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Abstract This study aimed to investigate the genes and path-
ways that respond to heat stress in Holstein bull calves ex-
posed to severe ranges of temperature and humidity. A total of
ten animals from 4 to 6 months of age were subjected to heat
stress at 37 °C and 90 % humidity for 12 h. Skin and rectal
temperatures weremeasured before and after heat stress; while
no correlation was found between them before heat stress, a
moderate correlation was detected after heat stress, confirming
rectal temperature to be a better barometer for monitoring heat
stress. RNAseq analysis identified 8567 genes to be differen-
tially regulated, out of which 465 genes were significantly
upregulated (≥2-fold, P < 0.05) and 49 genes were significant-
ly downregulated (≤2-fold, P < 0.05) in response to heat
stress. Significant terms and pathways enriched in response
to heat stress included chaperones, cochaperones, cellular re-
sponse to heat stress, phosphorylation, kinase activation, im-
mune response, apoptosis, Toll-like receptor signaling path-
way, Pi3K/AKTactivation, protein processing in endoplasmic
reticulum, interferon signaling, pathways in cancer, estrogen
signaling pathway, and MAPK signaling pathway. The differ-
entially expressed genes were validated by quantitative real-
time PCR analysis, which confirmed the tendency of the ex-
pression. The genes and pathways identified in this analysis
extend our understanding of transcriptional response to heat
stress and their likely functioning in adapting the animal to
hyperthermic stress. The identified genes could be used as

candidate genes for association studies to select and breed
animals with improved heat tolerance.
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Introduction

Heat stress (HS) is one of the major factors that cause a sig-
nificant reduction in production and reproduction rates in
Holstein cattle (West 2003). Even though modification of
the environment in farms can relieve the cattle from HS, the
added costs involved in it together with increasing tempera-
ture due to global warming could lead to economic losses and
will become a major issue for farmers around the world. The
economic impact of HS on global livestock production is
thought to be greater than $1.2 billion (Baumgard and
Rhoads 2013). Therefore, selection of animals genetically less
affected by thermal stress may help to increase production
throughout the hot season and the first step involved in this
is to identify genes that specifically respond to HS. Traditional
breeding programs have limitations in terms of collecting pre-
cise records for thermal states of individuals, and usually try to
identify animals that are resistant to HS by measuring reduc-
tion in certain production traits as critical indicators of heat
tolerance under high heat conditions (Kadzere et al. 2002;
West 2003). However, these indicators mask the actual effects
of HS, and therefore, identification of genetic changes against
environmental factors is necessary. Thus, a precise and effi-
cient method of measuring heat tolerance on a genetic basis
becomes important. Recent technologies with detection sys-
tems for causative genes and pathways under various experi-
mental circumstances can help to identify target genomic re-
gions, and it is possible to detect major genes and the
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pathways they are involved in HS response in animals (Collier
et al. 2006; Sakatani et al. 2012). Study of genetic factors for
HS in dairy cattle should be valuable to evaluate the availabil-
ity of genetically superior animals that can respond better to
changing temperatures without any significant drop in produc-
tion rate and also for identifying target genes and genomic
region for breeding genetically superior animal with increased
tolerance to HS.

Animals respond to HS through an evolutionarily con-
served process by modulating protein activation and differen-
tial gene expression (Lindquist and Craig 1988; Feder and
Hofmann 1999; Kregel 2002); however, very little informa-
tion is available regarding the complete set of genes that are
influenced by HS because of the complex physiological ac-
tions of genes in vivo. Early studies had revealed that a genetic
network of heat shock transcription factors is responsible for
various responses to HS (Pirkkala et al. 2001; Page et al.
2006). In addition, the central role of heat shock proteins
(HSPs) has been described as protecting hyperthermia, circu-
latory shock, and cerebral ischemia during heat stroke (Lee
et al. 2006). Gene expression profiling of blood provides an
opportunity to clarify the response of the animal to heat stress
on a global level, and moreover, it will result in identification
of target genes that accurately reflects not only the physiolog-
ical state of the animal but also the response of the animal
through the activation of various cellular processes involving
various cell types. This study aimed to identify and catalogue
genes and genetic pathways that respond to heat stress in
Holstein bull calves using RNA sequencing (RNA-seq) of
whole blood and to categorize transcription factors (TFs)
and genes that can be used as candidate genes for breeding
animals with superior thermal tolerance.

