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Introduction

Poultry provides an crucial protein source in the 
human diet and thus has enormous economic value. 
The broiler breeds were produced by selecting a high 
growth rate and feed conversion in intensive poultry 
farming, but they display a low tolerance to ambient 
temperature change (Lara and Rostagno 2013). Tem-
perature stress may adversely affect poultry immunity, 
growth performance, physiology, and intestinal mor-
phology and may further cause several health problems 
such as immunosuppression, microbial infection, and 

other diseases (Song et al. 2018; Rioja-Lang et al. 2019). 
Heat shock proteins (Hsps) and inflammatory proteins 
(such as NF-κB and TNF-α) were reported to be asso-
ciated with the function of immune systems (Tsan and 
Gao 2009). Hsps have been identified as important 
modulators of adaptive immunity and can be induced 
during multiple types of cellular stresses (Santoro 2000). 
Besides, extracellular Hsps can interact with dendritic 
cells (DCs) and macrophages, subsequently activating 
NF-κB signaling pathway and enhancing the expression 
of the inflammatory cytokines IL-1, IL-6, and TNF-α 
(Appenheimer and Evans 2018).
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A b s t r a c t

Short-term or acute temperature stress affect the immune responses and alters the gut microbiota of broilers, but the influences of long-
term temperature stress on stress biomarkers and the intestinal microbiota remains largely unknown. Therefore, we examined the effect of 
three long-term ambient temperatures (high (HC), medium (MC), and low (LC) temperature groups) on the gene expression of broilers’ 
heat shock proteins (Hsps) and inflammation – related genes, as well as the caecal microbial composition. The results revealed that Hsp70 
and Hsp90 levels in HC group significantly increased, and levels of Hsp70, Hsp90, IL-6, TNF-α, and NFKB1 in LC group were significantly 
higher than in MC group (p < 0.05). In comparison with the MC group, the proportion of Firmicutes increased in HC and LC groups, 
while that of Bacteroidetes decreased in LC group at phylum level (p < 0.05). At genus level, the proportion of Escherichia/Shigella, Phas-
colarctobacterium, Parabacteroides, and Enterococcus increased in HC group; the fraction of Faecalibacterium was higher in LC group; and 
the percentage of Barnesiella and Alistipes decreased in both HC and LC groups (p < 0.05). Functional analysis based on communities’ 
phylogenetic investigation revealed that the pathways involved in environmental information processing and metabolism were enriched 
in the HC group. Those involved in cellular processes and signaling, metabolism, and gene regulation were enriched in LC group. Hence, 
we conclude that the long-term temperature stress can greatly alter the intestinal microbial communities in broilers and may further affect 
the host’s immunity and health.
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The gastrointestinal compartments of chickens are 
densely populated with diverse and complex microbial 
communities, with the most densely populated micro-
biota found in the caecum (Mohd Shaufi et al. 2015; 
Shang et al. 2018). The close symbiosis between the host 
and its intestinal microbes is critical for maintaining 
the host’s health (Chow et al. 2010). Gut microbes pro-
duce various essential metabolites that play vital roles in 
nutrient digestion, metabolism, and immunity modula-
tion (Hou et al. 2016). Furthermore, caecal microbiota 
and its modulation are closely associated with poultry 
health, productivity, and disease control (Montoro-Dasi 
et al. 2020). The environmental temperature could affect 
the composition of intestinal microbiota (Wang et al. 
2018). For example, the composition of broilers’ gut 
microbiome varies seasonally (Oakley et al. 2018). The 
microbial community structure in the ileum and cae-
cum altered with short-term heat stress (Burkholder 
et al. 2008), and exposure to low temperature led to 
remarkable changes in the gut microbiota composition 
(Chevalier et al. 2015). 

Although much is known about the effect of acute or 
continuous heat and cold stresses on the host immune 
responses and gut microbiota of broilers, little evidence 
is available regarding how temperature stress that span 
the entire cycle of broilers (e.g. lasting over 40  days) 
impact the Hsps, the expression of inflammatory genes 
and caecal microbiota. Therefore, in this study, we inves-
tigated the effects of 42-day temperature stress on the 
expression of heat shock proteins and inflammation-
related genes in the liver, and the composition and func-
tion of caecal microbiota in broilers. Our results may 
provide experimental evidence for designing optimal 
breeding temperature and developing useful probiotics.

