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ABSTRACT Climate change is one of the most sig-
nificant challenges facing the sustainability of global
poultry production. Stress resulting from extreme tem-
perature swings, including cold snaps, is a major con-
cern for food production birds. Despite being well-
documented in mammals, the effect of environmental
stress on enteric neurophysiology and concomitant
impact on host-microbiome interactions remains
poorly understood in birds. As early life stressors may
imprint long-term adaptive changes in the host, the
present study sought to determine whether cold tem-
perature stress, a prominent form of early life stress in
chickens, elicits changes in enteric stress-related neuro-
chemical concentrations that coincide with composi-
tional and functional changes in the microbiome that
persist into the later life of the bird. Chicks were, or
were not, subjected to cold ambient temperature stress
during the first week post-hatch and then remained at
normal temperature for the remainder of the study.
16S rRNA gene and shallow shotgun metagenomic
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analyses demonstrated taxonomic and functional
divergence between the cecal microbiomes of control
and cold stressed chickens that persisted for weeks fol-
lowing cessation of the stressor. Enteric concentrations
of serotonin, norepinephrine, and other monoamine
neurochemicals were elevated (P < 0.05) in both cecal
tissue and luminal content of cold stressed chickens.
Significant (P < 0.05) associations were identified
between cecal neurochemical concentrations and
microbial taxa, suggesting host enteric neurochemical
responses to environmental stress may shape the cecal
microbiome. These findings demonstrate for the first
time that early life exposure to environmental temper-
ature stress can change the developmental trajectory
of both the chicken cecal microbiome and host neuro-
endocrine enteric physiology. As many neurochemicals
serve as interkingdom signaling molecules, the rela-
tionships identified here could be exploited to control
the impact of climate change-driven stress on avian
enteric host-microbe interactions.
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INTRODUCTION

Inclement weather as a result of climate change is a
major threat to the sustainability of the global
production of poultry (Mottet and Tempio, 2017; Cole
and Desphande, 2019), which is now the most consumed
animal protein in the world (Whitton et al., 2021). Envi-
ronmental stressors, including extreme temperatures,
encountered in food animal production settings increase
animal susceptibility to enteric infection, yet the mecha-
nisms underpinning this observation are not fully under-
stood. Stress-related neurochemicals that are part of the
neurophysiological stress response common in both
mammals and birds have been demonstrated to encour-
age colonization and augment the pathogenicity of a
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wide variety of bacterial species commonly found in the
intestinal tract of food production animals (Vlisidou et
al., 2004; Pullinger et al., 2010; Aroori et al., 2014).
Environmental sources of stress have therefore been pro-
posed to increase intestinal foodborne pathogen carriage
in food production animals, in part, through neurochem-
ical mediated host-microbe interactions (Humphrey,
2006; Truccollo et al., 2020). Indeed, the chicken intesti-
nal tract is regarded as a major reservoir of the human
foodborne disease-causing organisms Campylobacter
jejuni and Salmonella spp. (Scharff, 2020). No study to
date has investigated in chickens whether host physio-
logical stress can affect in vivo the production of enteric
neurochemicals. Likewise, while the use of germ-free
chickens has established a clear role of the microbiome
in shaping the enteric neurochemical environment (Phil-
lips et al., 1961), and the production environment, in
turn, shapes the chicken gut microbiome (McKenna et
al., 2020), it is unknown whether avian host stress may
affect related microbial metabolic pathways. Establish-
ing that environmental temperature-based stress
increases local concentrations of monoamine neurochem-
icals in the gut that are related with shifts in microbial
taxonomic and functional profiles, will likely have major
implications in the design of next-generation poultry
husbandry practices that prevent climate change-driven
acquisition and transmission of foodborne pathogens.

The study of neurochemicals as interkingdom signal-
ing molecules has been termed Microbial Endocrinology
(Neuman et al., 2015). Like in mammals, the avian intes-
tinal tract is a major source of many monoamine neuro-
chemicals (Lyte et al., 2022) as it is highly innervated by
the enteric nervous system and contains non-neuronal
endocrine cell populations (Komori et al., 1979; Raw-
don, 1984). Another similarity between the mammalian
and avian intestinal microbiota are several resident bac-
terial taxa that synthesize and respond to structurally
identical neurochemicals of the host neuroendocrine sys-
tem (Villageliu and Lyte, 2017). Any condition that
would induce stress in the avian host to cause the local
enteric release of monoamine neurochemicals would
therefore likely impact functional aspects of the intesti-
nal microbiome as has been reported in Japanese quail
(Lyte et al., 2021) and in mammals (Strandwitz, 2018).
Indeed, in vitro exposure of C. jejuni to norepinephrine
increased its ability to colonize the ceca of orally inocu-
lated chickens (Cogan et al., 2007; Methner et al., 2008).
Such findings warrant investigation of the plasticity of
chicken intestinal neurochemistry to environmental
stressors and its resultant interaction with the intestinal
microbiome, an area of study in birds that has so far
received only sparse attention.

Low environmental temperatures, often termed cold
stress, are one of the most important environmental
stressors in the rearing of chickens during early life. Rec-
ognition of the significance of thermoregulation in pre-
venting bacterial infection in birds dates back to the
mid-1800s with Pasteur’s work relating avian body tem-
perature and susceptibility to Bacillus anthracis infec-
tion (Pasteur et al., 1878). Since that time, multiple
investigations have reported that chicks, as poor ther-
moregulators of body temperature (Shinder et al., 2007),
are uniquely susceptible during early life to cold stress.
Not surprisingly, cold stress has been widely demon-
strated to increase avian mortality and susceptibility to
enteric infection (Mallmann, 1934; Thaxton et al., 1974;
Soerjadi et al., 1979; Matsumoto and Huang, 2000; Bor-
soi et al., 2015). Indeed, the frequent and intense
weather events ushered in by climate change, including
rapid ambient temperature swings such as cold snaps,
are of particular concern for avian species (Garrett et
al., 2022). Whether the stress-induced modulation of
enteric neurochemical concentrations constitutes, in
part, the mechanism driving avian susceptibility to
infection following cold stress is unknown. Most criti-
cally, it has not yet been demonstrated that cold stress,
or any non-infectious environmental stressor, can cause
changes in the concentrations of neurochemicals in the
chicken gut as well as concomitantly alter community
structure or metabolic pathways of the chicken intesti-
nal microbiome.
As such, we hypothesized that cold stress exposure

during the first week post-hatch (i.e., early life)
would elicit increases in stress-related neurochemical
concentrations in the chicken gut as well as alter the
taxonomic and functional trajectory of the intestinal
microbiome into the chicken’s later life. This study
provides the first evidence that an ambient tempera-
ture environmental stressor, specifically cold stress
exposure, during the early life of a chicken can cause
short and long-term changes in the concentration of
neurochemicals in the chicken gut as well as shift
compositional and functional aspects of the intestinal
microbiome. These results provide novel insight into
the potential importance of early life stress manage-
ment in poultry husbandry practices in determining
changes in the concentration of neurochemicals in the
chicken gut that have recognized roles in mediating
bacterial pathogen colonization.
MATERIALS AND METHODS

