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Simple Summary: The current study employed RNA-seq technology to analyze the impact of heat
stress on the whole transcript sequencing profile in the mammary glands of lactating Holstein dairy
cows. In the findings of the current study, heat stress downregulated the expression of casein genes,
which resulted in a decrease in milk production. Moreover, heat stress upregulated the gene expression
of HSPA1A and HSP90B1, while it downregulated the expression of immune response-related genes
that resulted in a reduction in milk yield. Furthermore, there was an increased synthesis of heat shock
proteins and unfolded proteins that could reduce the availability of circulating amino acids for milk
protein synthesis. The findings of the current experiment may help to explore the impact of heat
stress on immune function, milk production, and milk protein synthesis in cows.

Abstract: Heat stress (HS) exerts significant effects on the production of dairy animals through
impairing health and biological functions. However, the molecular mechanisms related to the effect
of HS on dairy cow milk production are still largely unknown. The present study employed an
RNA-sequencing approach to explore the molecular mechanisms associated with a decline in milk
production by the functional analysis of differentially expressed genes (DEGs) in mammary glands
of cows exposed to HS and non-heat-stressed cows. The results of the current study reveal that HS
increases the rectal temperature and respiratory rate. Cows under HS result in decreased bodyweight,
dry matter intake (DMI), and milk yield. In the current study, a total of 213 genes in experimental cow
mammary glands was identified as being differentially expressed by DEGs analysis. Among identified
genes, 89 were upregulated, and 124 were downregulated. Gene Ontology functional analysis found
that biological processes, such as immune response, chaperone-dependent refolding of protein,
and heat shock protein binding activity, were notably affected by HS. The Kyoto Encyclopedia of
Genes and Genomes enrichment analysis found that almost all of the top-affected pathways were
related to immune response. Under HS, the expression of heat shock protein 90 kDa beta I (HSP90B1)
and heat shock 70 kDa protein 1A was upregulated, while the expression of bovine lymphocyte antigen
(BoLA) and histocompatibility complex, class II, DRB3 (BoLA-DRB3) was downregulated. We further
explored the effects of HS on lactation-related genes and pathways and found that HS significantly
downregulated the casein genes. Furthermore, HS increased the expression of phosphorylation
of mammalian target of rapamycin, cytosolic arginine sensor for mTORC1 subunit 2 (CASTOR2),
and cytosolic arginine sensor for mTORC1 subunit 1 (CASTOR1), but decreased the phosphorylation
of Janus kinase-2, a signal transducer and activator of transcription factor-5. Based on the findings
of DMI, milk yield, casein gene expression, and the genes and pathways identified by functional
annotation analysis, it is concluded that HS adversely affects the immune function of dairy cows.
These results will be beneficial to understand the underlying mechanism of reduced milk yield in
HS cows.

Animals 2020, 10, 1015; doi:10.3390/ani10061015 www.mdpi.com/journal/animals

http://www.mdpi.com/journal/animals
http://www.mdpi.com
http://www.mdpi.com/2076-2615/10/6/1015?type=check_update&version=1
http://dx.doi.org/10.3390/ani10061015
http://www.mdpi.com/journal/animals


Animals 2020, 10, 1015 2 of 18

Keywords: heat stress; dairy cow; whole transcript sequencing; immune response; stress response

1. Introduction

In livestock production, heat stress (HS) negatively affects livestock health and production [1].
However, the effects of HS on livestock production are different in different livestock breeds [2,3].
For example, HS in beef breeds is generally believed less critical as compare to dairy breeds because
beef breeds have lower metabolic rates and lower body heat production [2,3]. Therefore, most of the
studies explore the impact of HS on dairy animals’ health and production.

In dairy animals, the Holstein breed is one of the standard commercial dairy cattle breeds and is
widely known due to its high milk yield. In hot and humid seasons, the ability of Holstein dairy cattle
to dissipate body heat via skin evaporation is restrained due to its relatively low surface area to body
weight ratio, dense body surface hair, and underdeveloped sweat glands [4]. Therefore, Holstein dairy
cattle are at higher risk of facing even more severe heat stress [5]. Previous studies have reported
that HS negatively influences the production of milk and protein contents of milk in Holstein dairy
cows [6,7]. It is traditionally believed that HS results in lower dry matter intake (DMI), which reduces
the production of milk yield and protein contents of milk in dairy cows [8,9]. However, the utilization
of pair-fed thermal neutral (TN) controls in recent studies have demonstrated that decreased DMI only
partially (about 35–50%) explains the decrease in productivity [6,7]. It has also been reported that
lower DMI in HS cows is not only one of the main reasons for the decline in milk production [6,7].
Furthermore, it has also been reported that HS influences the cellular response that is responsible for
the decline in milk production and milk quality [10]. For example, Cowley et al. [7] found that HS
results in a reduction in milk protein as a result of downregulation of bovine mammary epithelial
cell (BMEC) activity [7]. Moreover, at the cellular level, heat stress adversely affects the function and
gene expression of casein in BMECs [11,12], especially the Alpha casein S1 (CSN1S1) [13]. The in-vitro
studies explored that high ambient temperature downregulates the gene expression involved in cell
structure, biosynthesis, and transport, whereas it upregulates the gene expression involved in protein
repair and degradation in BMECs [7,14].

