
  INTRODUCTION 
  Heat shock proteins and heat shock factors have long 

been considered the most important regulation proteins 
and factors in response to heat stress (Morimoto, 1998; 
Sonna et al., 2002). Many other genes (e.g., tumor ne-
crosis factor-α, c-fos, c-myc, and dual specificity phos-
phatase 1 and 5) that are not traditionally classified 
into heat shock proteins are also found to be associ-
ated with heat regulation (Bukh et al., 1990; Keyse and 
Emslie, 1992; Ishibashi et al., 1994; Chen et al., 1997; 
Singh et al., 2000). Recent research based on global 
gene expression analysis demonstrates that hundreds 
of the other genes are involved in the process as well 

(Sakaki et al., 2003; gao et al., 2004; Buckley et al., 
2006; Koide et al., 2006; Li et al., 2009). 

  The chicken (Gallus gallus), an important animal in 
both agricultural and biomedical research, is able to 
maintain its body temperature within a narrow range 
through physiological self-regulation. Nevertheless, ex-
cessive heat stress beyond the range of regulation may 
lead to serious damage or even death to the organism 
(Halevy et al., 2001). In the chicken, molecular research 
has shown that heat stress would change the metabolic 
process, affect the immune system, and consequently 
decrease growth and layer performance (Wallis and Bal-
nave, 1984; Donkoh, 1989; Mashaly et al., 2004). How-
ever, heat regulation is a complicated process and the 
exact molecular mechanism is not fully understood. 

  Microarray has become the method of choice to mon-
itor gene expression under various conditions (Schena 
et al., 1995). In this study, to investigate global gene re-
sponse to chronic heat exposure, a breast muscle cDNA 
library and a liver tissue cDNA library from Silkie fowl 
were constructed and analyzed in bioinformatics, and 
the nonredundant EST contained in the libraries were 
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  ABSTRACT   The process of heat regulation is complex 
and the exact molecular mechanism is not fully un-
derstood. To investigate the global gene response to 
chronic heat exposure, a breast muscle cDNA library 
and a liver tissue cDNA library from Silkie fowl were 
constructed and analyzed in bioinformatics. A total of 
8,935 nonredundant EST were identified from and used 
for gene expression analysis. Microarray assay revealed 
that in breast muscle of broiler chickens (Gallus gal-
lus), 110 genes changed expression levels after 3 wk of 
cycling heat stress. Ubiquitin B (UBB); ubiquitin C 
(UBC); tumor necrosis factor receptor-associated fac-
tor 3-interacting Jun amino-terminal kinase activating 
modulator (TRAF3IP3); eukaryotic translation initia-
tion factor 3, subunit 6 (EIF3S6); poly(A) binding pro-
tein, cytoplasmic 1 (PABPC1); and F-box only protein 
11 (FBXO11) were the only genes that have been re-

ported to be involved in heat regulation; the majority 
of the other genes were shown to be related for the 
first time. The finding of new heat-reactive genes [mito-
gen-activated protein kinase activating protein PM20/
PM21; suppressors of cytokine signaling (SOCS) box-
containing protein 2 (ASB2); ubiquitin-specific protein-
ase 45 (USP45); and TRK-fused gene (TFG)] suggests 
that the mitogen-activated protein kinase pathways as 
well as the ubiquitin-proteasome pathways and the nu-
clear factor κB pathways play important roles in heat 
regulation. This study provides new information on the 
regulation of heat stress, though the mechanism is far 
from being understood. Further in-depth research on 
the newly discovered heat-reactive genes is required to 
fully understand their molecular functions in thermo-
regulation. 
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identified from and used for gene expression analysis in 
breast muscle of broiler chickens.

MATERIALS AND METHODS

Animals and Treatments

Male commercial Arbor Acres broiler chickens were 
raised until they reached 24 d of age. Following an over-
night fast, 36 healthy chickens were weighed and evenly 
allocated into 2 identical environment-controlled cham-
bers (Institute of Animal Science of CAAS, Beijing, 
China). For the treatment group, ambient temperature 
was increased at the rate of 2°C/d until the temperature 
reached 27°C. To simulate the natural high temperature 
summer climate, a cycling heat stress procedure was in-
duced on d 28 posthatch. Temperature was maintained 
at 27°C at night, increased from 0800 to 1400 h to 
33°C, kept at the maximum temperature until 1800 h, 
and then decreased from 1800 to 2200 h to 27°C. Tem-
perature for the controls was constantly maintained at 
23°C. The RH for both groups was maintained at 50%. 
A 24-h photoperiod was provided by fluorescent lamps, 
and water and feed that met NRC (1994) requirements 
were supplied for ad libitum consumption throughout 
the experiment. All birds were weighed and killed by 
inhalation a gas of carbon dioxide and argon mixture 
on d 49 posthatch. Breast muscle samples were col-
lected and frozen in liquid nitrogen for future use.

cDNA Library Construction and Analysis

Breast muscle and liver tissue samples were collected 
from a 6-mo-old Silkie fowl. Total RNA was isolated 
using TRIzol reagent (cat. no. 15596-026, Invitrogen, 
Carlsbad, CA), and the cDNA libraries were construct-
ed using ZAP-cDNA Synthesis Kit (cat. no. 200400, 
Stratagene, Beijing, China) and ZAP-cDNA gigapack 
III gold Cloning Kit (cat. no. 200450, Stratagene) ac-
cording to the manufacturer’s protocol. The indepen-
dent transformants were selected and subjected to 5′-end 
single-pass sequencing using BigDye Terminator Cycle 
Sequencing Kit (version 3.1, cat. no. 4337456, Applied 
Biosystems, Carlsbad, CA) and T3 universal sequenc-
ing primer 5′-AATTAACCCTCACTAAAggg-3′.