Materials and methods

Animals

Experimental procedures were approved by the ethics and
welfare committee of the National Institute of Animal
Science (NIAS) in Korea. The animals registered in the na-
tional database were a product of the standard breeding pro-
gram described in the guidelines provided by NIAS. Animals
were fed a diet formulated to meet nutritional requirements
according to National Research Council with 68 % total di-
gestible nutrients (TDN), 15 % crude protein, and hay
(Dactylis glomerata L.). During the heat stress treatment, wa-
ter and fresh hay were provided ad libitum. A total of ten bull
calves, which weighed an average of 126 ± 5 kg and were
between 4 to 6 months of age were selected from the dairy
cattle division at NIAS. The process used to select animals
for this study focused on reducing variation in genetic
backgrounds among individuals, and therefore, the animals

used in the study were the progeny of three sires
(Supplementary File 1). To normalize the environmental ef-
fects, animals were placed in an open barn for 3 days without
any restrictions for hay and water consumption and behavior
of individual animals was monitored. After finishing medical
checks, the animals were placed in an environmentally con-
trolled chamber at NIAS.

HS experimental setup

Before the experiment began, the environmentally controlled
chamber was tested with increasing temperature and humidity
around the targeted severe region. When animals were first
placed in the environmentally controlled chamber in individ-
ual pens, the ambient temperature was 22 °C with 60 % hu-
midity at 18:00 hours on the day before experiment. The first
setting of temperature and humidity was the same as the am-
bient temperature outside the building. The experiment was
started at 35 °C and 90 % humidity at 09:00 hours on the day
of experiment. Temperature was increased linearly to mini-
mize experimental heat shocks for 1 h to reach the target
stressful regions, and the actual severe heat stress was begun
at 10:00 hours. The intensity of stress, which was continued
from 10:00 to 19:00 hours, was based on temperature-
humidity index (THI) level which was calculated as
THI = (dry-bulb temperature, °C) + (0.36 dew point tempera-
ture, °C) + (41.2). The targeted severe stress range was set for
the THI level 90 to 93, which corresponded to 35∼37.78 °C
and 75∼95 % humidity. The THI values leading to severe
stress are shown in Supplementary File 2.

The skin temperature was measured every 1.5 h with a
temp-gun (Hitachi, USA) on the left side of the shoulder and
neck for a total of three measurements, maintaining a gap of
approximately 60 cm between human and the animal to pre-
vent any human influence on the skin temperature. In addi-
tion, rectal temperature was measured before heat stress
(BHS) and after heat stress (AHS). To minimize experimental
errors, two experts measured skin and rectal temperature, and
they shared their data and points of measurement.

A total of eight video cameras were set to record animal
behavior throughout the experimental periods. Since the ani-
mals were subjected to severe stress levels, we feared the
animals might collapse during the experiment or might not
drink sufficient water so staff members stood by to provide
any assistance if and when any irregular animal behavior or
unexpected situations arose and also to make sure the animals
consumed water and feed. The blood samples were collected
before the experiment began (09:00 hours) and at the end of
the stress period (19:00 hours). Ten milliliters of blood sam-
ples was taken from the jugular vein and placed in 50-ml
falcon tubes without anticoagulants and were labeled with
the animal ID and immediately stored in liquid nitrogen. The
reason for collecting blood at only two time points, i.e., before
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and after heat stress, was to avoid any stress that might be
caused due to repeated drawing of blood.

RNA preparation and sequencing

The whole blood samples were transferred to the laboratory of
the Animal Genomics and Bioinformatics Division of NIAS.
Frozen blood (approximately 2 g) was homogenized and iso-
lated using TRIzol Reagent (Invitrogen, USA), and the RNA
was cleaned using the RNeasy Midi Kit (Qiagen, USA) with
DNase digestions according to the manufacturer’s guidelines.
Integrity of the RNAwas assessed using a 2100 Bioanalyzer
and RNA 6000 Nano LabChip kit (Agilent Technologies,
USA). Only RNAwith a RIN value greater than 9.0 was used
for library construction. RNA concentration was determined
using a NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, USA).

A library was constructed using reagents provided in the
ILLUMINATruSeq™ RNA sample preparation kit. The first
step in the workflow involved purifying the poly-A containing
mRNA molecules using oligo-dT-attached magnetic beads.
The cleaved RNA fragments were reverse-transcribed into
first-strand complementary DNA (cDNA) using reverse tran-
scriptase and random primers. This was followed by second-
strand cDNA synthesis using DNA polymerase I and RNaseH
(Invitrogene, USA). These cDNA fragments then went
through an end repair process, with addition of a single A base
and ligation of the adapters. The products were then purified
and enriched with PCR to create the final cDNA library. The
sequencing was carried out on an ILLUMINA HiSeq 2500
sequencer following the vendor’s protocol. The library con-
struction and sequencing were performed by Macrogen Inc.
(Korea).

