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ABSTRACT. Glucose-regulated protein 78 (GRP78) is a molecular
chaperone in the endoplasmic reticulum and can be induced by different
kinds of environmental and physiological stress. Thus far, the role of the
GRP78 gene in thermotolerance in chickens has not been investigated.
In the present study, we detected sequence variations in the 5'-flanking
region of the GRP78 gene and evaluated several thermotolerance
parameters, such as T3, corticosterone, H/L ratio, and levels of CD3",
CD4*, and CD8" T cells, to further determine its associations at 35°
and 15°C. The sequencing results revealed 10 SNPs in the 5'-flanking
region of the GRP78 gene, and seven mutations were chosen for further
genotyping in a White Recessive Rock (WRR) chicken population. The
SNP C.-744C>G in WRR chickens was significantly correlated with
heat tolerance parameters under both conditions; it may therefore exert
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a potential hereditary effect on heat tolerance, and the genotype GG
may be advantageous for thermotolerance. The heart, liver, brain, and
leg muscle tissues of 8-day-old WRR chickens were sampled from heat
stress groups, which were defined by exposure to 1, 2, 3, and 6 h of
persistent thermal stress, and a control group, which was not exposed to
thermal stress. Quantitative real-time polymerase chain reaction assay
indicated that the mRNA expression level of the GRP78 gene increased
gradually under heat stress, peaked at 3 h, and then decreased. We
conclude that the mRNA expression of the GRP78 gene is time- and
tissue-dependent.

Key words: GRP78 gene; Single-nucleotide polymorphism; Chicken;
Heat stress; Quantitative real-time PCR

INTRODUCTION

Heat shock proteins (HSPs) are synthesized by prokaryotic and eukaryotic cells upon
exposure to a cellular insult, such as severe heat shock, strong oxidants, UV irradiation, and
other stressful conditions. Among the HSPs, HSP70s are one of the most conserved and im-
portant protein families (Boutet et al., 2003; Deane and Woo, 2005). Glucose-regulated pro-
tein 78 (GRP78), which belongs to the HSP70 family, is a very important and conserved
chaperon in various species. As a central regulator of endoplasmic reticulum (ER) functions,
the GRP78 gene participates in ER protein folding and assembly, and regulates the unfolded
protein response and specific anti-apoptotic actions. It has been shown that GRP78 acts as an
anti-apoptotic chaperone that plays a key role in maintaining the proper functions of proteins
and organelles (Endo et al., 2007). Jia et al. (2013) found that pretreatment with prostaglandin
E1 and somatostatin alleviated ER stress by the induction of HSP70 (another member of the
HSP70 family) and GRP78. Kim et al. (2013) demonstrated that GRP78 gradually increased
in the mouse substantia nigra with 28-day heat exposure. Recently, GRP78 expression was
found to be related to disease occurrence. A study by Winder et al. (2011) provided the first
evidence that the rs391957 polymorphism of GRP78 could be a potential predictor for clinical
outcome in gastric and colorectal cancer patients. As an HSP, GRP78 could be associated with
heat stress; furthermore, we hypothesized that polymorphisms of the GRP78 gene, especially
those in the 5'-flanking region, may be involved in the regulation of its expression and even
associated with thermotolerance.

In modern poultry husbandry, heat stress is a severe problem. Under high ambient
temperature, chickens could suffer a series of negative impacts, such as poor feed intake,
decreased weight gain, poor feed efficiency (Siegel, 1995), change in blood biochemical indi-
cators, immunosuppression (Young, 1990), and high mortality (Yahav et al., 1995). Although
prolonged and continuous selection has increased broiler tolerance to high ambient tempera-
tures, chemical and immune regulation play very important roles in improving their thermal
tolerance and adaptability. The activation of the hypothalamic-pituitary-adrenal (HPA) axis
by stress is responsible for many behavioral and immune alterations (Zorrilla et al., 2001).
Corticosterone secreted by the adrenal gland is the main hormone that modulates chicken
physiology and behavior under heat stress conditions. It has been reported that acute heat
stress increases mortality; decreases food intake, body weight gain, and feed conversion; and
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increases serum corticosterone concentrations (Quinteiro-Filho et al., 2012). Both the thyrox-
ine (T4) and 3,5,3-triiodothyronine (T3) hormones, which are secreted by the thyroid gland,
are also involved in the regulation of metabolism and thermogenesis of chickens. In addition
to T3 and corticosterone, other physiological parameters may also be used to evaluate thermo-
tolerance parameters, such as heterophil to lymphocyte (H/L) ratio and the numbers of CD3",
CD4", and CDS8" T cells. Habibian et al. (2013) found that heat stress resulted in a significant
increase in the H/L ratio. Peripheral T lymphocyte subsets are widely recognized as indicators
of cell immunology status (Dietert et al., 1994).

Although many studies in humans and mice have reported that the GRP78 protein
plays an important role in protecting the host from various stimuli, there are no reports show-
ing that polymorphisms in the 5'-flanking region of the GRP78 gene are associated with ther-
motolerance parameters or with its mRNA expression under heat stress. The aim of the present
study was to identify some molecular markers of the chicken GRP78 gene that may be asso-
ciated with thermotolerance parameters and to analyze the chicken GRP78 gene expression
pattern among tissues.

MATERIAL AND METHODS
Experimental animals

A total of 100 individuals from eight native Chinese breeds (Wen Chang, Gu Shi, Luo
Si, Silkie, Tibet, Qing Yuan, Xing Hua, and Ling Shan) as well as the White Recessive Rock
(WRR) and red jungle-fowl breeds were used for sequence variation detection of the GRP78
gene 5'-flanking region.