Vector sequences and poly(A) tail were screened and 
trimmed, and sequences with inserts shorter than 20 bp 
and sequences having more than 5% ambiguous bases 
repeated were eliminated. Homologies were determined 
by comparing the high quality sequences against the 
nonredundant reference sequence database using Ba-
sic Local Alignment Search Tool (Altschul et al., 1997) 
with a minimum standard expect value of 1 × e−10. 
genomic sequences, mitochondrial-coded sequences, ri-
bosomal RNA sequences, and repetitive sequences were 
eliminated. Finally, the uncontaminated sequences were 
assembled through Phrap (http://www.phrap.org) and 

evaluated by Consed (gordon et al., 1998). The shared 
common genes were identified through Basic Local 
Alignment Search Tool procedure.

Microarray Fabrication

The nonredundant EST contained in the libraries 
were identified and amplified using T3 forward primer 
5′-AATTAACCCTCACTAAAggg-3′ and T7 reverse 
primer 5′-gTAATACgACTCACTATAgggC-3′. For 
one 96-well plate with 100-μL reaction volume, a master 
mixture was prepared by mixing 7.5 mL of Milli-Q wa-
ter (Millipore, Billerica, MA), 1 mL of 10× PCR buffer, 
1 mL of MgCl2 (25 mM), 100 μL of T3 forward 20-mer 
primer 5′-AATTAACCCTCACTAAAggg-3′ (20 μM), 
100 μL of T7 22-mer reverse primer 5′-gTAATAC-
gACTCACTATAgggC-3′ (20 μM), 20 μL of deoxy-
nucleoside triphosphate (100 mM), and 20 μL of Plati-
num Taq (5 U/μL; Invitrogen, cat. no. 10966-034). For 
each reaction, 98 μL of master mixture was mixed with 
2 μL of plasmid solution. Reactions were performed in 
a thermocycler (9700, PerkinElmer, Waltham, MA) us-
ing cycling conditions as follows: initial denaturation at 
95°C for 5 min; 35 cycles of 95°C denaturing for 30 s, 
55°C annealing for 30 s, and 72°C extension for 2 min; 
and 72°C elongation for 7 min after the last cycle.

Chicken housekeeping genes cytoplasmic β-actin 
(genBank no. X00182) and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH; genBank no. AF047874) 
were used as positive controls. Three maize (Zea mays) 
gene fragments (genBank no. AY105062, AY108832, 
and AY104930) without significant homology (<20 bp) 
to known animal nucleotide sequences and the printing 
solution 3× saline sodium citrate (SSC) +1.5 M betaine 
were used as negative controls. One 1.0-kb λ-DNA frag-
ment (genBank no. J02459) was amplified by forward 
primer 5′-gTACggTCATCATCTgACACT-3′ and re-
verse primer 5′-gCAATCggCATgTTAAACggC-3′ 
and was used as internal control.

The amplicons were purified by 96-well multiscreen 
filter plates (cat. no. MANU 030 50, Millipore) and then 
dissolved in printing solution to a final DNA concentra-
tion of 150 to 200 μg/mL. At 45 to 50% of relative en-
vironmental humidity and 22°C constant temperature, 
samples were arrayed onto Corning gAPS II Coated 
Slides (cat. no. 40005, Corning, Lowell, MA) in tripli-
cate with 100 μm of spot diameter and 180 μm of spot 
central distance through SpotArray 72 MicroArrays 
Printing System (PerkinElmer). On one microarray, a 
total of 27,435 spots including 26,808 experiments and 
672 controls were printed.

Probe Labeling and Hybridization

Total RNA from the breast muscle was extracted us-
ing TRIzol reagent (Invitrogen). To reduce the effects of 
individual variation and the number of arrays required, 
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equal amounts of total RNA from 6 chickens of the same 
group were pooled. Twenty micrograms of the RNA 
was labeled by incorporation of 5-(3-)-2′deoxyuridine-
5′-triphosphate (cat. no. A0410, Sigma) during reverse 
transcription using Superscript II RT (200 U/μL; cat. 
no. 18064014, Invitrogen) and oligo dT(18) (2 μg/μL). 
The aminoallyl labeled cDNA probe was combined with 
Cy-dye mono NHS ester (cat. no. RPN5661, Amersham 
Pharmacia, Piscataway, NJ) and then purified through 
the protocol provided by FairPlay II Microarray Label-
ing Kit (cat. no. 252006, Stratagene). The Cy5- and 
Cy3-labled probes from both stress and control samples 
were dissolved in hybridization solution containing 50% 
formamide, 5× SSC, 0.2% SDS, 0.2 mg/mL of BSA 
(cat. no. TZC02042614, Sigma), and 30 μg of salmon 
sperm DNA (cat. no. 15632-011, Invitrogen).

Prior to hybridization, slides were rehydrated, UV 
cross-linked at energy of 150 to 300 mJ, washed in 0.1% 
SDS, and blocked for 45 to 60 min at 42°C in prewarmed 
prehybridization solution that contained 25% forma-
mide, 5× SSC, 0.1% SDS, and 10 mg/mL of BSA (1%). 
Subsequently, the microarray was washed in Milli-Q 
water, rinsed with isopropanol, and dried by centrifuga-
tion. The probe preparation was denatured at 95°C for 
5 min and then allowed to hybridize with microarray at 
42°C for 12 to 16 h. Microarray was washed and dried 
according to the protocol provided by Corning gAPS 
II Coated Slides. To reduce the potential of high false 
positives and to minimize the dye-related bias, another 
2 biological replicates and the dye-swap technical rep-
licate for each were performed. In total, 6 microarrays 
were subjected to the following analysis.