Animals

All procedures were approved by the University of
Arkansas Division of Agriculture Institutional Animal
Care and Use Committee before the study was initiated.
Male by-product breeder chicks were obtained on d of
hatch from a local hatchery (Cobb, Siloam Springs, AR)
and transported to the United States Department of
Agriculture (USDA) poultry facility which is separate
from but located on the grounds of the University of
Arkansas Poultry Research Facility (Fayetteville, AR).
This USDA poultry facility consists of 2 identical fully
contained environmentally controllable housing struc-
tures that are separated by approximately 5 m distance.
Upon arrival, chicks were weighed, individually tagged,
and randomly allocated into 2 groups (control or cold
stress). Due to the ability to maintain a single tempera-
ture at any one time within each housing structure, the
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control and cold stress groups were housed separately
but maintained under identical conditions for the
entirety of the study except during the cold stress chal-
lenge periods. Within each house, 1 large floor pen lined
with fresh pine shavings was subdivided into 4 pens
(each of the 4 pens measured (L x W; 6 ft x 7 ft). Each of
the 4 pens were separated by metal fencing that permit-
ted social interaction but prevented movement of chick-
ens between pens. The number of chickens in each
experimental group was 40 (i.e., 40 chickens in the con-
trol group and 40 chickens in the cold stress group), so
that 10 chickens per group for each sampling timepoint
(i.e., at 3, 7, 9, and 21 d of age) were included in analy-
ses. An n of 10 birds per sampling timepoint was selected
as this number was previously demonstrated as suffi-
cient to detect a statistically significant (P < 0.05)
change in chicken intestinal neurochemical concentra-
tions (Redweik et al., 2019). Chicken was the experimen-
tal unit. To account for possible early life mortality, the
stocking density of each pen was 20 chickens per pen so
that the total number of birds used in this study was 160
chickens. A standard temperature curve in each house
was automatically maintained at 27°C during the first
and second week of age (except on d of age 4, 5, and 6 in
the cold stress group house), and 25°C during the third
week of age. A standard corn/soy-based diet was pro-
duced at the University of Arkansas feed mill and pro-
vided to the chickens in floor feeders. All chickens were
provided ad libitum access to feed and water throughout
the entire study.
Cold Stress

At 4, 5, and 6 d of age the temperature in the cold
stress group house was maintained at 20°C for 6 h per d.
For the remaining 18 h of each d, the cold stress group
house temperature was matched to that of the control
group house. Broiler houses were equipped with NIST-
traceable thermometers (VWR) that were placed at
the level of the chicks’ heads. Readings were manually
recorded at regular intervals throughout the 24 h period.
Cold stress temperatures were maintained and verified
during the 6 h cold stress periods. Immediately on d 7 of
age and for the entire remaining duration of the study,
the cold stress group house was returned to the tempera-
ture curve of the control group house. This temperature
(20°C) was selected as a cold stress as it was previously
reported that a range of cold stress temperatures (from
15°C to 20°C) cause a temporary stress response without
causing mortality in broiler chickens during the first
week post-hatch (Borsoi et al., 2015; Shinder et al.,
2002; Shinder et al., 2007; Shahir et al., 2012). In addi-
tion, as the focus of the present study was to investigate
the impact of cold stress on gut neurochemical and
microbial dynamics that are known to influence enteric
infection, this cold stress temperature was chosen as it
was demonstrated to influence broiler chicken suscepti-
bility to infection of the gastrointestinal tract (Borsoi
et al., 2015).
Tissue Collection

Chickens were euthanized via decapitation (n = 10
chickens/group/timepoint) on 3, 7, 9, and 21 d of age.
At each timepoint, 10 birds from each group were ran-
domly selected, euthanized, and tissues collected. The
purpose of the 3-day-old group was to assess baseline dif-
ferences between control and cold stress groups the day
immediately preceding the start of the cold stress chal-
lenge considering these groups were housed in separate
but identical facilities. Due to the young age of this base-
line group of birds, there was not enough cecal content
for both microbiome profiling and neurochemical quanti-
fication. In order to address the potential confounding
factor of housing environment in the interpretation of
the effect of cold stress on the microbiome, we chose to
assess baseline differences in the cecal microbiome. In
addition, only within the 3-day-old group, due to the
limited amount of cecal tissue per bird, this tissue was
used exclusively for the determination of neurochemical
concentrations.
Immediately following euthanasia, the intestinal tract

was manually removed and dissected on Petri dishes
packed with ice. A new petri dish was used for each
chicken in order to avoid cross-contamination between
birds. As the ceca in chickens is bifurcated, ceca were
removed at the site of bifurcation. In each 3-day-old
chicken, the content of both ceca was pooled for micro-
biome sample collection. For all other age groups, cecal
content and tissue were collected from a single ceca
pouch. For microbiome sample collection, cecal content
was carefully collected using sterile technique into sterile
2 mL microcentrifuge tubes (Catalog # 10018-754,
VWR Life Science). Following cecal content sample col-
lection, each ceca was opened longitudinally using ball-
tipped scissors and gently washed using sterile PBS to
remove any remaining content. In the 3-day-old chick-
ens, both emptied ceca were collected for neurochemical
analysis. In all other age groups, full thickness pieces of
the same cecal pouch from which microbiome and other
samples were obtained, were collected for neurochemical
and qPCR analyses. The other empty ceca was Swiss-
rolled for histological analysis.
Intestinal tissue and content samples collected for

later ultra-high performance liquid chromatography
(UHPLC) analysis were processed as previously
described (Lyte et al., 2022). In brief, tissues were
weighed and then immediately submerged in 2 mL rein-
forced tubes containing 6 ceramic beads (Catalog #s:
19-648 and 19-646, Omni International, Kennesaw, GA)
and 1mL of 0.2N perchloric acid (0.2N perchloric acid
consisted of HPLC grade water (Catalog # 7732-18-5,
VWR Life Science, Radnor, PA) and perchloric acid
(Catalog #:AAA44464-AP, VWR Life Science)), then
snap frozen on dry ice and stored at �80°C until analy-
sis. All samples collected for histological analysis were
first Swiss-rolled and then promptly placed into 10%
neutral-buffered formalin (Catalog #: 16004-128, VWR
Life Science) and stored at room temperature until sec-
tioning and staining. Cecal content samples collected for
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microbiome analyses were immediately snap frozen on
dry ice and stored at �80°C until DNA extraction. All
content and tissue samples for short chain fatty acids
(SCFA) and qPCR analysis were collected into DNA-
ase/RNAase free microcentrifuge tubes (Catalog #:
10025-738, VWR Life Science), snap frozen on dry ice,
then stored at �80°C until analysis.
Ultra-High Performance Liquid
Chromatography

Tissues were thawed in the tubes in which they were
placed following dissection and immediately placed
into a Bead Ruptor (Catalog #: 19-040E, Omni Inter-
national). The tissues were homogenized twice for 30 s
at 5m/s, with samples allowed to rest for 10 s in
between each 30 s cycle. Homogenized samples were
promptly centrifuged at 3000 £ g at 4°C for 15min,
and the supernatant was then transferred to 2−3 kDa
molecular weight cut-off spin filters (Catalog #: 89132-
006, VWR Life Science) for further purification. Flow-
through was collected and stored at �80°C until analy-
sis by UHPLC as previously described (Lyte et al.,
2022) with minor modification. In brief, the UHPLC
consisted of a Dionex Ultimate 3,000 autosampler and
a Dionex Ultimate 3,000 pump, equipped with a Dionex
Ultimate 3,000 RS electrochemical detector and VWD-
3400 UV/Vis detector (Thermo Fisher Scientific, Sun-
nyvale, CA). Mobile phase was a buffered 10% acetoni-
trile mobile phase (Catalog #: NC9777698, Thermo
Fisher Scientific), and the flow rate was 0.6mL/min on
a 150-mm (length), 3 mm (internal diameter), and
3 mm (particle size) Hypersil BDS C18 column (Catalog
#: 28103-153030, Thermo Fisher Scientific). Samples
were maintained at 4°C on the autosampler before
injection, and electrochemical detection was achieved
using a 6041RS glassy carbon electrode set at 400mV.
The UV detection was set to 210 nm. Data was ana-
lyzed using the Chromeleon software package (version
7.2, Thermo Fisher Scientific), and neurochemical iden-
tification was confirmed using retention times of corre-
sponding analytical standards from Millipore-Sigma
(norepinephrine, Catalog #: 636-88-4; serotonin, Cata-
log #: 61-47-2; 5-hydroxyindoleacetic acid (5-HIAA),
Catalog #: 59709-57-8; dopamine, Catalog #: 59-92-7;
histamine, Catalog # 56-92-8).
RNA Isolation and Quantitative Reverse
Transcription Polymerase Chain Reaction