Female WRR chickens (N = 160) were obtained from Xinguang Agriculture and Ani-
mal Husbandry Co., Ltd. Blood samples were taken from the wing vein of each bird after the
birds were heat-shocked at 35°C (summer). As control samples, wing vein blood was collected
from the same birds at 15°C (winter). These blood samples were used for subsequent experi-
ments, including genomic DNA isolation and the determination of series parameters, such as
H/L and levels of CD cells, T3, and corticosterone.

Measurement of related thermotolerance parameters

T3 and corticosterone levels were determined by enzyme-linked immunosorbent as-
say according to the manufacturer manual. The H/L ratio was determined by counting the cells
at the People’s Liberation Army Hospital 458 (Guangzhou, China). The levels of CD3*, CD4",
and CD8" T cells were determined by flow cytometry.

Heat stress experiment

Forty 1-day-old female WRR chickens were raised in a climate-controlled chamber
for 1 week, and feeding conditions and management were controlled according to the normal
feeding standards. On day 8, the control group was maintained at room temperature (25 +
1°C), while the temperature of the test groups was suddenly increased from 25 + 1°C to 40 +
1°C. Forty broilers were distributed randomly into the heat stress test groups, which were ex-
posed to 40 = 1°C for 1, 2, 3, or 6 h, and a control group, which was not exposed to heat stress.
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During the period of heat stress, the birds were given feed and water ad libitum. After heat
treatment, birds in each group were sacrificed, and the heart, liver, brain, and leg muscle tis-
sues of chickens were immediately sampled, placed in 2-mL cryopreserved tubes, and stored
in liquid nitrogen. Tissue samples were used to extract total RNA. This animal experiment was
approved by the Animal Ethics Committee of China.

Primer design, polymerase chain reaction (PCR) amplification, and polymorphism
identification

PCR primers were designed for PCR amplification of the chicken GRP78 gene (Gene
ID: M27260) and the GAPDH gene. The primer pairs P1, P2, P3, and P4 were used to detect
variation in the GRP78 gene 5'-flanking region. The primer pair P5 was used to amplify a 995-
bp fragment of the GRP78 gene for further genotyping by direct sequencing. The P6 (GRP78
mRNA primers) and P7 (GAPDH mRNA primers) primers were used for fluorescent quantita-
tive real-time PCR (qRT-PCR). Primer sequences and information are shown in Table 1.

The PCRs for variation detection and genotyping were conducted in a 50-pLL volume
containing 50 ng genomic DNA, 200 pM diethylnitrophenyl thiophosphates (ANTPs), 1X buf-
fer, 2 mM MgCl,, 1 uM of each primer, and 1.5 U Taq DNA polymerase (Shanghai Biologi-
cal Engineering Company, Shanghai, China). The PCR conditions for amplification were as
follows: initial denaturation at 94°C for 3 min, followed by 34 cycles of denaturation at 94°C
for 30 s, the appropriate annealing temperature (Table 1) for 30 s, and 72°C for 1 min/kb, and
a final extension at 72°C for 5 min. PCR products were detected by 1.5% agarose gel electro-
phoresis and then sent to BGI (Beijing, China) for DNA sequencing. The DNASTAR software
(http://www.biologysoft.com/; DNASTAR Inc., Madison, WI, USA) was used for sequence
alignment.

qRT-PCR analysis

Total RNA was extracted from the heart, brain, liver, and leg muscle tissue with
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following manufacturer instructions. First-
strand cDNA was synthesized using the ReverTra qPCR RT Master Mix gDNA remover kit
(Toyobo, Tokyo, Japan), and quantified by qRT-PCR using the Bio-Rad CFX96 system (Bio-
Rad, Hercules, CA, USA) with Bestar™ Real-Time PCR Master Mix (DBI, Ludwigshafen,
Germany). PCR amplification was performed at the following temperature conditions: 95°C
for 2 min, followed by 40 cycles of 95°C for 15 s, and 60°C for 20 s (signal collection), fol-
lowed by the construction of a melting curve. All samples were amplified in triplicate; after
amplification, the products were detected by 1.5% agarose gel electrophoresis to confirm the
amplification product.

Statistical analysis

The BLAST program (http://blast.ncbi.nlm.nih.gov/Blast.cgi) on the NCBI website
was used to research splicing sequence homology. The SeqMan program of the DNASTAR
software suite was used for sequence alignment, and transcription factor binding sites of the
5'-flanking region polymorphisms were predicted by the TRANSFAC database of the MOTIF
website (http://motif.genome.jp).
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Genotype and single nucleotide polymorphism (SNP) frequencies were analyzed by
the following formula: FAiAj = (AiAj / population size) x 100%, FA. = FA A +1/2 ZFAiAj (1i#
1) FAIA/. is the frequency of the AiAj genotype; FA, is the frequency of the A, allele.

Hardy-Weinberg equilibrium of the SNPs was determined using the HWSIM proce-
dure (http://krunch.med.yale.edu/hwsim/).

Association analysis of polymorphisms with thermotolerance parameters was carried
out using the general linear model process of the SAS 9.0 software (SAS Institute Inc., Cary,
NC, USA) and the following linear model:

I;. = U + Gz‘ + Eg’j (Equation)

where Y, is the phenotype value of thermotolerance parameters, 4 is the population mean, G,
is the genotype or haploid effect value, and £, is the residual effect.

The heat-resistant properties of the same SNP genotype under different conditions
were compared by r-test using the SAS 9.0 software.

gRT-PCR data analysis was undertaken by using mean values of 222 from three
samples in three biological replicates. All values are reported as means + standard error.

RESULTS
Identification of SNPs that alter transcription factor binding sites

Using the four primer pairs P1-P4 (Table 1), 10 SNPs were identified in the 2400-bp
5'-flanking region of the chicken GRP78 gene. Analysis using the MOTIF website (http://
tfbind.hgc.jp/) revealed that seven of these mutations would alter transcription factor binding
sites (Table 2). These seven SNPs were further genotyped in 160 WRR chicken populations;
the genotype information is provided in Table 3. The Hardy-Weinberg equilibrium test results
showed that all of these SNPs were in equilibrium, indicating that these mutations have not
undergone selection.