Microarray Data Analysis
Microarrays were scanned using ScanArray 4000 con-

focal fluorescent scanner (gSI group, Bedford, MA) 
with settings of 80% laser power, 80% photomultiplier 
tube, and 5 μm scanning resolution. Images from both 
Cy3 and Cy5 channels were analyzed in QuantArray 3.0 
(Packard BioScience, Meriden, CT). The intensity was 
imported into and analyzed by geneSpring 7.2 (Agilent 
Technologies, Santa Clara, CA). The average intensity 
of 3 spots for each gene was used. Data were trans-
formed by logarithm, normalized by per spot and per 
chip, and filtered on gene expression level. The filtra-
tion threshold was defined based on the signal intensity 
of negative controls. genes with raw signal intensity 
lower than the settings in any channels of the dye-swap 
paired microarrays were excluded from further analysis. 
By setting the cut-off values for downregulated genes 
at ≤0.6 and upregulated genes at ≥1.5, genes that met 
with or were higher than this standard were considered 
as differentially expressed. Functional definition and 
categorization were decided by searching the genBank 
database and the gene ontology database (http://www.
geneontology.org).

Quantitative PCR
To validate the identified genes, quantitative PCR 

(Q-PCR) was performed on 9 genes. gene-specific 
primers were designed based on the EST using online 
software Primer3 (http://frodo.wi.mit.edu). The RNA 
used here was extracted independently, and as in mi-
croarray analysis pooled RNA from 6 individuals of the 
same group was used. In the presence of oligo dT(18) 
(2 μg/μL), 20 μg of pooled total RNA was reverse tran-
scribed into cDNA using Superscript II. For LightCy-
cler (Roche Diagnostics, Basel, Switzerland) reaction, a 
master mix of the following reaction components was 
prepared to the indicated final concentration: 13 μL 
of Milli-Q water, 2.4 μL of MgCl2 (4 mM), 0.8 μL of 
forward primer (0.4 μM), 0.8 μL of reverse primer (0.4 
μM), and 2.0 μL of Fast Start DNA Master SYBR 
green I (cat. no. 12015099001, Roche Diagnostics). 
Nineteen microliters of LightCycler master mix and 1 
μL of cDNA template were filled into the LightCycler 
glass capillaries. The quantification was performed in 
a LightCycler by running the following protocol: 95°C 
denature for 10 min; and 45 cycles of amplification and 
quantification program 95°C for 15 s, 60°C for 10 s, and 
72°C for 30 s with a single fluorescence measurement. 
Housekeeping gene β-actin (genBank no. X00182), 
amplified by primers gTCTCACTggATTTCgAgCA 
and gACCTgACCATCAgggAgTT, was used for 
standard curve construction and the relative expression 
ratios of target genes were normalized to β-actin. Simi-
lar to the microarray analysis, the quantification was 
also performed on the other 2 biological replicates.

Statistical Analysis
Chicken BW data were analyzed using Duncan’s 

multiple range test procedure of SAS (SAS Institute, 
Cary, NC). Statements of statistical significance were 
based on P ≤ 0.05. The variation between samples is 
expressed as mean ± SEM. Fold change in Q-PCR and 
microarray analysis was presented as the arithmetic 
mean of the replicates.

RESULTS

Effects of Heat Stress on Chicken 
Performance

The BW of chickens and the feeders was individually 
measured starting on trial d 1(d 28) and finishing on 
trial d 21(d 49). Data were subjected to variance analy-
sis through SAS software using Duncan’s multiple range 
test. Analysis results show that the daily BW gain of 
the heat stress-treated group was significantly lower (P 
< 0.01) than that of the control group, and the feed 
conversion efficiency of the heat stress group was also 
lower than that of the control group (Table 1).
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cDNA Library Analysis
A breast muscle cDNA library and a liver tissue 

cDNA library from a Silkie fowl were constructed and 
analyzed in bioinformatics (Table 2). Sequence assem-
bly showed that the breast muscle cDNA library con-
tained 6,023 clusters, which included 4,087 singletons 
and 1,936 contigs, and the liver tissue cDNA library 
contained 4,839 clusters, which included 3,019 single-
tons and 1,820 contigs. Comparison of the nonredun-
dant clusters from both libraries revealed that the 2 
libraries shared 1,413 common genes. By eliminating 
the common genes, a total of 9,449 nonredundant EST 
were obtained, amplified, and purified. After removal of 
the weak or failed and multiband amplifications, 8,935 
high quality amplicons were finally obtained for expres-
sion analysis.

Identification of the Upregulated Genes
In geneSpring, by setting the cut-off values at 1.5, 

67 genes were shown to have increased expression in 
heat stress samples when compared with the controls. 
Homology analysis showed that 42 of these genes were 
functionally annotated; homologous sequences were 
found for 12 genes but without functional definitions, 
and the remaining 13 genes were shown to be novel.

Based on the definition in molecular function, the 42 
annotated genes were categorized into 8 categories: cell 
structure and motility, signal transduction and trans-
port, protein metabolism and modification, nucleoside 
and nucleic acid metabolism, lipid metabolism, carbo-
hydrate metabolism, cell cycle, and functionally unclas-
sified genes. These EST were submitted to the genBank 
database and assigned accession numbers. The detailed 
information on these genes is listed in Table 3.