Experimental

Materials and Methods

Ethics statement. All experiments performed in 
this study were approved by the International Animal 
Care and Use Committee of the Yunnan Agricultural 
University (permission code: YNAU20160016). The 
study complied with the guidelines of the Institutional 
Administrative Committee and Ethics Committee of 
Laboratory Animals.

Animal and management. A total of 36 one-day-
old Avian chickens (Hunan Shuncheng Industrial Co. 
Ltd., Hunan, China) were randomly split into three 
open-circuit calorimetry chambers (Sun et al. 2017) 
in a commercial chicken farm. One chamber was for 
the high-temperature treatment (HC), the second one 
for the medium temperature treatment (MC), and 
the third one for the low temperature treatment (LC). 
The temperature of the MC group originated from the 

Avian 500 broiler feeding standard of Beijing Poultry 
Breeding Co., Ltd., while the temperatures for HC and 
LC groups were increased or decreased by 3°C, respec-
tively. The temperature schedule was started at 36.5°C 
(HC), 33.5°C (MC), and 30.5°C (LC), and respectively 
reduced to 22°C, 19°C, and 16°C on day 42 as shown in 
Table SI. Chickens in each chamber were further subdi-
vided into three replicates (four chickens for each) and 
provided with a bedding of rice husks, feed, and water 
ad libitum. Aside from the different temperatures, the 
chickens in all three groups received the same treat-
ments, including the National Research Council (NRC) 
diet and environment (Table SII).

Samples collection. On day 42, four chickens 
from each replicate were euthanized by cervical dislo-
cation. The caecal contents and liver samples from all 
36 broilers were obtained and immediately stored in liq-
uid nitrogen for further 16S rRNA amplicon sequenc-
ing and quantitative real-time polymerase chain reac-
tion (qPCR).

Quantitative real-time PCR. qPCR analysis was 
performed to compare the relative expression level of 
Hsp70, Hsp90, tumor necrosis factor alpha (TNF-α), 
and NF-κB signaling pathway-related genes (NFKB1, 
NFKB2) in the three temperature groups. Total RNA 
from the 36 liver samples was extracted using RNA 
simple total RNA kit (Tiangen Co. Ltd., Cat. #DP419) 
according to the manufacturer’s recommendations. 
Primers were designed with Primer Premier 5.0 and 
shown in Table I. The cDNA was synthesized using 
FastKing RT kit with gDNAase (Tiangen Co. Ltd., Cat. 
#KR116). The SYBR Green SuperReal PreMix Plus kit 
(Tiangen Co. Ltd., Cat. #FP205) was used in the qPCR 
analysis (CFX96 Real-time system, Bio-Rad) to assess 
the mRNA expression levels. The data were analyzed 
by the 2−ΔΔCt method with normalization by the Ct of 
the housekeeping gene ACTB (β-Actin) (Livak and 
Schmittgen 2001).

Microbial DNA extraction and 16S rRNA 
sequencing. Genomic DNA of caecal contents samples 
was extracted with QIAamp® Fast DNA Stool Mini Kit 
(Qiagen, Cat No.19593, Dusseldorf, Germany) follow-
ing the manufacturer’s recommendations. The ampli-
fication of the hypervariable V3-V4 region of the 16S 
rRNA gene was performed following the recommenda-
tions of the 16S Metagenomic Sequencing Library Pre-
paration guide (Illumina, San Diego, CA, USA) using 
the primer pair 341 F 5’-CCTACGGGRSGCAGCAG-3’ 
and 806  R 5’-GGACTACVVGGGTATCTAATC-3’. 
Amplicons were electrophoresed in 2% agarose gels 
before they were extracted from the gel and purified 
using the AxyPrep DNA Gel Extraction Kit (Axy-
gen Biosciences, Union City, CA, U.S.) according to 
the manufacturer’s instructions and quantified using 
Qubit®2.0 (Invitrogen, CA, U.S.). The prepared library 
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was sequenced in the HiSeq 2500 platform (Illumina, 
San Diego, CA, USA) for paired-end reads of 250 bp. 
The reads were deposited in the NCBI sequence archive 
(SRA) under accession no. PRJNA573420.