Total RNA was extracted from full thickness cecal tis-
sue samples using RNAzol RT (Fisher Scientific, Cata-
log # NC0477546) according to the manufacturer’s
protocol. RNA quality and quantity were determined
using a NanoDrop One Microvolume UV-Vis spectro-
photometer (Nanodrop Products, Wilmington, DE).
The iScript cDNA Synthesis Kit (BioRad, Hercules, CA,
Catalog # 1708891) was used to reverse transcribe 0.3
mg of RNA per sample in a 4 mL total volume reaction.
The cDNA was diluted 4 times with RNase-free water
prior to real-time PCR analysis of intestinal genes. PCR
reactions consisted of 1 mL diluted cDNA, 5 mL iTaq
Universal SYBR Green Supermix (BioRad, Catalog #
1725121), 0.5 mL of chicken specific PrimePCR SYBR
Green Assay Primers (BioRad, Catalog # 10042976),
and 3.5 mL of molecular grade nuclease free water
(Fisher Scientific, Catalog # 10-977-023). PCR reaction
was carried out with an initial activation at 95°C for
30 s, followed by 40 cycles of 94°C for 5 s and 60°C for
30 s. Melting curve analysis was performed to confirm
the specificity of PCR amplification and relative fold
change in gene expression was determined using the 2�
DDCt method (Livak and Schmittgen, 2001) normalized
against the housekeeping gene GAPDH.
Gas Chromatography-Mass Spectrometry

Cecal SCFA quantification was carried out as previ-
ously described (van de Wouw et al., 2018) with minor
modification. Cecal content (»100 mg) was weighed and
then immediately placed into individual 2 mL reinforced
tubes that each contained 5 ceramic beads (Catalog #s:
19-648 and 19-646, Omni International). To each tube
was added 800 mL of 0.003M hydrochloric acid (Catalog
#: H1758, Millipore-Sigma). Samples were homogenized
using an Omni Bead Ruptor at 5 m/s for 30 sec and then
promptly placed onto ice for 1 min prior to centrifuga-
tion. Samples were then centrifuged at 15000 x g at 4°C
at for 5 min. Following centrifugation, 800 mL of super-
natant was collected and filtered through a 0.2 mm
syringe filter (VWR, Catalog # 76479-044). Filtrate was
transferred to a new 2 mL tube and a solvent mixture
(1:3 v/v chloroform: methanol (Millipore-Sigma) was
added at a ratio of 1:4 (v/v supernatant: solvent) to
establish a single phase solution to precipitate out pro-
tein. Tubes were briefly vortexed, then immediately cen-
trifuged at 4°C at 15000 x g for 10 min. Supernatant was
collected and transferred to an HPLC vial (VWR, Cata-
log # 89523-484) and 6 mL internal standard (decanoic
acid, Catalog #: C1875, Sigma Aldrich) was added at a
volume of 2 mL to each sample. Vials were stored at
�20°C until injection into the gas chromatograph
(GC).
Samples were analyzed using an Agilent 6890N gas

chromatograph with 5973 single quadrupole mass spec-
trometer (GC/MS) equipped with an Agilent 7683B
autosampler. An Agilent 30m G3903-63011 DB-Fast-
FAME column (internal diameter 0.25 mm and 0.25 mm
film liquid layer) was used for the analysis. A sample vol-
ume of 1 mL was injected in spitless mode to the injector
port where the temperature was maintained at 280°C.
Temperature of the oven was changed linearly from 37
to 150°C at a rate of 10°C/min followed by a 5 min hold.
The carrier gas was helium, the flow rate was variable
throughout the run as method used constant pressure,
and the mass spectrometer was scanned in the m/z
range of 30−500 in fast scanning mode. SCFA identifica-
tion was performed using both retention time and 70 eV
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electron impact ionization fragment ion spectra of corre-
sponding analytical standards (Millipore-Sigma, butyric
acid, Catalog #: 19215; propionic acid, Catalog #:
94425; acetic acid, Catalog #: 695092) in NIST search
2.0 library (v2.0). Each fatty acid was quantified by
using a calibration curve generated in the concentration
range of 0.02 mg/ml (20 ppm) to 0.0006 mg/ml (0.6
ppm) for 6 calibration points. Relative intensities (Inten-
sity for fatty acid/intensity of internal standard) instead
of absolute intensities for each concentration of fatty
acid were used for the calibration curves to correct for
injection volume during the sample injection into the
GC-MS.
Genomic DNA Isolation and Quantification,
Library Preparation, and Sequencing

Cecal content samples were sent to the company Cor-
ebiome (now Diversigen, New Brighton, MN) for DNA
extraction as well as subsequent 16S rRNA gene and
shallow shotgun sequencing. Shallow shotgun sequenc-
ing (sWGS) achieves species-level taxonomic identifica-
tion and functional resolution that closely approximates
deep shotgun sequencing (Hillmann et al., 2018; Johnson
et al., 2019; La Reau et al., 2023). All samples were
included in 16S rRNA gene analysis. The 21 d of age
group samples were additionally processed for sWGS.
Financial cost limitations disallowed all samples to be
sent for metagenomic sequencing. All samples were
extracted using the MO Bio PowerFecal (Qiagen) auto-
mated for high throughput on QiaCube (Qiagen), with
bead beating in 0.1 mm glass bead plates. For samples
designated for 16S analysis, samples were quantified via
qPCR using primers for the variable region 4 (515f/
806r) of the 16S rRNA gene. For samples used in sWGS
analysis, samples were quantified with the Qiant-iT
Picogreen dsDNA Assay (Invitrogen).

To identify any contribution of potential kit contami-
nation, isolation of genomic DNA was also performed on
molecular grade water (Catalog #: 60-2450, ATCC,
Manassas, VA) using the same kit and following the
same protocol used for cecal content samples. The
molecular grade water sample was carried through for
the entirety of the 16S rRNA gene and shallow shotgun
processes.

For 16S rRNA gene analysis, samples were prepared
with a protocol derived from (Gohl et al., 2016), using
KAPA HiFi Polymerase to amplify variable region 4
(515f/806r) of the 16S rRNA gene. Libraries were
sequenced on an Illumina MiSeq using paired-end
2 £ 250 reads and the MiSeq Reagent Kit v3. For meta-
genomic analysis, libraries were prepared with a proce-
dure adapted from the Nextera Library Prep kit
(Illumina). Libraries were sequenced on an Illumina
NextSeq using single-end 1 £ 150 reads with a NextSeq
500/550 High Output v2 kit (Illumina). Microbial com-
munity standards (Catalog #’s: D6311 and D6305
ZymoBIOMICS, Irvine, CA) were purchased to deter-
mine any bias or error in library preparation and
subsequent sequencing, respectively. These standards
were processed along with the DNA extracted from
chicken cecal content and included in the same sequenc-
ing runs. 16S rRNA gene and metagenomic datasets
were deposited on the NCBI Sequence Read Archive
database under the BioProject accession number
PRJNA977671.
Histology

Ceca specimens from 8 chickens/group were subjected
to histological analysis. Tissues were placed in 10% neu-
tral buffered formalin, transferred to Monosette IV cas-
settes (Catalog #: 15154-273 VWR Life Science), and
fixed overnight in an automated processor (Model 2500,
Shandon Lipshaw, Pittsburgh, PA). The following
morning, tissue samples were removed from the proces-
sor and embedded in paraffin. Tissue blocks were sec-
tioned at a thickness of 5mm using a microtome
(Shandon Lipshaw, Pittsburgh, PA), transferred onto
Superfrost Plus microscope slides (Catalog #: 48311-703
VWR Life Science), and placed in a slide dryer (Shandon
Lipshaw, Pittsburgh, PA) overnight. In the morning,
the paraffin was removed. For Hematoxylin/Eosin (H/
E) staining, slides were stained using Harris Hematoxy-
lin solution (Catalog #: 95057-858, VWR Life Science),
Harleco blueing reagent (Catalog #:34172-018, VWR
Life Science), and Eosin Y solution (Catalog # 34172-
002, VWR Life Science). Cover slips were fixed using
Xylene substitute mountant (Catalog # 1900231:
Thermo Scientific, Waltham, MA). Slides were dried
overnight before imaging.
Slides were digitally imaged using a Cytation 5 imag-

ing multi-mode plate reader (Biotek) equipped with
a £ 4 magnification (Catalog #: 1220519, Biotek)
brightfield objective. Measurements of intestinal param-
eters were conducted blinded to control or cold stress
sample identity in the cecum using the NIH Fiji ImageJ
software (version 1.53q). The thickness of the muscularis
externa (including the circular and longitudinal muscle
layers) was measured in 8 images/bird (8 birds/
group = 64 images per group). Villus height (VH; mea-
sured from the villus-crypt junction to the villus tip)
and crypt depth (CD; measured from the base of the
crypt to the villus-crypt junction in crypts with open
lumens and a continuous cell column on each side) were
determined in at least 4 well-oriented, villus-crypt units
per images (15 images/bird £ 8 birds/group = 120
images per group; Supplemental Figure 1). These values
were averaged to obtain the mean height of intestinal
structures and the ratio of VH to CD was calculated.
Statistics