Identification of the Downregulated Genes
By setting the cut-off values for downregulated genes 

at 0.6, the expression levels of 43 genes were observed 
to be decreased in the stress group. In the genBank 
database, 17 of these downregulated genes were previ-
ously reported with functional annotations, 17 other 
genes could find homologous sequences but their func-
tions were unknown, and the remaining 9 genes were 
newly discovered.

The 17 annotated genes were classified into 6 catego-
ries based on their molecular functions: cell structure 
and motility, signal transduction and transport, protein 
metabolism and modification, nucleoside and nucleic 
acid metabolism, carbohydrate metabolism, and func-
tionally unclassified genes. All EST sequences of these 
genes were submitted to the genBank database. The 
detailed information on these genes is listed in Table 
4.

Validation by Q-PCR
The fold change of target genes was normalized to 

the expression level of housekeeping gene β-actin. The 
Q-PCR confirmation results are displayed in Table 5. 
The upregulated genes EH380121 (PDZ and LIM do-
main protein 3; PDLIM3), EH380152 (TRK-fused gene; 
TFG), EH380181, and EH380183 (ribosomal protein S 
24; RPS24), which were observed to be 2.24-, 2.17-, 
2.42-, and 1.98-fold changed, respectively, in microar-
ray analysis, were confirmed to be 6.18-, 4.48-, 6.96-,  
and 2.23-fold changed, respectively, in Q-PCR. The 
downregulated genes EH380201 (α-actinin-1; ACTN1), 
EH380225, EH380226, EH380229, and EH380232, 
which were observed to be 0.49-, 0.5-1, 0.48-, 0.50-, and 
0.46-fold changed, respectively, in microarray analysis, 
were confirmed to be 0.35-, 0.57-, 0.29-, 0.69-, and 0.35-
fold changed, respectively, in Q-PCR.

DISCUSSION
The Silkie fowl is physically characterized by its 

grayish-black meat, black bones, blue earlobes, and 5 
toes on each foot. In this study, a breast muscle cDNA 
library and a liver tissue cDNA library from this ani-
mal were constructed and analyzed in bioinformatics, 
and a total of 8,935 nonredundant EST representing 

Table 1. Mean daily feed intake, weight gain, and feed:gain 
ratio1 

Item Heat stress Control

ADFI (g/d) 110.27 150.61
ADg (g/d) 37.97 ± 1.59b 61.43 ± 4.83a

Feed:gain ratio (g:g) 2.91 2.45

a,bMeans within a row with no common superscript differ significantly 
(P < 0.01).

1Eighteen birds/group.

Table 2. Results of bioinformatics analysis of the breast muscle and the liver tissue cDNA libraries1 

cDNA library
Sequencing 

reaction
Cleaned 

EST

Cluster

Singleton Contig

Breast muscle 25,467 16,600 4,087 1,936
Liver tissue 28,276 17,733 3,019 1,820

1Values are number of genes. There were 1,413 common genes and 9,449 unique genes.
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Table 3. Information on the upregulated genes 

Accession no. gene symbol gene description
Fold  

change

Cell structure and motility
 EH380121 PDLIM3 PDZ and LIM domain protein 3 2.24
 EH380129 PHACTR1 Phosphatase and actin regulator 1 1.80
 EH380186 SPTBN1 Spectrin β chain, brain 1 2.31
Signal transduction/transport
 EH380122 Fgg Fibrinogen gamma chain 1.97
 EH380126 LOC425113 Immunoglobulin-like receptor CHIR-B2 precursor 2.44
 EH380135 VTN Vitronectin 2.18
 EH380145 ADRA1B Adrenergic, α-1B-, receptor 1.80
 EH380160 CD82 CD82 molecule 2.07
 EH380125 HPX Hemopexin 2.03
 EH380175 ABCF2 ATP-binding cassette, subfamily F (gCN20), member 2 2.11
 EH380128 FTMT Ferritin H chain protein 2.02
Protein metabolism and 
 modification
 EH380127 EIF3S6 Eukaryotic translation initiation factor 3, subunit 6 2.35
 EH380142 AgXT2L1 Alanine-glyoxylate aminotransferase 2-like 1 2.14
 EH380143 SERPINA1 α-1-Antitrypsin 1.82
 EH380144 FBXO11 F-box only protein 11 1.70
 EH380171 UBB, UBC Ubiquitin B, ubiquitin C 2.40
 EH380183 RPS24 Ribosomal protein S24 1.98
 EH380134 RPL17 Ribosomal protein L17 2.11
Nucleoside and nucleic acid 
 metabolism
 EH380133 PABPC1 Poly (A) binding protein, cytoplasmic 1 1.87
 EH380136 DHX15 DEAH (Asp-glu-Ala-His) box polypeptide 15 1.71
 EH380137 Lhx6 LIM homeobox protein 6 isoform 1 2.62
 EH380147 SMYD2 SET and MYND domain containing 2 2.38
 EH380172 EFTUD2 Elongation factor Tu gTP binding domain containing 2 1.74
 EH380179 SPEN Msx-2 interacting nuclear target protein 1.62
 EH380185 TCF3 Transcription factor 3 1.96
Lipid metabolism
 EH380130 ACAT2 Acetyl-coenzyme A acetyltransferase 2 1.96
 EH380139 Elovl2 Elongation of very long chain fatty acids 1.74
Carbohydrate metabolism
 EH380138 ALg2 Asparagine-linked glycosylation 2 homolog 1.65
 EH380148 gALM Aldose 1-epimerase 1.84
 EH380149 UgT1A9 UDP-glucuronosyltransferase 2.09
 EH380174 IDH2 Isocitrate dehydrogenase 2 (NADP+), mitochondrial 2.27
 EH380180 FBP1 Fructose-1, 6-bisphosphatase 1.82
Cell cycle      
 EH380176 MAD2L1 Mitotic spindle assembly checkpoint protein MAD2A 1.75
Unclassified genes
 EH380131 ETFA Electron-transfer-flavoprotein, α polypeptide 1.94
 EH380140 FADS2 Delta-6 fatty acid desaturase 1.70
 EH380150 FNDC3B Fibronectin type III domain containing 3B 2.25
 EH380152 TFg TRK-fused gene 2.17
 EH380153 LOC421151 RIKEN cDNA 2610318g18 1.63
 EH380156 DOHH Deoxyhypusine hydroxylase/monooxygenase 1.91
 EH380177 TMEM59 Transmembrane protein 59 2.24
 EH380178 ASB2 Ankyrin repeat and SOCS box-containing protein 2 1.74
 EH380182 LOC419462 MAPK activating protein PM20/PM21 2.22
genes with homologous sequence 
 but without functional definition
 EH380124   Hypothetical protein 2.34
 EH380146   Gallus gallus BAC clone 1.94
 EH380151   Gallus gallus finished cDNA 1.56
 EH380154   Hypothetical protein 2.04
 EH380155   Gallus gallus finished cDNA 1.61
 EH380157 LOC395778 Hypothetical protein 1.81
 EH380158 LOC420731 Hypothetical protein 1.55
 EH380159   Gallus gallus finished cDNA 1.51
 EH380184   Gallus gallus finished cDNA 1.64
 EH380187 LOC418756 Hypothetical gene supported by CR390784 2.08
 EH380188   Gallus gallus finished cDNA 1.56
 EH380191   Gallus gallus finished cDNA 1.62
Novel genes
 EH380141     1.72
 EH380161     2.90
 EH380162     2.08
 EH380163     2.83
 EH380164     1.98