Bioinformatics analyses. Bioinformatics analyses 
were performed as previously described (Li et al. 2019). 
In brief, paired-end reads in the fastaq files were assem-
bled through PANDAseq software (https://github.com/
neufeld/pandaseq/releases/tag/v2.8.1). The quality con- 
trol and the filtering process were made pursuant as 
suggested (Caporaso et al., 2010). The clean reads were 
clustered and classified into the same operational tax-
onomic units (OTUs) with a similarity of 97% using 
UPARSE (http://drive5.com/uparse/), while the chi-
meric sequences were identified and removed using 
Userach (version 7.0). Each representative read was 
assigned to a taxon by RDP Classifier against the Ribo-
somal Database Project (RDP) database (http://rdp.
cme.msu.edu/) with a threshold value of 0.8–1. Accord-
ing to the bacterial annotation, taxonomic information, 
and each sample’s community composition at various 
classification levels (Kingdom, Phylum, Class, Order, 
Family, Genus) were assessed. Alpha diversity of Chao1 
values, Good’s Coverage values, Shannon indices, 
observed species indices, PD whole tree indices, Simp-
son indices, and beta diversity of principal component 
analysis (PCA) were calculated using QIIME (version 
1.9.1) (Caporaso et al. 2010). The linear discriminant 
analysis (LDA) effect size (LEfSe) method was used 

to identify the different taxa between the three groups 
(Segata et al. 2011). Phylogenetic Investigation of 
Com munities by Reconstruction of Unobserved States 
(PICRUSt) based on closed-reference OTUs was used 
to predict the abundance of functional categories in the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
ortholog (KO) (Langille et al. 2013).

Statistical analysis. The SPSS 22.0 software (IBM 
SPSS Statistics for Windows, NY) was used to analyze 
the experimental data. The general linear model ana- 
lysis with Duncan’s multiple comparison test was used 
to analyze the gene expression data. Microbial data 
were analyzed using the Kruskal-Wallis rank test by 
the SPSS software. 

Results

Expression of the genes encoding for heat shock 
proteins and inflammation-related genes in the liver. 
Compared to the MC group, the Hsp70 and Hsp90 
mRNA expression increased in HC and LC groups 
(p < 0.05). The NF-κB1 mRNA expression in LC group 
was upregulated when compared to MC and HC groups 
(p < 0.05), while higher mRNA expression of IL-6 
and TNF-α was observed in the LC group than in the 
MC group (Fig. 1).

High-throughput 16S rDNA sequencing. HiSeq 
sequencing of the 16S rRNA gene amplicons generated 

ACTB CTCGGCTGTGGTGGTGAA CCATCTATGAAGGCTACGC AB495648
Hsp70 TGGTGGGAATGGTGGTGTTAC ATCTGCTCCTGTTGGATGTCA MH422508.1
Hsp90 CAGCAGCAGTATCATCTTCATC CCTGTCCTCTGGCTTTAGTTT NM001109785.1
NF-κB1 AGTTCAGGATGCACCAAGAGT AGTCAACGCAGGACCTAAAGA GGAF000241
NF-κB2 TGACGGTGGGATAGGTCTTGT CTGCCTGGATGGGATTGACTA U00111 
IL-6 CCTAGAAGGAAATGAGAATGCCTAT CGTTTATGGAGAAGACCGTGAG AJ309540
TNF-α GCTTACTTCCCTTCTTCTCC TCTACATCTGACCCATCCC XM015284187

Table I
List of primer sequences for qPCR.