Data handling procedures

The analysis involved quality control, transcript assembly,
abundance estimation, test for differential expression, and reg-
ulation of RNA-seq samples. FastQC (version v0.10.0) was
used to check the quality of the raw sequence data from high-
throughput sequencing pipelines. TopHat program (v2.0.11)
and Bowtie2 (v2.1.0) were used to align the RNA sequences
and to map the sequence. Aligned RNA-seq reads were as-
sembled into a parsimonious set of transcripts. Cufflinks
(v2.1.1) was used to estimate the relative abundance of tran-
scripts based on how many reads supported each one, taking
into account biases in library preparation protocols.
Expression data was statistically analyzed in R. Functional
annotation and pathway analysis was carried out using a com-
bination of gProfiler (Reimand et al. 2016) and Gene
Ontology (Ashburner et al. 2000), and KEGG pathways
(Kanehisa and Goto 2000; Kanehisa et al. 2015) implemented
in ClueGO in Cytoscape v3.2 (Bindea et al. 2009). A

hypergeometric test with Benjamin and Hochberg false dis-
covery rate (FDR) was performed using the default parameters
implemented in ClueGO. Genes that were 2-fold upregulated
or downregulated and P <0.05 were considered to be signifi-
cantly differentially expressed. A text mining approach using
eGIFT (Tudor et al. 2010) was also performed to understand
the functional role of the DEGs from published abstracts (Sun
et al. 2015) and to find out the cell types to which the DEGs
belong. Animal Transcription Factor Database (Zhang et al.
2012) was used to indentify TFs, transcriptional cofactors, and
chromatin modulators.

Real-time PCR validation

Quantitative reverse transcription PCR (qRT-PCR) was per-
formed using gene-specific primers (Table 1) and the Fast
SYBR green master mix (Applied Biosystems) on an ABI
7500 Real Time PCR system following the manufacturer’s
direction. A total of ten genes that were more than 2-fold
differentially expressed were analyzed. ATP5B (ATP syn-
thase, H+ transporting, mitochondrial F1 complex, beta poly-
peptide) and hydroxymethylbilane synthase (HMBS) were
tested for use as endogenous controls. Primers for ATP5B
were CATCG TGGCG GTCAT TGG and AATGG TCCTT
ACTGT GCTCT C and for HMBS were TGCTT CCTCC
TGGCT TCAC and GTTCC TACCA CACTC TTCTC TG.
The expression of ATP5B and HMBS was checked for stabil-
i ty using GeNORM (ht tp : / /medgen.ugent .be /%7
Ejvdesomp/genorm) against same concentration of RNA
from different samples, and HMBS was found to be more
stable between samples and was used for normalization of
the expression data.

Results and discussion

In general, temperatures above the thermal neutral zone,
which is significantly influenced by ambient temperature,
wind and humidity, affect production, and reproduction rates
of animals. Therefore, management techniques to protect an-
imals from heat stress in hot seasons are necessary to mini-
mize economic losses in farms due to heat stress. The physi-
ological changes caused by heat are associated with pheno-
typic factors such as density and thickness of hair coat, sweat
gland density, skin color, and length and color of hair (Olson
et al. 2003; da Silva et al. 2003; Klungland and Våge 2003;
Mariasegaram et al. 2007). Several environmental factors in-
fluence HS, one of the most important of which is air flow
over the skin surface (Gebremedhin andWu 2001; Olson et al.
2006). Thus, eliminating environmental variation around ani-
mals can help to characterize genes, which are specifically
triggered in response to HS. As our study tried to fix
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environmental factors, the identified genes may be used as
genetic indicators for selecting animals against heat stress.

Changes in skin and rectal temperature in response to heat
stress

It has been reported that mild heat stress begins at a THI of 77
for dairy heifers (St-Pierre et al. 2003). Therefore, in this
study, in order to subject the animal to severe ranges of heat
stress, a THI of 90–95 was set (Supplemental File. 1). The
skin temperature was measured at four different time points,
i.e., at 13:30, 17:25, 20:10, and 23:45 hours the day before
subjecting the animals to HS in order to determine the chang-
ing patterns of body temperature under normal circumstances
(Fig. 1a, b). No tendency for increasing or decreasing skin
temperatures were detected between 13:30 and 23:05 hours
on the day prior to the HS experiment day. On the other hand,
measurements of skin temperature on the day of the HS ex-
periment showed increasing patterns for all individuals from
09:10 to 19:02 hours. The highest skin temperature was re-
corded in animal number 22 (approximately 38.5 °C), where-
as animal number 15 presented the lowest temperature (ap-
proximately 35 °C) at 17:20 hours. Berman (2005) had report-
ed that when the body temperature of animals reaches 35 °C, it
triggers and activates the responding system for heat stress in
dairy cows. Rectal temperature was also elevated for all indi-
viduals from 09:10 to 19:02 hours (Fig. 1c, d). Animal num-
bers 33, 36, and 31 showed rapidly increasing rectal temper-
atures, whereas animals 22, 35, and 34 showed little increment
in temperatures between BHS and AHS. The animals 33 and
15 recorded the highest (41.3 °C) and lowest (38.7 °C) rectal
temperatures, respectively, at 19:02 hours. A low correlation
(r = 0.082) between rectal and skin temperatures was estimat-
ed at BHS (Fig. 1c), whereas a moderate correlation (r =
0.445) was detected at AHS. In general, rectal temperature is
a barometer for actual body temperature, as skin temperature
is affected by the environment, but in order to avoid any
stress due to physical insertion of a temperature probe

