12. Song SJ, Lauber C, Costello EK, Lozupone CA, Humphrey G, Berg-Lyons 
D, Caporaso JG, Knights D, Clemente JC, Nakielny S, Gordon JI, Fierer N, 
Knight R. 2013. Cohabiting family members share microbiota with one 
another and with their dogs. Elife 2:e00458. https://doi.org/10.7554/
eLife.00458

13. Antwis RE, Lea JMD, Unwin B, Shultz S. 2018. Gut microbiome composi
tion is associated with spatial structuring and social interactions in semi-
feral Welsh Mountain ponies. Microbiome 6:207. 
https://doi.org/10.1186/s40168-018-0593-2

14. Grieneisen LE, Livermore J, Alberts S, Tung J, Archie EA. 2017. Group 
living and male dispersal predict the core gut microbiome in wild 
Baboons. Integr Comp Biol 57:770–785. https://doi.org/10.1093/icb/
icx046

15. Wikberg EC, Christie D, Sicotte P, Ting N. 2020. Interactions between 
social groups of colobus monkeys (Colobus vellerosus) explain 
similarities in their gut microbiomes. Animal Behaviour 163:17–31. https:
//doi.org/10.1016/j.anbehav.2020.02.011

16. Fouladi F, Bailey MJ, Patterson WB, Sioda M, Blakley IC, Fodor AA, Jones 
RB, Chen Z, Kim JS, Lurmann F, Martino C, Knight R, Gilliland FD, Alderete 
TL. 2020. Air pollution exposure is associated with the gut microbiome 
as revealed by shotgun metagenomic sequencing. Environ Int 
138:105604. https://doi.org/10.1016/j.envint.2020.105604

17. Moeller AH, Foerster S, Wilson ML, Pusey AE, Hahn BH, Ochman H. 2016. 
Social behavior shapes the chimpanzee pan-microbiome. Sci Adv 
2:e1500997. https://doi.org/10.1126/sciadv.1500997

18. Orkin JD, Campos FA, Myers MS, Cheves Hernandez SE, Guadamuz A, 
Melin AD. 2019. Seasonality of the gut microbiota of free-ranging white-
faced capuchins in a tropical dry forest. ISME J 13:183–196. https://doi.
org/10.1038/s41396-018-0256-0

19. Sun B, Gu Z, Wang X, Huffman MA, Garber PA, Sheeran LK, Zhang D, Zhu 
Y, Xia D-P, Li J-H. 2018. Season, age, and sex affect the fecal mycobiota of 
free-ranging Tibetan macaques (Macaca thibetana). Am J Primatol 
80:e22880. https://doi.org/10.1002/ajp.22880

20. Balasubramaniam KN, Beisner BA, Hubbard JA, Vandeleest JJ, Atwill ER, 
McCowan B. 2019. Affiliation and disease risk: social networks mediate 

Research Article Microbiology Spectrum

Month XXXX  Volume 0  Issue 0 10.1128/spectrum.02974-23 23

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

26
 S

ep
te

m
be

r 
20

23
 b

y 
19

2.
15

8.
23

8.
20

9.

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA675026
https://doi.org/10.1128/spectrum.02974-23
https://doi.org/10.1371/journal.pone.0096375
https://doi.org/10.1016/j.fsi.2013.09.032
https://doi.org/10.1111/1574-6941.12054
https://doi.org/10.1038/nature25994
https://doi.org/10.1038/nri.2016.48
https://doi.org/10.1016/j.jid.2017.05.029
https://doi.org/10.1098/rspb.2016.0992
https://doi.org/10.7554/eLife.07322
https://doi.org/10.1002/ajp.22555
https://doi.org/10.1073/pnas.1110994109
https://doi.org/10.7554/eLife.05224
https://doi.org/10.7554/eLife.00458
https://doi.org/10.1186/s40168-018-0593-2
https://doi.org/10.1093/icb/icx046
https://doi.org/10.1016/j.anbehav.2020.02.011
https://doi.org/10.1016/j.envint.2020.105604
https://doi.org/10.1126/sciadv.1500997
https://doi.org/10.1038/s41396-018-0256-0
https://doi.org/10.1002/ajp.22880
https://doi.org/10.1128/spectrum.02974-23


gut microbial transmission among rhesus macaques. Anim Behav 
151:131–143. https://doi.org/10.1016/j.anbehav.2019.03.009

