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Abstract

This study was conducted to identify the association of coding variations in the HSPAS gene with heat stress in two different
breeds of sheep. All the coding regions of the HSPAS gene of Awassi and Arabi sheep were covered by amplifying nine exons. A
single-strand conformation polymorphism (SSCP) was utilized to assess the genetic variations in both breeds. The possible
association of the observed genotypes with rectal temperature (RT), respiratory rate (RR), and heat tolerance coefficient (HTC)
was analyzed in different seasons. While all the coding regions of both sheep were monomorphous, a remarkable heterogeneity
was observed in exon 4, of which two SSCP patterns, a normal TT and a mutant TG, were detected. The TG genotype was
characterized by a missense variant of T177P with frequencies of 77% in Awassi and 54% in Arabi. Cumulative in silico tools
indicated extremely deleterious consequences for T177P on protein structure, function, and stability. Results indicated that sheep
with the TT genotype had significantly (P < 0.05) lower RT, RR, and HTC values than sheep with the TG genotype. Therefore, a
significant association of T177P with a lower tolerance of Awassi to higher temperature conditions was revealed. In conclusion,
the identified T177P may have damaging effects in the HSPAS, which affects the ability of Awassi sheep to cope up with elevated
temperatures compared with Arabi sheep. This manuscript describes a novel description of a highly deleterious missense variant
in the HSPAS gene that may reduce the ability of sheep to withstand high-temperature conditions.
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Introduction

When a sheep is exposed to a high temperature, remarkable
changes occur in several of its biochemical and physiological
parameters (Marai et al. 2007; Almeida et al. 2019). These
dynamic modulations are associated with changes in vaginal
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and rectal temperature, heartbeats, respiration rate, and several
hematological parameters (Zachut et al. 2020). Most of these
changes are a manifestation of the dynamic actions of heat
shock proteins (HSPs) (Archana et al. 2017). HSPs represent
an evolutionarily conserved family of proteins that have been
categorized into several versatile members encoded from a
multitude of highly conserved HSP loci (Bai et al. 2019).
HSPs are induced in response to several biological stress as
a primary intracellular defense system in many living organ-
isms (Dubey et al. 2015; Sailo et al. 2015). However, the
syntheses of HSPs are mainly temperature-dependent and
are released in response to environmental and oxidative stress
(Ikwegbue et al. 2017). The main functions of HSPs have
been associated with their participation in the resistance of
animals to highly variable environmental and physiological
insults. It is well known that HSPs undergo their scheduled
tasks by aiding the correct folding of nascent polypeptides and
preventing proteins misfolding without being a part of the
final structure of the protein (Multhoff 2007). This function
is represented by the ability of HSPs to act as molecular chap-
erons which block the aggregation of unfolded proteins to aid
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the cell to sustain conditions of elevated temperature (Zhang
et al. 2015). Such protective functions have been assumed to
be taken place by such proteins to prevent lethal damage to the
stressed cells (Ikwegbue et al. 2017). There are several mem-
bers of the HSPs family with a wide range of molecular
masses. HSP family is made of many members divided into
a variety of groups based on size, sequence, structure, and
function, such as HSP10, HSP40, HSP60, HSP70, HSP9O,
HSP100, and HSP110 (Nikbin et al. 2014; Jyotiranjan et al.
2017). Due to the highly dynamic nature of the HSP family,
sufficient information on the structure and mode of action of
several molecules within this family are lacking. One of these
non-adequately characterized HSPs is a heat shock protein
family A (HSP70) member 8, which is encoded by the
HSPAS gene. This gene is positioned in chromosome 15 and
is made of 9 exons in sheep. While the exon 1 is non-coding,
the rest 8 exons constitute a whole HSPAS protein made of
650 amino acids of 71Kd. In cattle, a high degree of genetic
variation in HSPs was recorded during higher temperature
seasons particularly in tropical countries (Kerekoppa et al.
2015; Verma et al. 2016). HSP70 gene expression has been
elevated as a response to heat stress in goats (Shaji etal. 2017).
It has been shown that the altered HSP variation is associated
with the tolerance of cattle to temperature (Bhat et al. 2016).
Moreover, HSPAS gene polymorphism is suggested as a bio-
logical marker for assessing the impact of heat stress in differ-
ent breeds of cattle prevailing in different climate conditions
(Charoensook et al. 2012). However, few reports are available
in sheep, which described HSPAS gene association with heat
stress conditions (Singh et al. 2017), while other reports are
either being confined to the promoter or 5’ flanking regions of
HSPAS (Marcos-Carcavilla et al. 2010; Salces-Oritz et al.
2015). On the other hand, the rapid revolution in the compu-
tational biology of the missense variants predictive conse-
quences has not been exploited in the interpretation of this
genotype—phenotype association (Al-Shuhaib et al. 2018).
Taking the previously mentioned information into consider-
ation, this study aims to identify the potential association be-
tween the polymorphism of the entire coding regions of the
HSPAS gene with the adaptation of two Iraqi breeds of sheep
in the Middle Euphrates regions.