inside the animal and since the experiment was carried
out inside an environmentally controlled chamber, rectal
temperatures were measured only at two time points. Skin
temperature is considered as not a good indicator, due to
various nonmeasurable factors that may cause low
correlations between skin and rectal temperature.
Umphrey et al. (2001) reported that skin temperature
was lowly correlated with rectal temperature (r = −0.022)
and respiration rate (r = − 0.086). However, in contrast to
previous reports, we found a moderate correlation (r =
0.445) between skin and rectal temperature following heat
stress (Fig. 1d), suggesting that conducting the experiment
in a controlled environment seems to have removed vari-
ables other than temperature and humidity leading to a
moderate correlation in the skin and rectal temperature.

These results show that the increase in skin and rectal tem-
perature were consistent with changes in environmental tem-
perature. Though variance in skin and rectal temperatures for
individual animals were detected, this was expected, as varia-
tion in body temperature may be due to physiological differ-
ences among individuals that are related to activities of glands
(Olson et al. 2006), or due to different genetic backgrounds,
that adapt easily to new environments. These results showed
that the body temperature had reached severe HS levels in all
the animals.

RNA sequencing summary

The RNA-seq analysis showed that the total read bases and the
total read pairs of the samples increased significantly except in
animals 31 and 34 from BHS to AHS (Table 2). Over 154
million reads were generated across 20 samples. The analysis
identified 8567 genes (Supplementary File 3) to respond to
heat stress, out of which 465 upregulated and 49 downregu-
lated genes were identified as significantly differentially
expressed (DEGs) (≥ or ≤2-fold and P < 0.05) (Fig. 2).
Hierarchical clustering (Fig. 3) of the DEGs showed that the
samples clustered based on condition (heat vs control).

Table 1 Primers used for qRT-PCR validation of RNAseq data

Gene Accession no. Forward 5′→3′ Reverse 5′→3′

SPDEF NM_001081578 TGAAACATGCCCTTGCCAGACCT ACAGCCCTACCTCCCTCCATCCTC

HBM NM_001083768 CGCGCCCACATAACACAGGT TCGGCAAGCGGGCTCAGGACT

MZT2B NM_001099204 GCTGCGGCGGAAGAAGGTGCTGAG CGCGGCCGTGGGATCCTGGGAGTC

ADIF NM_001114513 ACAGCGGTTCAGCAAGTGGT AGGAATATAGGTTTTAATGAGGTG

SELM NM_001163171 GGCCACCGCTTTGAGGAAC CAGGCGGGAGGTGGGGGAGTGG

HBP1 NM_001046196.2 GTGAGTCGGAATCTGGCATT TGCCATTCCTTATTGCTTCC

MYADM NM_001075252 CAGAAGCATGGCGGTGAGC CTGGGGAGAAGCGGGGATTAGG

PTPRC NM_001206523 ATGATCAACAGCTTCTTATTAGTC ATTCCGTCCTGGGTTTTATCCTGA

HSPH1 NM_001075302 AGTAGAAACCACGCTGCTCCTT CTCCACCATAGACGCTGTAGA

HSPA1A NM_203322 GCTTCCGCAGACCCGCTATC ACCTTGCCGTGCTGGAACA
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Real-time PCR validation

The RNAseq transcriptome data was validated using
quantitative RT-PCR analysis. The expression levels of
ten genes were analyzed between control and heat
stressed samples (Table 1). The analysis showed that the
tendency of gene expression was concordant with the

RNAseq result, though the absolute fold changes differed
between qRT-PCR and RNAseq. A correlation (r2) of
0.968 was yielded between the q-RT PCR ΔCT and
LOG2FC value of the RNAseq analysis (Fig. 4); this
was similar to what was observed in several other studies
(Nagalakshmi et al. 2008; Core et al. 2008; Camarena
et al. 2010; Sun et al. 2015).

Fig. 1 Measurements of skin and rectal temperatures for Holstein calves (a, b) during the course of the experiment; c, d correlation between
measurements of skin and rectal temperature before heat stress (09:00 hours) and after heat stress (19:02 hours)

Table 2 Summary sequencing statistics

ID Before heat stress (BHS) After heat stress (AHS)

Total read bases Total read pairs GC (%) Q20 (%) Q30 (%) Total read bases Total read pairs GC (%) Q20 (%) Q30 (%)

15 8,302,856,298 82,206,498 50.77 93.87 87.41 9,077,010,390 89,871,390 49.68 94.25 87.12

22 7,664,272,688 75,883,888 50.24 94.88 88.72 7,978,351,378 78,993,578 49.36 94.48 87.57

25 7,146,502,450 70,757,450 49.65 94.54 88.31 8,012,177,288 79,328,488 49.01 94.43 87.54