UHPLC, GC-MS, RT-qPCR, and histological data
were analyzed via 2-way ANOVA with Sidak`s multiple
comparison test (GraphPad Prism, La Jolla, CA (v.
9.4.1)). Data are presented as mean § SEM. The thresh-
old of statistical significance was set at P < 0.05.
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16S rRNA Gene Sequencing Data Processing and
Analysis Fastq files were explored using FastQC (v.
0.11.3) (Andrews, 2010) before being quality filtered
and trimmed using Trimmomatic (v. 0.36) (Bolger et
al., 2014) to ensure an average quality score of 30. The
remaining reads were then imported into the R environ-
ment (v.3.5.1) (R Core Team, 2021) for further quality
filtering, error correction and chimera removal using
the DADA2 pipeline (v. 1.10.1) (Callahan et al., 2016)
before collapsing the reads into amplicon sequence var-
iants (ASVs). A second chimera filtering step was per-
formed, utilizing the “uchime_ref” command in
USEARCH against the ChimeraSlayer GOLD data-
base (v. 20110519) (Edgar et al., 2011). Taxonomic
classification of the filtered ASVs up to genus level was
performed with the “classify.seqs” command in the
mothur software (v 1.39.5) (Schloss et al., 2009)
against the SILVA ribosomal RNA reference database
(release 132) (Quast et al., 2013) with a bootstrapping
cut-off of 80%. In order to identify taxa that are likely
over- or underrepresented in samples, the compositions
of several mock microbial community DNA standards
(Catalog #’s: D6311 and D6305 ZymoBIOMICS,
Irvine, CA) were compared against their theoretical
composition at the family level. The results of the mock
microbial community DNA standards are presented in
(Supplemental Figure 2).

Statistical analysis of microbiota 16S rRNA gene data
was performed in an R software environment (v. 4.1.0)
(R Core Team, 2021). Beta diversity was evaluated with
the vegan package (v.2.6.4) by performing principal
component analysis (PCA) on Aitchison distances,
which were calculated with the ALDEx2 package
(v.1.26.0) (Oksanen et al., 2018; Fernandes et al., 2013).
ALDEx2 was also used to calculate pairwise differential
abundances. The package uses the ratio of the median
between-group differences and the larger value of the
median within-group variation as effect size measure.
An effect size larger than absolute one is considered a
reproducible difference between groups as outlined by
authors of the package (Fernandes et al., 2019). Differ-
ences between groups were assessed using permutational
multivariate analysis of variance (PERMANOVA)
which was implemented using the “adonis2” function.
Alpha diversity was estimated as Chao1 richness, Shan-
non diversity, and Simpson index within the iNEXT
package (v.3.0.0). iNEXT computes asymptotic diver-
sity profiles based on the statistical estimation of the
true Hill number of any order q> = 0. Kruskal-Wallis
signed rank test (for more than 2 groups) or a Wilcox
signed rank test (when comparing 2 groups) were used
to evaluate the significance between the groups (Chao et
al., 2014).

Canonical Correspondence Analysis (CCA) was
also carried out using the vegan package (Oksanen et
al., 2018). Neurochemical concentrations were used to
constrain the ordination of each group’s microbial
composition with a separate model produced for cecal
content and tissue. An additional model, constrained
by SCFA concentrations was also produced for cecal
content only. The resulting eigenvalues display only
the variance that is explainable by the chemical used
to constrain the model. Correspondence Analysis
(CA) was also conducted so that the variance of
each constrained model could be compared against
the total variance. ANOVA-like permutation tests
were performed to evaluate the significance of each
CCA model using the “anova.cca” function from the
vegan package.
Metagenomic Sequencing Data Processing and
Analysis Raw sequence reads were pre-processed using
the Kneaddata (version 0.12.0) pipeline (http://hutten
hower.sph.harvard.edu/kneaddata). This involved the
removal of overrepresented and low complexity sequen-
ces by FastQC (Andrews, 2010) and TRF (Benson,
1999) respectively. Subsequently, low quality bases,
truncated reads and adapter sequences were removed
using Trimmomatic (Bolger et al., 2014), before deple-
tion of host derived sequences by mapping to the broiler
chicken reference genome assembly (bGalGal1 GRCg7b)
using bowtie2 (Langmead and Salzberg, 2012). Micro-
bial gene content and metabolic potential were subse-
quently estimated using the HUMAnN3.0 (version 3.6)
pipeline (Beghini et al., 2021) against the UniProt Refer-
ence database (uniref50_201901b) with reduced nucleo-
tide and translated subject coverage thresholds of zero.
Statistical analysis of metagenomic sequencing data

was performed in an R software environment (v 4.1.0).
Differences in microbial gene content was evaluated
with the vegan package (v.2.6.4) by performing PCA on
Aitchison distances, which were calculated with the
ALDEX2 package (v.1.26.0) (Oksanen et al., 2018; Fer-
nandes et al., 2013). ALDEX2 was also used to calculate
pairwise differential abundance. Differences between
groups were assessed using permutational multivariate
analysis of variance (PERMANOVA) which was imple-
mented using the “adonis” function.
Enzyme annotations corresponding to outputted

KEGG Orthology (KO) identifiers were downloaded
and collated using the KEGGREST package (v 1.38)
(Tenenbaum, 2022) in R. Functional enrichment analy-
sis of differentially abundant gene families was subse-
quently carried out using the R/shiny package
MicrobiomeProfiler (v 1.4.0) (Chen and Yu, 2022). Heat
trees displaying differences in abundances between stress
and control groups in KEGG gene families correspond-
ing to enzyme annotations were generated using meta-
coder (v 0.3.5) (Foster et al., 2017).
RESULTS

Cecal Neurochemical Concentrations Are
Affected by Cold Stress

Although the microbiota displays compositional and
functional differences along the length of the gastrointes-
tinal tract, it is important to appreciate that in each gut
region there is transverse microbial distribution from
the mucosa to the lumen. As interkingdom signaling
molecules, neurochemicals, in part, mediate interaction

http://huttenhower.sph.harvard.edu/kneaddata
http://huttenhower.sph.harvard.edu/kneaddata
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between the microbiota and host, tissue and luminal
concentrations were measured to provide a transverse
perspective to the neurochemical distribution in the
ceca. The measurement of luminal neurochemical con-
centrations can be interpreted as directly relevant for
the bacterial microbiota, and tissue concentrations as
applicable to bacteria that colonize the ceca.

