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Gene Expression Profiling of Broiler Liver under Cold Stress

by High-Throughput Sequencing Technology
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Cold stress is a major environmental factor restricting the sustainable development of animal husbandry. To gain
insight into the gene-regulation processes in broilers under cold stress, gene expression profiling was conducted using
high-throughput Solexa sequencing of broiler liver tissue under cold stress conditions and control conditions.
According to Solexa sequencing, we identified 255 genes whose expression levels differed between the treatment and
control group. Under cold stress, 135 genes were up-regulated and 120 genes were down-regulated genes compared
with levels in the control group. Moreover, 469 genes were expressed only in the control group, and 172 genes were
expressed only in the treatment group. These data were confirmed by real-time quantitative PCR. Gene Ontology
enrichment analysis showed that the differentially expressed genes (DEGs) were mainly enriched in material me-
tabolism and immune functions. KEGG enrichment analysis showed that DEGs were enriched in pyruvate me-
tabolism, glycolysis/gluconeogenesis, fatty acid metabolism, insulin signaling pathway and others. In conclusion,
these results may serve as an important reference for broiler breeding and provide new clues for the elucidation of

molecular mechanisms of cold stress.
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Introduction

Cold stress is a major environmental factor restricting the
development of animal husbandry. The chicken (Gallus
gallus) can maintain its body temperature within a narrow
range through physiological self-regulation. Poultry experi-
ences cold stress when the environmental temperature
suddenly drops by more than 10°C or when it stays at more
than 4°C below normal temperature for an extended period
(Ren and Xin, 1997). Excessive cold stress causes a series
of physiological and metabolic changes in broiler chickens,
such as electrolyte and acid-base imbalances, reduced
endocrine function (Olanrewaju ef al., 2010), and reductions
in production performance including animal feed intake,
body weight and feed conversion ratio (Spinua and Degena,
1993). Cold stress also disrupts the balance of the oxidant/
antioxidant system, leading to biological membrane damage
and further damaging tissue integrity and negatively
influencing animal health and production (Pan et al., 2005;
Mujahid and Furuse, 2009). At the same time, cold stress
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affects tissue structure lesions, inducing various types of
disease (Sahin and Gumuslu, 2004). Overall, cold stress
caused by low temperature has a negative influence on
poultry, including slow growth, disease, and even death
(Smith, 1993).

The mechanism of cold stress is highly complex. It in-
volves a series of systems, including the nervous, endocrine
and immune systems. Adaptations to mobilize various
organs and tissues of the body to deal with stress and main-
tain relative stability primarily act through nervous-
endocrine pathways. However, the exact molecular mecha-
nisms responsible for cold regulation are not well under-
stood. Previous studies have focused on candidate genes
related to cold resistance (Leandro ef al., 2004; Hangalapura
et al., 2006; Wang et al., 2009; Chen et al., 2012). How-
ever, many genes are key regulators of biological processes
associated with cold stress, and studing the relationship
between cold stress and only a few candidate genes cannot
reveal the of broader picture of cold stress mechanism.
Technological advances in the field of genomics, especially
high-throughput next-generation sequencing, have opened
new avenues of research. RNA sequencing (RNA-Seq) can
reveal the presence and quantities of RNAs in a biological
sample at a given moment in time. In recent years, many
studies on chicken have used RNA-Seq as a powerful tool to
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compare gene expression between conditions, such as a
treatment vs non-treated, and find out which genes are up- or
down-regulated in each condition (Yao et al., 2011; Nie et
al., 2012; Li et al., 2012; Mutryn et al., 2015; Langouet-
Astrie et al., 2016). In order to discover the mechanism of
cold stress and identify DEGs during cold stress, gene
expression at the transcriptional level was investigated using
high-throughput Solexa sequencing technology. Specific
genes involved in cold stress were screened and analyzed in
order to reveal the mechanism of cold stress in broilers. Our
results may serve as an important reference for selection and
breeding of broilers and add new insight to chicken genomic
studies.

Materials and Methods

Chickens and Treatments

A total of 100 1-day-old commercial AA broiler chicks
were obtained from a local hatchery and housed in groups in
controlled rooms with deep litter of wood shavings, con-
struction materials, acclimatization equipment, feeders, and
drinkers. The brooding temperature was maintained at 35°C
for the first 2 days and then reduced gradually to 29°C until
14day of age.