However, the effect of HS on the whole transcript sequencing in mammary tissue of dairy cows
in-vivo is still unknown. Therefore, the current experiment was designed to investigate the global
expression profile of dairy cows’ mammary gland tissue during normal and HS state and to identify
the molecular pathways regulated in heat-stressed dairy cows by using RNA sequencing (RNA-Seq).
The objective of the current study is to explore the effect of HS on the molecular mechanism that
reduces the performance of dairy cows.

2. Materials and methods

2.1. Animals, Management and Experimental Treatments

All experimental protocols in the current study were conducted following the guidelines of the
Animal Care and Use Committee, constituted by Sichuan Agricultural University (Chengdu, China).
The current experiment was conducted at Qingbaijiang Dairy Farm of New Hope Dairy Co., Ltd.
(Chengdu, China). A total of twenty Holstein cows, with healthy and symmetrical udders, were selected
for this study. All the experimental cows were reared in a closed-type cowshed to avoid seasonal
variation and photoperiods on metabolism. Individual pens were assigned to each cow in such a way
that each cow had free access to fresh drinking water. The managemental regimes were the same for
all the experimental cows. A group of ten cows was considered for HS experimental treatment, while
the second group of 10 cows was considered for TN experimental treatment. In both experimental
groups, each cow was considered as a replicate. The basic information of experimental cows is shown
in Table 1.
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Table 1. Characteristics of the experimental cows.

Parameter TN (Thermal Neutral) HS (Heat Stress) p-Value

Number of cows 10 10
Parity 2.1 ± 1.0 2.2 ± 1.3 0.89

Lactation days 130.5 ± 15 123.4 ± 20 0.92
305-day milk yield (kg) 8993.7 ± 767.5 8933.2 ± 757.1 0.95

Average bodyweight (kg) 605.8 ± 58.1 603.5 ± 45.3 0.97

The samples of HS treatment were collected in the summer season (from mid-July to late August in
2018) when the environmental temperature–humidity index (THI) was enhanced from 72.5 to 86.9 over
one month and stabled at 80.5 for one week. The samples of TN experimental treatments were collected
in the spring season (from mid-March to late April in 2018) when environmental THI steadily increased
from 52.1 to 65.2 over a one-month period. Experimental cows were on the same diet throughout the
trial period. The duration of the adaptation period was 15 days, while the duration of the experimental
data collection was 30 days.

Animals were fed the diet in the form of a total mixed ration (TMR). The delivery of TMR was at
07:00, 14:00, and 20:00 h of the day throughout the experimental period. The diets of experimental animals
were formulated according to the recommendation of National Research Council (NRC 2001) for dairy
cows [15]. The experimental feed ingredients profile and chemical composition are shown in Table 2.

Table 2. Ingredients and chemical composition of the basal diet.

Ingredients (% of DM) Content

Corn 14.94
Soybean meal 4.98

Cottonseed meal 1.30
Rapeseed meal 0.42

Extruded full-fat soybean 2.21
Corn gluten meal 0.83

Dried distillers grains 1.11
Oat hay 5.03

Alfalfa hay 10.75
Whole cottonseed 3.42
Whole corn silage 38.87

Beet pulp 2.52
Molasses 3.42

Fatty power 0.57
Brewer’s grains 6.86

Limestone 0.77
Dicalcium phosphate 0.42

Vitamin–mineral premix 1 0.48
Sodium bicarbonate 0.70

MgO 0.14
NaCL 0.28

Chemical composition (%)
NEL (Mcal/Kg) 2 1.70

Crude protein 16.6
Ether extract 5.50

NDF 3 30.89
ADF 4 19.27

Ca 0.78
P 0.43

Ash 7.50
1 Provided TMR/kg: a min. of 10,000 IU of vitamin A.; 1850 IU of vit. D; 50 IU. of vit. E; 16.73 mg of niacin; 54 mg of
Zn; 12.5 mg of Cu; 0.45 mg of Se; 20.5 mg of Mn; 0.54 mg of Co; 0.945 mg of I. 2 Calculated. following NRC (2001)
recommendation and was, based on actual DMI.. 3 Neutral detergent fiber. 4 Acid detergent fiber.
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In the current experiment, relative humidity and temperatures were recorded on a daily basis.
The time of recording of temperatures and relative humidity was 07:00, 14:00, and 20:00 h of the
day. A hygrometer and a thermometer on one instrument panel (Jiangsu JingChuang Electric
Co. Ltd., Nanjing, China) were used for the determination of relative humidity and temperatures.
The temperature-humidity index was calculated according to NRC.1971.

THI = 1.8 × T + 32 − 0.55 × (1 − RH) × (T × 1.8 + 32 − 58) (1)

where T.was the ambient temperature determined by the dry bulb in ◦C. and RH was the relative
humidity in %.