21. Orkin JD, Webb SE, Melin AD. 2019. Small to modest impact of social 
group on the gut microbiome of wild Costa Rican capuchins in a 
seasonal forest. Am J Primatol 81:e22985. https://doi.org/10.1002/ajp.
22985

22. Kolodny O, Weinberg M, Reshef L, Harten L, Hefetz A, Gophna U, 
Feldman MW, Yovel Y. 2019. Coordinated change at the colony level in 
fruit bat fur microbiomes through time. Nat Ecol Evol 3:116–124. https://
doi.org/10.1038/s41559-018-0731-z

23. Torres S, Clayton JB, Danzeisen JL, Ward T, Huang H, Knights D, Johnson 
TJ. 2017. Diverse bacterial communities exist on canine skin and are 
impacted by cohabitation and time. PeerJ 5:e3075. https://doi.org/10.
7717/peerj.3075

24. Isler MF, Coates SJ, Boos MD. 2023. Climate change, the cutaneous 
microbiome and skin disease: implications for a warming world. Int J 
Dermatol 62:337–345. https://doi.org/10.1111/ijd.16297

25. Lavrinienko A, Tukalenko E, Mappes T, Watts PC. 2018. Skin and gut 
microbiomes of a wild mammal respond to different environmental 
cues. Microbiome 6:209. https://doi.org/10.1186/s40168-018-0595-0

26. Ross AA, Müller KM, Weese JS, Neufeld JD. 2018. Comprehensive skin 
microbiome analysis reveals the uniqueness of human skin and 
evidence for phylosymbiosis within the class Mammalia. Proc Natl Acad 
Sci U S A 115:E5786–E5795. https://doi.org/10.1073/pnas.1801302115

27. Kessler MJ, Rawlins RG. 2016. A 75-year pictorial history of the Cayo 
Santiago rhesus monkey colony. Am J Primatol 78:6–43. https://doi.org/
10.1002/ajp.22381

28. Maestripieri D, Hoffman CL. 2012. Behavior and social dynamics of 
rhesus macaques on Cayo Santiago, p 247–262. In Bones, genetics, and 
behavior of rhesus macaques. Springer, New York, NY. https://doi.org/10.
1007/978-1-4614-1046-1

29. Larson SM, Ruiz-Lambides A, Platt ML, Brent LJN. 2018. Social network 
dynamics precede a mass eviction in group-living rhesus macaques. 
Anim Behav 136:185–193. https://doi.org/10.1016/j.anbehav.2017.08.
019

30. Dixson AF, Nevison CM. 1997. The socioendocrinology of adolescent 
development in male rhesus monkeys (Macaca mulatta). Horm Behav 
31:126–135. https://doi.org/10.1006/hbeh.1997.1374

31. Brent LJN, Heilbronner SR, Horvath JE, Gonzalez-Martinez J, Ruiz-
Lambides A, Robinson AG, Skene JHP, Platt ML. 2013. Genetic origins of 
social networks in rhesus macaques. Sci Rep 3:1042. https://doi.org/10.
1038/srep01042

32. Brent LJN, Maclarnon A, Platt ML, Semple S. 2013. Seasonal changes in 
the structure of rhesus macaque social networks. Behav Ecol Sociobiol 
67:349–359. https://doi.org/10.1007/s00265-012-1455-8

33. Ellis S, Snyder-Mackler N, Ruiz-Lambides A, Platt ML, Brent LJN. 2019. 
Deconstructing sociality: the types of social connections that predict 
longevity in a group-living primate. Proc Biol Sci 286:20191991. https://
doi.org/10.1098/rspb.2019.1991

34. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, 
Alexander H, Alm EJ, Arumugam M, Asnicar F, Bai Y, Bisanz JE, Bittinger K, 
Brejnrod A, Brislawn CJ, Brown CT, Callahan BJ, Caraballo-Rodríguez AM, 
Chase J, Cope EK, Da Silva R, Diener C, Dorrestein PC, Douglas GM, Durall 
DM, Duvallet C, Edwardson CF, Ernst M, Estaki M, Fouquier J, Gauglitz JM, 
Gibbons SM, Gibson DL, Gonzalez A, Gorlick K, Guo J, Hillmann B, 
Holmes S, Holste H, Huttenhower C, Huttley GA, Janssen S, Jarmusch AK, 
Jiang L, Kaehler BD, Kang KB, Keefe CR, Keim P, Kelley ST, Knights D, 
Koester I, Kosciolek T, Kreps J, Langille MGI, Lee J, Ley R, Liu Y-X, Loftfield 
E, Lozupone C, Maher M, Marotz C, Martin BD, McDonald D, McIver LJ, 
Melnik AV, Metcalf JL, Morgan SC, Morton JT, Naimey AT, Navas-Molina 
JA, Nothias LF, Orchanian SB, Pearson T, Peoples SL, Petras D, Preuss ML, 
Pruesse E, Rasmussen LB, Rivers A, Robeson MS, Rosenthal P, Segata N, 
Shaffer M, Shiffer A, Sinha R, Song SJ, Spear JR, Swafford AD, Thompson 
LR, Torres PJ, Trinh P, Tripathi A, Turnbaugh PJ, Ul-Hasan S, van der Hooft 
JJJ, Vargas F, Vázquez-Baeza Y, Vogtmann E, von Hippel M, Walters W, 
Wan Y, Wang M, Warren J, Weber KC, Williamson CHD, Willis AD, Xu ZZ, 
Zaneveld JR, Zhang Y, Zhu Q, Knight R, Caporaso JG. 2019. Reproducible, 
interactive, scalable and extensible microbiome data science using 
QIIME 2. Nat Biotechnol 37:1091. https://doi.org/10.1038/s41587-019-
0252-6

35. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. 
2016. DADA2: high-resolution sample inference from Illumina amplicon 
data. Nat Methods 13:581–583. https://doi.org/10.1038/nmeth.3869

36. Davis NM, Proctor DM, Holmes SP, Relman DA, Callahan BJ. 2018. Simple 
statistical identification and removal of contaminant sequences in 
marker-gene and metagenomics data. Microbiome 6:226. https://doi.
org/10.1186/s40168-018-0605-2

37. Rideout JR, He Y, Navas-Molina JA, Walters WA, Ursell LK, Gibbons SM, 
Chase J, McDonald D, Gonzalez A, Robbins-Pianka A, Clemente JC, 
Gilbert JA, Huse SM, Zhou H-W, Knight R, Caporaso JG. 2014. Subsam
pled open-reference clustering creates consistent, comprehensive OTU 
definitions and scales to billions of sequences. PeerJ 2:e545. https://doi.
org/10.7717/peerj.545

38. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J, 
Glöckner FO. 2013. The SILVA ribosomal RNA gene database project: 
improved data processing and web-based tools. Nucleic Acids Res 
41:D590–D596. https://doi.org/10.1093/nar/gks1219

39. Ma S, Shungin D, Mallick H, Schirmer M, Nguyen LH, Kolde R, Franzosa E, 
Vlamakis H, Xavier R, Huttenhower C. 2020 Population structure 
discovery in meta-analyzed microbial communities and inflammatory 
bowel disease. biorxiv. https://doi.org/10.1101/2020.08.31.261214

40. Price MN, Dehal PS, Arkin AP. 2010. FastTree 2--approximately maximum-
likelihood trees for large alignments. PLoS One 5:e9490. https://doi.org/
10.1371/journal.pone.0009490