Materials and methods
Sheep population

The study was conducted according to the regulations of the
international recommendations for the care and use of animals
(Federation of Animal Science Societies 2010). The sheep ex-
perimentations were conducted after obtaining approval from
the ethical committee of Al-Qasim Green University (Approval
No. 12.10.18). Two breeds of sexually mature and healthy
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sheep aged between 2 and 3 years were involved in this study,
including 75 animals of Awassi (22 rams: 53 ewes) and 75
animals of Arabi (15 rams: 60 ewes). The animals of both
breeds had different genetic and geographical backgrounds.
Awassi breed prevails in the Middle Euphrates region with
summer temperatures of less than 50 °C, while Arabi breed
prevails in Southern portions of Iraq with summer temperatures
regularly exceeding 50 °C (Suppl. Fig. 1). Both breeds were
raised in the Barakat Abu al Fadhl Al-Abbas Station, situated at
a longitude of 32.6027° N, the latitude 0f44.0197° E, and 32 m
above mean sea level (Al-Khafeel co., Karbala province, Iraq)
from January to August 2018. Animals were fed ad libitum
with seasonal grass, concentrate food about 2.5% of their live
body weight daily, comprising a mixture of barley (59%), bran
(40%), salt (1%) concentrates, and fresh water.

Thermoregulatory parameters

During the experimental period, the climate of the station is
known for being cold and dry during winter and sweltering
and arid in the summer with an average daily temperature that
reaches 15 °C in winter and extremely hot, around 44 °C in
summer. The evaluated thermoregulatory parameters
consisted of respiration rate (RR) and rectal temperature
(RT). Both parameters were determined twice per day (morn-
ing at 8:00 am and afternoon 14:00 pm) for 3 successive days
in two seasons, i.e., winter (January and February) and sum-
mer (July and August). The specified RT was measured with a
sterile digital clinical thermometer inserted about 3-cm deep
into the rectum of the animal for 1 min before being recorded
(McManus et al. 2015). RR was measured by counting dia-
phragm movements per minute and recorded as breaths per
min. The heat tolerance coefficient (HTC) was calculated
based on the heat tolerance index developed by Benezra
(1954). The formula is based on both respiration rate and
rectal temperature. HTC: RR/27 + RT/39.1.

Genomic DNA extraction

About 2 ml of blood samples were withdrawn from the jugular
vein of each analyzed animal and placed in an anticoagulation
tube. Subsequently, a rapid manual technique of DNA extrac-
tion was used to extract highly purified DNA from both pop-
ulations included in the study (Al-Shuhaib 2017). Briefly,
RBCs were destroyed by mixing blood with distilled water.
The pelleted WBCs were re-suspended in a lysis buffer
(10 mM Tris-Cl pH 7.7, 0.4 M NaCl, 2 mM EDTA, 0.5%
SDS). Proteins were denatured by 6 M NaCl. The supernatant
containing DNA was precipitated with absolute ethanol. The
precipitated DNA strands were washed with 70% ethanol.
DNA was recovered by elution buffer (10 mM Tris-HCI,
1 mM EDTA, pH 8.0). The extracted DNA samples were
assessed for quality and purity using Nanodrop puLITE
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Fig. 1 Single-strand
conformation profile for all the |\=
coding regions of the ovine
HspAS8. All analyzed exons 4
showed no polymorphism except
exon 4, which exhibited two
SSCP banding patterns, TT and
TG, in two different frequencies
between Awassi and Arabi
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Table 1 The oligonucleotide