Gene Forward primer (5’→3’) Reverse primer (5’→3’) Gene accession number

OTUs 292 ± 22.70 297 ± 42.57 271 ± 52.59
Chao1 334.06 ± 22.72ab 351.67 ± 44.98a 316.75 ± 45.95b

Observed species 289.16 ± 22.77 294.25 ± 42.11 267.66 ± 53.71
Shannon 4.93 ± 0.43 4.62 ± 0.64 4.83 ± 1.01
Simpson 0.91 ± 0.03 0.86 ± 0.05 0.89 ± 0.11
PD whole tree 17.32 ± 1.18 17.83 ± 2.11 16.64 ± 2.88
Good’s Coverage 0. 9983 ± 0.0001 0. 9981 ± 0.0002 0.9983 ± 0.0002

Table II
Library diversity of the 16S rRNA genes from the chicken cecum1.

a, b – Different superscripts in the same row indicate significant difference (p < 0.05)
1 – n = 12 per treatment group (Mean ± SD)

Group ID HC MC LC
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2,100,180 clean reads (mean length of 414 bp), yielding 
an average of 58,338 clean reads (52,667–64,809) per 
sample. Then we rarefied the library size to 32,296 tags 
per sample using the rarefy function to minimize the 
impact of the sequencing depth on microbial compo-
sition (Table SIII). With a 97% sequence similarity as 
a cutoff, we obtained 460, 537, and 547 OTUs from the 
HC, MC, and LC groups, in which the proportion of the 
core microbiome was 79%, 68%, and 67%, respectively 
(Fig. S1). Alpha diversity demonstrated different tem-
perature treatments changes in terms of richness and 
evenness, as summarized in Table II. The Chao1 index 
in the MC group was significantly higher than that in 
the LC group (p < 0.05).

Effects of temperature stress on taxonomic com-
position. Out of the classifiable sequences, 10 phyla 

were identified (Fig. S2). Out of the classifiable 
sequences, ten phyla were identified (Fig. S2). The sig-
nificant changes of dominant microbiota at the phy-
lum level were determined between the HC, MC, and 
LC groups (Fig. 2). In the MC group, Bacteroidetes 
(60.70%) and Firmicutes (36.22%) were the dominant 
phyla, followed by Actinobacteria (1.00%), Proteobac-
teria (0.93%), and Tenericutes (0.23%). In compari-
son, the HC group displayed a 9.02% decrease in the 
relative abundance of Bacteroidetes (p > 0.05), an 8.67% 
increase of Firmicutes (p < 0.05). The LC group also 
exhibited considerable phylum-level changes: 17.43% 
reduction in the relative abundance of Bacteroidetes 
(p < 0.01), 14.56% increase of Firmicutes (p < 0.01), 
and 1.65% increase of Proteobacteria (p > 0.05). Mean-
while, the ratio of Firmicutes/Bacteroidetes in LC group 
increased by 23.31% and 43.98% compared to the HC 
and MC (p < 0.05) groups, respectively.

At the genus level, the most abundant phylotypes 
were Barnesiella, Bacteroides, Alistipes, Faecalibac-
terium, and Clostridium XlVa, which accounted for 
29.48%, 24.19%, 4.59%, 2.33%, and 1.92% of the cecal 
microbiota of the MC group, respectively (Fig. S3). 
The remarkable alteration of dominant microbiota 
at the genus level was noticed between the the HC, 
MC, and LC groups (Fig. 3). In comparison to MC 
group, HC group manifested the decrease of 11.12% 
in the relative abundance of Barnesiella (p < 0.01), and 
Alistipes (1.34%, p < 0.01), as well as increase of Escheri-
chia/Shigella by 1.28% (p < 0.05), Phascolarctobacterium 
(1.21%, p < 0.05), Parabacteroides (1.58%, p < 0.001), 
and Enterococcus (0.67%, p < 0.01). The LC group also 
exhibited considerable changes, including a 15.11% 
decrease in the relative abundance of Barnesiella 
(p < 0.001), a  2.38% increase in that of Faecalibacte-

Fig. 1. The relative mRNA expression level of heat shock proteins 
and inflammation-related genes in the liver of chickens. Different 
uppercase and lowercase letters indicate the significance of dif-
ference at p < 0.01 and p < 0.05, respectively. The same letters indi-

cate no significant difference.

Fig. 2. Composition of the dominant microbiome at the phylum level. Different uppercase and lowercase letters indicate
significant differences at p < 0.01 and p < 0.05, respectively. The same letters indicate no significant difference.
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rium (p < 0.01), and a 1.39% decrease in that of Alistipes 
(p < 0.01), respectively.

The effects of temperature stress on the cae-
cal microbial communities. PCA analysis revealed 
a clear separation of the community structure of caecal 
microbiota in the three groups (Fig. 4), indicating that 
the high- and low-temperature treatments principally 
affected the microbial composition. 