41. Katoh K, Standley DM. 2013. MAFFT multiple sequence alignment 
software version 7: improvements in performance and usability. Mol Biol 
Evol 30:772–780. https://doi.org/10.1093/molbev/mst010

42. Stackebrandt E, Goodfellow M. 1991. Nucleic acid techniques in bacterial 
systematics. John Wiley & Son Limited.

43. Willis AD. 2019. Rarefaction, alpha diversity, and statistics. Front 
Microbiol 10:2407. https://doi.org/10.3389/fmicb.2019.02407

44. Faith DP. 1992. Conservation evaluation and phylogenetic diversity. Biol 
Conserv 61:1–10. https://doi.org/10.1016/0006-3207(92)91201-3

45. Shannon CE. 1948. A mathematical theory of communication. Bell Syst 
Tech J 27:623–656. https://doi.org/10.1002/j.1538-7305.1948.tb00917.x

46. McKinney W. 2010. “Data structures for statistical computing in python” 
Proceedings of the 9th python in science conference; https://doi.org/10.
25080/Majora-92bf1922-00a

47. McDonald D, Clemente JC, Kuczynski J, Rideout JR, Stombaugh J, 
Wendel D, Wilke A, Huse S, Hufnagle J, Meyer F, Knight R, Caporaso JG. 
2012. Biological Observation Matrix (BIOM) format or: how I learned to 
stop worrying and love the ome-ome. Gigascience 1:7. https://doi.org/
10.1186/2047-217X-1-7

48. Zakrzewski M, Proietti C, Ellis JJ, Hasan S, Brion M-J, Berger B, Krause L. 
2017. Calypso: a user-friendly web-server for mining and visualizing 
microbiome-environment interactions. Bioinformatics 33:782–783. 
https://doi.org/10.1093/bioinformatics/btw725

49. McMurdie PJ, Holmes S. 2011. Phyloseq: a bioconductor package for 
handling and analysis of high-throughput phylogenetic sequence data, 
p 235–246. In Biocomputing. World Scientific. https://doi.org/10.1142/
9789814366496_0023

50. Wickham H. 2009. ggplot2: elegant graphics for data analysis. Springer 
Science & Business Media, New York, NY. https://doi.org/10.1007/978-0-
387-98141-3

51. Villanueva RAM, Chen ZJ. 2019. ggplot2: elegant graphics for data 
analysis. Measurement 17:160–167. https://doi.org/10.1080/15366367.
2019.1565254

52. Kruskal WH, Wallis WA. 1952. Use of ranks in one-criterion variance 
analysis. J Am Stat Assoc 47:583–621. https://doi.org/10.1080/01621459.
1952.10483441

53. Wilcoxon F. 1945. Individual comparisons by ranking methods. 
Biometrics Bulletin 1:80. https://doi.org/10.2307/3001968

54. Gloor GB, Reid G. 2016. Compositional analysis: a valid approach to 
analyze microbiome high-throughput sequencing data. Can J Microbiol 
62:692–703. https://doi.org/10.1139/cjm-2015-0821

55. Dobbler P, Mai V, Procianoy RS, Silveira RC, Corso AL, Roesch LFW. 2019. 
The vaginal microbial communities of healthy expectant Brazilian 
mothers and its correlation with the newborn’s gut colonization. World J 
Microbiol Biotechnol 35:159. https://doi.org/10.1007/s11274-019-2737-3

Research Article Microbiology Spectrum

Month XXXX  Volume 0  Issue 0 10.1128/spectrum.02974-23 24

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

26
 S

ep
te

m
be

r 
20

23
 b

y 
19

2.
15

8.
23

8.
20

9.