At 15 days of age, 24 broiler chicks were chosen randomly
from 100 broiler chicks and divided into two groups, the
control group and treatment group, each with 3 replicates (4
chicks per replicate). The control group was kept in the
normal thermal environment, in which from 15 days of age to
28 days of age, the temperature was gradually reduced from
29°C to 23°C. The temperature of the treatment group was
5°C lower than the normal temperature for 6 hours. Treat-
ment chickens were exposed to cold stress from 15 days of
age to 28 days of age. Birds were reared on battery cages (4
birds per cage) until slaughter. The density of birds was
10/m’.

Broilers received a commercial starter diet (12.10 MJ/kg
metabolizable energy and 22% crude protein) until 7days of
age, after which a commercial grower diet (12.68 MJ/kg
metabolizable energy and 20% crude protein) was provided
until the end of the experiment. The light regime was 23L:
1D for the first 3days and then 16L:8D light program was
applied. Birds had free access to feed and water during the
rearing period.

All procedures performed in the present study were ap-
proved by the Institutional Animal Care and Use Committee
of Northeast Agriculture University.

Sample Preparation and Total RNA Extraction

At 28 days of age, the liver tissues of the treatment chick-
ens and control birds were obtained for gene expression
analysis. To obtain complete gene expression profiles, each
sample was assayed with three biological replicates (1 chick
per replicate). The collected tissue samples were immedi-
ately frozen in liquid nitrogen and stored at —80°C until
further use.

Total RNA was isolated from the liver tissue samples of
broilers separately using RNAiso Plus kit (TaKaRa, Dalian,
China) according to the manufacturer’s protocol and RNase-

free DNasel was used to remove DNA contamination. Dried
RNA samples were dissolved in diethylpyrocarbonate-
treated H,O. RNA integrity was verified by agarose gel
electrophoresis and visualisation of the 28S and 18S ribo-
somal RNA.

The quality of the RNA was checked by Agilent2100 bio-
logical analyzer (Agilent, Santa Clara, CA, USA). The con-
centration of the RNA samples was determined using Nano
Drop-2000 (Thermo, USA).

Library Construction and Deep Sequencing

The main reagents and supplies are Illumina Gene Ex-
pression Sample Prep Kit and Illumina Sequencing Chip, and
the main instruments are Illumina Cluster Station and
[lumina HiSeqTM 2000 System. At least 6 «g of total RNA
(=300ng/ul) was prepared and sent to Beijing Genomics
Institute for Solexa sequencing. The mRNA was purified
from total RNA using a Oligo (dT) magnetic bead, and then
the first and second-strand complementary DNA were syn-
thesized. The bead-bound complementary DNA was sub-
sequently digested with the restriction enzyme Nlalll, which
recognizes and removes the CATG sites. The fragments
without the 3" complementary DNA fragments connected to
Oligo (dT) beads were washed away and the Illumina adaptor
1 (sense: 5 ACACTCTTTCCCTACACGACGCTCT TCC-
GATC 3") was ligated to the cohesive 5” end of the digested
bead-bound complementary DNA fragments. The junction
of [llumina adaptor 1 and CATG site was the recognition site
for Mme I, which is a type of endonuclease that has separate
sites for recognition and digestion. It cut at a site 17bp
downstream from the CATG site. After removing the 3’
fragments with magnetic bead precipitation, the Illumina
adaptor 2 (sense: 5 GATCGGAAGAGCGGTTCAGCAGG
AATGCCGAG3") was ligated to the 3° ends of tags, pro-
ducing tags with different adaptors at both ends to form a tag
library. The library was amplified by PCR for 15 cycles, and
105bp fragments were purified in 6% TBE PAGE gel
electrophoresis. After denaturation, the single-chain mole-
cules were fixed onto the Illumina Sequencing chip. Each
molecule grew into a single-molecule cluster sequencing
template through in situ amplification. Four different nucle-
otides were labeled with four different fluorophores, and then
the samples were sequenced by synthesis. During this proc-
ess, adaptor 1 was used as sequencing primer.

