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Abstract Circulating leukocytes can be used as an effective
model to understand the heat stress response of different cattle
types and buffaloes. This investigation aimed to determine the
temporal profile of HSPs (HSP40, HSP60, HSP70, and
HSP90) expression in circulating peripheral blood mononu-
clear cells (PBMCs) of Murrah buffaloes, Holstein—Friesian
(HF), and Sahiwal cows in response to sublethal heat shock at
42 °C. The viability data indicated HF PBMCs to be the most
affected to the heat shock, whereas Sahiwal PBMCs were
least affected, indicating its better survivability during the heat
stress condition. The qRT-PCR expression data showed sig-
nificant increase in mRNA expression of the analyzed HSPs
genes after heat stimuli to the PBMCs under in vitro condition.
In each case, the HSPs were most upregulated at 2 h after the
heat stress. Among the HSPs, HSP70 was relatively more
expressed followed by HSP60 indicating the action of molec-
ular chaperones to stabilize the native conformation of pro-
teins. However, PBMCs from different cattle types and buf-
faloes showed difference in the extent of transcriptional

Electronic supplementary material The online version of this article
(doi:10.1007/s12192-013-0486-z) contains supplementary material,
which is available to authorized users.

A. Kishore * M. Sodhi * P. Kumari * D. K. Sadana - N. Kapila
K. Khate - U. Shandilya - R. S. Kataria - M. Mukesh (D<)
National Bureau of Animal Genetic Resources,

Karnal 132001, Haryana, India

e-mail: mmukesh 26@hotmail.com

M. Mukesh
e-mail: mmukesh26@gmail.com

A. K. Mohanty
National Dairy Research Institute, Karnal 132001, Haryana, India

response. The level of expression of HSPs throughout the
time period of heat stress was highest in buffaloes, followed
by HF and Sahiwal cows. The higher abundance of HSP70
mRNA at each time point after heat stress showed prolonged
effect of heat stress in HF PBMCs. The data presented here
provided initial evidence of transcriptional differences in
PBMCs of different cattle types and buffaloes and warrant
further research.
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Introduction

Environmental heat stress negatively affects several dairy
parameters including feed intake, milk production, growth,
fertility, and conception rates, and it has always been a major
concern for livestock industry. The ability of ruminants to
regulate body temperature is species and breed dependent.
Dairy breeds are typically more sensitive to heat stress than
meat breeds, and among dairy breeds, high heat-producing
animals are more susceptible as they generate more metabolic
heat (Bernabucci et al. 2010). The reduction in milk yield of
dairy animals during heat stress (Silanikove et al. 2009) is a
major concern for dairy sector world over. Animals can suc-
cumb to hyperthermia if they fail to abate the impact of heat
stress. The various heat shock proteins (HSPs), that are mem-
bers of molecular chaperone families, are known to be highly
expressed under stressful conditions. These proteins fulfill
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essential roles under normal conditions and provide protection
and adaptation during and following stress (Hartl et al. 2011).