Continued
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Table 4. Information on the downregulated genes 

Accession no. gene symbol gene description
Fold  

change

Cell structure and motility
 EH380201 ACTN1 α-Actinin-1 0.49
 EH380209 MYBPC1 Myosin-binding protein C, slow type 0.51
Signal transduction and transport
 EH380190 KITLg KIT ligand 0.47
 EH380198 LEPROT Leptin receptor overlapping transcript 0.45
 EH380123 SNX27 Sorting nexin family member 27 0.36
Protein metabolism and 
 modification
 EH380197 TPP-II Tripeptidyl peptidase II 0.29
 EH380200 USP45 Ubiquitin specific proteinase 45 0.44
 EH380206 Dpp9 Dipeptidyl peptidase 9 0.48
 EH380207 PDK4 Pyruvate dehydrogenase kinase-like protein 0.49
Nucleoside, nucleotide, and 
 nucleic acid metabolism

 EH380173 SMARCB1
SWI/SNF-related matrix-associated actin-dependent regulator of 
chromatin subfamily B member 1 0.59

Carbohydrate metabolism
 EH380193 PFKM 6-phosphofructokinase, muscle type 0.43
Unclassified genes
 EH380196 ZDHHC13 Zinc finger, DHHC-type containing 13 0.59
 EH380189 TRAF3IP3 TRAF3-interacting JNK-activating modulator 0.51
 EH380202 COL4A1 Collagen IV a1 chain 0.52
 EH380203 CACNg1 Calcium channel, voltage-dependent, gamma subunit 1 0.49
 EH380205 CLEC12A C-Type lectin domain family 12, member A 0.54
 EH380208 CHIR-B3 Immunoglobulin-like receptor CHIR-B3 precursor 0.50
genes with homologous sequence 
 but without functional definition
 EH380199 LOC424617 Protein KIAA0494 0.46
 EH380204 LOC421816 ACY1L2 protein 0.38
 EH380210   Gallus gallus finished cDNA 0.37
 EH380211   Hypothetical protein 0.45
 EH380212 LOC421477 PRO1853 protein isoform 1 0.46
 EH380213 LOC419404 Gallus gallus LOC419404 0.50
 EH380214 LOC422735 Hypothetical protein LOC286097 0.38
 EH380215   Gallus gallus finished cDNA 0.49
 EH380216   Gallus gallus finished cDNA 0.52
 EH380217   Gallus gallus finished cDNA 0.49
 EH380218   Hypothetical protein 0.43
 EH380219 LOC418604 Hypothetical protein FLJ34960 0.53
 EH380220   Gallus gallus finished cDNA 0.56
 EH380221   Gallus gallus finished cDNA 0.48
 EH380222   Gallus gallus finished cDNA 0.59
 EH380223   Gallus gallus finished cDNA 0.56
 EH380224   Gallus gallus BAC clone 0.56
Novel genes
 EH380225     0.51
 EH380226     0.48
 EH380227     0.48
 EH380228     0.56
 EH380229     0.50
 EH380230     0.59
 EH380231     0.56
 EH380232     0.46
 EH380233     0.58

Table 3 (Continued). Information on the upregulated genes

Accession no. gene symbol gene description
Fold  

change

 EH380165     1.74
 EH380166     1.56
 EH380167     1.77
 EH380169     1.84
 EH380170     2.10
 EH380181     2.42
 EH380192     1.80
 EH380195     1.69
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unique genes were identified. These EST can be further 
used for specific traits as well as general species-related 
research.

Housekeeping genes cytoplasmic β-actin and GAPDH 
are frequently used as positive controls in microarray 
analysis and Q-PCR confirmation. In this experiment, 
chicken cytoplasmic β-actin (genBank no. X00182) 
and GAPDH (genBank no. AF047874) were amplified 
and printed onto slides together with other elements. 
Microarray data analysis showed that the 2 genes were 
1.046- and 0.429-fold changed, respectively, after the 
cycling heat stress, indicating that β-actin is more suit-
able as an internal control than GAPDH in stress-re-
lated research.