Table 1. Primer sequences and information.

Primers Primers sequences (5'—3') Annealing temperature (°C) Products (bp)

P1 F: ACGGAGCCCGCACATCAC 63 697
R: GGTCCAACCCGACCTCATCG

P2 F: CCGAGGCTCCCTTCTGAC 62 640
R: GGGACGACGTTCTGGAAGT

P3 F: CCATCAGTGCTTTGTCTCTCTCA 62 781
R: AACAGGGCTGAATCGTAGCA

P4 F: TCTGCCTCACGTAATAGCACT 59 717
R: TCAGAGAAGTGGATTTGAGGC

P5 F: GAATGAGCCTGAGGCCTGG 61 995
R: TTTCCATGGTAACCAACCCCG

P6 F: CCTGAGGGGGAGCGCCTGAT 61 111
R: GGGGTCATTCCAGGTGCGGC

P7 F: CGTTGACGTGCAGCAGGAACACT 60 110

R: CTTTGCCAGAGAGGACGGCAGC
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Table 2. SNPs identified in the 2500-bp 5'-flanking region of the chicken GRP78 gene.

Site Allele Variation types Transcription factor binding sites Note

C.-744C>G G Transversion NF«B50 Nuclear factor kappa BS0

C.-777G>C C Transversion - -

C.-965T>C C Transition AP4 Activating enhancer binding protein 4
C.-990G>A A Transition - -

C.-1014T>C C Transition ATF2 Cyclic AMP-dependent transcription factor 2
C.-1138C>T T Transition E2F E2-promoter binding factor

C.-1146G>A A Transition NF«B Nuclear factor kappa B

C.-1387G>A A Transition - -

C.-1407T>A A Transversion AP1 Nuclear transcription factor activator protein 1
C.-2328G>A A Transversion SP1 Uncharacterized protein

Table 3. Genotype information on seven SNPs.

Sites Genotype (number) HWpval
C.-744C>G G/C 0.65/0.35 0.5392
GG/CG/CC 0.40/0.49/0.11
C.-777G>C G/C 0.88/0.12 0.2313
GG/ GC 0.76/0.24
C.-965T>C T/C 0.24/0.76 0.2895
TT/TC/ CC 0.04/0.40/0.56
C.-990G>A G/A 0.36/0.64 0.7917
GG/ AG/ AA 0.12/0.48/0.40
C.-1014T>C T/C 0.37/0.63 1.0
TT/ TC/ CC 0.14/0.47/0.39
C.-1138C>T T/C 0.06/0.94 1.0
TC/ CC 0.12/0.88
C.-1146G>A G/A 0.36/0.64 1.0
GG/ AG/ AA 0.12/0.47/0.41

A in the initiator ATG is set to +1, and the first base upstream of A is set to -1. HWpval is the Hardy-Weinberg
equilibrium test value of genotype distribution

Association analysis of polymorphisms and thermotolerance parameters of the
GRP78 gene

Seven polymorphism sites, C.-744C>G, C.-777G>C, C.-965T>C, C.-990G>A, C.
-1014 T>C, C.-1138C>T, and C.-1146G>A, were chosen for association analysis with the
thermotolerance parameters of WRR chicken broilers at 35° and 15°C (Tables 4 and 5).
For WRR chicken broilers at 35°C, we found a significant association between the SNP
C.-744C>G and corticosterone (P < 0.05; Table 4), but an unrelated association was detected
between SNP C.-744C>G and T3 (P > 0.05; Table 4). Corticosterone and T3 levels were
significantly higher in the CG genotype broilers than in the GG genotype broilers (P < 0.05;
Table 4). Broilers with the CC and CG genotypes and those with the CC and GG genotypes
showed no difference (P > 0.05; Table 4). The T3 level was higher in the TC genotype than in
the CC genotype of SNP C.-965C>T (P < 0.05; Table 4). For the C.-990G>A site, we detected
significantly lower corticosterone levels in the AA genotype broilers than in AG genotype
broilers (P < 0.05; Table 4), while no difference was found between AA and GG genotype
broilers (P > 0.05; Table 4). We also found that the CD3" cell level for the AA genotype was
significantly higher than that of the GG genotype (P < 0.05; Table 4). We found significantly
higher levels of CD3" cells in the CC genotype than in the TT genotype of SNP C.-1014T>C
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(P < 0.05; Table 4), while no significant difference was observed between other genotypes (P
> 0.05; Table 4). The CD3" cell level was significantly higher in the CC genotype than in the
GG genotype of SNP C.-1146A>G (P < 0.05; Table 4).

Table 4. Analysis of associations between seven polymorphic sites and thermotolerance parameters at 35°C.