India is home to several zebu cattle (Bos indicus) and
riverine buffalo (Bubalus bubalis) breeds that are naturally
adapted to different agroclimatic conditions. These breeds are
well-known for their hardiness and survival under low input
and stressful conditions. The unique thermotolerant ability of
Indian native cattle breeds viz. Ongole, Sahiwal, Gir, etc.,
which outscores the Bos taurus cattle have long been recog-
nized and several synthetic breeds were developed in western
countries. Hansen (2004) reviewed the adaptability of zebu
and taurine cattle and reported that zebu cattle has better
ability to regulate body temperature in response to heat stress
than taurine cattle breeds of European origin. Besides native
cattle, Indian buffaloes also present an unexplored resource
for genetic studies as they portray adaptive trait quite distinct
that of cattle breeds. Indian zebu cattle and riverine buffaloes
are recognized as major milk producing species in the Indian
subcontinent and hence their production performance during
summer stress is of great significance to both farmers as well
as dairy sector. However, till now no systematic attempts have
been made to compare the cellular tolerance of these unique
genetic resources towards heat stress. Buffaloes with different
skin characteristics and less number of sweat glands suffer
from serious problem of heat stress (hyperthermia) than cattle
affecting both its reproductive and productive performance at
high temperature. There is general agreement in the literature
that riverine buffalo are insufficiently heat tolerant and reports
indicate that milk yield, growth rate and fertility are all re-
duced during periods of high ambient temperature (Marai and
Haeeb 2010). The differential response of species to heat
stress have been documented on the basis of anatomical
differences and physiological parameters; however, genetic
components, alterations in gene expression and molecular
mechanisms underlying changes in heat stress response are
not well established in livestock species. Given the complex-
ity of animal physiology and metabolic system, it is difficult to
assess the impact of heat stress in dairy animals (Kadzere et al.
2002). However, several attempts have been made in past to
understand the negative effect of heat stress in specific cell
types (Guerriero and Raynes 1990; Kamwanja et al. 1994;
Paula-Lopes et al. 2003; Lacetera et al. 2006; Agnew and
Colditz 2008; Patir and Upadhyay 2010; Basirico et al.
2011; Xiang-Hong et al. 2011; Dangi et al. 2012). However,
comparative expression profiling of stress responsive genes
across different species has not been attempted to date. The
expression studies of stress responsive genes to hyperthermia
amongst native cattle, exotic cattle and buffaloes would pro-
vide comparative baseline data to understand the underlying
alterations in cellular tolerance towards heat stress. The pres-
ent study was planned to assess the comparative changes in
gene expression profile of HSP genes in heat stressed periph-
eral blood mononuclear cells (PBMCs) of Indian cattle
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(B. indicus), Holstein—Friesian (HF) cattle (B. taurus) and
Indian buffaloes (B. bubalis).

Materials and Methods
Sampling

For the present study, a total of 15 lactating animals, 5 each of
Murrah buffaloes (B. bubalis), Sahiwal (B. indicus), and HF
(B. taurus) cows were included. Sahiwal cows and Murrah
buffaloes included in the study belong to cattle farm of Na-
tional Dairy Research Institute (NDRI), Karnal, while HF
cows are maintained at nearby private cattle farm. Blood
samples (3540 mL) were collected in EDTA vacutainers
(BD Biosciences) after puncturing the jugular vein of animals.
The blood samples were collected at same temperature hu-
midity index of 75.

Isolation of peripheral blood mononuclear cells

For isolating PBMCs, the blood samples were processed
within 2 h of sample collection. The whole blood was diluted
with 1x PBS (Ca®" and Mg*" free; Hyclone, Utah) and was
gently over layed on Histopaque-1077 (Sigma-Aldrich Inc.,
USA). All the steps for PBMCs isolation were performed at
room temperature as per manufacturer's instructions. The iso-
lated PBMCs were washed thrice with Ca®>" and Mg*"-free
PBS and finally suspended in RPMI 1640 medium (Hyclone,
Utah) supplemented with 10 % FCS (PAA). The cells were
stained with trypan blue dye and counted using
haemocytometer.

Heat stress treatment and cell viability measurement

For each animal, a total of 1 x106 cells/mL were divided into
nine equal aliquots, one aliquot was labeled as basal, four as
control (CTR), and four as heat treated (TRT). Initially, all
aliquots were incubated at 37 °C for 30 min for stabilization in
nutrient media. The aliquots marked as TRT were exposed to
heat stress at 42 °C for 1 h. After completion of the heat stress
period, the aliquots were allowed to recover at 37 °C. Subse-
quently, the cells were harvested at different time points (2, 4,
6, and 12 h) post-heat stress. Simultaneous to TRT samples,
the CTR (unstressed) samples were also harvested at similar
time points for comparison. On the other hand, the basal
sample representing the zero time point was harvested after
completion of 30 min in stabilization phase. After completion
of each time point, small aliquots of cells were used for
viability measurement by trypan blue dye exclusion method.
The remaining cells were trizolated in ice-cold Trizol
(Invitrogen, Carlsbad, California) for RNA extraction.
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Total RNA extraction and cDNA synthesis