https://doi.org/10.1016/j.anbehav.2019.03.009
https://doi.org/10.1002/ajp.22985
https://doi.org/10.1038/s41559-018-0731-z
https://doi.org/10.7717/peerj.3075
https://doi.org/10.1111/ijd.16297
https://doi.org/10.1186/s40168-018-0595-0
https://doi.org/10.1073/pnas.1801302115
https://doi.org/10.1002/ajp.22381
https://doi.org/10.1007/978-1-4614-1046-1
https://doi.org/10.1016/j.anbehav.2017.08.019
https://doi.org/10.1006/hbeh.1997.1374
https://doi.org/10.1038/srep01042
https://doi.org/10.1007/s00265-012-1455-8
https://doi.org/10.1098/rspb.2019.1991
https://doi.org/10.1038/s41587-019-0252-6
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1186/s40168-018-0605-2
https://doi.org/10.7717/peerj.545
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1101/2020.08.31.261214
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.3389/fmicb.2019.02407
https://doi.org/10.1016/0006-3207(92)91201-3
https://doi.org/10.1002/j.1538-7305.1948.tb00917.x
https://doi.org/10.25080/Majora-92bf1922-00a
https://doi.org/10.1186/2047-217X-1-7
https://doi.org/10.1093/bioinformatics/btw725
https://doi.org/10.1142/9789814366496_0023
https://doi.org/10.1007/978-0-387-98141-3
https://doi.org/10.1080/15366367.2019.1565254
https://doi.org/10.1080/01621459.1952.10483441
https://doi.org/10.2307/3001968
https://doi.org/10.1139/cjm-2015-0821
https://doi.org/10.1007/s11274-019-2737-3
https://doi.org/10.1128/spectrum.02974-23


56. Palarea-Albaladejo J, Martín-Fernández JA. 2015. zCompositions — R 
package for multivariate imputation of left-censored data under a 
compositional approach. Chemometrics Intellig Lab Syst 143:85–96. 
https://doi.org/10.1016/j.chemolab.2015.02.019

57. Gloor GB, Wu JR, Pawlowsky-Glahn V, Egozcue JJ. 2016. It’s all relative: 
analyzing microbiome data as compositions. Ann Epidemiol 26:322–329. 
https://doi.org/10.1016/j.annepidem.2016.03.003

58. Shapiro SS, Wilk MB. 1965. An analysis of variance test for normality 
(complete samples). Biometrika 52:591. https://doi.org/10.2307/2333709

59. Fisher AR. 1921. 014: on the “probable error” of a coefficient of 
correlation deduced from a small sample. Metron 1:3–32.

60. Tukey JW. 1949. Comparing individual means in the analysis of variance. 
Biometrics 5:99–114. https://doi.org/10.2307/3001913

61. Student. 1908. The probable error of a mean. Biometrika 6:1. https://doi.
org/10.2307/2331554

62. Dixon P. 2003. VEGAN, a package of R functions for community ecology. 
J Veg Sci 14:927–930. https://doi.org/10.1111/j.1654-1103.2003.tb02228.
x

63. Walker HM, Lev J. 1953. Linear regression and correlation, In Statistical 
inference. https://doi.org/10.1037/11773-000

64. Lozupone CA, Hamady M, Kelley ST, Knight R. 2007. Quantitative and 
qualitative beta diversity measures lead to different insights into factors 
that structure microbial communities. Appl Environ Microbiol 73:1576–
1585. https://doi.org/10.1128/AEM.01996-06

65. Lozupone C, Knight R. 2005. UniFrac: a new phylogenetic method for 
comparing microbial communities. Appl Environ Microbiol 71:8228–
8235. https://doi.org/10.1128/AEM.71.12.8228-8235.2005

66. Anderson MJ. 2001. A new method for non-parametric multivariate 
analysis of variance: non-parametric MANOVA for ecology. Austral Ecol 
26:32–46. https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x

67. Halko N, Martinsson P-G, Shkolnisky Y, Tygert M. 2011. An algorithm for 
the principal component analysis of large data sets. SIAM J Sci Comput 
33:2580–2594. https://doi.org/10.1137/100804139