Bodyweight (BW), rectum temperature (RT), respiratory rate (RR), and milk quality indexes were
recorded or determined for all experimental cows. Respiratory rate and RT were measured three times
a day at 07:00, 14:00, and 20:00 h. Respiratory rate was calculated by counting the total number of flank
movements/min for 120 s. Rectal temperature was obtained with a GLA 525/550 digital thermometer.

2.2. Sample Collection

On the last day of the experimental period, blood samples (duplicate samples) were taken from the
median coccygeal vein of each cow before first feeding (morning). Blood was collected into evacuated
tubes with and without anticoagulant. The samples of blood were kept at a cool place until they were
centrifuged for 15 min at 3000× g (4 ◦C) to separate serum or plasma. Obtained serum and plasma
were stored at −80 ◦C for further analysis. The concentrations of heat shock protein 70 (HSP70) and
lipopolysaccharide (LPS) in plasma were determined using an ELISA kit (Beyotime Biochemical Reagent
Co., Shanghai, China). Furthermore, the serum obtained was used to analyze nonesterified fatty acid
(NEFA) and glucose concentration by automatic biochemical analyzer 7600 (Hitachi, Tokyo, Japan).

After a 3-week rearing of experimental cows in either HS or TN group, three cows with the same
average milk yield were chosen for taking mammary gland samples. The biopsy procedure was carried
out according to established methods, as described in the previous study [16]. Biopsies were operated
after approximately 6 h of milk accumulation. To carry out the biopsy procedures, experimental cows
were properly restrained, and an intravenous injection of xylazine hydrochloride (35–45 µg/mg of BW,
romazine 2%, Healton Animal Health, Neijiang, China) was applied. A 10-cm2 area of udder skin on
the right rear quarter was clipped, cleaned, and sterilized. The area for biopsy was anesthetized by
injection (subcutaneous) of 3 mL of lignocaine hydrochloride (20 mg/mL. of lopaine, Healton Animal
Health, Neijiang, China). A 1–2 cm incision was made through the skin and gland capsule. The incision
was made in such a way to avoiding any large subcutaneous blood vessels.

The biopsy instrument (Wuhan Anscitech Farming Technology, Wuhan, China) was used to cut a
core (70 × 4 mm. in diameter) of mammary tissue. To control bleeding, we inserted a 3 × 5 cm surgical
plug (Healton Animal Health, Neijiang, China) into the wound. After that, Michel suture clips were
used to close the skin incision. Antibiotic powder was also applied onto the wound (terramycin powder
oxytetracycline hydrochloride (2% wt/wt), North China Pharmaceutical Group Corporation Veterinary,
Shijiazhuang, China). A single intramuscular dose of penicillin and streptomycin (4 mL/1000 kg of
BW, North China Pharmaceutical Group Corporation Veterinary, Shijiazhuang, China) was also given
instantly after the biopsy. After the biopsy, the cows were machine milked. To remove intramammary
blood clots, hand-stripping was used. Furthermore, cows were hand-stripped as required at each
milking for the next 4–7 days until all blood clots were removed entirely. Michel suture clips were
removed 7–10 days after the biopsy. In the subsequent duration of the experiment, after the first
milking, both rear glands received a prophylactic dose of intramammary antibiotic (200 mg of sodium
cloxacillin, North China Pharmaceutical Group Corporation Veterinary, Shijiazhuang, China). The same
intramammary antibiotic dosage was repeated after every two days. Representative tissues of the
mammary gland were sampled, weighed, washed by cold phosphate-buffered saline, and then kept in
liquid nitrogen until further analysis.
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2.3. RNA Isolation and Library Preparation

Total RNA was extracted from the mammary gland tissue of cows of the HS group and the TN group
by utilizing trizol reagent (Invitrogen, South San Francisco, CA, USA). The manufacturer’s protocol was
strictly followed to obtain total RNA. A NanoDrop 2000 spectrophotometer (Thermo Scientific Scientific,
Inc., Waltham, MA, USA) was used to evaluate RNA purity and quantification. Furthermore, to evaluate
RNA integrity, an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) was used.
Samples with an RNA Integrity Number (RIN) >7 were further subjected for analysis. The libraries
were constructed by employing the TruSeq Stranded mRNA LTSample Prep kit (Illumina, San Diego,
CA, USA) by following the manufacturer’s protocol. Then, these libraries were sequenced on an
Illumina HiSeq X Ten platform (OE Biotech Co., Ltd, Shanghai, China), and 150-bp paired-end reads
were generated.

2.4. Quality Control and Mapping

Raw reads were generated from the images by using Base Calling, and the quality of the raw reads
was checked by using Trimmomatic (San Diego, CA, USA). The low-quality reads and those containing
poly-N were removed [17]. Then, the clean reads were mapped to the cow genome (Bos taurus) by
using Hisat2 [18].

2.5. RNA-Seq Data Analysis

The FPKM (fragments per kb per million reads) value of each gene was measured by
using cufflinks [19]. Then, HTSeq-Count was used to obtain the read counts of each gene.
Differentially expressed genes (DEGs) were analyzed using the DESeq R package [20]. The corrected
p < 0.05 and fold change (FC) > 1.5 or fold change (FC) < 0.67 was set as the thresholds for significantly
differential expression. A hierarchical cluster analysis of DEGs was performed to examine gene
expression patterns. The DEGs were annotated by Gene ontology (GO) functional enrichment and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment using the R programming
language (3.5 versition, http://www.r-project.org/), based on the hypergeometric distribution.