Total RNA extracted using Trizol was subjected to column
purification and RNAse free DNase digestion using RNeasy
Mini Kit (Qiagen, Germany). RNA concentration and purity
was measured using a NanoDrop ND-1000 spectrophotome-
ter (NanoDrop Technologies) and stored at —80 °C till further
usage. cDNA synthesis was performed using 100 ng RNA,
1 uL dTy,.18 (Invitrogen Corp. CA), 1 uL 10 mmol/L dNTP
mix (Invitrogen Corp., CA), 1 pL random primers (Invitrogen
Corp., CA), and 10 pL. DNase/RNase free water. The mixture
was incubated at 65 °C for 5 min and kept on ice for 3 min. A
total of 6 uL of master mix consisting of 4.5 pL 5x first-strand
buffer, 1 uL 0.1 M DTT, 0.25 uL (50 U) of SuperScript™ III
RT (Invitrogen Corp., CA), and 0.25 uL of RNase Inhibitor
(10 U; Promega, WI) was added. The reaction was performed
in an Eppendorf gradient cycler using the program: 25 °C for
5 min, 50 °C for 60 min, and 70 °C for 15 min. cDNA was
then diluted 1:4 (v/v) with DNase/RNase free water.

Primer designing and quantitative real-time PCR

For qPCR, the primers were either designed using Primer
express 3.0 software (Applied Biosystem) or selected from
literature. Primer details for the analyzed heat shock protein
(HSP) genes are given in Table 1. To check the sequence
specificity, primers were aligned using BLASTN at NCBI
and UCSC's Cow (B. taurus) genome browser gateway. Prior
to qPCR, primers specificity was further confirmed in a 20 puL
PCR reaction using the same protocol described for qPCR
except for the final dissociation protocol. A 5 uL of the PCR
product was analyzed on ethidium bromide stained 2 % aga-
rose gel. The accuracy of primer pairs was also ensured by the
presence of a unique peak during the dissociation step at the
end of qPCR.

qPCR was performed using Light Cycler 480 instrument
(Roche, Germany) for genes expression study. For each of the
studied animal, a total of 9 cDNA samples (one basal; four
CTR (2,4, 6, and 12 h); and four TRT (2, 4, 6, and 12 h)) were
analyzed using qPCR. Each reaction in a 96 well white plate
(Roche, Germany) was comprised of 4 pL diluted cDNA
combined with 6 puL of a mixture composed of 5 pL 2x
LightCylcer 480 SYBR Green I master mix (Roche, Germa-
ny), 0.4 uL each of 10 uM forward and reverse primers, and
0.2 uL. DNase/RNase free water. For each gene, samples were
run in duplicate (technical replicates) along with 6 point
relative standard curve plus the nontemplate CTR. The reac-
tions were performed with amplification conditions: 2 min at
50 °C, 10 min at 95 °C, 40 cycles of 15 s at 95 °C
(denaturation), and 1 min at 60 °C (annealing+extension). A
dissociation protocol with an incremental temperature of
95 °C for 15 s plus 65 °C for 15 s was used to investigate
the specificity of the qPCR reaction and the presence of primer

dimers. The qPCR expression data for each target gene was
extracted in the form of crossing point (Cp) values. The data
was acquired using the “second derivative maximuni” method
as computed by the LightCycler Software 3.5 (Roche Diag-
nostics) and subjected for subsequent analysis.

Normalization and data analysis

For normalization of expression data, three appropriate inter-
nal control genes (ICGs) identified in one of our previous
study (Kishore et al. 2013) were used. Kishore et al. (2013)
evaluated the expression stability of 11 commonly reported
ICGs in heat stressed PBMCs of cattle and buffaloes based on
stability measures. The analysis identified Beta-2 microglob-
ulin (B2M) and ribosomal proteins (RPS9 and RPS15) as most
stably expressed genes and were thus used for normalization
of expression data of major HSP genes. The analysis of
mRNA expression data across different samples was based
on cycle threshold (C7) values. The Cr values of each of the
target gene were subtracted from the arithmetic mean of Cr
values of the three ICGs to calculate ACr Results were
expressed as means+SEM. Analysis of variance was per-
formed to determine the presence or absence of significant
differences in the analytical variables among different groups
using GraphPad PRISM version 5.0 (La Jolla, CA, USA)
statistical software package and the differences between
groups were tested by Tukey's multiple comparison test.
p values less than 0.05 were considered significant.