LefSe revealed that the thee phyla (Bacteroidetes, 
Actinobacteria, and Proteobacteria) enriched in the 
MC group included three classes (Bacteroidia, Actino-
bacteria, and Deltaproteobacteria), four orders (Bac-
teroidales, Coriobacteriales, Bifidobacteriales, and 
Actinomycetales), five families (Porphyromonadaceae, 
Rikenellaceae, Coriobacteriaceae, Bifidobacteriaceae, 
and Oxalobacteraceae) and three genera (Barnesiella, 
Alistipes, and Bifidobacterium). Then, three major phyla 
(Bacteroidetes, Firmicutes, and Proteobacteria) from 
the LC group consisted of two classes (Clostridia and 
Betaproteobacteria), two orders (Clostridiales and 
Burkholderiales), three families (Burkholderiaceae, 
Brucellaceae, and Prevotellaceae), nine genera (Faec-
alibacterium, Veillonella, Pandoraea, Lactococcus, Pseu-
dochrobactrum, Oscillibacter, Prevotella, Anaerostipes, 
and Subdoligranulum). Lastly, two dominant phyla 
(Bacteroidetes and Firmicutes) were found in the HC 
group, which were comprised of two classes (Bacilli 
and Erysipelotrichia), two orders (Lactobacillales and 
Erysipelotrichales), two families (Enterococcaceae 
and Erysipelotrichaceae), and five genera (Parabacte-
roides, Enterococcus, Erysipelotrichaceae incertae sedis, 
Butyricicoccus, and Turicibacter) (Fig. 5). We suggested 
that the temperature stress greatly influences the com-
position of the broilers’ caecal microbiota. 

The effects of temperature stress on the microbial 
functions of caecal microbiota. We observed a strik-
ing difference in the KEGG Orthologs (KO) composi-
tion of the caecal microbiota. There were 328 differ-
entially enriched KEGG pathways at the L3 hierarchy 
between the three groups, among which 41 pathways 
had LDA > 2 (Fig. 6). The pathways enriched in the LC 
group were related to cellular processes and signaling 
(e.g. sporulation, signal transduction mechanisms), 
metabolism (e.g., porphyrin and chlorophyll metabo-
lism, propanoate metabolism, valine, leucine, and iso-
leucine biosynthesis, fatty acid biosynthesis, and lipid 
biosynthesis), and gene regulation (e.g., sulfur relay 
system, transcription factors). The pathways enriched 
in the HC group were related to environmental infor-
mation processing (e.g., ABC transporters, G protein-
coupled receptors, phosphotransferase system, and 
transporters) and metabolism (e.g. methane metabo-
lism, and pyruvate metabolism). The pathways enriched 
in the MC group were related to metabolism (e.g. other 
glycan degradation, alanine, aspartate, and glutamate 
metabolism, purine metabolism, sphingolipid meta-
bolism, lipopolysaccharide biosynthesis, ubiquinone 
and other terpenoid-quinone biosynthesis, pyrimidine 
metabolism, streptomycin biosynthesis, citrate acid 
cycle, cyanoamino acid metabolism, carbon fixation 
in photosynthetic organisms, phenylpropanoid bio- 
synthesis, polyketide sugar unit biosynthesis, carbon 
fixation pathways in prokaryotes, prenyltransferases, 
one carbon pool by folate, and amino acid related 
enzymes), cellular processes (e.g. lysosome, peroxi-
some), and gene regulation (e.g. chaperones and folding 
catalysts, RNA degradation, and protein processing in 
the endoplasmic reticulum).