primer sets designed for the Set Primer code Primer sequence (5’ — 3) Length (bp) Annealing temp. (°C)
amplification of the HSPAS in
Awassi and Arabi sheep 1 HSP,exo02-F CATGGCCGCCTCACACTTA 285 59.1
population. The present HSP,ex02-R ACCATGTCTAAGGGACCTGC
annotations of these study 2 HSP,ex03-F GTAACCTCCACACCCTCCTG 241 60.4
variants were based on GenBank HSPex03-R ATGCCAAACGACTTATTGGACG
accession number NC 0194722 3 pygpexodF  CTGTTTGTGATAACTCAGCT 205 61.7
TTGA
HSP.exo4-R ACTGTTACCAACGCTGTTGTC
4 HSP,ex05,1-F CGGACAGCCCTCTTGTTCTC 216 57.8
HSP,ex05,1-R TCACAAAAAGGTTGGAGCAGA
5 HSP,ex05,2-F CTTAGGCCTCCTGACTGCTG 396 59.1
HSP,ex05,2-R GAGAACAAGAGGGCTGTCCG
6 HSP,ex06-F GCAGCTCAAGTAAGCCAAAC 236 61.7
HSP,ex06-R CTGTCCAGGCAGCCATTTTG
7 HSP,exo7-F ACCAGATCTCACTACACACACA 241 60.4
HSP,exo7-R GGTTTATGAAGGTGAACGTGCC
8 HSP,ex08-F CCCGCACCCTCAAGTTTCTA 336 57.8
HSP,ex08-R TGGAGTTGCAGGGTAGTTGT
9 HSP,ex09-F ACTGCCATGGGATTTGCTACA 342 60.4
HSP,ex09-R TGATTGCATCAAACTTAATCCTCC

spectrophotometer (Biodrop, UK) and used as a template for
polymerase chain reaction (PCR).

Primers design and PCR

Nine pairs of specific PCR oligonucleotides were designed to
cover all the coding regions of the HSPAS gene using the
NCBI Primer Blast online server. Since exon 1 is non-coding,
the specified designing was extended from exon 2 to exon 9.
Except for exon 5 that required two primer pairs to be covered
completely, each pair of primer was designed to entirely am-
plify its particular targeted exon along with its upstream and
downstream flanking regions. PCR experiments were con-
ducted using AccuPower® PCR PreMix (Bioneer, Korea),
and initiated by denaturation for 5 min, followed by 30 cycles

of denaturation (95 °C), annealing (Table 1), and extension
(72 °C), for 30 s each, with final extension for 5 min. The
specificity of PCR amplicons was confirmed by 1.5% agarose
gel electrophoresis before being submitted to SSCP protocols.

SSCP

The SSCP-genotyping reactions were performed according to
the procedure of Al-Shuhaib et al. (2018), with several opti-
mizations. Briefly, 1 ul of all PCR amplicons were denatured
with an equal volume of SSCP loading buffer (95% formam-
ide, 0.05% bromophenol blue, 0.05% xylene cyanol, and
20 mM EDTA, pH 8) for 7 min at 94 °C. PCR amplicons were
then placed on ice for at least 10 min and loaded on neutral
polyacrylamide gels (0.1-mm gel thickness, 10-cm length, and

Table 2 SSCP electrophoresis conditions of the amplicons of the ovine HSPAS gene in studied sheep populations
Set Amplicons Gel concentration (%) Running Running time (h) Running voltage (V) Running
temperature (°C) amperage (mA)

1 HSP,exo02 10 10 6.0 210 105

2 HSP,exo03 8 10 6.0 200 100

3 HSP,exo4 8 10 5.0 200 100

4 HSP,exo05.1 8 10 5.0 190 100

5 HSP,ex05.2 8 15 6.0 200 100

6 HSP,ex06 8 15 4.0 200 100

7 HSPexo7 8 15 6.0 200 100

8 HSP,ex08 8 15 6.0 200 100

9 HSP,ex09 8 15 4.0 200 100
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20-cm width). Electrophoresis conditions were optimized as
described in Table 2. Gels were stained according to the pro-
tocol of Byun et al. (2009).