Results

In this study, PBMCs of Indian Sahiwal cows, HF cows and
Murrah buffaloes was utilized as cellular in vitro model to
describe the comparative cellular tolerance during heat stress.
The cell viability and transcriptional induction of HSP40,
HSP60, HSP70, and HSP90 mRNA were used as indicators
to evaluate the comparative cellular tolerance ability of differ-
ent cattle types and riverine buffaloes. The cell viability count
for TRT samples was lower than their corresponding CTR
(unstressed) throughout the time points under study (Fig. 1
(I-III)). The percent reduction in cell viability especially after
12 h post-heat stress was highest in PBMCs of HF cows
followed by Murrah buffaloes and Sahiwal cows. Good qual-
ity RNA as reflected A,q0/4250 ratio of 2.00+£0.120 was ob-
tained in all the samples types viz; basal, CTR and heat
stressed PBMCs. The melt curve analysis showed single
melting peak for each of the analyzed genes indicating quality
of qPCR data. Furthermore, high PCR efficiency that ranged
from 86.48 to 105.54 (Table 1) was observed different studied
genes. In order to normalize the target gene expression data,
geometric mean of B2M, RPS9, and RPS15a was considered
as ICGs. These three genes were selected as most appropriate
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Table 1 Selected candidate reference genes, primers and different parameters derived from qRT-PCR analysis

Gene Description Biological function GenBank Primers 5'-3' Tt (°C) Amplicon PCR RO**
accession no. (forward, reverse) size (bp) efficiency (%)*
Internal control genes
RPSY" Ribosomal Protein synthesis/40S ~ DT860044 CCTCGACCAAGAGCT 82.56 54 86.48 0.999
protein S9 subribosome GAAG and CCTCCAG
ACCTCACGTTTGTTC
RPS154 Ribosomal Protein synthesis/40S  BC108231 GAATGGTGCGCATGAA  82.89 101 102.87 0.997
protein S15a subribosome TGTC and GACTTTGG
AGCACGGCCTAA
B2M Beta-2 Cytoskeletal protein, NM_173893 CTGCTATGTGTATGGG 82.39 101 99.71 0.999
microglobulin  immune response, TTCC and GGAGTG
protein binding AACTCAGCGTG
Heat shock protein (HSP) genes
HSP40 Heat shock Protect proteins from  NM_001033763.1 AGCCAGGATCAGCCTTC 84.50 84 106.00 0.973
protein 40 aggregation and and AACACAACGGGT
cellular stress ATGGT
HSP60 Heat shock Transportation and NM_001166610.1 CGACAACTTCTGCTGT  80.29 109 105.54 0.997
protein 60 refolding of proteins TGTTA and ATGATG
CTATGCTTGGAGAT
HS970 Heat shock Protein folding, JN604432.1 AACATGAAGAGCGC 86.46 171 104.71 0.991
protein 70 cytoprotection, CGTGGAGG and GTTA
and as molecular CACACCTGCTCC
chaperones. AGCTCC
HSP90 Heat shock Protein translocation ~ AB072368.1 CTGTCATCAGCAGTGGG 80.01 74 90.42 0.974

protein 90 and regulation and ACATGCCAACAG
of steroid hormone GATCTAC
receptors
Bionaz and Loor (2007)

* qPCR efficiencies for each primer pair was calculated from 6-point standard curves using 5-fold dilution series of pooled cDNA from control and heat-

stressed samples
**p<0.01

for normalization of heat stressed PBMCs in one of our earlier
studies (Kishore et al. 2013). In our study, all the PBMCs that
were exposed to the elevated temperature of 42 °C were found
to be responsive to in vitro heat stress condition. When we
examined the time course expression pattern, all the HSP
transcripts were upregulated immediately after heat stress in
comparison to untreated/CTR cells and remained elevated
upto 6 h of recovery phase. Strikingly, the maximum induc-
tion in HSP transcripts was observed at 2 h time point post
stress and its level was significantly higher (p<0.05) in com-
parison to other time points (Fig. 2). At later time points
(>6 h post-heat stress), the HSP transcripts declined to a
similar level close to CTR/unstressed samples.