Site Genotype Parameter
T3 (ng/mL) Corticosterone (ng/mL) H/L CD3" (%) CD4" CD8"
C.-744C>G GG 13.92 +2.46(56)° 32.76 + 5.19(50)° 0.32+0.02(42) 3.62+0.23(34) 3.54+1.34(34)
CG 20.73 +£2.29(65)* 49.49 + 4.91(60)* 0.33 +£0.02(57) 3.34+0.25(30) 3.83+1.12(30)
CcC 15.77 £4.93(16)® 27.47 £ 10.05(16)™ 0.30 + 0.04(10) 2.65 +0.48(8) 9.15+2.90(8)
C.-777G>C GG 17.82 + 1.93(104) 41.23 +3.93(96) 0.33+0.02(81) 3.40 +0.18(59) 3.77+0.99(59)
GC 16.29 +3.43(33) 34.30+7.03(30) 0.31 +0.03(28) 3.36 £0.39(13) 5.10+ 1.57(13)
C.-965T>C TT 17.24 £8.71(5)® 26.04 +17.07(5) 0.26 +0.07(3) 3.09 +0.79(3) 1.38 £ 5.09(3)
TC 21.63 +2.65(54) 47.61 +5.34(51) 0.32 + 0.02(46) 3.04 +0.25(29) 5.30 + 1.34(29)
CcC 14.58 +2.20(78)° 34.58 £ 4.56(70) 0.33 +0.02(60) 3.67 £ 0.22(40) 3.50 + 1.10(40)
C.-990G>A GG 16.20 +4.75(17) 30.64 +9.28(17)® 0.30 +0.04(12) 2.65 £ 0.48(8)" 7.93 +£2.71(8)
AG 20.20 + 2.43(65) 48.29 + 4.98(59)* 0.33 +0.02(56) 3.28+£0.2431)® 391+ 1.1531)
AA 14.60 + 2.64(55) 33.65 +5.31(50)° 0.324+0.02(41) 3.73+£0.23(33)*  3.54+1.35(33)
C.-1014T>C TT 19.10 £4.51(19) 32.12+8.76(19) 0.30 +0.04(14) 2.66 £ 0.45(9)° 8.30+2.37(9)
TC 19.18 + 2.46(64) 46.95 +5.06(57) 0.33+0.02(54) 3.30+0.2530)®  3.60 + 1.17(30)
CcC 14.83 +2.67(54) 33.86 + 5.40(50) 0.324+0.02(41) 3.73+£0.23(33)*  3.54+1.34(33)
C.-1138C>T TC 13.89 +4.77(17) 33.88 +9.64(16) 0.35+0.04(11) 2.67 +0.56(6) 5.66 + 2.55(6)
cc 17.96 + 1.79(120) 40.34 + 3.68(110) 0.32+0.01(98) 3.46 +0.17(66) 3.96 + 0.89(66)
C.-1146G>A GG 16.20 +4.77(17) 27.74 £9.29(17) 0.30 + 0.04(12) 2.65+0.48(8)" 7.93 +£2.71(8)
AG 19.79 +2.48(63) 45.23 +5.03(58) 0.33 +0.02(54) 3.20+£0.2529)®  4.05+1.18(29)
AA 15.25 +2.60(57) 36.95+5.36(51) 0.32+0.02(43) 3.78£0.23(35)*  3.39+1.31(35)

Data are reported as least-square means + standard errors (SE). Differences between data with different superscript
lowercase letters within a column are significant (P <0.05). Numbers in parentheses denote the number of genotypes.

At 15°C, SNP C.-744C>G, which is located in a nuclear factor kappa B50
(NFkB50) binding site as revealed by transcription factor binding site analysis, was sig-
nificantly associated with CD3" cell levels (P < 0.05; Table 5), with a lower CD3" value
observed for the CG genotype than the CC genotype. Additionally, the corticosterone
level in the CG genotype was significantly lower than that seen in the CC genotype at this
site. A mutation at C.-965C>T was significantly associated with CD4*/CD8" cell ratio (P <
0.05; Table 5), with a higher CD4*/CD8" value for the TC than the CC genotype (P <0.01;
Table 5), but no significant difference was found between TT and the other two genotypes
(P > 0.05; Table 5). The SNP C.-990A>G was significantly associated with CD3* (P <
0.05; Table 5), with a higher CD3" value for the AA genotype than for the other two geno-
types; alternatively, the corticosterone content for GG was higher than that for the AG
genotype (P < 0.05; Table 5). We also found a significant association between the SNP C.-
1014C>T and CD3" cell levels (P < 0.05; Table 5); the CD3" cell level was significantly
higher in the CC genotype than in the TT and TC genotypes (P < 0.05; Table 5), whereas
the corticosterone content was higher for the TT genotype than for the TC genotype at this
site (P < 0.05; Table 5). The SNP C.-1146A>G was significantly associated with CD3*
cell levels (P < 0.05; Table 5); the CD3" cell level was significantly higher for the AA
genotype than for the other two genotypes (P < 0.05; Table 5), whereas the corticosterone
content was higher for the GG genotype than the AG genotype (P < 0.05; Table 5).
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Table 5. Analysis of associations between seven polymorphic sites and thermotolerance parameters at 15°C.