Analysis and Mapping of DGE Tags

To map the Digital Gene Expression Profiling (DGE) tags,
the sequenced raw data were filtered to remove low quality
tags (tags with unknown nucleotide “N”), empty tags (no tag
sequence between the adaptors) and tags with only one copy
number (which might result from sequencing errors). For
tags annotation, the clean tags containing CATG and 21 bp
tag sequences were mapped to database of chicken (Gallus
gallus) genome sequence, allowing no more than one nu-
cleotide mismatch. The clean tags mapped to reference
sequences from multiple genes were filtered. The remaining
clean tags were designed to be unambiguous. For gene
expression analysis, the number of unambiguous clean tags
for each gene was calculated and normalized to TPM (num-
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187

Specific amplification of the gene and internal reference primer

Gene Forward primer (5" -3") Reverse primer (5" -3")
HSP 70 CACCTGCAGAAGCAGCCATAA TTATGAACACTGCTATGCCACACAA
PPAR-a TGCACTGGAACTGGATGATAGTGA TCCTACATTTACAAGACCAGGACGA
CRHR?2 GGACATGGGCCTCCAAGATAAAC GATGAGCCCAATCTTGTAATGGTG
MX GAGTACCTTCAGCCTGTTTT GCTGGTCAGTAACTTCTGCT
LPL AGTCAGAGTGAAGTCAGGCGAAAC CTGCTCCAGGCACTTCACAAATA
FAS ATGTCGTTCATGTGACAAAGCACTC GTACATGACTCGCAATGTTCACACC
GAL?2 GCGAATTCCATGAGGATTCTTACC GCTCTAGATAATGCATTCCAAGGC
RPLIS TGCTGGCAGTAGCGTTCAGG ACGCATTTCCCTGTGCTT
B-actin ATTGTCCACCGCAAATGCTTC AAATAAAGCCATGCCAATCTCGTC

ber of transcripts per million clean tags) (Morrissy et al.,
2009).

To compare the differences in gene expression, the tag
frequency in each DGE library was statistically analyzed
according to the method described by Audic and Claverie
(Audic and Claverie, 1997). For gene expression variance,
T-testing was performed to determine significant differences.
The P values corresponding to differential gene expression
were assessed. The false discovery rate (FDR) method was
used to determine the threshold of P value through a multiple
test and analysis as per Benjamini (Benjamini and Hochberg,
1995). We used FDR <0.001 and the absolute value of log,
ratio>1 as the threshold to judge the significant differences
in gene expression.

To gain insight into the biological roles of these DEGs, we
performed Gene Ontology (GO) annotation and functional
classification analysis. To examine the biological signifi-
cance of DEGs, GO enrichment analysis was used to in-
vestigate functional distributions by mapping each DEG to
terms in the GO database (http://www.geneontology.org). In
addition, we also performed pathway enrichment analysis
based on the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (http://www.genome.jp/KEGG). For en-
richment analysis, all P-values were subjected to Bonferroni
correction. We selected a corrected P-value <0.05 as a
threshold to determine significant enrichment of the gene
sets.

Real-Time Quantitative RT-PCR (qRT-PCR) Analysis

To test the reliability of Solexa sequencing, the expression
of the eight candidate genes was determined using quan-
titative reverse transcription-PCR (qRT-PCR). The reaction
was performed using SYBR® Premix Ex Taq'™MII Perfect
Real-Time kit (TaKaRa). Primers were designed based on
the target gene sequences using the Primer Premier 5.0
software (Premier Biosoft International, PaloAlto, CA) and
then were synthesized commercially (TaKaRa Biological
Engineering Co., Ltd., Dalian, China). The primers are listed
in Table 1. ¢cDNA was synthesized from total RNA using
PrimeScript® RT reagent Kit (TaKaRa). For each sample 2
1L of cDNA was used as a template in a 20 #L reaction. The
thermal cycling conditions had an initial denaturation step at
95°C for 1 min, followed by 40 cycles including denaturation
step at 95°C for 5, and annealing and extension step at 60

C for 34s.

The /S-actin gene was used as an internal control. Each
experiment was performed in triplicate and repeated three
times independently. The cycle threshold (Ct) values of the
triplicate PCRs were averaged and relative quantification of
the transcript levels was performed using the comparative
225CT method (Livak and Schmittgen, 2001). The fold
change in the target gene relative to 5-actin was determined
with the following formula: fold change=AACT, where
AACT=(Ct target gene— Ct S-actin). Each sample was fur-
ther amplified without reverse transcription to confirm that
no DNA contamination was in the sample.