Cecal tissue neurochemical concentrations (mg per g
of tissue) were not significantly different (P > 0.05)
between the control and cold stress groups at 3 d of age
(Table 1). Cecal luminal content neurochemical concen-
trations at 3 d of age were not measured due to the lim-
ited amount of content in the ceca at this age, as
described in Methods. Luminal content concentration of
norepinephrine was significantly (P < 0.0001) increased
in the cold stress group compared to the controls at 21 d
of age. At 9 and 21 d of age, luminal content dopamine
was lesser (P = 0.0012) and greater (P = 0.0037),
respectively, in the cold stress group compared to con-
trols. At 9 d of age, serotonin in cecal tissue was signifi-
cantly increased (P < 0.0001) in the cold stress group
compared to control. Cecal luminal content serotonin at
21 d of age was significantly lower (P = 0.0086) in the
cold stress group compared to control. 5-HIAA was
increased in the cecal tissue (P = 0.0039) of the cold
stress group compared to control only at 9 d of age. His-
tamine concentrations in cecal tissue were elevated
(P = 0.0014) in the cold stress group compared to con-
trol at 9 d of age.
Table 1. Neurochemical concentrations in chicken cecal luminal conte

Neurochemical
3 d

Norepinephrine
Tissue Control 1.17 § 0.08

Cold stress 1.26 § 0.14
Luminal content Control NM

Cold stress NM
Dopamine
Tissue Control 0.19 § 0.01

Cold stress 0.18 § 0.02
Luminal content Control NM

Cold stress NM
Serotonin
Tissue Control 8.34 § 0.53

Cold stress 8.28 § 0.65
Luminal content Control NM

Cold stress NM
5-HIAA
Tissue Control 0.25 § 0.01

Cold stress 0.28 § 0.02
Luminal content Control NM

Cold stress NM
Histamine
Tissue Control 5.37 § 0.25

Cold stress 5.26 § 0.26
Luminal content Control NM

Cold stress NM

Abbreviations: NM, not measured; ND, not detected; 5-HIAA, 5-hydroxyind
Values are mg of neurochemical per g of tissue or luminal content. All values

ens were (cold stress) or were not (control) subjected to ambient environmenta
of age as described in the Methods section. Data was analyzed using 2-way ANO

*Significant difference (P < 0.05) of control tissue or luminal content compar
(e.g. control tissue norepinephrine vs cold stress tissue norepinephrine, or
norepinephrine).
Microbial Diversity and Differential
Abundance Analysis

The 16S rRNA V4 region of all samples (n = 80) were
amplified, sequenced and subjected to quality and chi-
maera filtering, resulting in a mean of 174283 +/� 8125
usable reads per sample which were collapsed into 1203
ASVs for further analyses.
Principal component analysis based on Aitchison dis-

tances, the primary and secondary axes of which
explained 35.67% of variation in the data, revealed a
clear separation in cecal microbial communities based
on both age (P = 0.0001) and stress (P = 0.0001)
(Figure 1A). No significant separation between cold
stress and control chickens presented at d 3 (PERMA-
NOVA adjusted P = 0.708). The largest divergence
between stress groups presented at d 7 (PERMANOVA
adjusted P = 0.0028), with significant separations also
being evident at d 9 (PERMANOVA adjusted
P = 0.0028) and d 21 (PERMANOVA adjusted
P = 0.0056) (Supplemental Table 1).
As expected, alpha diversity indices Chao

(Figure 1B), Shannon (Figure 1C) and Simpson
(Figure 1D) all show age-dependent increases in the
diversity of chicken cecal microbial communities (Sup-
plemental Table 2). While no significant difference
between cold stress and control chickens presented in
Chao richness at d 3 (Wilcoxon Rank Sum test adjusted
P = 0.704), significantly lower diversity was observed in
nt and tissue

Timepoint (d of age)

7 d 9 d 21 d

1.46 § 0.10 2.10 § 0.13 1.74 § 0.15
1.68 § 0.20 2.58 § 0.14 2.19 § 0.32
1.08 § 0.37 2.19 § 0.92 0.75 § 0.18*
1.35 § 0.48 0.85 § 0.15 12.98 § 4.26

0.30 § 0.04 0.31 § 0.01 0.17 § 0.01
0.29 § 0.04 0.29 § 0.01 0.15 § 0.01
0.32 § 0.02 0.33 § 0.03* 0.06 § 0.04*
0.23 § 0.02 0.15 § 0.03 0.23 § 0.03

12.28§ 1.34 10.16 § 1.02* 6.69 § 0.70
11.49§ 0.77 37.02 § 3.17 5.61 § 0.71
0.54 § 0.11 0.57 § 0.07 1.87 § 0.57*
0.39 § 0.05 0.23 § 0.01 0.79 § 0.07

0.37 § 0.02 0.52 § 0.03* 0.29 § 0.01
0.43 § 0.07 0.71 § 0.06 0.25 § 0.02
0.03 § 0.03 0.64 § 0.18 1.85 § 1.15
0.32 § 0.26 0.28 § 0.08 0.16 § 0.16

7.47 § 0.61 7.77 § 0.59* 8.13 § 1.07
6.41 § 0.49 11.07 § 0.83 7.88 § 0.36
6.01 § 1.14 6.75 § 1.72 ND
6.86 § 1.28 8.09 § 0.32 1.07 § 0.73

oleacetic acid.
are expressed as mean § SEM (n = 10 chickens/group/timepoint). Chick-
l cold stress on 4, 5, and 6 d of age and then sacrificed on either 7, 9, or 21 d
VA followed by Sidak’s post-hoc test.
ed to respective cold stress group tissue or luminal content in same column
control luminal content norepinephrine vs cold stress luminal content



Figure 1. Microbial diversity in control and cold stress group chickens across time-points. Chickens were cold stressed at 4, 5, and 6 d of age as
described in Methods: (A) Principal coordinate analysis plot based on Aitchison distances exhibits significant separation (**P < 0.01) between the
gut microbiomes of control and cold stress chickens at 7, 9 and 21 d. (B) Chao diversity significantly decreases (*P < 0.05) in cold stress chickens at
7 and 9 d before recovering at 21 d. (C) Shannon and (D) Simpson diversity do not significantly differ between groups at any time-point.
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the cold stress group at d 7 and d 9 (Wilcoxon Rank Sum
test adjusted, P = 0.0127 and 0.031, respectively),
before increasing again and displaying no significant dif-
ference compared to control chickens at d 21 (Wilcoxon
Rank Sum test adjusted P = 0.231). Similar trends were
also observed for Shannon and Simpson diversity met-
rics, although no significant differences were observed
between control and cold stress groups at any time-point
(Supplemental Table 2).

Differential analysis of taxonomic abundances at the
genus level with ALDEx2 (Supplemental Table 3) iden-
tified 18 significantly differential taxa between cold
stress and control groups at d 7 (Figure 2A), 14 of which
had an effect size of larger than 1. Eight of these, includ-
ing Sellimonas, Anaerostipes and Unclassified Erysipe-
lotrichaceae were significantly increased in the cold
stress group compared to control, while the remaining 7,
including Oscillibacter, Streptococcus and Weissella
exhibited significantly higher abundances in the control
group. At d 9 (Figure 2B), 6 genera were observed to be
significantly differentially abundant, 5 of which had an
effect size of larger than 1. Anaerotruncus and Rumino-
clostridium were significantly increased in the cold stress
group compared to control, while Turicibacter, Clostrid-
ium Sensu Stricto and ASF356 (member of the Anaero-
tignaceae family) exhibited significantly higher
abundances in the control group. At d 21 (Figure 2C),
10 genera were observed to be significantly differentially
abundant with an effect size of larger than 1. Turici-
bacter and Bifidobacterium were among the taxa signifi-
cantly increased in the cold stress group compared to
control, while CHKCI002 (member of the



Figure 2. Differentially abundant taxa between control and cold stress group chickens at (A) 7 d, (B) 9 d and (C) 21 d. Chickens were cold
stressed at 4, 5, and 6 d of age as described in Methods. Effect size is defined as the between group differences divided by the within group differences,
an effect size cut-off of absolute 1 is suggested for reproducible results.
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Eggerthellaceae family), Faecalibacterium and Tyzzer-
ella were among those who exhibited significantly higher
abundances in the control group. Notably, Turicibacter
was among the taxa found to be significantly higher in
the control group both at d 7 and d 9 but was found to
be more highly abundant in the cold stress group at d
21. Similarly, while Streptococcus exhibited significantly
higher abundances in the control group at d 7, it was
found to be more highly abundant in the cold stress
group at d 21.
Canonical Correspondence Analysis