Site Genotype Parameter
T3 (ng/mL) Corticosterone (ng/mL) H/L CD3" (%) CD4/CD8"(%)
C.-744C>G GG 10.50 + 1.67(47) 27.56 +3.68(47)™ 0.28 +0.03(44) 5.72 £0.55(45)* 26.53 +4.93(41)
CG 10.55 + 1.52(57) 23.83 +3.43(55)° 0.29 £ 0.02(54) 3.88 +0.49(55)° 26.15 +5.52(54)
CcC 17.78 +£3.46(11) 4426 = 8.01(11) 0.29 £ 0.06(10) 3.33+1.27(11)*  30.47 + 11.03(10)
C.-777G>C GG 11.24 £ 1.26(85) 27.57 +2.89(84) 0.27 +0.02(79) 4.95+0.43(81) 26.71 +3.62(76)
GC 11.15 £ 2.12(30) 22.83 +£4.92(29) 0.33 £0.03(29) 3.43 £0.73(29) 27.30 £ 10.86(29)
C.-965T>C TT 17.80 £ 5.79(4) 37.78 £ 13.31(4) 0.21 £0.10(4) 4.07 +1.99(4) 26.36 + 11.76(4)*8
TC 12.15 + 1.76(43) 25.22 +4.16(41) 0.26 +0.03(38) 4.41 +0.64(39) 38.40£5.01(38)*
cC 10.24 + 1.40(68) 26.36 + 3.23(68) 0.30 £ 0.02(66) 4.65 +0.49(67) 19.30 £ 4.03(63)"
C.-990G>A GG 16.59 +3.33(12) 41.19 +7.55(12)* 0.27 £ 0.05(11) 312+ 1L12(11)° 30.47 £ 11.03(11)
AG 10.54 + 1.53(57) 23.23 £3.53(55)" 0.29 +0.02(54) 3.93 £ 0.49(55)° 26.15 +5.52(54)
AA 10.65 + 1.70(46) 26.21 +3.86(46)® 0.27 £ 0.03(43) 5.81 £ 0.55(44)* 26.53 +4.93(40)
C.-1014T>C TT 15.48 +£3.09(14) 40.84 + 6.96(14)* 0.30 £ 0.05(13) 3.01 +1.04(13)° 30.47 + 11.03(13)
TC 10.46 + 1.55(56) 22.31 +3.55(54)° 0.29 +0.02(52) 3.98 £0.50(53)° 26.15 +5.52(52)
CcC 10.84 + 1.72(45) 26.69 + 3.88(45)® 0.27 £ 0.03(43) 5.81 £ 0.55(44)* 26.53 +4.93(40)
C.-1138C>T TC 12.26 £3.11(14) 35.17 +£7.05(14) 0.25+0.05(13) 3.38 + 1.05(14) 16.62 £ 13.15(14)
CcC 11.07 £ 1.16(101) 25.11 £ 2.65(99) 0.29 +0.02(95) 4.72 +0.40(96) 27.50 +£3.51(91)
C.-1146G>A GG 16.59 +3.33(12) 41.19 +7.53(12)* 0.27 +£0.05(11) 312+ 1.12(11)° 30.47 £ 11.03(11)
AG 10.66 + 1.54(56) 22.08 +3.55(54)° 0.29 £ 0.02(52) 3.91 +0.50(53)" 26.15+5.52(52)
AA 10.51 + 1.68(47) 27.48 +3.80(47)® 0.28 +0.03(45) 5.75 £ 0.54(46)" 26.53 +4.93(42)

Data are reported as least-square means + standard errors (SE). Differences between data with different superscript
lowercase letters within a column are significant (P < 0.05), and differences between data with the different
superscript capital letters are very significant (P < 0.01). Numbers in parentheses denote the number of genotypes.

Comparison of physiological and immune indices of the same genotype of GRP78
gene SNPs at different temperatures

The seven polymorphism sites C.-744C>G, C.-777G>C, C.-965T>C, C.-990G>A,
C.-1014T>C, C.-1138C>T, and C.-1146G>A were used to compare thermotolerance indices
of the same genotype at different temperature (Table S1). Compared with the levels seen
at 15°C, corticosterone content, T3 level, and H/L ratio were significantly elevated, and the
CD47/CDS8" T ratio and CD3" T cell level were significantly lower within the same genotype
at all sites at 35°C (Table S1).

mRNA expression levels of the GRP78 gene in WRR chickens

Figure 1 shows that the levels of GRP78 mRNA expression in the liver, brain, and
heart were remarkably higher after 1 h of thermal stress than in the control group in WRR
chicken broilers (P <0.01; Figure 1A, B, C, and D). The GRP78 gene mRNA expression in all
tissues increased first and then decreased with continued thermal stress, reaching its peak at 3
h; this pattern was remarkably different from that seen in control WRR chickens (Figure 1A,
B, C, and D). The levels of GRP78 mRNA began to recover or had already returned to normal
levels after 6 h of heat exposure (Figure 1A, B, C, and D). At 6 h, we also found remarkable
differences in GRP78 mRNA expression in the leg muscle of WRR chickens compared with
the control group (P < 0.01; Figure 1C) and no differences in other tissues (P > 0.05; Figure
1A, B, and D).
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Figure 1. mRNA expression levels of the GRP78 gene in different tissues at different times in (A) brain, (B) heart,
(C) leg muscle, and (D) liver tissues. **P < 0.01 compared with the control group data. 0 h = control.

Comparison of tissue-specific GRP78 mRNA expression in WRR chickens

We concluded that GRP78 mRNA expression was time- and tissue-dependent. At
room temperature, we found that GRP78 mRNA expression was highest in brain tissue, and
that this level was remarkably higher than that seen in WRR chicken leg muscle and liver tis-
sues (P <0.01; Table 6). Alternatively, no significant difference was found between the expres-
sion levels in leg muscle and liver tissues (P > 0.05; Table 6).

With continued thermal stress, GRP78 mRNA expression remained at high levels in
brain and heart tissue compared with leg muscle and liver tissues. We found no significant
variation in GRP78 mRNA expression between liver and leg muscle tissue during exposure to
heat stress (P > 0.05; Table 6). After 1 and 2 h of thermal stress, high GRP78 mRNA expres-
sion was observed in heart tissue, and this level was remarkably higher than that in liver and
leg muscle tissues (P < 0.01; Table 6). The relative expression level of GRP78 mRNA in brain
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tissue was intermediate and was higher than in liver and leg muscle tissues (P < 0.01; Table
6), whereas no difference in expression was detected between liver and leg muscle tissues (P
> (.05; Table 6). At 3 h of thermal exposure, the relative expression level of GRP78 mRNA in
the brain remained high and was remarkably higher than that seen in other tissues (P < 0.01;
Table 6). An intermediate GRP78 mRNA expression level was seen in brain tissue and was
remarkably higher than that in liver and leg muscle tissues (P < 0.01; Table 6), with no sig-
nificant difference seen between liver and leg muscle tissues (P > 0.05; Table 6). After 6 h of
thermal stress, the relative expression level of GRP78 mRNA in the brain remained high and
was significantly higher than that in other tissues (P < 0.01; Table 6), while no differences were
observed among heart, liver, and leg muscle tissues (P > 0.05; Table 6).