28 7,614,621,492 75,392,292 49.92 94.96 88.85 8,627,660,380 85,422,380 49.18 94.43 87.57

31 7,462,123,612 73,882,412 50.07 93.83 87.74 6,831,782,006 67,641,406 49.71 95.02 88.57

33 6,738,018,656 66,713,056 49.92 92.03 85.64 8,067,930,500 79,880,500 49.59 94.51 87.69

34 8,231,919,352 81,504,152 49.97 94.04 86.73 7,862,032,304 77,841,904 51.08 94.05 87.09

35 7,711,182,138 76,348,338 50.74 94.78 88.12 9,761,067,634 96,644,234 50.79 94.87 88.17

36 7,131,010,262 70,604,062 53.01 90.75 82.88 7,788,998,396 77,118,796 50.76 94.28 87.34

37 6,472,468,244 64,083,844 50.34 94.64 88.45 7,286,197,974 72,140,574 48.61 94.51 88.08
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Fig. 2 Volcano plot showing
differentially expressed genes
between AHS and BHS; the dots
in red are genes that were
considered significant FC ≤ or ≥2-
fold and P value <0.05 (color
figure online)

Fig. 3 Hierarchical clustering of all the expressed genes before (BHS) and after (AHS) heat stress. Red corresponds to downregulated gene product, and
green corresponds to upregulated gene product (color figure online)
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Functional annotation and classification

The DEGs were then functionally annotated and grouped
based on Gene Ontology (GO) terms. The top ten upregulated
genes after heat stress, were predominated by genes belonging
to heat shock transcription factors (molecular chaperones)
(Supplementary File 3). The top five upregulated genes were
heat shock 70 kDa protein 1A (HSPA1A), heat shock
105 kDa/110 kDa protein 1 (HSPH1), heat shock 70 kDa
protein 8 (HSPA8), DnaJ (Hsp40) homolog, subfamily A,
member 1 (DNAJA1), and CDC-like kinase 1 (CDK1), while
the top five downregulated genes were interferon-induced mi-
totic spindle organizing protein 2B (MZT2B), chromosome
28 open reading frame, human C10orf116 transmembrane
(C10orf116), hemoglobin, mu (HBM), nucleoside diphos-
phate linked moiety X (nudix)-type motif 14 (NUDT14),
and ybeY metallopeptidase (YBEY). The GO terms were
enriched for biological process, molecular function, and cel-
lular component. The DEGs were primarily located in the
protoplast (42 %), organelle (27 %) and macromoleular com-
plex (16 %). Most of the genes participated in metabolic pro-
cess, catalytic activity, transcription factor activity, enzyme
regulatory activity, protein binding, apoptotic process, re-
sponse to stimulus, cellular process, and immune system pro-
cess (Fig. 5). A complete list of GO terms and the genes
involved in them are given in the Supplementary File 4.

Heat stress resulted in the activation of heat shock factors
and factors involved in protein folding

Heat is a proteotoxic stress and causes denatured proteins which
can become cytotoxic by forming aggregates (Fink 1999; Liu
et al. 2013). The function of many heat shock factors (HSFs)
are to act as chaperones assisting in protein folding thereby
avoiding protein aggregation (Lindquist and Craig 1988;
Hightower 1991; Moseley 1997) which results in protein

homeostasis during cellular response to HS. In all, 20 genes
encoding molecular chaperones were upregulated in response
to HS (Table 3). These included members of HSP70 family
(HSPA1A, HSPA4, HSPA5, and HSPA8) and subfamily
HSP110 (HSPH1), HSP40 (DNAJA1, DNAJB1, DNAJA2)
family. HSP40 regulates the ATPase activity of HSP70 by
interactingwith the J domain of theHSP70 proteins. These genes
also confer thermo-tolerance to cells on exposure to HS (De
Maio 1999). Two members of the HSP90 family was also up-
regulated (HSP90AB1, HSP90AA1) and so was cofactor
AHSA1 which interacts with HSP90AA1 as an activator, while
the HSP90s assists in protein folding and protein stabilization
(Panaretou et al. 2002). STIP1, a member of HSP70-HSP90
organizing protein (HOP) family which functions as a
cochaperone that reversibly links together HSP70 and HSP90
protein chaperones (Odunuga et al. 2004) and prostaglandin E
synthase 3 (PTGES3) which functions as a cochaperone, along
with HSP90 were also upregulated. HS results in an increase in
cytotoxic protein in the endoplasmic reticulum (ER), HERPUD1
which was found to be upregulated in this study functions in
processing and degradation of these cytotoxic protein by partic-
ipating in ER-associated degradation (ERAD) (Nogalska et al.
2006). Foldases are required for protein folding (Nagradova
2007); they catalyze protein folding by isomerizing peptide
bonds with peptidyl-prolyl 4 hydroxylase which results in rear-
rangement of disulfide bonds (Wilkinson and Gilbert 2004); in
this study, protein disulfide isomerase family A member 3
(PDIA3) was found to be elevated in response to HS. PDIA3,
also known as GRP58, localizes to ER, and it interacts with
calnexin (CANX) to modulate the folding of newly formed gly-
coproteins; CANX was also found to be elevated in this study.
Looking at the function of these proteins, it looks like CANX,
PDIA3, and HERPUD1 could closely interact in response to HS.
Other than these, PTGES3, which is required for proper func-
tioning of glucocorticoids and other steroid receptors (Freeman
and Yamamoto 2002), and TP53INP1, which positively