CCA results are visualized in the form of triplots (as
shown in Figure 3), where 3 types of data are repre-
sented; individual samples by filled circles, microbial
species by crosses and neurochemical/SCFA data by
arrow vectors from the center-point of each axis. The
distances between sample or species sites within the plot
indicate their similarity (sites near each other are more
closely associated than more distant ones). The position-
ing of sample or species points relative to a neurochemi-
cal/SCFA vector indicates the strength of association
with that vector (for example, the abundance of a taxa
whose site appears in close proximity to a vector is posi-
tively associated with the concentration of the repre-
sented neurochemical or SCFA; the abundance of a taxa
whose site appears orthogonal and distant to a vector is
not influenced by the represented neurochemical or
SCFA; the abundance of a taxa whose site appears in
the opposing direction to a vector is negatively associ-
ated with the concentration of the represented neuro-
chemical or SCFA). The direction of a neurochemical/
SCFA vector points to which sample or species it associ-
ates the strongest with, while the vector length indicates
the magnitude of its importance in explaining the bacte-
rial dispersion observed (longer vectors contribute more
to the explained variance). Finally, the angles between
neurochemical/SCFA vectors represent the strength of
correlation between them (for example, a 5° angle
between vectors indicates they are strongly correlated; a
90° angle between vectors indicates they are not corre-
lated; a 180° angle between vectors indicates they are
strongly inversely correlated).
The proportion of unconstrained inertia resolved by

neurochemical data from cecal tissue (Figure 3A) and
cecal content (Figure 3B) were 29.2% and 53.5% in axis
1, and 45.7% and 44.5% in axis 2, respectively, while the
proportion resolved by SCFA data from cecal content
(Figure 3C) was 63.2% in axis 1 and 27.8% in axis 2.
Four of the 5 neurochemicals assessed in cecal tissue
were found to exhibit significant relationships with
microbial communities and stress condition groups
(Supplemental Table 4). The serotonin (5-hydroxytryp-
tamine; 5HT) (F7,72 = 2.921, P = 0.004) and dopamine
(F7,72 = 3.727, P = 0.003) vectors are both directed
towards the d 7 and d 9 cold stress groups and in close
proximity to genera including Clostridioides, Proteus
and Enterobacteriaceae. The norepinephrine
(F7,72 = 4.526, P = 0.001) and histamine (F7,72 = 2.477,
P = 0.013) vectors are directed equidistant from these 2



Figure 3. Associations between cecal bacterial relative abundances and neurochemical or short chain fatty acid concentrations in the ceca. (A)
CCA of microbiota composition regressed on neurochemical concentrations in cecal tissue. The canonical variates explain 26.5% and 12.31% of the
total explainable variance in the first and second axis respectively. (B) CCA of microbiota composition regressed on neurochemical concentrations
within cecal content. The canonical variates explain 23.75% and 10.84% of the total explainable variance in the first and second axis respectively.
(C) CCA of microbiota composition regressed on short chain fatty acid concentrations within cecal content. The canonical variates explain 25.24%
and 12.13% of the total explainable variance in the first and second axis respectively. Filled circles represent samples while grey crosses represent bac-
terial taxa (genus level) with the top 5% of taxa which best fit the axes being indicated by name. Neurochemical or SCFA vectors point to the direc-
tion of taxa with which they exhibit the strongest association with while their magnitude indicates the strength of the variable in explaining the
bacterial dispersion observed (only significant vectors, P < 0.05, are displayed). 5-HT: 5-hydroxytryptamine.
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groups and the d 21 cold stress group, indicating that
they may impact the microbial composition of the cold
stress groups at all 3 time-points. Genera located close
to the norepinephrine and histamine vectors include
Staphylococcaceae and Anaerotruncus.

Four of the 5 neurochemicals assessed in cecal content
were also found to exhibit significant relationships with
microbial communities and stress condition groups
(Supplemental Table 4). The 5HT (F5,54 = 3.628,
P = 0.001) vector is directed towards the d 21 cold stress
group and near genera including CHKCI002 (member of
the Eggerthellaceae family), Faecalibacterium and
Tyzzerella (all of which also exhibited the most signifi-
cantly higher abundances in the control group compared
to the cold stress group at d 21—see Figure 2C). In con-
trast, the norepinephrine vector (F5,54 = 3.357,
P = 0.001) is directed towards the d 21 control groups
and close to genera including Firmicutes, Micrococca-
ceae and Pseudarthrobacter. The dopamine
(F5,54 = 5.264, P = 0.001) vector is directed towards the
d 7 and d 9 control groups and near Lachnoclostridium
5, while the histamine (F5,54 = 2.205, P = 0.016) vector
is directed closer to d 7 and d 9 cold stress groups and in
close proximity toMicrococcus and Luteococcus.



Figure 4. Metagenomic diversity in control and cold stressed chickens at 21 d. Chickens were cold stressed at 4, 5, and 6 d of age as described in
Methods. (A) Principal coordinate analysis plot based on Aitchison distances exhibits significant separation between gene family abundances of con-
trol and cold stress chickens at 21 d. (B) Differentially abundant gene families between control and cold stress chickens at 21 d. Effect size is defined
as the between group differences divided by the within group differences, an effect size cut-off of absolute 1 is suggested for reproducible results. (C)
Functional enrichment analysis of pathways based on differentially abundant gene families.
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Two of the 3 short chain fatty acids assessed in cecal
content were also found to exhibit significant relation-
ships with microbial communities and stress condition
groups (Supplemental Table 4). Both acetic acid
(F5,43 = 7.267, P = 0.001) and butyric acid
(F5,43 = 3.747, P = 0.002) vectors are directed in the
opposite direction from d 7 and d 9 groups. The butyric
acid vector is directed towards the d 21 control groups
and close to genera including Faecalibacterium, Pyg-
maiobacter and Ruminococcus 1, while the acetic acid



Figure 5. Heat trees of differentially abundant genes. Heat trees displaying differentially abundant genes encoding for enzymes between cold
stress and control groups across the BRITE functional hierarchy for enzymes.
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vector is directed closer to the d 21 cold stress group and
near genera including Bacillales, Intestinimonas, and
Anaerocolumna.
Metagenomic Diversity and Functional
Enrichment Analysis

Cecal content samples for the 21 d of age group
(10 stress and 10 control) were subjected to
sWGS resulting in an average of 4,237,392 §
1,016,870 reads after removal of host sequences
per sample.

Principal component analysis of gene families based
on Aitchison distances, the primary and secondary axes
of which explained 32.3% of variation in the data,
revealed a clear separation of gene family abundances
based on stress condition (P = 0.0029) (Figure 4A). Dif-
ferential analysis of gene families with ALDEx2 (Supple-
mental Table 5) identified 98 significantly differential
families with an effect size of larger than 1 between cold
stress and control groups (Figure 4B). Of the 43 gene
families which were significantly increased in the cold
stress group compared to control group, ATP-dependent
RNA helicase HelY, myo-inositol-1-phosphate synthase
and [protein-PII] uridylyltransferase exhibited the high-
est effect sizes. Of the 55 gene families which were signifi-
cantly increased in the control group compared to cold
stress group, genes with the highest effect sizes belonged
to molybdopterin oxidoreductase subunits. Functional
enrichment analysis of 98 differentially abundant gene
families, identified 11 enriched pathways, including
those involved in 2-component regulatory systems as
well as carbon, sulfur, and butanoate metabolism, in the
control group compared to the stress group (Figure 4C).
Conversely, only 4 enriched pathways, including ones
involved in biosynthesis of amino acids and selenocom-
pound metabolism, were identified in the stress group
compared to the control group.
Differential abundances of gene families correspond-

ing to enzyme annotations between cold stress and con-
trol groups are presented as heat trees in (Figure 5).
Visually it is apparent that a higher proportion of trans-
ferase enzymes are enriched for in the cold stress group
while ligase, lyase and oxidoreductase enzymes are pri-
marily enriched for in the control group.
Cecal Serotonergic Gene Expression Is
Altered Following Cold Stress

Serotonergic signaling is an important part of the
enteric neuroimmune system. As studies have demon-
strated a role for microbial influence of enteric serotonin
in chickens, and the present study identified stress to
alter both tissue and luminal concentrations of



Figure 6. Serotonergic gene expression is altered in the chicken ceca following cold stress. Chickens were cold stressed at 4, 5, and 6 d of age as
described in Methods. mRNA fold change of (A) 5-Hydroxytryptamine Receptor 7 (HTR7), (B) 5-Hydroxytryptamine Receptor 2C (HTR2C), and
(C) Sodium dependent serotonin transporter (SLC6A4) were determined in full thickness chicken ceca tissue (n = 8-10 chickens per group) using
RT-qPCR as described in Methods. Outliers were assessed using ROUT (q = 1%), and data analyzed using 2-way ANOVA with outliers removed
followed by Sidak post-hoc test. Data are presented as mean § SEM. Statistical significance was set at P < 0.05; * = P < 0.05; *** = P < 0.001.