Sequencing

To confirm the observed SSCP banding patterns, two represen-
tatives from each detected SSCP banding pattern was sent for
sequencing reactions from both termini according to the in-
struction manual described by Macrogen laboratories
(Geumcheon, Seoul, South Korea). The received chromato-
grams were edited and aligned by the EditSeq tool, ver. 7.1.0
(DNA STAR, Lasergene). The nucleic acid variations were
demonstrated by comparing DNA sequencing electrophero-
grams with the deposited ovine HSPA8 DNA sequences
(GenBank acc. no. NC 019472.2). The observed varia-
tions were visualized and annotated by SnapGene
Viewer, ver. 4.0.4. (GSL. Biotech. LLC). The novelty
of the observed variants was checked by the deposited
variants of the ovine HSPAS gene database in the
Ensemble genome browser 96 (https://asia.ensembl.org/
index.html). All the covered coding regions were
deposited in the NCBI database and got GenBank
accession numbers (MN075929 and MN075930).

In silico prediction

Many computational tools were utilized to assess the conse-
quences of the observed missense variants on the resulting
mutant protein structures and functions, namely SIFT
(Pauline and Steven 2003), PolyPhen-2 (Adzhubei et al.
2010), Provean (Choi et al. 2012), Panther (Tang and
Thomas 2016), SNAP2 (Smigielski et al. 2000), and PhD
SNP (Capriotti et al. 2006). Then, the 3D structure of
HSPA8 was generated by RaptorX server before and after
mutation (Kéllberg et al. 2012) and validated by verify3D
and PROCHECK servers (http://servicesn.mbi.ucla.edu/
Verify3D/). The stability of HSPAS upon mutation was
evaluated by [-Mutant2.0 (Capriotti et al. 2005), mCSM
(Pires et al. 2012), SDM (Worth et al. 2012), DUET (Pires
et al. 2014), and CUPSAT (Parthiban et al. 2006).
Subsequently, the mode of action of the observed variant
was predicted by MutPred (Pejaver et al. 2017) and
Missense 3D (Ittisoponpisan et al. 2019).

Assessment of genetic polymorphism

The allele and genotype frequencies, observed heterozygosity
(H,), expected heterozygosity (He), and effective number of
alleles were analyzed using PopGen32 software, v. 1.31 (Yeh
et al. 1999). The polymorphism information content (PIC)
was calculated using HET software version 1.8 (Ott 2001).

Table 3 Nucleic acids variations of the HSPAS8 gene detected in the studied Awassi and Arabi sheep populations. The present annotations were based on Genank accession number NC_019472.2

SNP summary

Type of SNP

AA change

Genotype

Nucleotide position in

Nucleotide position in
the PCR fragment

Allele

Reference

Exon fragment

Set

the NCBI reference

sequence

NC 019472.2;exon2:n.33164428-33164429ACTins

Non Intronic

Non

33164428-33164429

33164438
33164028
33164118

62-63
72

ACT

Exon 2

1

NC 019472.2;ex0n2:n.33164438G>T

Intronic

Non

(T111

Non

NC 019472.2;exon3:¢.33164028T>C

NC 019472.2;exon3:¢.33164118A>G

Silent
Silent

)

Non

114
204
74
88

Exon 3

3

NC 019472.2;exon4:¢.33163671A>G

)

(A81

on

NC 019472.2;ex0n4:¢.33163685T>G

Silent

)

Non (1181

TG

33163671
33163685

Exon 4

5

Missense

T177P

NC_019472.2;ex0n5:¢.33163505-33163506CAins

Val insertion

—209 V
Y572D
(G616

Non

33163505-33163506

33161772
33161353

163-164

77

CA

Exon 5

7
8
9

NC _019472.2;exon8:¢.33161772A>C

Missense
Silent

Non

Exon 8

NC_019472.2;ex0n9:¢.33161353T>G

)