2.6. Quantitative Real-Time PCR Analysis (qRT-PCR).

To verify the expression of DEGs identified by the RNA-seq approach, four DEGs, including HSP70,
HSP90B1, bovine lymphocyte antigen (BoLA), and major histocompatibility complex, class II, DRB3
(BoLA-DRB3), were randomly picked for real-time PCR analysis. Moreover, 10 genes involved in
lactation were selected for RT-PCR analysis, including CSN1S1, CSN2, CSN3, PRLR, STAT5A, STAT5B,
CASTOR1, CASTOR2, mTOR, and JAK2. The PrimeScript™ RT reagent Kit (TaKaRa, Kyoto, Japan)
was used to synthesis cDNAs in qRT-PCR from the same RNA extractions used for the RNA-seq.
Furthermore, cDNAs were diluted 1:5. Glyceraldehyde-3 phosphate dehydrogenase (GAPDH) was
selected as the control gene. qRT-PCRs were carried out in an ABI 7500 real-time thermocycler
(Applied Biosystems, Foster City, CA, USA). The primers used are listed in Supplementary Materials
Table S1. The comparative cycle threshold (2−∆∆Ct) method was used to determine the relative gene
expression. Data are expressed as mean.±.standard error of the mean and were analyzed using SAS 9.2
software (SAS Institute Inc, Cary, NC, USA).

2.7. Western Blot Analysis

Mammary gland tissues were solubilized in RIPA Lysis and Extraction Buffer (Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) to extract total protein. After boiling for 5–10 min, the protein samples
extracted from different cell suspensions were separated by SDS-PAGE and then transferred onto a
nitrocellulose membrane. The membrane was blocked with 5% nonfat dry milk prepared in Tris-buffer and
incubated with the primary antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) for 1 h at
room temperature. The membrane was then incubated with a horseradish peroxidase-conjugated anti-rabbit

http://www.r-project.org/
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IgG secondary antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), for 4 h at room temperature.
The blot was developed using the ECL™Western Blotting Detection Reagent (GE Healthcare, Piscataway,
NJ, USA), and the proteins were visualized by enhanced chemiluminescence (Amersham Biosciences,
Piscataway, NJ, USA).

2.8. Statistical Analysis

Data for DMI, milk yield, milk composition, somatic cell count (SCC), HSP70, LPS, glucose, NEFA,
RR, and RT were analyzed by the t-test (SAS 2003, ver. 9.2, Inst. Inc., Cary, NC, USA). Each individual
cow was considered as an experimental unit. Statistical significance was set at p < 0.05.

3. Results

3.1. Temperature–Humidity Index and Physiological Index

The mean daily THI ranged from 55.6 to 63.2 during the spring period (averaged 59.8 in the
whole period). The mean daily THI was from 79.0 to 83.2 during the summer period (averaged 79.5
in the whole period). The details of THI in both experimental treatments are presented in Figure 1.
Respiratory rate and RT were higher (p < 0.01) in the HS experimental group than those in the TN
experimental group (Table 3).
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Table 3. Respiratory rate and rectal temperature of lactating Holstein cows in TN and HS groups.

Table
Treatment

SEM p-Value
TN HS

Respiration rate
(breath/min)

0700 35.6 72.4 2.51 0.03
1400 39.3 89.6 3.31 <0.01
2000 41.3 84.3 4.32 <0.01

Rectal temperature
(◦C)
0700 38.2 39.2 0.08 <0.01
1400 38.5 39.5 0.09 <0.01
2000 38.4 39.3 0.07 <0.01
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3.2. Effect of Exposure of Heat Stress on Milking Performance and Blood Biochemical Indexes

The results of milk production, milk composition, and blood biochemical indexes are presented
in Table 4. Milk production decreased in animals of the HS group (p < 0.01) as compared to the TN
group animals. Results also revealed a dramatic loss of BW and DMI in the animals of the HS group
(p < 0.01). Both protein and fat in milk were decreased in the HS group animals (p < 0.05). In addition,
the concentrations of plasma LPS, HSP70, and NEFA were enhanced, whereas the level of glucose was
reduced in the HS group (p < 0.05).

Table 4. Milk yield, dry matter intake, milk composition, and somatic cell count of cows in the TN and
HS groups.