Bacteroides
Barnesiella

Alistipes

Faecalibacterium

Clostridium XIVa

Escherichia / Shigella

Phascolarctobacterium

Clostridium IV

Parabacteroides

Enterococcus

Fig. 3. Composition of the dominant microbiome at the genus level. Different uppercase and lowercase letters indicate
significant differences at p < 0.01 and p < 0.05, respectively. The same letters indicate no significant difference.
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Discussion

Temperature stress causes huge losses to poultry 
producers (Attia et al. 2011), as stresses from low or 
high temperatures exerted wide-ranging effects on host 
physiochemical and immune responses (Thaxton 1978). 
On the one hand, long-term exposure of poultry to high 
and low environmental temperatures had markedly 
increased feed consumption and the ratio of feed gain, 
while low temperature decreased chickens’ final body 
weight (Yang et al. 2020). On the other hand, both heat 
and cold stresses could influence the immune responses, 
such as depression of immune and endocrine functions, 
elevated expression of heat shock proteins (Hsps), and 
upregulation of inflammatory genes (such as NF-κB 
and TNF-α) (Hangalapura et al. 2004; Zhao et al. 2014). 
Also, increased gene expression of Hsps and NF-κB was 

reported to be associated with inflammation activation 
(Vidal Martins et al. 2016; Chebotareva et al. 2020). It 
was previously reported that cold stress could enhance 
the cytokine expression levels of IL-6 and TNF-α in 
humans (Rhind et al. 2001). The Hsp70 mRNA level 
in the pigs’ muscle increased after exposure to con-
tinuous high environmental temperature (35°C ± 1°C) 
(Abdelnour et al. 2019). In the present study, the Hsp70 
and Hsp90 mRNA expression increased in HC and LC 
groups, while higher NFκB 1, IL-6, and TNF-α mRNA 
expression in the LC group was observed in the MC 
group. Consequently, our results were consistent with 
previous findings that both long-term heat and cold 
stress increased liver inflammation of broilers.

Firmicutes, Bacteroidetes, and Proteobacteria are 
the most dominant phyla in chickens’ caecal micro-
biota (Luo et al. 2013; Oakley et al. 2018), which was 

Fig. 4. The effects of ambient temperatures on the caecal microbial communities. Principal component analysis (PCA)
of the abundance profiling of microbes based on OTUs.
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corroborated by our data from the MC group. Firmi-
cutes is one of the most abundant phyla of the broil-
ers’ gut microbiome (Corrigan et al. 2011; Hume et al. 
2011). Many Firmicutes species are involved in nutri-
ent absorption (Komaroff 2017), and some microbes 
can survive under extreme conditions (Filippidou 
et al. 2016). A mouse study revealed that fecal microbial 
composition changed when the animals were exposed 
to a cold environment (6°C), during which the relative 
abundance of Firmicutes increased from 19% to 61%, 
whereas that of Bacteroidetes decreased from 73% to 
35% (Chevalier et al. 2015). In this study, Firmicutes 
was significantly increased by 9% and 15% in the HC 
and LC groups, respectively, in comparison with the 
MC group. These findings suggest that the increase 
in the proportion of Firmicutes is probably a conse-
quence of the chickens’ physiological adaptations to the 
temperature stress. 

Bacteroides, which belong to Bacteroidetes are 
generally associated with the degradation of polysac- 
charides, especially starch and glucans, and the pro-
duction of short-chain fatty acids (Beckmann et al. 
2006). It has been shown that Bacteroides was the most 
abundant genus in the caecum (Saxena et al. 2016), 
in line with the findings from our present study. Faec-
alibacterium prausnitzii in the genus Faecalibacterium 
is one of the most abundant and important symbiotic 
bacteria of the human intestinal microflora produc- 
ing butyrate and other short-chain fatty acids through 
the fermentation of dietary fiber, and thus improve 
the intestinal tract immune function (Ferreira-Halder 
et al. 2017). The abundances of Faecalibacterium in the 
LC group increased compared with that in the MC 
group. Therefore, changes in the relative abundances 
Faecalibacterium may help utilize intestinal nutrients, 
maintain immune function, and further alleviate the 
adverse effects of long-term low environmental tem-
perature on broilers.

Barnesiella is a genus in the family of Porphyro-
monadaceae, and is associated with hyperglycemia, 
insulin resistance, hepatic steatosis, and inflammation 
in rodents (Le Roy et al. 2013). Barnesiella is also one 
of the most abundant genera in human feces and can 
be used to treat vancomycin-resistant Streptococcus 
faecalis colonization (Wylie et al. 2012). In addition, 
it has been reported that Barnesiella intestinihomi-
nis from Barnesiella is an intestinal symbiotic bacte-
ria, which can change the tumor microenvironment, 
reduce regulatory T cells, stimulate the anti-cancer 
immunomodulator cyclophosphamide (CTL) reac-
tion, and further promote the antitumor efficacy of 
cyclophosphamide (CTX) (Daillère et al. 2016). In 
the present study, the relative abundances of Barnesiella 
in HC and LC groups were significantly lower than 
in the MC group, indicating Barnesiella as one of the 

most abundant genera in broilers, with its abundance 
influenced by both heat and cold stresses.