STRESS AFFECTS AVIAN ENTERIC NEUROCHEMISTRY 13
serotonin, we also sought to understand how these
changes may be related to host serotonin receptor
expression in the ceca. Serotonin receptor 7 (HTR7)
gene expression was increased in the cold stress group at
9 d of age compared to the control group (P = 0.0004;
Figure 6A). HTR7 expression at 7 and 21 d of age was
not significantly different (P > 0.05) between cold stress
and control groups. Serotonin receptor 2C (HTR2C)
expression was decreased in the cold stress group at 21 d
of age compared to the control group (P = 0.0113;
Figure 6B). HTR2C expression at 7 and 9 d of age was
not significantly different (P > 0.05) between cold stress
and control groups. Serotonin transporter (sodium
dependent serotonin transporter; SLC6A4) was not
Figure 7. Short chain fatty acids concentrations are not significantly af
stressed at 4, 5, and 6 d of age as described in Methods. Short chain fatty aci
mined in chicken ceca content (n=8-10 chickens per group) using GC-MS
SCFA per g of cecal content. Data are presented as mean § SEM. Data was
cal significance was set at P < 0.05. * = P < 0.05.
significantly affected (P > 0.05; Figure 6C) by cold stress
at any timepoint. Primers are listed in Supplemental
Table 6.
Cecal SCFA Concentrations Are Not
Significantly Altered Following Cold Stress

Cecal acetic, propionic, and butyric acid concentra-
tions (mg of SCFA per g of cecal content; Figure 7A−C)
were not significantly different (P > 0.05) between cold
stress and normal temperature groups at 7, 9, or 21 d of
age.
fected in chicken cecal content following cold stress. Chickens were cold
ds (SCFA) (A) Acetic, (B) Propionic, and (C) Butyric acids were deter-
as described in Methods. SCFA concentrations are reported in mg of
analyzed using 2-way ANOVA followed by Sidak post-hoc test. Statisti-



Table 2. Cecal structural morphologies of control and cold
stressed chickens.

Timepoint (d of age)

Criterion (mm) 7 d 9 d 21 d

Muscularis externa
Control 328.28 § 16.64# 343.97 § 15.61# 452.33 § 26.23
Cold stress 307.46 § 18.61# 354.62 § 14.36# 499.51 § 34.04

Villus height
Control 200.67 § 7.55 189.77 § 7.99 206.13 § 9.15
Cold stress 185.55 § 5.8# 192.21 § 6.12# 239.45 § 9.26*

Crypt depth
Control 72.02 § 1.06# 70.95 § 2.57# 82.62 § 3.22
Cold stress 71.51 § 1.30# 67.45 § 4.26# 88.14 § 2.04

VH/CD ratio
Control 2.79 § 0.18 2.69 § 0.14 2.51 § 0.12
Cold stress 2.60 § 0.08 2.85 § 0.08 2.71 § 0.09

Abbreviations: VH, villus height; CD, crypt depth.
Data are expressed as mean § SEM and were analyzed using 2-way

ANOVA with Sidak’s multiple comparison test. N = 8 chicken/group.
#P < 0.05 vs respective group at 21 d (i.e. control 7 d or 9 d vs control

21 d; or cold stress 7 d or 9 d vs cold stress 21 d).
*P < 0.05 vs control at 21 d.
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Histology

Stress and the enteric microbiota are well known to
impact intestinal architecture, including aspects of the
mucosa and muscularis externa (Ducatelle et al., 2018).
Thickening of the muscularis externa can be associated
with enteric neuronal loss and motility dysfunction.
Likewise, alterations in mucosal epithelial populations
can impact villi height and CD, which contribute to
changes in nutrient absorption, intestinal health and
overall performance. Histological examination of cecal
cross-sections stained with H&E showed a significant
increase (P < 0.05) in the thickness of the muscularis
externa and CD in the cold stress and in the control
groups at 21 d of age compared to both groups at 9 and
7 d of age (Table 2). In the ceca of the cold stress group
chickens, villus height (VH) was significantly higher (P
< 0.05) in birds at 21 d of age compared to those at 9
and 7 d of age, however no differences were observed in
the control groups between any timepoint. At 21 d of
age, cold stress chickens displayed higher VH compared
to the control group (P < 0.05, Table 2). No differences
in VH-CD ratio were observed between the control and
the cold stress groups at any timepoints (P > 0.05,
Table 2).
DISCUSSION

Conditions that induce stress in the host are well
recognized to alter host-microbe dynamics. Neuro-
chemicals that are a component of the host neuroen-
docrine response to stress serve as interkingdom
signaling molecules that, in part, drive bacterial
response to host stress. Although environmental stres-
sors have been demonstrated to increase norepineph-
rine and other stress-related neurochemicals in the
gut lumen of mammals, it is virtually unknown if, in
avian species, environmental stressors similarly affect
intestinal neurochemical concentrations. The results
presented herein demonstrate that early life exposure
to an environmental stressor, namely cold stress, in
the production environment can elicit local neuro-
chemical responses in the ceca of the chicken that
correlate with compositional and functional changes
in the cecal microbiome. Cold stress exposure within
the first week post-hatch caused prolonged changes in
cecal stress-related neurochemical concentrations and
microbial community that were found to persist for
weeks following cessation of the stressor. Together,
these findings suggest early life stress in chickens may
have profound consequences in shaping host-microbe
interactions that are dependent on the gut luminal
neuroendocrine environment.
Evidence of monoamine neurochemicals in the chicken

intestinal tract dates back to at least the 1960s (Phillips
et al., 1961; Beaver and Wostmann, 1962). Perhaps
unsurprisingly, neurochemical concentrations along the
intestinal tract exhibit extensive spatial variation
between gross anatomical sections as well as between tis-
sue and luminal content (Lyte et al., 2022). The present
study focused on the ceca as this part of the avian intes-
tine harbors the greatest microbial density (Oakley et
al., 2014) and functional diversity (Sergeant et al., 2014;
Pandit et al., 2018). Critically, it is also where host
stress, including ambient temperature stressor (Campos
et al., 2023), has been demonstrated to alter local micro-
bial populations (Line et al., 1997) and modulate suscep-
tibility to bacterial colonization (Burkholder et al.,
2008). The cecal tissue and luminal concentrations of
norepinephrine, dopamine, serotonin, 5-HIAA, and his-
tamine reported herein were demonstrated to be in a
similar range to those previously described in the
chicken ceca (Redweik et al., 2019; Lyte et al., 2022).
In the present report, cold stress was found to alter

neurochemical concentrations. It should be recognized
that chickens employed in the production of meat have
been bred over decades to undergo a rapid period of
growth to maximize the greatest amount of weight gain
in the shortest period of time, typically 5−7 wk from
hatch until slaughter (Siegel, 2014). In mammals an
early life stress has been widely demonstrated to effect
long-term negative consequences for the organism, and
while the impact of early life stress, including cold stress
(Shahir et al., 2012) in chickens has received attention
in effecting changes in avian physiology and microbiota
(Elfwing et al., 2015; Ramirez et al., 2020), the present
study is the first to report the role of an early life stressor
in determining avian enteric neurochemical concentra-
tions. As the neurochemicals reported in the present
study play a variety of roles in driving avian gastrointes-
tinal function and development as well as mediating
host-microbe communication (Dennis, 2016), we sought
to examine both short- and longer-term changes outside
of the immediate stress response. Hence, it is important
to highlight that while monoaminergic changes were
observed at 3 d following the stressor, changes in norepi-
nephrine concentrations were shown in chickens at 21 d
of age. Our results are in agreement with a previous
study (Borsoi et al., 2015) in which broiler chicks that
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were subjected to cold stress (19oC) for 6h per day dur-
ing the first week post-hatch had increased plasma nor-
epinephrine concentrations on 21 d of age, but not at 7 d
of age. An enteric neurochemical response was not
observed at 1-d post-stressor, which was the earliest
sampled time-point following stress. This suggests that
an early life cold stressor may elicit a combination of
short-term enteric stress response and longer-term
changes in enteric neuroendocrine plasticity. Indeed, a
delayed enteric response to stress, including in chronic
stress models that involved cold stress (Choudhury et
al., 2009), has been previously demonstrated in mam-
mals (Demaude et al., 2006).