Items
Treatment

SEM p-Value
TN HS

Milk yield (kg/d) 42.5 35.6 2.03 <0.01
DMI (kg/d) 23.5 21.4 0.10 <0.01

Milk Protein % 3.2 2.8 0.07 0.03
Milk protien yield (kg/d) 1.3 1.0 0.06 0.12

Milk Fat % 4.3 3.8 0.14 0.04
Milk Lactose % 4.6 4.7 0.03 <0.01

UN of milk (mg/dL) 13.9 14.6 0.86 0.51
LPS (EU/L) 691.4 948.1 72.81 0.01

HSP 70 (ng/mL) 7.8 14.0 1.31 <0.01
Glucose (mm/L) 2.8 2.2 0.22 0.03

NEFA (µm/L) 167.0 238.2 18.51 0.02
SCC 1000/ML 266.0 307.1 132.46 0.76

3.3. HS Group Changed the Transcriptome in Mammary Gland Tissues

An average of 49.30 million raw reads was generated from TN and HS libraries. After filtering
out low-quality sequences, we had 47.4 to 48.76 million total tag numbers per library. High-quality
(Q > 30) reads accounted for 95.27–96.04% of the reads and the GC percentage of each library ranged
from 46.90% to 49.24% (Supplementary Materials Table S2). In order to evaluate the transcript profiling
data, principal component analysis (PCA) was applied to capture the overall variance among the
samples in two dimensions (Figure 2B). The principal component analysis illustrated that a significant
difference existed between the TN and HS groups. Two hundred and thirteen DEGs were identified,
among which 89 were upregulated and 124 downregulated (Figure 2E). The DEG profiles in six samples
are shown in Figure 2C,D.
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Figure 2. Effect of HS on transcriptomes in mammary gland tissues. (A) The distribution of FPKM
(fragments per kb per million reads) values in HS and TN groups. (B) Principal component analysis
was utilized to determine the reliability of the data, simplify the complexity of RNA-seq, and reduce the
effective dimension of gene expression space. Heatmap (C) and volcano map (D) show the differentially
expressed genes between HS and TN groups. (E) A total of 213 differentially expressed genes (DEGs)
were identified, among which 89 were upregulated, and 124 downregulated between the groups studied.

3.4. Gene Ontology Enrichment Analysis

GO analysis was carried out to determine the biological function of DEGs in dairy cow mammary
glands, which were enriched by 913 GO terms (p < 0.05). The top ten terms in each category,
including cellular component, biological process, as well as molecular function, are listed in the
column charts (Figure 3). The result showed that the most affected functional category was related to
immune response, including antigen processing (GO: 0002476), T-cell-mediated cytotoxicity regulation
(GO: 0001916), acute-phase response (GO: 0006953), and immune response (GO: 0006955). Most of
those immunology-related terms in which HS downregulated the expression of genes were also the
top terms in the category. On the other hand, most of the terms in which heat stress upregulated the
expression of genes were involved in heat shock response, such as chaperone-dependent refolding of
protein (GO: 0051085), inflammatory response (GO: 006954), and heat shock protein (HSP) binding
activity (GO: 0031072).
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Figure 3. Gene ontology enrichment analysis. The genes from hierarchical clustering were further
analyzed with the Database for Annotation Visualization and Integrated Discovery. The categories of
the most affected genes were shown as the most upregulated (up), downregulated (down), and overall
(total) effected. The top-10 terms in each category, including cellular component, biological process, as
well as molecular function, are listed in the column charts.

3.5. Biological Pathway Affected by HS

To get a better insight into biological function, the GO information of the DEGs were further
analyzed with the help of the KEGG database. The evaluation and comparison of the 20 different
most-affected pathways were filtered out via p-value significance (Figure 4 and Supplementary
Materials Figure S1). Nearly all these top-affected pathways could be related to the immune and heat
shock response mentioned in Table 5. Six pathways are associate with exogenous pathogen invasion,
including viral myocarditis, Epstein-Barr virus infection, Herpes simplex infection, Staphylococcus aureus
infection, leishmaniasis, and antigen processing and presentation. In addition, four of them have
a very close relationship to an autoimmune disorder, including rheumatoid arthritis, autoimmune
thyroid disease, asthma, type I diabetes mellitus asthma, and all of them are associated with cellular
responses by heat stress, including antigen processing and presentation, protein processing in the
endoplasmic reticulum, and spliceosome. Therefore, all the results are directly or indirectly linked
with immune regulation.
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Table 5. Significantly enriched KEGG pathways of downregulated and upregulated genes.

Term p-Value Genes Gene Expression

bta05416, Viral myocarditis <0.01 BoLA; BOLA; BOLA-DRB3;
BOLA-DYA; LOC512672; LOC524810 Down

bta05169, Epstein-Barr virus
infection <0.01 BoLA; BOLA; BOLA-DRB3;

BOLA-DYA; LOC512672; LOC524810 Down

bta05168, Herpes simplex infection <0.01 BoLA; BOLA; BOLA-DRB3;
BOLA-DYA; LOC512672; SP100 Down

bta05150, Staphylococcus aureus
infection <0.01 BOLA-DRB3; BOLA-DYA;

LOC524810 Down

bta5140, Leishmaniasis BOLA-DRB3; BOLA-DYA;
LOC524810 Down

bta04612, Antigen processing and
presentation 0.001 BoLA; BOLA; BOLA-DRB3;

BOLA-DYA; LOC512672 Down

bta05323, Rheumatoid arthritis 0.003 BOLA-DRB3; BOLA-DYA;
LOC524810 Down

bta05320, Autoimmune thyroid
disease <0.01 BoLA; BOLA; BOLA-DRB3;