Non

182

Exon 9
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<« Fig. 2 Sequencing electrocardiograms for the observed nucleic acid
variations. T88G exhibited two different frequencies between Awassi
and Arabi, while other polymorphisms were detected in all investigated
animals

Marker-trait association analyses

Association analyses were performed using SPSS v23.0
(IBM, NY, USA). The significant effect of genotypes, breed,
and season on the various variables studied was analyzed with
the following general linear model:

Yiw=pn+G;+S8;,+ B +ejm

where Y is the observation of phenotypic trait, 4 is overall
mean, G; is the effect of ith genotype (i = TT, TG), §; is the effect
of jth season (summer, winter), B, is the effect of kth breed (k =
Awassi, Arabi), and e;;; = random error assumed to be NID (0,
o”¢). Means were compared using adjusted Tukey’s test with a
significance level of (P <0.05). Preliminary statistical analyses
indicated that the interaction effects between the factors investi-
gated were not significant and were excluded from the statistical
model. Besides, age and sex were not considered in the final
analysis because they did not have a significant influence on
the variability of traits in the analyzed populations.

Results
The genetic polymorphism
Almost all analyzed exons showed monomorphous SSCP

banding patterns with one exception found in exon 4, in which
two SSCP variants were detected (Fig. 1).

Sequencing reactions confirmed these variations by detect-
ing the presence of a novel T88G only in one of the SSCP
variants. According to this T88G nucleic acid substitution, the
detected SSCP variants were assigned TT and TG genotypes,
respectively. EXPASy translate software indicated a missense
nature of this T88G, as it resulted in an amino acid substitution
of Thr to Pro at the 177th position of HSPAS protein. The TG
pattern, or T177P, was detected in different frequencies in both
investigated populations. Awassi sheep exerted 77% of the TG
pattern, while Arabi sheep showed only 54% of the same pat-
tern. This observation entailed a noticeable prevalence of these
T177P variants in Awassi sheep and a remarkably lower dom-
inance of the same variant in Arabi sheep. Meanwhile, no
heterogenic SSCP banding patterns were observed in the other
amplified fragments. However, sequencing reactions identified
a total of additional eight variants in several coding and non-
coding regions in the HSPAS gene. The observed variants
ranged from intronic variations (62ACT63 insertion and
G72T substitution in exon 2), synonymous variants (T114C,
A204G, A74G, and T182G in exon 3, exon 4, and exon 9
respectively), and nonsynonymous variants (T77G in exon 8).
Furthermore, the sequencing reactions of the exon 5 clarified
some unknown amino acid sequences observed in the referring
HSPAS protein (GenBank acc. no. NC 019472.2). This clari-
fication came from the obvious positioning of Val in the 209
amino acid residue that was notified with unknown, or X, in the
referring protein. However, all the previously mentioned varia-
tions were detected in both studied populations (Table 3).

The current study was concerned only with the nucleic acid
substitution T88G or its consequent amino acid substitution
T177P as it is the only single nucleotide polymorphism (SNP)
detected in different frequencies between Awassi and Arabi
investigation breeds (Fig. 2).

Table 4 The 3-dimensional modeling of both referring HSPAS and its mutant counterpart using RaptorX software

Parameter

HSPAS, TT pattern

HSPAS8, TG pattern

QMEANDiIsCo
RaptorX

Verify3D

PROCHECK

Global score

Best template

P value

uGDT

Modeled residues
Disordered positions
Secondary structure
Solvent access
Status

Residues in most favored regions
Residues in additional allowed regions
Residues in generously allowed regions
Residues in disallowed regions

0.72+0.05

lyuwA

2.13e-13

536 (82)

650 (100%)

51 (7%)

37%H, 25%E, 37%C
42%E, 29%M, 28%B

Pass (81.08% of the residues have
averaged 3D-1D score >0.2)

520 (92%)
36 (6.4%)
7 (1.2%)
2 (0.4%)

0.72+0.05

lyuwA

2.0le-13

535 (82)

650 (100%)

53 (8%)