Table 6. Comparison of tissue-specific GRP78 mRNA expression in White Recessive Rock chickens.

Tissue Period of exposure to thermal stress

Oh lh 2h 3h 6h
Brain 1.63 +£0.294 5.89+0.534 6.67 +0.80%° 19.15+£2.744 3.63 +£0.524
Heart 1.18+0.214 6.62 +0.36% 9.28 +0.724 9.98 +1.61° 0.77 £ 0.16"
Leg muscle 0.03+0.01® 0.10+0.01® 0.34+0.07® 0.36 +0.07¢ 0.24 +0.03®
Liver 0.21+0.01® 0.68 +0.15® 0.88 +0.10® 0.94+0.11¢ 0.38 +£0.05"

Data are reported as least-square means + standard errors (SE). Differences between data with different superscript
lowercase letters within a column are significant (P < 0.05), and differences between data with the different
superscript capital letters are very significant (P <0.01).

DISCUSSION

The HSP70 family is a family of highly conserved proteins that bodies produce and
can maintain cells under many stringent conditions. A previous study by Tomoda et al. (2012)
showed that SNPs in the GRP78 gene were significantly associated with the development
and recurrence of hepatocellular carcinoma in Japanese patients infected with the hepatitis
C virus. Zhu et al. (2013) showed that the GRP78 promoter haplotype and diplotype
carrying 1s391957, which is 415 bp, allele G and genotype GG were strongly associated
with hepacellular carcinoma risk, and rs391957 was also shown to increase the affinity of the
transcriptional activator Ets-2, resistance to apoptosis, as well as cell instability in stressful
microenvironments.

Although many studies have identified GRP78 as one of the most important responders
to disease-related stress, there are few reports of genetic variations that show an association
with thermotolerance in chicken breeds. Chen et al. (2013) indicated that SNP C.-141G>A
in the 5'-flanking region of the Hsp90b gene in chickens had some effect on thermotolerance
traits, and this might be a potential molecular marker of thermotolerance. Liu et al. (2011)
found that a novel SNP of the ATP1A1 gene is associated with heat tolerance traits in dairy
cows. In this study, 10 SNPs were identified in a 2400-bp 5'-flanking region of the chicken
GRP78 gene, and seven of these polymorphism sites caused transcription factor binding sites
to disappear, occur, or change.

Heat stress in the summer is a serious issue that affects the production performance
of chickens. Evaluation of heat tolerance in poultry is the basis for studying heat tolerance
mechanisms and breeding heat-tolerant varieties. Our goal was to evaluate the association of
polymorphisms in the 5'-flanking region of the GRP78 gene with thermotolerance parameters
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in order to find a molecular marker to evaluate and improve chicken heat stress adaptation.

We examined five physical and immune parameters, including corticosterone, T3,
H/L, CD3" T cells, and CD4"/CD8" ratio, at 35° and 15°C in WRR chickens.

Corticosterone is a kind of glucocorticoid that is secreted by HPA. Several studies found
that stress increased corticosterone levels, which subsequently increased corticosterone secre-
tion. Corticosterone can be treated as a physiological index to precisely evaluate the acute stress
state of poultry (Post et al., 2003; Star et al., 2007). In addition, the rate of decrease in immune in-
dices showed a significantly positive correlation with the rate of plasma corticosterone increase
and was negatively associated with heat stress survival time at high temperatures.

Qi et al. (2012) also found the reduction of inflammatory cells in V-infected lungs be-
cause of higher GC levels that inhibited anti-virus immune response. T3 is produced by thyroid
hormone through the effects of deiodinase and plays an important role in regulating metabolism
and thermogenesis in chickens. Sinurat et al. (1987) indicated that the plasma T3 concentration
decreased, but T4 concentration increased during exposure to high temperature. Heat stress re-
sulted in deterioration of immune function and increased disease susceptibility in chickens.

When threatened by external factors (such as pathogen invasion and heat stress), lym-
phocyte and monocyte levels in blood decreased, and heterophilic granulocytes increased,
resulting in an increase in the H/L ratio (Stevenson and Taylor, 1988). Numerous studies have
confirmed that the H/L ratio can be an effective indicator of stress response and resistance
(Campo and Davila, 2002).

CD3 is a marker for mature T-lymphocytes; therefore, the determination of peripheral
blood CD3" T cells may be of importance in evaluating immunodeficiency. The ratio of CD4*
and CD8" T cells are also important indices for evaluating immune status. During the process
of antigen recognition, CD3" T cells conduct the signal, CD4" T cells assist in cell immunity
and humoral immune response, and CD8" T cells are the main effector cells. In this study, cor-
ticosterone and T3 levels as well as H/L ratio were slightly elevated, and CD4*/CD8"* T cells
and CD3" T cells showed a significant decrease within the same genotype in all sites at 35°C
compared with the levels at 15°C. According to the study of Qi et al. (2012), we speculated
that the corticosterone content was significantly increased after heat stress, which might be a
reason for the decrease of the CD4*/CD8&* T cell ratio and CD3* T cell level.

Five sites, C.-744C>G, C.-965C>T, C.-990G>A, C.-1014T>C, and C.-1146A>G,
were significantly associated with some of the examined physiological and immune indices.
At 35°C, the corticosterone content was significantly lower in the GG genotype broilers than
in the CG genotype at the C.-744C>G SNP site, and no differences were observed in corti-
costerone content in the GG genotype before and after heat stress. At 15°C, we also found
significant association between the C.-744C>G SNP and CD3* cell levels (P < 0.05), and the
CD3" levels were significantly higher in the GG genotype than in the CG genotype broilers. In
addition, the C.-744C>G SNP was located in an NFkB50 binding site, as determined by tran-
scription factor binding site analysis. Based on the results discussed above, the GG genotype
of the C.-744C>G SNP promotes stronger thermotolerance than other two genotypes, and this
site might have a potential hereditary effect on WRR chickens; individuals of the GG genotype
may therefore exhibit improved thermotolerance.

