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Bacterial diversity within animals is emerging as an essential component

of health, but it is unknown how stress may influence the microbiome.

We quantify a proximate link between the oral microbiome and hypo-

thalamic–pituitary–adrenal (HPA) axis activity using faecal glucocorticoid

metabolites (FGM) in wild red squirrels (Tamiasciurus hudsonicus). Not

only was bacterial diversity lower at higher levels of FGM, but also bet-

ween capture periods a change in bacterial relative abundance was related

to an increase in FGM. These linkages between the HPA axis and micro-

biome communities represent a powerful capacity for stress to have

multi-dimensional effects on health.
1. Introduction
The microbiome is a fundamental and dynamic dimension of an organism’s

physiology. Microbiome bacteria typically outnumber host cells by an order

of magnitude, and recent evidence suggests a positive relationship between

bacterial diversity and host health [1,2]. Oral microbiomes that are beneficial

to hosts are diverse and abundantly populated with mutualistic taxa [3].

Conversely, low diversity can be correlated with a high abundance of patho-

genic bacteria or increased susceptibility to low abundance opportunistic

pathogens, and poor health [4,5]. Such pathogenesis of the oral (buccal and

respiratory) microbiome has been connected to epizootic events in wildlife

populations [6].

The bacterial microbiome is linked to its host, in part, through the hypo-

thalamic–pituitary–adrenal (HPA) axis [7]. The HPA axis regulates the stress

response through the release of glucocorticoids and is a cornerstone of the

‘brain-gut axis’ [8]. Until now, the relationship between stress and the micro-

biome has only been studied in captivity with qualitative stressors [9,10]. We

examine this relationship in the wild and quantify a proximate link between

stress and the microbiome by measuring faecal glucocorticoid metabolites

(FGM: an integrated measure of HPA axis activity) and the oral bacterial com-

munity in free-living North American red squirrels, for which the ecology

and stress physiology have been well studied [11,12]. We examined the

hypothesis that high HPA axis activity would disrupt the bacterial micro-

biome by testing two predictions: (i) FGM concentrations would be

negatively correlated with bacterial diversity and (ii) there would be a positive

relationship between change in FGM concentrations over time and change in

bacterial abundance.
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Figure 1. Shannon diversity of the red squirrel oral microbiome analysed at
the phylum level. Diversity decreased with increasing FGM concentration
(natural log-transformed FGM) during both capture periods.
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2. Material and methods
(a) Field protocol
A grid of 80 tomahawk live traps (Tomahawk Live Trap Co., WI,

USA) was assembled in a 0.1 km2 site dominated by mixed-

wood forest located within Algonquin Provincial Park (45o540N,

78o260W). Traps were spaced at 20 m intervals and affixed to

trees 1.5 m above the ground to reduce non-target captures.

Traps were set 06.00–19.00 h, baited with an oatmeal–

peanut butter mixture (10 g) and checked in less than or equal

to 2 h intervals, partly to ensure trapping stress did not influence

interpretation of basal FGM concentrations [11]. Squirrels (n ¼ 12

males, 12 females; post-breeding) were captured twice for

repeated sampling to examine how within-individual changes

in a measure of HPA axis covary with oral bacterial communi-

ties (first capture: 17–19 July, second capture: 28–30 July).

Individuals were given unique alphanumeric ear tags and, at

both first and second capture, sex, reproductive condition and

mass were recorded. Oral microbiome samples, collected using

sterile cotton-tipped swabs circulated in the mouth for 10 s,

and faecal samples, collected directly from traps, were stored

in 1.5 ml microcentrifuge tubes on ice before transfer to a

2208C freezer.
(b) Faecal glucocorticoid metabolite analysis
Faecal samples were lyophilized, frozen with liquid nitrogen and

pulverized with mortar and pestle. FGM extraction from 0.05 g

was performed with a 0.5 ml volume of 80% methanol and ana-

lysed via enzyme immunoassay (EIA) [11,13].
(c) DNA extraction, 16S rRNA gene library preparation
and sequencing

Bacterial DNA extraction was performed using a modified

QIAamp DNA Mini kit (Qiagen) protocol (see the electronic

supplementary material). Oral bacterial DNA purity was

evaluated via spectrophotometry (Nanodrop, ThermoScientific,

Waltham, MA) and stored at 2208C. Extracted DNA was pro-

cessed at MetagenomBio Inc. (Toronto, Ontario), following an

Illumina MiSeq paired-end sequencing method (see the electronic

supplementary material). Sequences have been deposited in NCBI

under the SRA accession number SRP064395.
(d) Bioinformatics and statistical methods
DNA sequences were assembled, binned and analysed using PAN-

DAseq [14], USearch (v. 5.2.236, [15]) and QIIME (v. 1.8.0, [16]).