Fig. 4 Expression levels of
selected genes from RNAseq
analysis (blue bar) and their
validation by qRT-PCR (red bar).
R2 is the correlation of expression
levels between the two methods
(color figure online)
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regulates autophagy (Okamura et al. 2001), were also upregulat-
ed. SERPINH1 a cochaperone which is involved in collagen
biosynthesis was the least modulated chaperone (2-fold
change) in response to HS, relative to the other chaperones re-
ported above. A protein-protein interaction network analy-
sis showed that the HSPs and cochaperones were strongly
related and mostly coexpressed (Fig. 6). Several genes
involved in the pathway for protein processing in the
ER were also identified in this study to be differentially
expressed (Fig. 7). Though the activation of HSPs in re-
sponse to heat stress is very well characterized, polymor-
phism in these genes could be associated with milk yield
in lactating cattle (Li et al. 2011; Liu et al. 2011);

moreover, the expression of these genes could also be
verified for their effect on milk yield in lactating cows
in the hot season.

Heat stress regulates genes involved in immune response
and immunity-related signaling pathways

Heat stress has a severe effect on the health of animals and
compromises immune function (Strong et al. 2015) and has
also been reported to lead to leaky guts in ruminants eliciting
an inflammatory response (Kahl et al. 2015). In all, 84 genes
involving in immune response or immune-related response
were different ial ly expressed in response to HS
(Supplementary File 3). HS or hyperthermia also results in
hyperinsulinemia which results in the metabolic profile of
HS subjected cattle to be similar to an immune stimulated
system; this hyperinsulinemia is thought to be associated with
an endotoxin, lipopolysaccharide (LPS), an abundant glyco-
lipid of the outermembrane of gram-negative bacteria, taxol or
Hsp60 (Asea 2008). Increased levels of LPS has also been
reported in several other heat stressed species like human,
poultry, pigs, and rodents (Mani et al. 2012). Heat stress has
also been reported to lead to an increase in the expression of
Toll-like receptors (TLRs) (Ju et al. 2014) especially with the
increased expression of Hsp70 which specially binds to TLR2
and TLR4 and induces immunoregulatory effects such as cy-
tokine and chemokine release by a process known as
chaperokine activity. Several TLR genes were found to be
1.5- to 3-fold upregulated in this study; these included
TLR1, TLR2, TLR3, TLR4, TLR6, TLR7, TLR8, TLR9,
TLR10, out of which TLR7 was 3-fold upregulated. TLRs
are generally grouped into two main groups based on the
recognition of pathogen-associated molecular patterns
(PAMPS) from invading agents: the first group comprises
TLR1, TLR2, TLR4, and TLR6 and recognizes PAMPS from
lipids; the second group consists of TLR3, TLR7, TLR8, and
TLR9 that recognizes PAMPS from nucleic acids (Brikos and
O’Neill 2008). TLR signaling leads to the activation of innate

Fig. 5 Summary of GO terms for biological process (BP), molecular
function (MF), and cellular component (CC) ontologies for upregulated
and downregulated gene products in response to heat stress. Chart labels

are GO terms, and the percentage indicates the total percentage of the
DEGs involved in that process

Table 3 List of chaperones differentially expressed in this study

Gene symbol Entrez gene ID Fold change

HSPA1A 282254 11.52979

HSPH1 507165 7.819208

DNAJA1 528862 4.436372

HSPA8 281831 4.294902

STIP1 617109 3.915504

DNAJB1 538426 3.321045

HSP90AB1 767874 3.295318

HSP90AA1 281832 2.673493

ST13 510494 2.56736

AHSA1 539220 2.497629

PDIA3 281803 2.486621

PTGES3 493638 2.484664

HERPUD1 613577 2.412679

HSPB1 516099 2.354337

CANX 407129 2.264448

TP53INP1 782667 2.228985

HSPA4 536558 2.197612

DNAJA2 360006 2.043753

HSPA5 415113 2.01403

SERPINH1 510850 2.008764
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and adaptive immunity. Moreover, HS was found to activate
TLR signaling pathway (Fig. 7) with the expression of genes like
CD80, CASP8, RIPK1, IFNAR2, and BIRC3 found to be ele-
vated in response toHS. The TLR signaling pathway is known to
be activated in response to HS (Eicher et al. 2004; Zhou et al.
2005). Several interleukin genes such as NFIL3, IL8, and IL15
expressions were also increased in response to HS. TLR activa-
tion and dysregulation of cytokine expression in response to heat
stress has been reported to lead to immunosupression and in-
creased susceptibility to antigenic challenge in pigs (Ju et al.
2014), suggesting that heat stress could make the animal suscep-
tible to pathogens. Other than TLR signaling pathways, several
other immune-related pathways (Supplemental 4) were also ac-
tivated in response to HS; these included Tcell receptor signaling
pathway, B cell receptor signaling pathway, Fc gamma R medi-
ated phagocytosis, ErbB signaling pathway, antigen processing
and presentation, and some viral infection-related pathways like
Herpes simplex infection pathway, Epstein-Barr virus infection,