Statistical Analysis

Data of qRT-PCR were analysed using SAS statistical
software, version 9.1. The results were expressed as mean—+t
SEM. The process of Univariate was used for testing the
normality of data. T-test was used for comparing the means
of two groups (control and treatment group).

Results

Solexa Sequencing

After filtering the dirty tags (Tags containing N, only
adaptors and copy number < 2), we generated 3646672
reads for the control group and 3774114 reads for the
treatment group using Solexa sequencing. After filtering out
low-complexity, low-quality and repetitive tags, 355031
clean tags for the control group and 361904 clean tags for the
treatment group were obtained. Mapping to the database of
chicken genome sequence, 10233 genes for the control group
and 9936 genes for the treatment group were annotated.
Moreover, 469 genes were found to be expressed only in the
control group, and 172 genes were expressed only in the cold
stress group with 9764 genes expressed in both groups. We
used FDR <0.001 and an absolute value of logoratio > 1 as
the threshold to determine the significant differences in gene
expression. We identified 255 genes whose expression
levels differed between the treatment and control group.
Under cold stress, 135 genes were identified as up-regulated
genes and 120 genes were down-regulated compared with
levels in control animals. The results of Solexa sequencing
are presented in Table 2 and Fig. 1.
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Table 2. The total number of sequencing tags obtained from each sample

Gene Number
control group: 3646672
Total
otal reads cold stress group: 3774114
1 : 1
Clean Tags control group: 35503

cold stress group: 361904

Annotated genes

control group: 10223
cold stress group:9936

differential expression genes 255
up-regulated genes 135
down-regulated genes 120
only in the control group 469
only in the cold stress group 172
in both group 9764
- - - - - - - - = —I_T_'_ _____ - - — =7
I | —LogIlO [P-Value] |
4.51 |
| l ! |
| I !
DE Gene | 41 | DE Gene I
I . | | |
I " | 3.51 | |
[
| I |
| [
\ - ' 3 d | [ ] + + I
| Zl
I - I | + " I
n, | 2.5+ I " I
I - - +
4 | I
| - 9] - . +, |
I ’ :
- e |
| ' L ) [
p-value=0.05 m .
L}

--——-_-‘_r.

NO difference

—8 —6 —4 -2 -1

Fig. 1.

0
Log2 [Fold change]
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The volcano plot about DEGs. A volcano plot is constructed

by plotting the negative log of the p value on the y axis (base 10). The x
axis is the log of the fold change between treatment group and control
group. The horizontal dotted line shows where p value=0.05 with
points above the line having p value <0.05 and points below the line
having p value >0.05. The two vertical dotted lines represent 2 fold
changes. The differentially expressed genes are shown in the dotted box
of Fig. 1. Up-regulated genes are shown in the right side and down-
regulated genes are shown in the left side. Genes without differential
expressions are shown outside of the dotted box in Fig. 1.
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Functional Classification of the Differential Expression
Genes

Gene ontology (GO) is an internationally standardized
gene function classification system for comprehensively
describing the properties of genes and their products in any
organism. GO has three ontologies: molecular functions,
cellular components, and biological processes. DEGs were
classified into 99 GO categories. Among these categories,
24 GO categories belonged to the biological process on-
tology (Fig 2-a), 33 GO categories belonged to the cellular
component ontology (Fig 2-b), and 42 GO categories be-
longed to the molecular function ontology and (Fig 2-c).

GO enrichment analysis was performed, and the results are
listed in Table 3. All processes listed had enrichment P-
values <0.05. The significantly enriched GO terms of DEGs
include fatty acid metabolic process, fatty acid biosynthetic
process, lipid biosynthetic process, antigen processing and
presentation of peptide antigen, carboxylic acid biosynthetic
process, organic acid biosynthetic process, translation, cel-
lular protein localization, icosanoid metabolic process, cel-
lular macromolecule localization and so on.

KEGG analysis identified the potential involvement of
transcripts in biological pathways. The most enriched path-
ways included pyruvate metabolism, fatty acid metabolism,
insulin signaling pathway and so on. Enriched KEGG terms
of DEGs are presented in Table 4.