In general, the broiler chicken has the most rapid 
growth between 4 and 7 wk. We presumed that the 
related genes might have highest activity as well, and 
introduced heat stress during this period is more likely 
to affect their expression levels. Data analysis showed 
that the group treated with heat stress had remarkably 
decreased feed consumption and weight gain (P < 0.01; 
Table 1). However, all chickens were raised in 2 identi-
cal chambers and no significant difference was detected 
at the beginning, suggesting that heat stress had a sig-
nificant effect on chicken growth.

Accompanied with the phenotypic changes, the fol-
lowing microarray analysis revealed that more than 100 
genes have altered expression in breast muscle. The 
validation of Q-PCR on 9 genes indicates that the mi-
croarray analysis is reliable even though it tends to 
underestimate the extent of upregulated genes (Ta-
ble 5), and also indicates that in microarray analysis 
the pooled RNA strategy and the dye-swap analysis 
method can improve the efficiency of gene discovery. 
Furthermore, the confirmation demonstrates that the 
phenotypic variations are the consequence of gene ex-
pression differences.

gene analysis showed that 59 of the differentially 
expressed genes have been functionally annotated and 
the other 51 have not yet been defined (Table 3 and 4). 
Within the annotated genes, the only genes that have 
been described to be associated with stress response 
are the following: ubiquitin B (UBB); ubiquitin C 
(UBC); tumor necrosis factor receptor-associated fac-
tor (TRAF) 3-interacting Jun amino-terminal kinase-

activating modulator (TRAF3IP3); eukaryotic transla-
tion initiation factor 3, subunit 6 (EIF3S6); poly(A) 
binding protein, cytoplasmic 1 (PABPC1); and F-box 
only protein 11 (FBXO11; Bond and Schlesinger, 1985; 
Laroia et al., 1999; Sonna et al., 2002; Tsan and gao, 
2004; gorostizaga et al., 2005; Lee et al., 2005; Buckley 
et al., 2006; Wheeler and Wong, 2007). However, most 
of the other genes are for the first time shown to be 
related, including the following: mitogen-activated pro-
tein kinase (MAPK) activating protein PM20/PM21, 
the ankyrin repeat and suppressors of cytokine sig-
naling (SOCS) box-containing protein 2 (ASB2), the 
ubiquitin-specific proteinase 45 (USP45), and TFG.

The MAPK activating protein PM20/PM21 is upreg-
ulated and is associated with the regulation of MAPK 
pathways. The MAPK cascade is a highly conserved 
module involved in various cellular functions. Three 
subfamily members [extracellular signal-related ki-
nase-1/2/5, Jun amino-terminal kinase-1/2/3, and p38 
mitogen-activated protein kinase (α, β, γ, δ)] have been 
discovered in the MAPK family, and the component 
genes act as the integration point of multiple biochemi-
cal signals in cellular processes. Research has shown 
that the MAPK pathways are modulated by the heat-
responsive genes dual specificity phosphatase-1, dual 
specificity phosphatase-5 and MAPK phosphatase-1 
(MKP-1; Keyse and Emslie, 1992; Ishibashi et al., 1994; 
gorostizaga et al., 2004). The discovery of new heat-
reactive gene PM20/PM21 suggests that it may also 
play a role in heat regulation in the MAPK pathways.

gene classification found that 5 genes (UBB/UBC, 
PABPC1, FBXO11, ASB2, and USP45) are ubiquitin 
related. Ubiquitin is a highly conserved and heat-stable 
regulatory protein that plays a wide range of functions 
in the cell (Hershko and Ciechanover, 1998). The main 
role of the ubiquitin-proteasome pathways is to control 
the concentration of some key proteins by selectively 
conjugating and marking, so as to be recognized and 
shuttled to the proteasome for degradation (Burger 
and Seth, 2004). The ubiquitin-related genes UBB/
UBC, PABPC1, and FBXO11 have been shown to re-
act sensitively to heat stress (Bond and Schlesinger, 
1985; Laroia et al., 1999; Sonna et al., 2002; Buckley et 
al., 2006). However, genes ASB2 and USP45 are for the 
first time shown to be related. These findings further 

Table 5. Primers used for quantitative real-time PCR and the analysis results 

Accession  
no. Forward gene-specific primers 5′-3′ Reverse gene-specific primers 5′-3′

Product  
size (bp)

Fold  
change1

EH380121 TgACAAATgTgggAgTggAA TTTATCACgTgCCTTCACCA 52 6.18
EH380152 gAgCCgTTCATgCTTTgAAT TATCCTTCgAACgAggCAAg 126 4.48
EH380181 ggAACCgAAgCTACACgTCTT ATAgCTgCATCggTTCgAgTA 98 6.96
EH380183 ggAACCgAAgCTACACgTCTT AgATCATgCCAAAgCCTgTT 149 2.23
EH380201 TCACCCTgAAgTACCCCATT TgCCAgATCTTCTCCATgTC 67 0.35
EH380225 CCCTgCTCTTTAgAggCTTg ggATgCAgAATggACAgAgA 91 0.57
EH380226 TTgAATggACATTggAAAgC TgggATTCAgCATggTCTAA 150 0.29
EH380229 CAgTTTgTgAgggCCTgTTA ggATgTCACCCCTTTACCTg 50 0.69
EH380232 gAACAgCgATTTTACCAgCA TTgCTgAAACAgCCTCAAAC 65 0.35

1Fold change was calculated by averaging the value of 3 replicates.
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confirm that the ubiquitin-proteasome pathways are in-
volved in heat regulation.