and several pathways involved in cancer and MAPK signaling
pathways were also activated in response to HS (Fig. 7). HSPs,
while playing an important role in the stimulation of innate im-
munity through TLRs, also activates T cell and B cell lympho-
cytes (Breloer et al. 2001;Moré et al. 2001); moreover, HSPs can
directly activate the adaptive immune T lymphocytes in a TLR2-
dependent and TLR4-independent manner, while Hsp60 acti-
vates B cells via TLR4 recruitment (Zanin-Zhorov et al. 2003;
Cohen-Sfady et al. 2005; Osterloh et al. 2008).

Effect of heat stress on fertility through MAPK signaling
pathway

Heat stress has been recognized as a leading cause for subfertility
in farm animals due to sperm damage (Hansen 2009). MAPK
signal transduction, which is activated in response to several
environmental stressors, promotes the inhibition of cell growth
and apoptosis (Wada and Penninger 2004); specifically, MAPK

Fig. 6 Gene interaction network of DEGs analyzed using STRING protein database. Nodes are the genes, and the edges are the interaction between the
nodes. The color of the edge indicates the type of interaction
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signaling pathway has been shown to be involved in heat-
induced sperm damage (Rahman et al. 2014). Eighteen genes
belonging to the MAPK signaling pathways were differentially
expressed (Fig. 7) in response to HS; these included DUSP7,
PPM1A, GRB2, PRKCB, JUN, CRK, and HSP90AA.

Several transcription factors, transcriptional cofactors,
and chromatin remodeling factors involved in cell cycle
inhibition and tumor suppression were activated
in response to heat stress

Thermal stress induces anomalies in cell function (Sonna et al.
2002), which includes inhibition of protein synthesis, and de-
fects in protein structure and elevated heat load will elicit
changes at the level of transcription factors (Collier et al.
2008). The effect of HS on transcriptional regulation of pro-
tein synthesis has been reported in several species (Buckley
et al. 2006; Liu et al. 2013). Protein synthesis is regulated by
transcriptional regulation, either by transcription factor bind-
ing or by changing the structure of chromatin by chromatin

remodeling factors; the maintenance of chromatin structure is
of vital importance for organismal homeostasis (Kokavec
et al. 2007), while transcriptional cofactors are required for
activator-dependent or activator-regulated transcription and
for transmitting regulatory signals between gene-specific ac-
tivators and the transcriptional machinery (Thomas and
Chiang 2006). In this study, 31 TFs, 13 transcriptional cofac-
tors, and 6 chromatin remodeling factors were found to be
differentially expressed (Table 4). Several TFs involved in
the regulation of cell cycle such as ARID4A, ELF4, TFCP2,
TFDP1, and HBP1 were upregulated while SPDEF was
downregulated. ARID4A is involved in cell cycle arrest at
G1/G0 stage by repressing the transcription of E2F-regulated
genes by forming a complex with retinoblastoma protein,
thereby regulating cell proliferation (Chen et al. 2003).
ELF4 encodes a protein that functions in the activation of
IL3, IL8, PRF1, and CSF2 and in cell cycle arrest in naive
CD8+ cells. The expression of TFCP2, which is involved in
the regulation of cellular and viral promoters, cell cycle regu-
lation, and also in cell survival (Santhekadur et al. 2012) was

Fig. 7 A network map of pathways significantly enriched after heat stress. The nodes are the pathways, and edges connect the genes involved in the
pathway
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elevated, while SPDEF, which encodes a ETS family TF and
functions in the activation of an androgen-independent
transactivator of prostate-specific antigen (PSA) promoter
and is strongly correlated with the development of several
types of tumor, was found to be downregulated in response
to HS. The expressions of several TFs, such as SMAD4,
STAT3, IRF2, HBP1, ELF4, and ARID4A, involved in tumor
suppression were also elevated. Moreover, cofactors such as
RBL2, SETD8, and RNF2 which plays important roles in cell
cycle inhibition were also significantly upregulated.
Chromatin modifiers involved in epigenetic regulation of cell
cycle such as HDAC2 and KDM3A (Lee et al. 2014) were
also upregulated.