68. Legendre P. 1983. Numerical ecology: developments and recent trends, 
p 505–523. In Felsenstein J (ed), Numerical taxonomy. Springer, Berlin 
Heidelberg, Berlin, Heidelberg. https://doi.org/10.1007/978-3-642-
69024-2

69. McMurdie PJ, Holmes S, Watson M. 2013. phyloseq: an R package for 
reproducible interactive analysis and graphics of microbiome census 
data. PLoS One 8:e61217. https://doi.org/10.1371/journal.pone.0061217

70. Lozupone C, Lladser ME, Knights D, Stombaugh J, Knight R. 2011. 
UniFrac: an effective distance metric for microbial community 
comparison. ISME J 5:169–172. https://doi.org/10.1038/ismej.2010.133

71. Fernandes AD, Macklaim JM, Linn TG, Reid G, Gloor GB. 2013. ANOVA-like 
differential expression (ALDEx) analysis for mixed population RNA-Seq. 
PLoS One 8:e67019. https://doi.org/10.1371/journal.pone.0067019

72. Fernandes AD, Reid JN, Macklaim JM, McMurrough TA, Edgell DR, Gloor 
GB. 2014. Unifying the analysis of high-throughput sequencing datasets: 
characterizing RNA-seq, 16S rRNA gene sequencing and selective 
growth experiments by compositional data analysis. Microbiome 2:15. 
https://doi.org/10.1186/2049-2618-2-15

73. Gloor GB, Macklaim JM, Fernandes AD. 2016. Displaying variation in 
large datasets: plotting a visual summary of effect sizes. J Comput Graph 
Stat 25:971–979. https://doi.org/10.1080/10618600.2015.1131161

74. Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: a 
practical and powerful approach to multiple testing. J R Stat Soc Series B 
(Methodol) 57:289–300. https://doi.org/10.1111/j.2517-6161.1995.
tb02031.x

75. Wickham H, Averick M, Bryan J, Chang W, McGowan L, François R, 
Grolemund G, Hayes A, Henry L, Hester J, Kuhn M, Pedersen T, Miller E, 
Bache S, Müller K, Ooms J, Robinson D, Seidel D, Spinu V, Takahashi K, 
Vaughan D, Wilke C, Woo K, Yutani H. 2019. Welcome to the Tidyverse. J 
Open Source Softw 4:1686. https://doi.org/10.21105/joss.01686

76. Ma W, Huang C, Zhou Y, Li J, Cui Q. 2017. MicroPattern: a web-based tool 
for microbe set enrichment analysis and disease similarity calculation 
based on a list of microbes. Sci Rep 7:40200. https://doi.org/10.1038/
srep40200

77. Grice EA, Kong HH, Conlan S, Deming CB, Davis J, Young AC, Program 
NCS, Bouffard GG, Blakesley RW, Murray PR, Green ED, Turner ML, Segre 
JA. 2009. Topographical and temporal diversity of the human skin 
microbiome. Science 324:1190–1192. https://doi.org/10.1126/science.
1171700

78. Chen Z, Yeoh YK, Hui M, Wong PY, Chan MCW, Ip M, Yu J, Burk RD, Chan 
FKL, Chan PKS. 2018. Diversity of macaque microbiota compared to the 
human counterparts. Sci Rep 8:15573. https://doi.org/10.1038/s41598-
018-33950-6

79. Urban J, Fergus DJ, Savage AM, Ehlers M, Menninger HL, Dunn RR, 
Horvath JE. 2016. The effect of habitual and experimental antiperspirant 
and deodorant product use on the armpit microbiome. PeerJ 4:e1605. 
https://doi.org/10.7717/peerj.1605

80. Ying S, Zeng D-N, Chi L, Tan Y, Galzote C, Cardona C, Lax S, Gilbert J, 
Quan Z-X. 2015. The influence of age and gender on skin-associated 
microbial communities in urban and rural human populations. PLoS One 
10:e0141842. https://doi.org/10.1371/journal.pone.0141842