2 4 6 8

gene_count

Biological processes.

Confirmation of Solexa Expression Patterns by qRT-PCR
Analyses

qRT-PCR was applied to validate the expression patterns
of differentially expressed genes. Eight genes were selected
including 3 up-regulated expression genes (LPL, GAL2,
RPL15) and 5 down -regulated expression genes (HSP 70,
PPAR-a, CRHR2, MX, FAS). The results by qRT-PCR show
that the 8 selected genes had the same expression patterns as
Solexa sequencing (Fig. 3 and Table 5). We analyzed the
correlation between the FPKM values obtained by RNA-seq
with their corresponding qRT-PCR Ct values; the two values
represent the quantitative levels of expression of a specific
transcript in the RNA sample. The Ct values from three
biologic replicates were compared to the corresponding log,
FPKM values. The results showed that log, FPKM values
from RNA-seq analysis have a strong linear correlation with
Ct values from qRT-PCR, with a relative coefficient of R*=
0.9631 (Fig. 4). This data indicate that original Solexa
analysis is validated in the differentially expressed genes.

Discussion

Temperature plays an important role in the growth and
development of animals. Exposure to a cold environment
causes a series of physiological reactions to produce more
heat to maintain body temperature, including the use of
adipose tissue in most animals. In poultry, however, the liver
rather than adipose tissue, plays a key role in lipid metabo-
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lism. Fatty acid synthesis in poultry also mainly occurs in
the liver rather than in fat tissue (Nguyen et al., 2008).
Therefore, the liver is a vital organ for studying the effect of
cold stress on the body in poultry. In this study, gene ex-
pression profiling in the liver of broiler chicken under cold
stress was conducted through the use of high throughput
sequencing technology in order to reveal the molecular
mechanisms involved in the response to cold stress.

The experimental results showed that 255 DEGs were
identified, including 135 up-regulated genes and 120 down-
regulated genes in chickens exposed to cold stress. Chen et
al. (2014) used high-throughput Solexa sequencing technol-
ogy to identify DEGs in the chicken hypothalamus during
cold stress and found 334 down-regulated genes and 543 up-
regulated genes. Although the design of the two experiments
differed and the tissues obtained for gene expression analysis
are different, both experiments revealed that the expression
levels of many genes are altered by cold stress. These results
indicate that cold stress has an effect on the expression of
many specific genes. These genes function is different in
response to cold stress. Thus, it appears that the molecular
mechanisms of responses to cold stress in broilers are highly
complex, involving a series of physiological and biochemical
changes and the involvement of many genes. The reasons

4 6 8 10 12

gene_count

Cellular Components.

behind DEG expression level changes will require further
research. The findings of this study will be useful in the
further investigation of the cold-specific signaling networks
in broilers.

In addition to the identified DEGs, 172 genes were ex-
pressed only in the cold stress group. These results indicate
that the expression of some genes was activated by cold
stress. It seems that many genes, including several cold re-
sistance genes, are not expressed under normal conditions.
Genes induced by cold stress are likely to be involved in
responses to cold. Animals adapt to adverse conditions by
promoting the expression of these genes. These genes may
be specific to defense against cold stress and are attractive
targets for further functional characterization. Similarly,
469 genes were expressed only in the control group. The
results showed that the expression of some gene was re-
pressed under the cold stress conditions in order to better
enable the synthesis of proteins associated with cold resis-
tance.

GO enrichment analysis of DEGs revealed genes related to
biological functions. For further discussion, we will focus
on GO terms that were highly significant (P<<0.01). The
results of GO analysis showed that DEGs mainly enriched in
two systems: material metabolism and immune function.
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Fig. 2. GO analysis of differentially expressed genes.
(Note: GO categories which contain more than 3 genes was displayed in figure Fig. 2)

Two genes that were up-regulated under cold stress are
ACOXI and LTA4H, which are involved in material metabo-
lism. The first rate-limiting oxidation step in the peroxiso-
mal pathway is catalyzed by acyl-CoA oxidase 1. The up-
regulation of ACOXI gene reflects the fact that the /-
oxidation of fatty acids in peroxisomes was strengthened by
cold stress. LTA4H gene encodes leukotriene A4 hydrolase
which catalyzes the final step in the synthesis of leukotriene
B4 (LTB4). The leukotrienes B4 are important lipid medi-
ators with immune modulatory and pro-inflammatory
properties. Studies have shown that LTA4H mutations result
in hypersusceptibility to mycobacterial infection (Tobin et
al., 2010). The up-regulation of LTA4H indicates that it may
be involved in inflammation and the immune response in
chickens under cold stress.