Under heat shock condition, HSP40 mRNA expression
was significantly (p<0.05) induced at 2 h post-heat stress in
PBMCs of Sahiwal cows, HF cows and Murrah buffaloes.
The HSP40transcript was induced maximally at 2 h time point
in all the PBMCs (Fig. 2 (I)). Its expression was maximum in
Murrah buffaloes, followed by HF and Sahiwal cows (15.27-,
3.5-, and 1.87-fold induction, respectively) (Fig. 3 (I)). HSP60
transcript also showed maximum induction in its expression at
2 h post heat stress (Fig. 2 (II)), with highest induction in
Murrah buffaloes, followed by HF and Sahiwal cows (15.2-,
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9.14-, 8.04-fold induction, respectively) (Fig. 3 (I)). HSP70
mRNA also showed induction in its expression at 2 h post heat
stress (Fig. 2 (III)). At this time point, its expression was
highest in Murrah buffaloes (80.0-fold), followed by HF
(52.68-fold) and Sahiwal cows (35.64-fold) (Fig. 3 (III)). Like
other HSPs, HSP 90 mRNA was also induced maximally at2 h
time point (Fig. 2 (IV)) with highest expression in Murrah
buffaloes, followed by Sahiwal and HF cows with expression
fold of 18.75, 7.32, and 3.14, respectively (Fig. 3 (IV)).
Additionally, overall induction of different HSP mRNA
expression due to heat stress was compared within different
animal types and the comparative data is plotted in Fig. 4 (I).
In Murrah buffalo PBMCs, HSP7(0 expression was most pro-
nounced at 2 h post heat stress (fold change, 80.00) followed
by HSPY0 (fold change, 18.75), HSP40 (fold change, 15.27),
and HSP60 (fold change, 15.20). The ranking of genes from
higher to lower abundance in Murrah buffaloes were in the
following order; HSP70> HSP90> HSP40> HSP6(. Similar-
ly, in Sahiwal cows, HSP70 (35.64) was most responsive
followed by HSP60 (8.04), HSP90 (7.32), and HSP40
(1.87). The ranking of genes from higher to lower abundance
in Sahiwal cows were in the following order; HSP70>
HSP60> HSP90> HSP40. In HF cows, HSP70 was observed
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stress treatment. Abbreviations: CTR control, TRT heat treated/stressed

to be predominantly up regulated (52.68), followed by HSP60
(9.14), HSP40(3.50), and HSP90 (3.14). The ranking of genes
from higher to lower abundance in HF cows were in the
following order; HSP70> HSP60> HSP40> HSP90. Our
overall data indicated HSP70 chaperon to be most responsive
at 2 h post-heat stress in all the animal types included in the
study while other HSPs showed moderate to low induction in
their expression. Therefore, measuring HSP70 expression lev-
el could be utilized as sensitive biomarker to determine the
impact of environmental stress in dairy animals.

Discussion

Heat stress affects both physiology and productivity of dairy
animals. The duration, intensity and ability to recover from the
affect of climatic stress are important factors affecting perfor-
mance ability of farm animal (Khalifa 2003). The ability of

animal to acclimatize and produce under the specific climate
condition signifies the adaptation to a particular environmen-
tal niche. However, it is not completely understood how dairy
animals respond to heat stress and why there is variability at
breed or species level to tolerate the environmental heat load.
In recent times, much importance has been given to under-
stand the mechanism of molecular adaptation in livestock
breeds towards climatic changes especially heat stress by
various research groups.