As the variety of neuroendocrine pathways that gov-
ern stress-related neurochemical production are largely
conserved (Denver, 2009), albeit with some functional
differences (Romero and Gormally, 2019), between avi-
ans and mammals it is reasonable to suggest that the
measured neurochemical concentrations are a product of
both host and microbial metabolism (Villageliu and
Lyte, 2017), and not solely the product of the host stress
response. Indeed, the use of germ-free animals has dem-
onstrated the role of the microbiota in shaping intestinal
serotonin and histamine concentrations in both the
chicken (Beaver and Wostmann, 1962) and the mouse
(Hata et al., 2017). Likewise in mammals, the microbial
contribution to catecholamine concentrations in the gut
is well-documented (Asano et al., 2012). In the present
study, canonical correspondence analyses identified
cecal concentrations of serotonin, norepinephrine, dopa-
mine, and histamine to affect microbial gradients
between control and stressed chickens. High confidence
associations were identified between neurochemical con-
centrations and microbial relative abundances. As
enteric norepinephrine, serotonin, and other mono-
amines play a variety of roles in birds ranging from mod-
ulating gut health and inflammation to the regulation of
bacterial pathogenesis, the results presented here may
serve as a launching point for the dissection of distinct
host-microbe dynamics that underpin chicken enteric
neurochemical plasticity following stress. Indeed, Bifido-
bacterium spp. is a known probiotic genus in poultry
(Mountzouris et al., 2007; Igbafe et al., 2020), and in the
present study was observed to be increased in the
chicken ceca due to cold stress. These findings are in
agreement with past studies which also found host stress
to increase Bifidobacterium spp. abundances in the
lower gastrointestinal tract (Yang et al., 2017; Tian et
al., 2020). As Bifidobacterium spp. have been shown to
increase central serotonin in mammals (Tian et al.,
2019), that we found cold stress to increase abundance
of this genus as well as serotonin concentrations in the
chicken ceca provides a potential intersection to under-
stand how early life stress may drive related changes in
the avian microbiota and enteric neurochemical concen-
trations.

Several studies have reported on the ability of cold
stress to enhance the pathogenesis of cecal bacterial infec-
tion in chickens and other poultry (Matsumoto and
Huang, 2000; Shahir et al., 2012; Borsoi et al., 2015;
Tsiouris et al., 2015), yet surprisingly this has not
involved investigation into an effect of cold stress on the
cecal microbiome. Cecal microbial community structure
has been previously shown to play a role in preventing
enteric infection in young chickens (La Ragione and
Woodward, 2003) as well as at later ages (Chica Carde-
nas et al., 2021; Borrelli et al., 2023). Therefore, perturba-
tion of the cecal microbiome in an early life stage may be
reasonably suggested as a contributing factor in avian
susceptibility to enteric infection. Indeed, it was previ-
ously reported that chickens infected with C. jejuni at 6 d
of age versus infection at 20 d of age exhibited distinct
changes in the cecal microbiome (Connerton et al., 2018).
Herein we observed that cold stress exposure resulted in
sustained changes in the developmental trajectory of cecal
microbial diversity in chickens up to and including at 3
wk of age.
As discussed above, it is important to keep in mind

the short production lifespan of the broiler chicken inso-
far that bacterial infections in chickens that result in
avian mortality and economic loss, such as avian patho-
genic E. coli (Kemmett et al., 2013) or pose food safety
risks for consumers of poultry products (Evans and
Sayers, 2000), typically occur within the first few weeks
post-hatch. As would therefore be expected, early life
interventions within the first week post-hatch that tar-
get the cecal microbiome have been associated with
reduced bacterial pathogen carriage (Ramirez et al.,
2020). Similarly, early life stress events have been recog-
nized for decades to enhance chicken susceptibility to
enteric bacterial pathogens in terms of increasing either
mortality (Leitner and Heller, 1992) or pathogen load
(Borsoi et al., 2015). The cold stress driven changes in
cecal microbial taxonomic and metagenomic diversities
observed in the present report provide further insight
into how an early life stressor may initiate persistent
alterations in the microbiome that future studies may
leverage as targetable points for intervention.
As we identified microbial taxonomic shifts concomi-

tant with serotonergic as well as noradrenergic altera-
tions in the ceca of cold stressed chickens, we also sought
to quantify concentrations of short chain fatty acids as
these are largely, but not exclusively, microbially-
derived products that are abundantly found in the ceca
(Gonz�alez-Ortiz et al., 2020) and known to both affect
host synthesis of serotonin (Reigstad et al., 2015) and
catecholamines (Parab et al., 2007; LaGamma et al.,
2021). While concentrations of SCFA in chicken cecal
content reported herein were similar to previous reports
(Wang et al., 2021; Dai et al., 2022), we did not observe
an effect of cold stress on SCFA concentrations. Changes
in SCFA concentrations may depend on type of stress as,
for example, cecal acetate in chickens was increased by
heat stress (Wang et al., 2021) but reduced by stocking
density stress (Dai et al., 2022).
Likewise, histological examination of the chicken ceca

did not find a significant effect of cold stress on gross
ceca morphology. Interestingly, to date we are not aware
of any peer-reviewed study that has investigated the
impact of cold stress on avian ceca morphology. As
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chronic forms of severe heat stress have been previously
shown to alter ceca morphology in chickens (Mazzoni et
al., 2022), future studies may be warranted to examine if
different durations and intensities of cold stress induce
changes in ceca histological structures.

Early life stress in chickens, like in mammals, can
imprint long-lasting changes in both host and micro-
biome. Climate change-related extreme temperature
swings, including cold snaps, are expected to increase
the frequency of early life environmental stress events in
poultry. As interkingdom signaling molecules, enteric
neurochemical concentrations could be used to inform
novel poultry husbandry stress management strategies
that leverage host-microbe interaction. The results pre-
sented herein demonstrate that an early life stressor,
namely cold temperature stress, can initiate long-term
changes in the neuroendocrine environment of the
chicken gut lumen that coincide with taxonomic and
functional shifts in the microbiome. That these changes
were identified in the chicken ceca, which plays major
roles in chicken health and is a primary intestinal site of
foodborne pathogen carriage, suggests wide-ranging util-
ity for the benefit of both poultry producers and con-
sumers. Together, the present study highlights chicken
enteric neuroendocrine plasticity as a focal point of host-
microbe interaction that is susceptible to stress.
SUPPLEMENTAL DATA

Description of data (Supplemental table 1: Differences
in microbial composition calculated via PERMANOVA;
Supplemental table 2: Differences in microbial diversity
calculated via Wilcoxon test; Supplemental table 3: Dif-
ferential abundant genera at d 7, 9 and 21 calculated via
ALDEx2; Supplemental table 4: Canonical correspon-
dence analysis; Supplemental table 5: Differential abun-
dant gene families at d 21 calculated via ALDEx2;
Supplemental Table 6. List of primers used in RT-
qPCR).

Supplemental Figure 1. Intestinal architecture of
control and cold stressed chickens. Representative
microphotographs showing H&E stained cecum from
control (A-C) and cold stressed chickens (D-F). In the
muscularis externa the thickness of the muscle layer was
measured (dashed green lines, B, E). In the mucosa the
villus height was measured (VH, measured from villus-
crypt junction to villus tip in the mucosa; dashed green
lines, panels C, F), and crypt depth (CD, measured from
crypt base to villus-crypt junction in the mucosa; solid
green lines, panels C, F). Scale bars = 500 mm (panels a
and d) and 200 mm (panels B, C, E, F).

Supplemental Figure 2. Mock Microbial Commu-
nity DNA standards. Theoretical (manufacturer
reported taxa distribution) distribution of each standard
was compared against composition obtained in the pres-
ent study (Sample) as described in Methods. (A) Zymo-
BIOMICS Microbial Community Standard # D6305;
and (B) ZymoBIOMICS Microbial Community Stan-
dard # D6311).
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