At 15°C, we found a significant association between the SNP C.-965C>T site and the
CD4*/CD8" ratio, which was significantly higher in the TC genotype than in the CC genotype.
However, the CD4'/CDS8" T cell ratio showed no significant differences within a genotype at
35°C. Significant association was observed between mutations at C.-990A>G and CD3" cell
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levels at 15°C, but no association was detected at 35°C. The CD3" cell levels of AA genotype
broilers were significantly higher than those in the GG genotype broilers under both conditions;
therefore, allele A might be superior for heat stress tolerance. We also observed that CD3" cell
levels were significantly associated with the C.-1014C>T SNP at 15°C but showed no associa-
tion at 35°C. CD3" cell levels were significantly higher in CC genotype broilers than in TT
genotype broilers under both conditions; therefore, allele C might be superior for heat stress
tolerance. Moreover, significant association was observed between the C.-1146A>G SNP and
CD3" cell levels at 15°C, with CD3" cell levels significantly higher in the AA genotype broilers
than in the GG genotype broilers under both conditions. Consequently, allele A might be supe-
rior for heat stress tolerance. Overall, although the C.-990A>G, C.-965C>T, C.-1014C>T, and
C.-1146A>G SNPs were all associated with immune indices at 15°C and caused alterations in
transcription factor binding sites, no associations were demonstrated at 35°C.

When cells were exposed to various stimuli, such as heat, cold, or heavy metal stress,
GRP78 overexpression immediately resulted in cell recovery and cell protection against stress
(Luan et al., 2009; Stacchiotti et al., 2009). The upregulation of stress proteins is an important
step for inhibiting protein aggregation and misfolding following stress (Richter-Landberg and
Goldbaum, 2003). To investigate GRP78 mRNA expression in tissues that were exposed to
heat stress, fluorescent quantification using the RT-PCR assay was used to quantify GRP78
mRNA expression, and the housekeeping gene GAPDH was used as a reference to normalize
GRP78 mRNA levels in order to reduce systematic errors.

In our study, at room temperature, the GRP78 mRNA expression level was highest in the
brain, intermediate in the heart and liver, and lowest in leg muscle tissue. With continued ther-
mal stress, the GRP78 gene mRNA expression of all tissues first increased and then decreased
in WRR chickens. At 3 h, GRP78 expression levels were much higher than at other periods of
thermal stress exposure in the four tissues. Krivoruchko and Storey (2013) found that GRP78
transcripts significantly increased in heart, kidney, and liver tissue of adult red-eared slider turtles
after exposure to 5 h of anoxic submergence at 4°C and returned to aerobic control values after
20 h of anoxia. Our research indicates that the trend of the stress-induced response is similar in
different tissues, which is in agreement with the results of Krivoruchko and Storey (2013).

GRP78 mRNA tissue-specific expression levels in WRR chickens were exposed to the
same length of heat stress. Compared with leg muscle tissue, the GRP78 mRNA expression
levels in brain and heart tissue were high with continued thermal stress; this was related to
blood supply, nervous immune system regulation, and functional recovery from stress dam-
age. Chronic intermittent hypoxia, which might induce the ER stress, could also upregulate
GRP78 transcription and expression in brain regions associated with learning and memory
(Zhou et al., 2012). After 1 and 2 h of thermal stress, the GRP78 mRNA expression level in
liver tissue showed no difference, and the expression in heart tissue exceeded that in brain tis-
sue. However, at 3 h of thermal exposure, the relative GRP78 mRNA expression level in the
brain was remarkably higher than that in other tissues. At 6 h of heat stress, the relative GRP7§
mRNA expression level in the brain was significantly higher than that in other tissues, while
no difference was observed among heart, liver, and leg muscle tissues. The above results show
that, upon exposure to some degree of heat stress, tissue cells develop resistance to heat.

CONCLUSIONS

The C.-744C>G SNP in the 5'-flanking region of the GRP78 gene in WRR chickens was
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significantly correlated with heat tolerance parameters under both conditions and may possess
potential hereditary effects on heat tolerance; individuals with the GG genotype may show better
thermotolerance compared with other genotypes. qRT-PCR assay indicated that GRP78 mRNA
expression in all tissues increased first, then decreased with continued thermal stress, and peaked
at 3 h. We conclude that GRP78 mRNA expression is time- and tissue-dependent.

ACKNOWLEDGMENTS

Research supported by the National Science and Technology Support Program of
China (#2014BADO08B08) and the Key Technology Research and Development Program of
Guangdong Emerging Strategic Industries (#2012A020800005).

Supplementary material
REFERENCES

Boutet I, Tanguy A, Rousseau S, Auffret M, et al. (2003). Molecular identification and expression of heat shock cognate 70
(hsc70) and heat shock protein 70 (hsp70) genes in the Pacific oyster Crassostrea gigas. Cell Stress Chaperones 8: 76-85.

Campo JL and Davila SG (2002). Estimation of heritability for heterophil: lymphocyte ratio in chickens by restricted
maximum likelihood. Effects of age, sex, and crossing. Poult. Sci. 81: 1448-1453.

Chen ZY, Gan JK, Xiao X, Jiang LY, et al. (2013). The association of SNPs in Hsp90beta gene 5'-flanking region with
thermo tolerance traits and tissue mRNA expression in two chicken breeds. Mol. Biol. Rep. 40: 5295-5306.

Deane EE and Woo NY (2005). Cloning and characterization of the hsp70 multigene family from silver sea bream: Modulated
gene expression between warm and cold temperature acclimation. Biochem. Biophys. Res. Commun. 330: 776-783.