38%H, 25%E, 36%C
42%E, 30%M, 27%B

Pass (81.69% of the residues have
averaged 3D-1D score >0.2)

521 (92.4%)
36 (6.4%)
5(0.9%)

2 (0.4%)
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Table 5 The in silico prediction

of T177P on ovine HSPA8 Tool Score Prediction
protein, in terms of its structure
and function (A), its stability (B), A)
and its mechanism (C) SIFT 0.00 Affect protein function
PolyPhen-2 1.00 Probably damaging
PROVEAN —4.812 Deleterious
PANTHER 1629 (preservation time) Probably damaging
SNAP2 68 (with 80% efficiency) Effect
PhD SNP 6 Disease
B)
I-Mutant3 —0.86 (DDG-kcal/mol) Decrease
mCSM —0.183 (DDG-kcal/mol) Destabilizing
SDM —1.15 (DDG-kcal/mol) Destabilizing
DUET —0.192 (DDG-kcal/mol) Destabilizing
CUPSAT —1.58 (AAG-kcal/mol) Destabilizing (unfavorable)
O]
MutPred Mechanical alteration detected Altered metal binding
Loss of relative solvent accessibility
Loss of helix
Altered transmembrane protein
Missense 3D Structural damage detected Introducing buried pro

H-bonded side chains were broke up

Noteworthy, the currently observed nonsynonymous single
nucleotide polymorphism (nsSNP) was not previously detected
and the available data for the 3D structure of ovine HSPA8 was
not adequate. Nevertheless, the scanning of all the possible var-
iations within the HSPAS gene in the present study provided the
first high-quality HSPAS protein in the ovine species. This is due
to the presence of some undetermined amino acid sequences
within the deposited protein database that was annotated with
“X” in the 209 amino acid position (GenBank acc. no.
NC 019472.2). This observation was clarified in the 216-bp
amplicons of exon 5 which obviously confirmed the presence
of Val in the referred position. Therefore, this study has con-
firmed that HSPAS8 is made of Val instead of X, or unknown
amino acid, in the 209th position in the ovine HSPAS protein.

In silico prediction of T177P

Out of nine detected variants, only T177P was highlighted in
the present study, as it was only detected in the TG banding
pattern whereas the other 8 variants were found in all the
studied animals. Therefore, a series of computational tools
were utilized to assess the final consequences of this missense
variant on the altered HSPAS protein. The UniProt accession
number for ovine HSP8A is W5NPN4. Only a short-length
three-dimensional (3D) structure of HSPAS protein and its
homologous templates were available in protein databank
(PDB) entries (http://www.rcsb.org/). Therefore, two 3D
protein structures for TT and TG patterns of HSPAS were

@ Springer

built by RaptorX server and 100% of the referring 650
amino acids components of the HSPSA was successfully
modeled with only 7 to 8% positions which were predicted
to be disordered for TT and TG HSPAS respectively (Table 4).

Thus, it was found that there was an alteration between
HSPAS of TT pattern and HSPAS of TG pattern in terms of the
presence of altered disordered positions, secondary structure, and
solvent accessibility alterations. This observation indicated a no-
ticeable role for T177P in altering the structural characteristics of
the TG HSPAS protein. Interestingly, all the utilized in silico tools
were in line with each other in terms of the entire deleterious
consequences of T177P on the altered protein. This observation
was revealed by several computational tools that were used to
assess the potential deleterious effect of a particular nsSNP on
protein structure and function, such as SIFT, PolyPhen-2,
Provean, Panther, SNAP2, and PhD SNP (Table 5, A).
Furthermore, negative deleterious consequences of T177P on
HSPAS stability were predicted by several in silico tools that were
utilized to assess the effect of a particular nsSNP on the free
energy of the altered protein, including I-Mutant2.0, mCSM,
SDM, DUET, and CUPSAT (Table 5, B). Another layer of con-
firmation came from further analyses of the structural and func-
tional effects of T177P on the altered HSPAS. Several negative
functional alterations were predicted by the MutPred server, such
as altered metal binding, relative loss of solvent accessibility, and
altered transmembrane characteristics, while remarkable damage
in the structural variables was changed as predicted by Missense
3D server (Table 5, C).
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Fig. 3 Three-dimensional profile of HspA8 for the observed T177P which exhibited two different frequencies between Awassi and Arabi. The green
color refers to normal HSPAS protein, while the red color refers to the same protein upon mutation