81. Fierer N, Hamady M, Lauber CL, Knight R. 2008. The influence of sex, 
handedness, and washing on the diversity of hand surface bacteria. Proc 
Natl Acad Sci U S A 105:17994–17999. https://doi.org/10.1073/pnas.
0807920105

82. Visca P, Seifert H, Towner KJ. 2011. Acinetobacter infection--an emerging 
threat to human health. IUBMB Life 63:1048–1054. https://doi.org/10.
1002/iub.534

83. Grice EA, Segre JA. 2011. The skin microbiome. Nat Rev Microbiol 9:244–
253. https://doi.org/10.1038/nrmicro2537

84. Ross AA, Rodrigues Hoffmann A, Neufeld JD. 2019. The skin microbiome 
of vertebrates. Microbiome 7:79. https://doi.org/10.1186/s40168-019-
0694-6

85. Liu Q, Liu H-C, Zhang J-L, Zhou Y-G, Xin Y-H. 2015. Nocardioides 
glacieisoli sp. nov., isolated from a glacier. Int J Syst Evol Microbiol 
65:4845–4849. https://doi.org/10.1099/ijsem.0.000658

86. Jones JC, Fruciano C, Marchant J, Hildebrand F, Forslund S, Bork P, Engel 
P, Hughes WOH. 2018. The gut microbiome is associated with behaviou
ral task in honey bees. Insectes Soc 65:419–429. https://doi.org/10.1007/
s00040-018-0624-9

Research Article Microbiology Spectrum

Month XXXX  Volume 0  Issue 0 10.1128/spectrum.02974-23 25

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

26
 S

ep
te

m
be

r 
20

23
 b

y 
19

2.
15

8.
23

8.
20

9.

https://doi.org/10.1016/j.chemolab.2015.02.019
https://doi.org/10.1016/j.annepidem.2016.03.003
https://doi.org/10.2307/2333709
https://doi.org/10.2307/3001913
https://doi.org/10.2307/2331554
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1037/11773-000
https://doi.org/10.1128/AEM.01996-06
https://doi.org/10.1128/AEM.71.12.8228-8235.2005
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1137/100804139
https://doi.org/10.1007/978-3-642-69024-2
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1038/ismej.2010.133
https://doi.org/10.1371/journal.pone.0067019
https://doi.org/10.1186/2049-2618-2-15
https://doi.org/10.1080/10618600.2015.1131161
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.21105/joss.01686
https://doi.org/10.1038/srep40200
https://doi.org/10.1126/science.1171700
https://doi.org/10.1038/s41598-018-33950-6
https://doi.org/10.7717/peerj.1605
https://doi.org/10.1371/journal.pone.0141842
https://doi.org/10.1073/pnas.0807920105
https://doi.org/10.1002/iub.534
https://doi.org/10.1038/nrmicro2537
https://doi.org/10.1186/s40168-019-0694-6
https://doi.org/10.1099/ijsem.0.000658
https://doi.org/10.1007/s00040-018-0624-9
https://doi.org/10.1128/spectrum.02974-23

	Yearly variation coupled with social interactions shape the skin microbiome in free-ranging rhesus macaques
	MATERIALS AND METHODS
	Study subjects and behavioral data collection
	Sample collection, DNA extraction, and sequencing
	Amplicon sequence processing
	Data analyses

	RESULTS
	Age and sex effects and alpha diversity
	Social group and skin microbiome composition
	Social group and total microbiota alpha diversity
	Social group and core microbiome versus non-core microbiome taxonomies and diversity
	Social group and beta diversity
	Dominance rank and alpha diversity
	Grooming behavior and phylogenetic alpha diversity
	Sampling period and skin microbe composition
	Sampling period and alpha diversity
	Sampling period and core versus non-core taxonomic diversity
	Sampling period and beta diversity
	Sampling period and differentially abundant taxa
	Sampling period and weather data

	DISCUSSION
	Sex, rank, and age are weakly associated with skin microbiome diversity
	Social group and grooming behavior influences skin microbial composition
	Yearly differences influence skin microbiota
	Conclusions