Dietert RR, Golemboski KA and Austic RE (1994). Environment-immune interactions. Poult. Sci. 73: 1062-1076.

Endo S, Hiramatsu N, Hayakawa K, Okamura M, et al. (2007). Geranylgeranylacetone, an inducer of the 70-kDa heat
shock protein (HSP70), elicits unfolded protein response and coordinates cellular fate independently of HSP70. Mol.
Pharmacol. 72: 1337-1348.

Habibian M, Ghazi S, Moeini MM and Abdolmohammadi A (2013). Effects of dietary selenium and vitamin E on immune
response and biological blood parameters of broilers reared under thermoneutral or heat stress conditions. /nt. J.
Biometeorol. 58: 741-752.

Jia C, Dai C, Bu X, Peng S, et al. (2013). Co-administration of prostaglandin E1 with somatostatin attenuates acute liver
damage after massive hepatectomy in rats via inhibition of inflammatory responses, apoptosis and endoplasmic
reticulum stress. Int. J. Mol. Med. 31: 416-422.

Kim HG, Kim TM, Park G, Lee TH, et al. (2013). Repeated heat exposure impairs nigrostriatal dopaminergic neurons in
mice. Biol. Pharm. Bull. 36: 1556-1561.

Krivoruchko A and Storey KB (2013). Activation of the unfolded protein response during anoxia exposure in the turtle
Trachemys scripta elegans. Mol. Cell Biochem. 374: 91-103.

Liu YX, Li DQ, Li HX, Zhou X, et al. (2011). A novel SNP of the ATP1A1 gene is associated with heat tolerance traits
in dairy cows. Mol. Biol. Rep. 38: 83-88.

Luan W, Li FH, Zhang JQ, Wang B, et al. (2009). Cloning and expression of glucose regulated protein78 (GRP78) in
Fenneropenaeus chinensis. Mol. Biol. Rep. 36: 289-298.

Post J, Rebel IM and ter-Huurne AA (2003). Physiological effects of elevated plasma corticosterone concentrations in broiler
chickens. An alternative means by which to assess the physiological effects of stress. Poult. Sci. 82: 1313-1318.

Qi WB, Tian J, Zhang CH, He J, et al. (2012). Potential role of HPA axis and sympathetic nervous responses in depletion
of B cells induced by HON2 avian influenza virus infection. PLoS One 7: €51029.

Quinteiro-Filho WM, Rodrigues MV, Ribeiro A, Ferraz-de-Paula V, et al. (2012). Acute heat stress impairs performance
parameters and induces mild intestinal enteritis in broiler chickens: role of acute hypothalamic-pituitary-adrenal axis
activation. J. Anim. Sci. 90: 1986-1994.

Richter-Landberg C and Goldbaum O (2003). Stress proteins in neural cells: functional roles in health and disease. Cel/
Mol. Life Sci. 60: 337-349.

Siegel HS (1995). Stress, strains and resistance. Br. Poult. Sci. 36: 3-20.

Sinurat AP, Balnave D and Mcdowell GH (1987). Growth performance and concentrations of thyroid hormones and

Genetics and Molecular Research 14 (2): 6110-6123 (2015) ©FUNPEC-RP www.funpecrp.com.br


http://www.geneticsmr.com/year2015/vol14-2/pdf/gmr5062_supplementary.pdf

Chicken GRP78 gene expression and thermotolerance 6123

growth hormone in plasma of broilers at high temperatures. Aust. J. Biol. Sci. 40: 443-450.

Stacchiotti A, Morandini F, Bettoni F, Schena I, et al. (2009). Stress proteins and oxidative damage in a renal derived cell
line exposed to inorganic mercury and lead. Toxicology 264: 215-224.

Star L, Nieuwland MG, Kemp B and Parmentier HK (2007). Effect of single or combined climatic and hygienic stress on
natural and specific humoral immune competence in four layer lines. Poult. Sci. 86: 1894-1903.

Stevenson JR and Taylor R (1988). Effects of glucocorticoid and antiglucocorticoid hormones on leukocyte numbers and
function. Int. J. Immunopharmacol. 10: 1-6.

Tomoda T, Nouso K, Sakai A, Ouchida M, et al. (2012). Genetic risk of hepatocellular carcinoma in patients with hepatitis
C virus: a case control study. J. Gastroenterol. Hepatol. 27: 797-804.

Winder T, Bohanes P, Zhang W, Yang D, et al. (2011). GRP78 promoter polymorphism rs391957 as potential predictor
for clinical outcome in gastric and colorectal cancer patients. Ann. Oncol. 22: 2431-2439.

Yahav S, Goldfeld S, Plavnik I and Hurwitz S (1995). Physiological responses of chickens and turkeys to relative humidity
during exposure to high ambient temperature. J. Therm. Biol. 20: 245-253.

Young RA (1990). Stress proteins and immunology. Annu. Rev. Immunol. §: 401-420.

Zhou YH, Wen ZW, Liang DS, Cai XH, et al. (2012). Effect of endoplasmic reticulum stress in brain injury following
chronic intermittent hypoxia in weanling rat. Zhonghua Yi Xue Za Zhi 92: 1706-1710.

Zhu X, Zhang J, Fan W, Wang F, et al. (2013). The rs391957 variant cis-regulating oncogene GRP78 expression contributes
to the risk of hepatocellular carcinoma. Carcinogenesis 34: 1273-1280.

Zorrilla EP, Luborsky L, Mckay JR, Rosenthal R, et al. (2001). The relationship of depression and stressors to
immunological assays: a meta-analytic review. Brain Behav. Immun. 15: 199-226.

Genetics and Molecular Research 14 (2): 6110-6123 (2015) ©FUNPEC-RP www.funpecrp.com.br



	Supplementary material