The cumulative computational tools indicated an ob-
vious deleterious effect of T177P on the altered
HSPAS8 protein, which was detected in different pro-
portions in the analyzed breeds, 77% in Awassi and
54% in Arabi. This observation signified more delete-
rious consequences of T177P in Awassi than Arabi
breeds (Fig. 3).

Assessment of T177P polymorphism

Genotype and allele frequencies and Hardy—Weinberg test of
HSP70 gene in the analyzed populations of Awassi and Arabi
sheep are presented in Table 6.

The observed value of chi-square means for both Arabi and
Awassi indicated that the population under study was not in
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Table 6 Genotype and allele

frequencies and genetic diversity Genotype frequencies (n)  Allele frequencies ~ Ho He Ne X2 PIC
variables for T177P SNP in the
HSPAS gene in Awassi and Arabi T TG T G
breeds
Awassi 023 (34)  0.77(116)  0.61 0.39 0.7733 04759  1.902 59.030  0.3626
Arabi 0.46 (69)  0.54(81) 0.73 0.27 0.5400  0.3955 1.6507 20.233  0.3165

n, the number of samples; x2, chi-square; Ho, observed heterozygosity; He, expected heterozygosity; Ne, effec-
tive allele number; PIC, polymorphism information content

All chi-square tests have one degree of freedom and within the significance level P <0.05

Hardy—Weinberg equilibrium (HWE), which was significant
at P <0.05. According to the classification of PIC (low poly-
morphism, if PIC value < 0.25; median polymorphism if 0.25
< PIC value < 0.5, and high polymorphism if PIC value > 0.5)
(Trakovicka et al. 2013), the present analyses showed moder-
ate levels of polymorphism information content within the
ovine HSPAS gene in both analyzed breeds.

Association of T177P with measured heat tolerance
traits

Higher adaptability of Arabi to heat stress tolerance was ob-
served as Arabi exhibited lower (P <0.05) RT and RR than
Awassi sheep (Table 7). Again, HTC values of this study in
Arabi gave lower scores than Awassi signifying the superior-
ity of Arabi in terms of adaptability to heat stress.

The average values of RT, RR, and HTC were found to be
significantly different (P < 0.05) between summer and winter
seasons. The mean RT, RR, and HTC values were higher in
summer compared to winter, indicating noticeable stress con-
ditions in summer for both analyzed populations.

The RT and RR values of sheep with TG genotype were
higher (P < 0.05) than sheep with TT genotype, indicating a clear
superiority of TT genotype over the TG genotype in terms of
adaptability to heat stress. This observation was confirmed by

Table 7
summer seasons

HTC values of both detected genotypes, as sheep with TG geno-
type showed higher values of HTC than sheep with TT genotype.

Discussion

In this study, all the coding regions of the HSPAS gene were
screened by PCR-SSCP to identify the possible causative
SNP(s) behind the noticeable living variations observed be-
tween Awassi and Arabi breeds. The present study describes a
crucial T177P variant as a highly deleterious nsSNP observed
in Awassi breed with high frequency. The higher prevalence of
this deleterious SNP could be one of the many factors respon-
sible for the lower adaptability of the Awassi breed. This obser-
vation was confirmed by the experiments conducted in this
study. This is due to the remarkable differences in the frequency
of T177P between both involved breeds; 77% in Awassi and
54% in Arabi. However, it has been reported that Awassi sheep
breed displays low reproductive performance, as compared
with European breeds (Talatha and Ababneh 2011; Al-Saaidi
et al. 2018). A major cause of the low productivity of Awassi
sheep may result from the effects of higher temperatures at the
mating season (Salman et al. 2009). In contrast to Awassi, the
lower frequency of the same T177P has therefore been associ-
ated with the high adaptability of Arabi to higher temperatures.
Unfortunately, Arabi breed is rarely documented and no