Shannon diversity, a commonly used metric for assessing taxa rich-

ness and evenness, was calculated from the Operational Taxonomic

Units (OTUs) identified from the full oral dataset [17,18] (see the

electronic supplementary material for formulation); diversity was

characterized at the phylum level which yielded the most reliable

assignment of OTUs. The relationship between FGM and bacterial

diversity was examined using linear models (GLMs) both within

and between capture periods, including sex and capture period as

fixed effects.

Similarly, we explored how change in FGM between first

and second capture influenced change in the relative abundance

of the most prevalent bacterial families (see the electronic

supplementary material).

Samples from an antibiotic manipulation of the oral micro-

biome were ultimately pooled for analysis owing to a lack of

evidence of an effect of treatment (see the electronic supplemen-

tary material). All FGM measures were natural log-transformed

to meet assumptions of normality. All analyses were performed

in R [19,20]; GLMs contained ID as a random effect.
3. Results and discussion
We provide, we believe, the first evidence for a proximate

relationship between HPA axis activity and microbiome com-

munity dynamics in a free-living system. Consistent with our

hypothesis, FGM were negatively correlated with bacterial

diversity within and across sampling periods (first capture:

R2 ¼ 0.33, t21 ¼ 23.447, p , 0.01; second capture: R2 ¼ 0.24,

t21 ¼ 23.040, p , 0.01; overall: R2 ¼ 0.26, t44 ¼ 24.28, p ,

0.001, figure 1, and the electronic supplementary material,

table S1 for analysis at the class, order and family level). This

was observed despite large, within-individual changes in

FGM concentration between sampling periods that likely corre-

sponds to a seasonal endocrinological shift [11]. There was no

effect of sex in our models (first capture, second capture, over-

all: all p � 0.05). Reduced microbiome diversity with increased

FGM may be the result of stress-induced activation of the

innate immune system [9]. The HPA axis interacts directly

with immune function [21] and an acute stress response

bolsters innate immunity while simultaneously diminishing

adaptive immunity [22,23]. More specifically, elevated

glucocorticoids can increase circulating cytokine and macro-

phage concentrations, which have direct antimicrobial effects

[22,24]. Thus, while the interplay between the HPA axis and

immune system are complex and multidirectional depending

on the stressor, the HPA axis can facilitate immune system-

mediated changes in the bacterial microbiome, but also

increases host vulnerability to pathogenic species invasion by

weakening the adaptive immune system and disrupting

steady-state communities [10].

Not only was bacterial diversity lower in individuals

with elevated FGM, but also between capture periods a

change in bacterial abundance was correlated with FGM (see

the electronic supplementary material). Interestingly, the rela-

tive abundance of the most prevalent family in the oral

microbiome, Pasteurellaceae, increased with increasing FGM

(R2 ¼ 0.23, t22 ¼ 2.536, p ¼ 0.02; figure 2). Members of this bac-

terial family have been linked to large epizootic events in

bighorn sheep (Ovis canadensis) [6] as well as the near extinc-

tion of saiga antelope (Saiga tatarica) [25], and in both cases

the proliferation of Pasteurellaceae was thought to have been

enabled by environmental stress-induced reduction in host
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Figure 2. Over time, intra-individual change in FGM was correlated with
change in the relative abundance of Pasteurellaceae within the red squirrel
oral microbiome.
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condition. These taxa-specific responses to perturbation by HPA

axis activity could be due to attenuation of adaptive immunity,

which, unlike innate immunity, is a non-general response

[23,26]. Therefore, taxa suppressed by an adaptive immune

response would be expected to increase in abundance following

heightened HPA axis activity. Alternately, taxa persisting at

higher abundance may possess a greater capacity for increase

following HPA axis-mediated microbiome disruption.
4. Conclusion
We report novel interactions between the HPA axis and

oral microbiome diversity where disruption of bacterial
communities may represent an ancillary cost of heightened

HPA axis activity. Increased HPA axis activity resulted in

bacterial communities that were lower in richness and domi-

nated by a smaller number of taxa. These communities may

have a direct negative impact on host health while simul-

taneously increasing susceptibility to pathogen invasion

[1,27]. These findings using a free-living system lay the foun-

dation for understanding the proximate mechanisms linking

stress and the microbiome.
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