Apoptosis

Sixty-four genes involved in apoptotic processes were
found to be differentially expressed in this study. The
activation of HSF in response to thermal stress protects
the cell from apoptosis, but when the stress is too strong
or conversely, the failure to activate and maintain the pro-
tective response results in the activation of signaling cas-
cades that ultimately results in cell death pathways
(Perkins and Gilmore 2006; Weston and Davis 2007).
Apoptosis along with cell cycle arrest is a major mecha-
nism by which tumor formation is inhibited (Li et al.
2012).

Taken together, the activation of several cancer pathways
and the expression of the tumor suppressors, the cell cycle
arrestors, along with the activation of such a large number of
genes involved in apoptosis and the expression of large num-
ber of genes belonging to macrophage lineage (Table 5) sug-
gests that severe cell anomaly and DNA damage has taken
place due to thermal stress. Gu et al. (2014) recently showed
that HS can induce apoptosis by activating p53-mediated mi-
tochondrial pathways; three genes involved in p53 signaling
pathway (CASP8, MDM-X, and CYCLIN G) were differen-
tially expressed in this study. Several genes, such as FADD,
CASP8, BRIC4, JUN, PI3K, and AKT3, which play a critical
role in inducing apoptosis through TNF and PI3K-Akt signal-
ing pathways, were also differentially expressed.

Table 4 List of TFs, transcriptional cofactors, and chromatin
remodeling factors differentially expressed in this study

Gene symbol Entrez gene ID Fold change

Transcription factors

JUN 280831 2.663937

IRF2 337916 2.533374

NFE2L2 497024 2.073162

SPDEF 497620 −2.54385
ELF4 504514 2.125593

ELF1 505251 2.677581

NFIL3 506097 2.014033

ATF1 506967 1.957237

STAT3 508541 1.954277

ZBTB7B 509019 2.318676

TCF12 509039 1.992964

TFCP2 509448 2.330451

BAZ2A 509799 2.063852

TGIF1 510050 2.389241

ARID3A 511283 2.118166

HBP1 515320 2.143308

TCF3 530616 2.378868

ARID4A 531515 2.109133

ADNP 533757 2.051073

TFDP1 534579 2.156619

GTF2I 534669 2.139872

ZBTB40 534714 2.021622

LEF1 535399 2.332525

MIER1 538742 2.11698

ZBTB18 538793 2.16256

VEZF1 539120 2.139921

HHEX 539542 2.073288

ZNF644 539923 2.192416

SMAD4 540248 2.085932

SP1 540741 2.325516

ELK1 786886 2.096515

Chromatin remodeling factors

CBX3 1E+08 2.025144

HDAC2 407223 2.079579

MSL3 515220 1.978494

KDM3A 536073 1.973173

MORF4L2 538442 2.652781

BAZ1A 540621 2.028949

Transcriptional cofactors

DNMT3B 1.01E+08 1.960636

PSIP1 282011 2.129971

PRKCB 282325 2.29706

ATN1 513125 2.306827

BANP 513446 2.458954

NCOA4 525329 2.101791

KMT5A 532622 2.399096

RBL2 533294 2.491395

Table 4 (continued)

Gene symbol Entrez gene ID Fold change

DDX5 533700 1.962994

RNF2 540090 2.086213

BCL10 540824 2.03278

CCT4 613336 2.310648

TMF1 616786 2.023018
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Putative cell types which contributes to the gene
expression changes

Blood is a complex mix of cells, and various cell types must
be contributing to the gene expression changes observed in
this study. An attempt was made to classify the cell types
based on the expressed genes using a text mining approach
(Sun et al. 2015; Tudor et al. 2010) (Table 5). The result shows
that most of the DEGs belonged to the lymphocytes, particu-
larly B cell, T cell, and NK cell, followed by fibroblasts,
monocytes, adipocytes, and hepatocytes. The increased ex-
pression of genes belonging to these cell types also suggest
that their relative proportion in blood might have increased in
response to heat stress; however, further studies are needed to
validate this statement.

Conclusion

In this study, the effect of heat stress on Holstein bull calves
has been examined by analyzing their transcriptome response
to HS using RNAseq technology, and major biological pro-
cess and pathways impacted by HS have been identified. We
have also identified TFs that are impacted by HS. Three major
response seems to be elicited in response to HS; initially, there
is an elevated expression of chaperones and heat shock genes
that acts to prevent protein aggregation and misfolding, there-
by helping in cell survival; extracellular presence of HSPs
triggers various immune system activation; and finally, the
continued exposure to severe stress leads to expression of cell
cycle arrestors, tumor suppressors, and genes involved in ap-
optotic processes to prevent tumorigenesis. The genes and
TFs identified in this study can be used as candidates for
improving thermal tolerance through breeding by marker-
assisted selection program, thereby avoiding the use of expen-
sive cooling technologies and also minimize production loss

due to raising temperature which will not only result in agri-
cultural profitability but also improve animal well-being.
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