Five genes that were down-regulated under cold stress are
ACACA, SCD, FASN, IDI1, and CD74, which are involved in
material metabolism. 4CACA encodes acetyl CoA carboxy-
lase which catalyzes the rate-limiting carboxylation of acetyl
CoA to malonyl CoA during long-chain fatty acid synthesis.
FASN encodes fatty acid synthase which catalyzes the
synthesis of palmitate from acetyl-CoA and malonyl-CoA in
the presence of NADPH into long-chain saturated fatty acids.
SCD encodes stearoyl-CoA desaturase, which is a key

enzyme that catalyzes a rate-limiting step in the synthesis of
unsaturated fatty acids. SCD-deficient mice show reduced
TAG accumulation in white adipose tissue (Miyazaki et al.,
2009). These results suggest that SCD might have an impor-
tant role in providing substrate for triacylglycerols (TAGs)
synthesis. DIl encodes a peroxisomally localized enzyme
that catalyzes the interconversion of isopentenyl diphosphate
(IPP) to its highly electrophilic isomer, dimethylallyl di-
phosphate (DMAPP), which is the substrate for the sub-
sequent reaction that results in the synthesis of cholesterol.
Adipose tissue is a key organ in the regulation of body
energy homeostasis, displaying a great plasticity (Rosen and
Spiegelman, 2006). Fatty acids are either esterified and
stored as TAGs or S-oxidized and used as energy, according
to the energy demands of the organism. Several studies have
shown that fatty acids can regulate their own metabolism,
acting at the gene transcription level (Sampath and Ntambi,
2005). Some transcription factors are prospective fatty acid
targets, regulating the expression of enzymes involved in
lipid metabolism (Jump et al., 1994, 2005). CD74 is also
known as a major histocompatibility complex class IT mole-
cule (MHC II). MHC II plays an essential role in glucose and
lipid metabolism. Research has shown that compared with
wild-type mice, MHC II knockout mice fed a high-fat diet
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Table 3. Enriched GO terms in differentially expressed genes

Genes
Term Description Count PValue
Up Down

) fatty acid metabolic SCD, ACACA,

GO:0006631 process 6 ACOXI, LTA4H FASN. CD74 3.41E-04

) fatty acid biosynthetic SCD, ACACA,

GO:0006633 process 5 LTA4H FASN. CD74 3.77E-04

) lipid biosynthetic SCD, ACACA,

GO:0008610 process 7 ACOXI, LTA4H FASN, IDI1, CD74 6.87E-04
antigen processing
GO:0048002 and presentation of 3 TAP2, BF2, CD74 0.004169
peptide antigen

) carboxylic acid SCD, ACACA,

GO:0046394 biosynthetic process 3 LTA4H FASN, CD74 0-005184
organic acid SCD, ACACA,

:001 . . LTA4H . 184
GO:0016053 biosynthetic process 3 4 FASN, CD74 0.00518
GO:0006690 icosanoid metabolic 3 ACOXI, LTA4H CD74 0.007991

process
GO:0033559 unsaturated fatty acid 3 ACOXI, LTA4H cD74 0.007991
metabolic process
. RPL15, RPLPI, TARS, EIF442,
GO:0006412 translation 8 MRPLS1. RPSS EPRS, RPL17 0.01675
LDHB, ACOX1,
L . CYP2CI8, ALDH?2, FASN, MEI,

GO:0055114 oxidation reduction 11 LOC417013, XDH, NDUFV2, SCD 0.011213

ACADI1
formation of primary PRKARIA, SMADI,

GO:0001704 3 0.028138
germ layer CTNNB1

) cellular protein LOC769383,

G0:0034613 localization 6 TIMM174, CTNNBI CD74, COPA, SRP14 0.029322
cellular macromolecule LOC769383,
G0:0070727 localization 6 TIMM174, CINNBI COPA, CD74, SRP14 0.030944
GO:0019882 antigen processing 3 BF2, CD74, TAP2, 0.047878
and presentation
G0:0042579 microbody 3 ACOXI, ACADI1 XDH 0.015945
GO0:0005777 peroxisome 3 ACOXI, ACADI1 XDH 0.015945