As a newfound heat stress-associated gene, TFG was 
first known to be a partner of neurotrophic tyrosine 
kinase, receptor, type 1 in generating the thyroid TRK-
T3 oncogene and was presumed to be a novel member 
of the nuclear factor κB (NF-κB) pathways (greco et 
al., 1995). In NF-κB pathways, the activation of NF-
κB is activated by a variety of stimuli, such as growth 
factors, cytokines, and UV irradiation and stress. The 
TFG has functions in modulating the NF-κB pathways 
in inducing the activity of NF-κB by interacting with 
tumor necrosis factor-α, TRAF family member-associ-
ated NF-κB activator, TRAF2, and TRAF6 (Miranda 
et al., 2006).

Research has shown that the NF-κB pathways 
and MAPK pathways shared approximately 30 com-
mon genes (Matsuda et al., 2003). For instance, gene 
TRAF6, one of the genes that have certain functions 
in NF-κB pathways, also plays a role in activation of 
the MAPK pathways (Kishida et al., 2005; Miranda et 
al., 2006). On the other hand, the function of the NF-
κB pathways and the ubiquitin-proteasome pathways 
is associated as well (Chen, 2005), evidencing that the 
NF-κB pathways play an important role in thermoregu-
lation.

In this study, a total of 110 genes were detected to be 
differentially expressed by investigating the expression 
of 8,935 genes in breast muscle. Further research on the 
encoded proteins should provide better information on 
the mechanism of heat regulation. It is estimated that 
the chicken genome contains 20,000 to 23,000 genes 
(International Chicken genome Sequencing Consor-
tium, 2004). This means that many other genes might 
have been involved. To comprehensively illuminate the 
molecular mechanism of heat regulation, more extra 
genes and different tissues should be investigated, and 
an additional time-course experiment might be helpful 
in displaying gene expression patterns and their regula-
tion models.

ACKNOWLEDGMENTS

This work was financially supported by National Key 
Foundation Project (Tg2000016104) and the Founda-
tion for the Author of National Excellent Doctoral Dis-
sertation of P. R. China (no. 200151). We thank Bei-
jing genomics Institute (HUADA, Beijing, China) for 
their technical assistance on the sequence analysis of 
the cDNA library. We also thank W. Ulrich and A. Fa-
tima (Central Veterinary Research Laboratory, Dubai, 
United Arab Emirates) for suggestions and review of 
the manuscript.

REFERENCES
Altschul, S. F., T. L. Madden, A. A. Schäffer, J. Zhang, Z. Zhang, 

W. Miller, and D. J. Lipman. 1997. gapped BLAST and PSI-

BLAST: A new generation of protein database search programs.  
Nucleic Acids Res.  25:3389–3402.

Bond, U., and M. J. Schlesinger. 1985. Ubiquitin is a heat shock pro-
tein in chicken embryo fibroblasts.  Mol. Cell. Biol.  5:949–956.

Buckley, B. A., A. Y. gracey, and g. N. Somero. 2006. The cel-
lular response to heat stress in the goby Gillichthys mirabilis: 
A cDNA microarray and protein-level analysis.  J. Exp. Biol.  
209:2660–2677.

Bukh, A., H. Martinez-Valdez, S. J. Freedman, M. H. Freedman, and 
A. Cohen. 1990. The expression of c-fos, c-jun, and c-myc genes 
is regulated by heat shock in human lymphoid cells.  J. Immunol.  
144:4835–4840.

Burger, A. M., and A. K. Seth. 2004. The ubiquitin-mediated pro-
tein degradation pathway in cancer: Therapeutic implications.  
Eur. J. Cancer  40:2217–2229.

Chen, C., Y. Xie, M. A. Stevenson, P. E. Auron, and S. K. Calder-
wood. 1997. Heat shock factor 1 represses Ras-induced transcrip-
tional activation of the c-fos gene.  J. Biol. Chem.  272:26803–
26806.

Chen, Z. J. 2005. Ubiquitin signalling in the NF-κB pathway.  Nat. 
Cell Biol.  7:758–765.

Donkoh, A. 1989. Ambient temperature: A factor affecting perfor-
mance and physiological response of broiler chickens.  Int. J. 
Biometeorol.  33:259–265.

gao, H., Y. Wang, X. Liu, T. Yan, L. Wu, E. Alm, A. Arkin, D. K. 
Thompson, and J. Zhou. 2004. global transcriptome analysis of 
the heat shock response of Shewanella oneidensis.  J. Bacteriol.  
186:7796–7803.

gordon, D., C. Abajian, and P. green. 1998. Consed: A graphical 
tool for sequence finishing.  genome Res.  8:195–202.

gorostizaga, A., L. Brion, P. Maloberti, F. C. Maciel, E. J. Podestá, 
and C. Paz. 2005. Heat shock triggers MAPK activation and 
MKP-1 induction in Leydig testicular cells.  Biochem. Biophys. 
Res. Commun.  327:23–28.

gorostizaga, A., L. Brion, P. Maloberti, C. Poderoso, E. J. Podestá, 
F. C. Maciel, and C. Paz. 2004. Molecular events triggered by 
heat shock in Y1 adrenocortical cells.  Endocr. Res.  30:655–
659.

greco, A., C. Mariani, C. Miranda, A. Lupas, S. Pagliardini, M. 
Pomati, and M. A. Pierotti. 1995. The DNA rearrangement that 
generates the TRK-T3 oncogene involves a novel gene on chromo-
some 3 whose product has a potential coiled-coil domain.  Mol. 
Cell. Biol.  15:6118–6127.