In the present study, the proportion of Escherichia/
Shigella and Enterococcus increased in HC group com-
pared to that in the MC group. Both Enterococcus and 
Escherichia/Shigella are potentially harmful bacteria 
from Enterobacteriaceae family (Kong et al. 2019). Ente-
rococcus faecalis is a common commensal organism in 
humans’ intestines, which can damage eukaryotic cel-
lular DNA in colonic epithelial cells by producing extra-
cellular superoxides and hydroperoxides (Jones et al. 
2008). Also, the percentage of Salmonella in Entero-
bacteriaceae was reported higher in heat-stressed birds 
than that in the control group (Alhenaky et al. 2017), 
and the increases of Enterobacteriaceae may be related 
to mice diarrhea (Yuan et al. 2018). Therefore, Escheri-
chia/Shigella and Enterococcus may trigger inflamma-
tion through elevated Hsps and inflammatory genes.

PICRUSt analysis revealed that 41 pathways were dif-
ferentially enriched between the three groups. Many of 
the enriched pathways in the HC group were potentially 
related to environmental information processing and 
metabolism, such as ABC transporters (LDA = 3.26), 
G protein-coupled receptors (GPCRs, LDA = 2.32), the 
phosphotransferase system (PTS, LDA = 2.64) and trans-
porters (LDA = 3.42). ABC transporters were involved 
in transfering a variety of substrates, including sug-
ars, amino acids, glycans, cholesterol, phospholipids, 
peptides, proteins, toxins, antibiotics, and xenobiotics 
(Gottesman and Ambudkar 2001). GPCRs were the 
receptors for hormones, neurotransmitters, ions, pho-
tons, and other stimuli, comprising the essential compo-
nents of communications between the intracellular and 
extracellular environments (Rosenbaum et al. 2009). The 
phosphotransferase system (PTS) catalyzed the uptake 
of carbohydrates and subsequent their conversion into 
phosphodiester (Deutscher et al. 2006). Therefore, the 
enhancement of environmental information processing 
related signal pathways in the HC group may help regu-
late the intestinal mucosal function and further meet 
broilers’ metabolic needs. 

Many KEGG pathways enriched in the LC group 
were potentially related to cellular processes and sign-
aling, metabolism, and gene regulation. The enriched 
metabolism pathways in the LC group included fatty 
acid biosynthesis (LDA = 2.21), lipid biosynthesis 
proteins (LDA = 2.07), porphyrin and chlorophyll 
metabolism (LDA = 2.78), propanoate metabolism 
(LDA = 2.41), and valine, leucine, and isoleucine bio-
synthesis (LDA = 2.04). Previous studies suggested 
that cells prefer glycolysis as a rapid compensatory 
mechanism to meet energy requirements for adap-
tive thermogenic responses under cold stress (Sajjanar 
et al. 2019), and that maintenance of body tempera-
ture in cold-exposed animals require increased energy 
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intake and expenditure (Iossa et al. 2001). Our previous 
study demonstrated that long-term low temperature 
increased feed consumption but reduced body weight 
gain (Yang et al. 2020). Altogether, these results indi-
cated that the microbiota in long-term cold stress might 
maintain the normal body temperature by elevating 
broilers’ energy and lipid metabolism with a tradeoff 
of decreased growth performance. 

In conclusion, our data revealed that long-term high 
and low temperatures elevated immune-inflammatory 
responses in the liver. Stresses from high temperature 
led to increased potentially harmful bacteria propor-
tion (such as Escherichia/Shigella and Enterococcus) in 
the caecum. Also, long-term cold stress may upregulate 
energy and lipid metabolism to maintain broilers’ nor-
mal body temperature. Therefore, avoiding unfavorable 
temperature is a critical factor in the maintainance of 
broiler birds’ production, welfare, and immune status.
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