) acyl-CoA ACOXI, ACADI1

GO:0003995 dehydrogenase activity 3 LOC417013 0.010476

structural constituent MRPLS51, RPLIS,

GO:0003735 of ribosome 5 RPLPI, RPSS RPL17 0.032122
L. XDH, ME1,

G0:0048037 cofactor binding 6 ACOXI, ACADI1 FASN, NDUFV?2 0.038821
L. MEI, XDH,

G0:0050662 coenzyme binding 5 ACOXI, ACADI1 NDUFV2 0.043767

GO:0016407 acetyltransferase 3 SATI FASN, PCAF 0.047696

activity
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Table 4. Enriched KEGG terms in differentially expressed genes

Genes
Term Description Count PValue
Up Down
. ACOXI, ALDH2,
2ga00620 Pyruvate metabolism 6 HADHB MEIL, ACACA, FASN 7.84E-05
ACOXI, ACAA2,
2ga00071 Fatty acid metabolism 5 ALDH?2, ACAT2, 6.11E-04
HADHB
Glycolysis /
22200010 . 4 LDHB, FBPI, PCKI PGM1 0.003024
Gluconeogenesis
22200640 Propanoate metabolism 4 LDHB, ALDH2, ACACA, 0.005168
ACAT?2
Valine, leucine and ACAT2, HADHB
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Fig. 3. Comparison of the expression of eight selected genes using
Solexa sequencing and qRT-PCR.

have low blood glucose, insulin and free fatty acid levels
(Cho et al., 2014).

Based on our results, we speculate that the down-
regulation of ACA, FASN, and SCD genes causes a decrease
in the activity of these enzymes, indicating that fatty acid
synthesis was repressed and fatty acid S-oxidation was
enhanced under cold stress. The down-regulated expression
of CD74 reflects that the oxidation reactions of fatty acid
B-oxidation and glucose were strengthened to provide more
energy under cold stress. Moreover, the down-regulation of
IDII acts to decrease cholesterol biosynthesis. These results
show that chickens under cold stress increase metabolic heat
production to maintain body temperature by promoting fatty
acid oxidation and, at the same time, inhibiting fatty acid

and cholesterol synthesis to reduce the use of acetyl co-
enzyme A. This allows more acetyl coenzyme A to enter the
Krebs cycle, releasing more energy.

Immune functions include antigen processing and presen-
tation and antigen processing and presentation of peptide
antigen. Three genes involved in immune function were
down-regulated in chickens under cold stress: TAP2, BF?2
and CD74. TAP2 and BF2 (also known as an MHC class |
molecule) are involved in antigen presentation by MHC class
I molecules, especially in the transport of endogenous pep-
tides. These transport proteins play important roles in an-
tigen processing and presentation (Jensen, 2007). The BF2
gene is dominantly expressed and confers resistance to
certain poultry diseases. In chickens, the dominantly expres-
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Table 5. Comparison of mRNA expression level of DGEs in the

treatment group and control group

GENE Treatment group Control group P Value
HSP70 1.86£0.94 14.77£2.83 <0.01
PPAR-a 1.52+0.32 10.16x1.67 <0.01
CRHR2 1.50£0.35 8.46+1.01 0.0263
MX 5.21%£1.24 13.47+2.32 0.014
LPL 0.85+0.31 0.42+0.18 0.0218
FAS 2.81%0.53 31.43+1.98 <0.01
GAL2 4.20t1.12 1.64£0.52 0.016
RPLIS 2.56£0.96 0.97%+0.22 0.0206
=6
& y=1.0267x+0.2063
oS R2=0.9631
24t
3L
2 L
1 b
0 L I L L |
0 1 2 3 4 5 6

soleax sequencing

Fig. 4. Pearson correlation scatter plot between Solexa sequencing

and qRT-PCR.