Halevy, O., A. Krispin, Y. Leshem, J. P. McMurtry, and S. Yahav. 
2001. Early-age heat exposure affects skeletal muscle satellite cell 
proliferation and differentiation in chicks.  Am. J. Physiol. Regul. 
Integr. Comp. Physiol.  281:R302–R309.

Hershko, A., and A. Ciechanover. 1998. The ubiquitin system.  Annu. 
Rev. Biochem.  67:425–479.

International Chicken genome Sequencing Consortium. 2004. Se-
quence and comparative analysis of the chicken genome provide 
unique perspectives on vertebrate evolution. Nature 432:695–
716.

Ishibashi, T., D. P. Bottaro, P. Michieli, C. A. Kelley, and S. A. 
Aaronson. 1994. A novel dual specificity phosphatase induced by 
serum stimulation and heat shock.  J. Biol. Chem.  269:29897–
29902.

Keyse, S. M., and E. A. Emslie. 1992. Oxidative stress and heat 
shock induce a human gene encoding a protein-tyrosine phos-
phatase.  Nature  359:644–647.

Kishida, S., H. Sanjo, S. Akira, K. Matsumoto, and J. Ninomiya-
Tsuji. 2005. TAK1-binding protein 2 facilitates ubiquitination of 
TRAF6 and assembly of TRAF6 with IKK in the IL-1 signaling 
pathway.  genes Cells  10:447–454.

Koide, T., R. Z. Vêncio, and S. L. gomes. 2006. global gene expres-
sion analysis of the heat shock response in the phytopathogen 
Xylella fastidiosa.  J. Bacteriol.  188:5821–5830.

Laroia, g., R. Cuesta, g. Brewer, and R. J. Schneider. 1999. Control 
of mRNA decay by heat shock-ubiquitin-proteasome pathway.  
Science  284:499–502.

Lee, K. H., C. T. Lee, Y. W. Kim, S. K. Han, Y. S. Shim, and C. 
g. Yoo. 2005. Preheating accelerates mitogen-activated protein 
(MAP) kinase inactivation post-heat shock via a heat shock pro-

EXPRESSION ANALYSIS OF CHRONIC HEAT RESPONSE 1035



tein 70-mediated increase in phosphorylated MAP kinase phos-
phatase-1.  J. Biol. Chem.  280:13179–13186.

Li, Y., Q. Zhou, R. Hively, L. Yang, C. Small, and M. D. griswold. 
2009. Differential gene expression in the testes of different murine 
strains under normal and hyperthermic conditions.  J. Androl.  
30:325–337.

Mashaly, M. M., g. L. Hendricks, M. A. Kalama, A. E. gehad, A. 
O. Abbas, and P. H. Patterson. 2004. Effect of heat stress on pro-
duction parameters and immune responses of commercial laying 
hens.  Poult. Sci.  83:889–894.

Matsuda, A., Y. Suzuki, g. Honda, S. Muramatsu, O. Matsuzaki, 
Y. Nagano, T. Doi, K. Shimotohno, T. Harada, E. Nishida, H. 
Hayashi, and S. Sugano. 2003. Large-scale identification and 
characterization of human genes that activate NF-κB and MAPK 
signaling pathways.  Oncogene  22:3307–3318.

Miranda, C., E. Roccato, g. Raho, S. Pagliardini, M. A. Pierotti, 
and A. greco. 2006. The TFg protein, involved in oncogenic 
rearrangements, interacts with TANK and NEMO, two proteins 
involved in the NF-κB pathway.  J. Cell. Physiol.  208:154–160.

Morimoto, R. I. 1998. Regulation of the heat shock transcription-
al response: Cross talk between a family of heat shock factors, 
molecular chaperones, and negative regulators.  genes Dev.  
12:3788–3796.

National Research Council. 1994. Nutrient Requirements of Poultry. 
9th rev. ed. Natl. Acad. Press, Washington, DC.

Sakaki, K., K. Tashiro, S. Kuhara, and K. Mihara. 2003. Response of 
genes associated with mitochondrial function to mild heat stress 
in yeast Saccharomyces cerevisiae.  J. Biochem.  134:373–384.

Schena, M., D. Shalon, R. W. Davis, and P. O. Brown. 1995. Quanti-
tative monitoring of gene expression patterns with a complemen-
tary DNA microarray.  Science  270:467–470.

Singh, I. S., R. M. Viscardi, I. Kalvakolanu, S. Calderwood, and 
J. D. Hasday. 2000. Inhibition of tumor necrosis factor-α tran-
scription in macrophages exposed to febrile range temperature. A 
possible role for heat shock factor-1 as a negative transcriptional 
regulator.  J. Biol. Chem.  275:9841–9848.

Sonna, L. A., J. Fujita, S. L. gaffin, and C. M. Lilly. 2002. Effects 
of heat and cold stress on mammalian gene expression.  J. Appl. 
Physiol.  92:1725–1742.

Tsan, M. F., and B. gao. 2004. Cytokine function of heat shock 
proteins.  Am. J. Physiol. Cell Physiol.  286:C739–C744.

Wallis, I. R., and D. Balnave. 1984. The influence of environmental 
temperature, age and sex on the digestibility of amino acids in 
growing broiler chickens.  Br. Poult. Sci.  25:401–407.

Wheeler, D. S., and H. R. Wong. 2007. Heat shock response and 
acute lung injury.  Free Radic. Biol. Med.  42:1–14.

1036 LI ET AL.