The present study was undertaken with the presumption
that circulating PBMCs could serve as suitable in vitro model
to understand the heat stress response across different dairy
animals. At present, it is not completely understood how dairy
animals respond to heat stress and why there is variability at
breed or species level to tolerate the environmental heat load.
The utility of PBMCs as cellular model to understand stress
response in livestock is attributed to its amenability to cultur-
ing and responsiveness to heat stress (Guerriero and Raynes
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Several in vitro studies in bovine have shown reduction in ~ no comparative study for cattle types and buffalo has been

cell viability and responsiveness of lymphocytes to mitogens ~ made to understand the cellular response to thermal stress.
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where lesser deleterious effect of high temperature was ob-
served on preimplatation embryos and cells from B. indicus
cattle (Malayer and Hansen 1990; Kamwanja et al. 1994;
Paula-Lopes et al. 2003; Hansen 2004; Hernandez-Ceron
et al. 2004).

Several studies have indicated that constitutive elevation of
the inducible HSP level provides cytoprotection upon thermal
stress (Horowitz 2001; Sonna et al. 2002; Collier et al. 2008).
In this study, expression profile of different HSP transcripts
was measured in PBMCs during heat shock condition. The
reason for selecting four major HSP genes (HSP70, HSP90),
HSP60, and HSP40) for the present analysis was due to their
primary role as molecular chaperons that ensures the correct
protein folding and apoptosis regulation during physiological
stressful conditions. It is also noteworthy that though heat
shock response is an evolutionary conserved mechanism,
different breeds/species may vary in their inherent ability to
induce HSP synthesis during heat shock.

Among genes examined in this study, HSP70 was found to
be most dominant transcript expressed in all sample types post
heat stress. HSP70is known to be a highly inducible chaperon
with major role to stabilize the native conformation of proteins
and maintenance of cell survivability during thermal stress
(Beckham et al. 2004). Its expression data is in accordance
with studies carried out in different livestock species
(Guerriero and Raynes 1990; Kamwanja et al. 1994; Paula-
Lopes et al. 2003; Lacetera et al. 2005; Lacetera et al. 2006;
Lacetera et al. 2009; Agnew and Colditz 2008; Patir and
Upadhyay 2010; Basirico et al. 2011). The difference in extent
of HSP70 mRNA expression in PBMCs of Sahiwal, HF cows
and buffaloes showed difference in their ability to withstand
the deleterious effect of heat stress. The lower expression for
HSP70 in Sahiwal cattle provided an evidence for its better
cellular tolerance than that of Holstein and buffaloes. This
differential expression of HSP70 mRNA in the present study
could be attributed to its genetic divergence across the studied
species (Sodhi et al. 2013).

In addition to HSP70, other HSP genes that were studied
also contribute to thermotolerance such as HSP40, HSP60,
and HSP90 (Duncan 2005; Kampinga et al. 2003). It should
be noted that HSP40 and HSP90 generally function as a co-
chaperone/cofactor of mammalian HSP70 and the complex is
involved in the restoring of protein confirmation after heat
shock (Welch 1990; Morimoto 1998; Pratt and Toft 2003).
HSP40 and HSP90 mRNA expression like other HSPs was
highest at 2 h post-heat stress in Murrah. HSP60 is also known
to be one of the most important molecular chaperons under
various stressful conditions (Oksala et al. 2006) showed
higher induction in Murrah buffaloes, followed by HF and
Sahiwal cows. The induction of various HSPs reflected their
conserved functioning towards protective mechanism against
cellular heat stress. The data presented here provides initial
evidence of transcriptional differences in PBMCs of different

@ Springer

cattle types and warrant further research. Nevertheless, the
conclusion can be drawn that: (1) PBMCs as a potential model
to understand the differential heat shock response in cattle and
buffaloes, (2) HSP70 as most responsive gene and could be
utilized as marker for determination of extent of heat stress,
and (3) Sahiwal cattle have better cellular tolerance than HF
cattle and buffaloes.
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