BOLA-DYA; LOC512672; LOC524810 Down

bta05310, Asthma <0.01 BOLA-DRB3; BOLA-DYA;
LOC524810; MS4A2 Down

bta04940, Type I diabetes mellitus <0.01 BoLA; BOLA; BOLA-DRB3;
BOLA-DYA; CPE; LOC512672 Down

bta04612, Antigen processing and
presentation 0.001 HSPA1A; HSPA8; LOC618733,

HSP90B1 Up

bta04141, Protein processing in
endoplasmic reticulum 0.002 DNAJA1; HSPA1A; HSPA8; HSPH1,

HSP90B1 Up

bta03040, Spliceosome <0.01 HSPA1A; HSPA8; PHF5A; SNRPG Up
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3.6. Identification of Differentially Expressed Genes in Response to HS Group

The results of qRT-PCR are presented in Figure 5. Results revealed that fourteen genes were
significantly affected by HS. RNA-seq results showed that HSP70 and HSP90B1 were upregulated
while BoLA and BoLA-DRB3 were downregulated in the HS group. Moreover, HS decreased the gene
expression of CSN1S1, CSN2, CSN3, PRLR, STAT5A, STAT5B, and JAK2, while HS increased the gene
expression of CASTOR1, CASTOR2, and mTOR. The change was also consistent with that of their total
protein products (Figure 6). The phosphorylation of mTOR was increased while the phosphorylation
of JAK2 and STAT5 was decreased in the HS group.
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Figure 6. Identification of differentially expressed protein by Western blot assay (WBA). The WBA was
carried out to find the protein and phosphorylation levels. * p < 0.05 or ** p < 0.01 vs. TN group. Ns:
no significance.

4. Discussion

In intensive management systems, THI has been widely used as vital indicator to assess HS in
dairy production, and it is generally recognized that when THI is above 68, dairy cows experienced
HS [21]. In the current study, it was observed that the averaged THI in the HS group was ranged
from 79.0 to 83.2 (Figure 1), which was much higher than the minimum THI (THI = 68) needed to
induce HS in cows. Therefore, it could be assumed that cows in the HS group suffered from heat stress.
It has been reported that milk yield drops sharply when THI is above 69 [22]. In the present study,
the reduction of 16% milk yield could be related to higher THI in HS group cows. Respiratory rate
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and RT are the most imperative physiological indexes for evaluating the occurrence of HS in lactating
cows [23,24]. It has been reported that heat stress rapidly enhances the lactating dairy cows’ RT and
respiration rate [25]. Moreover, it has been reported that higher respiration rates and RTs are signs
of HS for lactating dairy cows [26]. In the current study, higher respiration rates and RTs in the HS
group further confirmed that the HS group cows experienced heat stress in the current experiment.
Several study reports have suggested that heat stress persuades cell apoptosis [13], disturbs the
normal biological activity of BMECs [12,13], and provoked intracellular thermotolerance responses of
BMECs [10]. Furthermore, HS inhibited the transcription and translation of RNA in BMECs [14,27],
especially the gene expression of CSN1S1 [12,13]. In the current experiment, casein-coding genes
were downregulated in the animals of the HS experimental treatment group as compared to the
animals of the TN experiment treatment group. Findings of the current experiment are in line with the
findings of researchers who have reported that at the cellular level, heat stress adversely affects the
function and gene expression of casein in BMECs [10–12], especially the Alpha casein S1 (CSN1S1) [13].
Downregulation of casein-coding genes in the current study could be another reason for decreased
milk production in HS group cows.

HSPs function as molecular chaperones and are the most recognized cellular responses by heat
stress. HSP70 is an abundant and sensitive acute protein during heat stress periods [28] and known
as a reliable indicator of harsh environmental stress [29,30]. HSP70 also plays an important role
in conferring thermo-adaptability and high levels of heat resistance of cells [31]. In the present
experiment, an enhanced concentration of HSP70 in plasma was found in cows from the HS group.
Furthermore, gene expression of HSP90B1 and HSPA1A (HSP70) in mammary gland tissue were also
upregulated in cows of the HS group. These results are similar to the results of previous researchers
who have reported that the gene expression and synthesis of HSP (such as HSPA1A, HSP90, HSP27)
were elevated when the cows suffered heat stress [11,12,32]. Moreover, GO enrichment analysis showed
that HSP90B1 and HSPA1A (HSP70) genes were involved in chaperone-dependent refolding of proteins
(GO: 0051085) and HSP binding activity (GO: 0031072). It has been reported that the endogenous
protein stores might have alternative fates during heat stress, and the synthesis of HSP70 during
harsh weather may reduce the presence of circulating amino acids for synthesis of milk protein [33].
Therefore, when dairy cows experience heat stress, their cells produce a large number of HSPs,
improperly folded protein, and unfold protein, which could be one of the factors contributing to the
decrease in synthesis of milk protein. The results of blood glucose in the present study are in line
with previous reports that have revealed that plasma glucose concentration was decreased by heat
stress [34,35]. Heat stress could attenuate the response of the immune system significantly through
effectively suppressing the blood glucose in dairy cows [36]. In vitro studies have suggested that heat
stress weakens the functionality of immune cells isolated from thermal-neutral dairy cattle, including
the ability to migrate and proliferate, phagocytose, and kill [37,38]. In our study, a GO enrichment
analysis result showed that most of the affected functional category were related to immune response,
such as antigen processing (GO: 0002476), T-cell-mediated cytotoxicity regulation (GO: 0001916),
acute-phase response (GO: 0006953), and immune response (GO: 0006955). These results indicate a
possible severe compromise in the immune system after the dairy cows experience heat stress.