sed BF2 locus determines the immune response to certain
infectious pathogens and even vaccine efficacy (Kaufman,
2000). CD74 plays a major role in the processing of MHC
class II molecules in antigen-presenting immune cells
(Stumptner-Cuvelette and Benaroch, 2002). Recently, a
novel role for the cell surface molecule CD74 has been
identified as part of a receptor complex with CD44, which
interacts with the cytokine macrophage migration inhibitory
factors MIF3 and MIF4. MIF has important roles in the
innate and acquired immune responses (Leng et al., 2003).
Levels of antigen presentation to the surface of cells would
be reduced when gene expression levels of TAP2, BF2 and
CD74 decreased under cold stress, weakening the body’s
immunity to diseases. These results are consistent with the
common phenomenon that the body is most likely to get sick
under cold stress.

In order to further understand the gene regulatory mech-
anisms of cold stress, KEGG pathway analysis of DEGs was
performed. For further discussion, we choose pathway
which reached very significant level to discussion (p<<0.01).
The results show that DEGs were enriched in pathways
associated with metabolism.

Four genes included LDHB, FBP1, PCK1, and PGM1 are
involved in the pathway of glycolysis/gluconeogenesis path-
way. Of these, LDHB, FBPI, and PCKI were up-regulated
and PGM1 was down-regulated under cold stress. FBPI
gene encodes a gluconeogenesis regulatory enzyme that
catalyzes the hydrolysis of fructose 1, 6-bisphosphate to

fructose 6-phosphate and inorganic phosphate. Fructose-1,6-
diphosphatase deficiency is associated with hypoglycemia
and metabolic acidosis (Baker and Winegrad,1970). PCKI
encodes phosphoenolpyruvate carboxykinase 1, which cata-
lyzes the formation of phosphoenolpyruvate from oxaloace-
tate, releasing carbon dioxide and GDP. Defect in this gene
cause cytosolic phosphoenolpyruvate carboxykinase defi-
ciency (Hommes et al., 1976). LDHB encodes lactate de-
hydrogenase B, which catalyzes the reversible conversion of
lactate and pyruvate, as well as NAD and NADH, in the
glycolytic pathway. Mutations in this gene are associated
with lactate dehydrogenase B deficiency. PGMI encodes
phosphoglucomutase 1, which catalyzes the transfer of phos-
phate between the 1 and 6 positions of glucose. FBPase and
phosphoenolpyruvate carboxykinase 1 are the main control
points for the regulation of gluconeogenesis. Cold stress-
induced transcription of PCK1 and FBP1 helps that maintain
blood sugar levels by promoting gluconeogenesis, resulting
in the inhibition of glycolysis and stimulation of gluconeo-
genesis.

Six genes were found to be involved in pyruvate metabo-
lism, propanoate metabolism, and fatty acid metabolism:
ACOXI1, ALDH?2, and HADHB were up-regulated, and ME1,
ACACA, and FASN were down-regulated under cold stress.
ACOXI, ACACA and FASN were discussed under the GO
enrichment analysis. HADHB is a subunit of the mitochon-
drial trifunctional protein and has thiolase activity, which
catalyzing the last three steps of mitochondrial beta-oxi-
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dation of long-chain fatty acids. ALDH?2 encodes acetalde-
hyde dehydrogenase 2, which catalyzes the oxidation of
acetaldehyde to acetic acid. MEI encodes malic enzyme 1,
which catalyzes the oxidative decarboxylation of L-malate
and NADP + to produce pyruvate and NADPH. NADPH is
an important factor that influences the fatty acid synthesis.
Based on our results, we speculate that the down-regulation
of MEI, ACACA, and FASN reduces the activity of these
enzymes, resulting in the production of acetyl CoA through
fatty acid metabolism and propanoate metabolism. As a
result, fatty acid synthesis is repressed. The up-regulated
expression of ACOXI and HADHB indicates that fatty acid
B-oxidation was enhanced under cold stress. Up-regulation
of ALDH? increases the formation of acetic acid, which is
further converted into acetyl coenzyme. This allows more
acetyl coenzyme A to enters the Krebs cycle, releasing
energy. This is consistent with the body’s demand for
energy during cold adaptation.

Taken together, our data reveal the mechanism of response
to cold stress in broilers. These results may serve as an im-
portant reference for the selection and breeding of broilers
and may provide new material for the chicken genomic
studies.
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