Least square means + SE for thermoregulatory variables measured for TT and TG genotypes in Awassi and Arabi breeds within winter and

Indices Rectal temperature (RT) Respiratory rate (RR) Heat tolerance coefficient (HTC) %
Morning (8 am) Afternoon (2 pm)  Morning (8 am) Afternoon (2 pm)  Morning (8 am)  Afternoon (2 pm)
Breed Awassi  39.594+0.057°*  40216+0.045"®  15.000+£0.407°*  16411+0.261°®  1.568+0.009°*  1.636+0.007°"
Arabi 39.240+£0.107*  39.871+0.069*®  13.162+0.170**  14315+0.215"®  1.491+0.018"  1.549+0.011°
Season Summer  39.795+0.068°*  40.716+0.039°®  17.542+0.280°*  20.207+0.333°®  1.667+0.016°*  1.789+0.005"5
Winter 38.616+0.074*  39.116+0.088°2  13.200+0.259**  15.742+0.148®  1.476+0.023**  1.583+0.0085
Genotype TG 39.723+£0.086°*  40.750+£0.106"®  16.000+£0.398°*  19.900+0.487°%  1.608+0.015°*  1.779 +0.006""
TT 38.820+0.107*  39.100+0.094°5  14.300+0.170** 16908 +0.270°®  1.522+0.011**  1.626+0.012°5

AB Significant difference in the rows within each classification (P <0.05)

ab Significant difference in columns within each classification (P <0.05)
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thermoregulatory studies have been performed on this breed for
comparison with our findings. However, two widely used phys-
iological variables were utilized in this study, RT and RR. When
an animal gives lower values of RT, RR, and HTC after being
exposed to heat stress, greater adaptability was indicated
(McManus et al. 2015). However, lower values of RT, RR,
and HTC have been indicated for better tolerance of an animal
to heat stress conditions (Bhat et al. 2016). Arabi breed exhib-
ited lower RT, RR, and HTC than Awassi breed, indicating a
higher tolerance of Arabi than Awassi to heat stress. As long as
the values of RT, RR and HTC for TT genotype were found to
be lower than those detected in TG genotype, the deleterious
T177P SNP was suggested as one of the causative agents for
the lower tolerance of TG genotype to heat stress.

Clear computational confirmation of the extremely deleteri-
ous consequences of T177P has given a further indication for
the mechanism of this nsSNP in this association. All of the
utilized in silico tools have collectively given the same delete-
rious predictions for the T177P, signifying that the alteration of
HSPAS with T177P missense variant caused several damaging
aspects which may negatively affect its capability to undertake
its scheduled task of protecting sheep from higher temperature
conditions (Berihulay et al. 2019). So, a higher frequency of
T177P in a sheep indicates a lower tolerance to higher temper-
ature conditions. Therefore, the utilization of in silico compu-
tations predicted a series of deleterious effects of T177P on the
structure, function, and stability of the altered HSPAS protein.
In another word, the currently implemented computational tools
explained one of the reasons for the superiority of Arabi on
Awassi breed with regard to heat tolerance as the substitution
of Thr to Pro in the 177th amino acid residue reduced the
adaptability of an animal to higher temperature stress.
Therefore, the observed data of this study suggested a clear
superiority of the sheep with TT genotype to cope up with heat
stress conditions. Nevertheless, alteration in gene expression
could not be eliminated from this explanation.

Conclusion

Two genotypes were detected in the HspA8 gene, TT geno-
type, and TG genotype. For the individuals with TG genotype,
the amino acid Thr was substituted with Pro at the 177th
position. In silico tools predicted a clear deleterious role
played by T177P in HSPAS protein in terms of structure,
function, and stability. The measured temperature tolerance
stress conditions indicated better thermotolerance perfor-
mance for individuals with TT genotype than individuals with
TG genotype. Furthermore, in silico computations have con-
firmed the above-stated role of T177P in ovine thermotoler-
ance adaptability to a hot climate. This utilization of cumula-
tive computations provided an interpretation for the possible

role of this SNP in the reduced tolerance of Awassi sheep to
high-temperature stress.
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