The KEGG pathway analysis found that almost all of the top-affected pathways were related to
immune response. Many genes are involved in those pathways, including HSPA1A (HSP70), HSP90B1,
BoLA, BoLA-DYA, LOC512672, LOC524810, and BoLA-DRB3. A unique and most vital observation of
this study is that the antigen processing and presentation pathway (bta04612) was significantly affected
in HS group cows (Supplementary Materials Figure S2). In this pathway, the expression of the major
histocompatibility complex (MHC) genes (BoLA, BoLA-DYA, and BoLA-DRB3) was downregulated
while the gene expression of HSPA1A and HSP90B1 was elevated. Previous studies have also reported
that in hot environmental conditions, HSP90 mRNA expression was significantly higher in Sahiwal,
Tharparkar, and Murrah buffalo [39], Frieswal cattle [40] and goats [41]. It has been reported that
HSP90B1 is the most available glycoprotein in the cell endoplasmic reticulum [42], and it is involved in
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the transport and processing of excreted proteins [42,43]. HSP90B1 has been associated as an essential
immune chaperone to regulate both adaptive and innate immunity [44]. It has also been reported
that HSP90B1 is necessary for the start of the innate immune response in animals [45]. Thus, it could
be speculated that the enhanced expression of HSP90B1 in heat stressed cows of the current study is
related to the innate immune response.

The MHC genes like BoLA have received attention because of their relationship with the induction
and regulation of immune responses of dairy cows [46]. Their function is to present foreign antigens
(such as Staphylococcus aureus), after intracellular processing, to T-cells for a successful immune
response [47]. It was reported that class II positive leukocytes specifically respond to local infusion of
Streptococcus uberis in the bovine mammary gland [48–50], which could be related to clinical mastitis of
dairy cows [51]. In the current experiment, we found that the expression of BoLA and BoLA-DRB3
was downregulated in the pathway of antigen processing and presentation and the pathway of
Staphylococcus aureus infection (bta05150), suggesting that the infection rate of cows was elevated
in HS group due to exposure of heat stress. These findings are similar to the reports of earlier
researchers who reported that dairy cows had a higher infection rate of Staphylococcus aureus and
Corynebacterium pseudotuberculosis, a higher rate of clinical mastitis, and higher milk SCC when exposed
to hot environments [51,52].

Both the acquired and innate immune responses can identify parts of pathogens called
pathogen-associated molecular patterns, such as peptidoglycan bacterial DNA and LPS [53].
We observed that the cows in the HS experimental treatment had an expressively high level of
LPS compared to the cows in the TN experimental treatment. The higher blood level of LPS and
LPS-binding protein in the HS group animals suggest that heat stress activates a systemic inflammatory
response [54]. It was reported that infusion of LPS intravenously in cows activated the immune system
and resulted in the consumption of more glucose within 12 h after infusion, and it was concluded
that immune activation redirects available nutrients from production to the immune system [55].
Therefore, the decrease of plasma glucose concentration and the increase of LPS concentration, along
with the upregulation of HSP90B1 gene expression, and the downregulation of BoLA and BoLA-DDR3
gene expression in HS cow mammary gland tissues of the current experiment, means that exposure
to heat activates the inflammatory responses and immune system, which redirect the nutrients from
production to the dairy cows’ immune system.

It has been reported that prolactin (PRL) is correlated with hormones such as hydrocortisone and
insulin during the lactation periods of cows [56] and known to turn on milk protein gene expression [57]
via STAT5 phosphorylation by the PRLR and JAK2 [56,58]. The importance of STAT5 and PRLR in
lactation has been shown in knockout mice in a previous study; it was reported that the removal of
one of these proteins results in diminished mammary gland development and lactation [59]. It has
also been reported that suppressors of cytokine signaling (SOCS) proteins and cytokine-inducible
SH2-containing proteins (CIS) compose of a family of intracellular proteins [60] that are stimulated by
PRL, act through feedback to inhibit cytokine signaling [61], and regulate the responses of immune
cells to cytokines [60]. In particular, SOCS-1 and SOCS-3 have been shown to bind to cytokine receptors
or to receptor-associated Janus-associated kinases to inhibit the activation of signal transducers and
activators of transcription members, and ultimately interferon signaling [62]. Interestingly, in our study,
the Jak/STAT5 pathway members, like JAK2, PRLR, STAT5A, and STATB, were also downregulated in
the HS group, implying that exposure to heat could suppress the JAK2/STAT5 pathway to reduce milk
production and suppress immune response. Therefore, it could be assumed that heat exposure to cows
affects the immune function through changes in the PRL signaling pathway.
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Previous studies on cows and mice have reported that amino acids, like leucine, isoleucine,
methionine, and threonine, act as signaling molecules and positively regulate milk synthesis and
lactation [63]. The milk synthesis and lactation regulation are generally believed to be conducted
through amino acids sensors like vacuolar H+-ATPase, SLC38A9, Sestrin2, CASTOR1 homodimer,
and CASTOR1-CASTOR2, which serve as upstream activators of mTORC1 [64]. After being activated,
the mTOR pathway regulates its targets to promote milk protein synthesis [65]. It has been reported
that bovine mammary cells, which were incubated in high temperature (42 ◦C), reduced protein
translation by reducing the mTOR downstream pathway activity [66,67]. In contrast to the findings
of Kaufman et al. [66] and Salama et al. [67], we observed that heat exposure to cows enhanced the
gene expression of CASTOR1, CASTOR2 and phosphorylation of mTOR. However, findings of the
present experiment are similar with the results of previous researchers, who stated that mTOR is
negatively related to milk production [68]. It has been further reported that mTOR is one of the most
classic autoimmune response regulators [69,70], and we also found that several autoimmune-related
pathways were found to be significantly changed by HS exposure, which suggests a tight connection
among the increased mTOR, reduced milk production, and immune response.

5. Conclusions

The current study employed the RNA-seq technology to analyze the impact of HS on the whole
transcript sequencing profile in the mammary glands of lactating Holstein dairy cows. The results of
the current study reveal that heat stress downregulates the expression of casein genes, which result
in a decrease in milk production. Moreover, according to functional annotation analysis, heat stress
upregulates the gene expression of HSPA1A and HSP90B1, while iy downregulates the expression of
immune response-related genes (BoLA and BoLA-DRB3) that eventually affected the immune function
of the dairy cows and resulted in a reduction in milk yields. Furthermore, the results also reveal that
under heat stress, the synthesis of heat shock and unfolded proteins was increased, which could reduce
the accessibility of circulating amino acids for milk protein synthesis. Findings of current experiment
may help to explore the impact of heat stress on immune function, milk production, and milk protein
synthesis in cows.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/6/1015/s1.
Figure S1: The top-20 pathway of the up and down pathway of KEGG Enrichment between HS and TN dairy
cows, Figure S2: The pathway of antigen processing and presentation—Bos taurus (cow). The genes in the red box
are significantly regulated by heat stress, Table S1: The primer information in the PCR assay, Table S2: The results
of sequencing data quality preprocessing.

Author Contributions: S.Y. and B.X. designed the studies and prepared the manuscript, with comments from all
authors. S.Y. performed all the experiments and analyzed the data. Z.W., L.W. and Q.P. revised the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Science and Technology Supporting Program of the National Science
and Technology Ministry, China, grant number 2012BAD12B02.

Acknowledgments: The authors gratefully acknowledge grants from the experimental farm at Qingbaijiang Dairy
Farm of New Hope Dairy Co., Ltd. (Chengdu, Sichuan province, China) for the provision of experimental animals
and their assistance in animal handling throughout the experimental period.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bernabucci, U.; Biffani, S.; Buggiotti, L.; Vitali, A.; Lacetera, N.; Nardone, A. The effects of heat stress in
Italian Holstein dairy cattle. J. Dairy Sci. 2014, 97, 471–486. [CrossRef] [PubMed]

2. St-Pierre, N.; Cobanov, B.; Schnitkey, G. Economic losses from heat stress by US livestock industries.
J. Dairy Sci. 2003, 86, E52–E77. [CrossRef]

3. Nardone, A.; Ronchi, B.; Lacetera, N.; Ranieri, M.; Bernabucci, U. Effects of climate changes on animal
production and sustainability of livestock systems. Livest. Sci. 2010, 130, 57–69. [CrossRef]

http://www.mdpi.com/2076-2615/10/6/1015/s1
http://dx.doi.org/10.3168/jds.2013-6611
http://www.ncbi.nlm.nih.gov/pubmed/24210494
http://dx.doi.org/10.3168/jds.S0022-0302(03)74040-5
http://dx.doi.org/10.1016/j.livsci.2010.02.011


Animals 2020, 10, 1015 15 of 18

4. Rhoads, M.L.; Kim, J.W.; Collier, R.J.; Crooker, B.A.; Boisclair, Y.R.; Baumgard, L.H.; Rhoads, R.P. Effects of
heat stress and nutrition on lactating Holstein cows: II. Aspects of hepatic growth hormone responsiveness.
J. Dairy Sci. 2010, 93, 170–179. [CrossRef] [PubMed]

5. Liu, J.; Li, L.; Chen, X.; Lu, Y.; Wang, D. Effects of heat stress on body temperature, milkproduction,
and reproduction in dairy cows: A novel idea for monitoring and evaluation of heat stress—A review.
Asian Australas. J. Anim. Sci. 2019, 32, 1332–1339. [CrossRef] [PubMed]

6. Wheeock, J. Effects of heat stress on energetic metabolism in lactating Holstein cows. J. Dairy Sci.
2010, 93, 644–655. [CrossRef] [PubMed]

7. Cowley, F.C.; Barber, D.G.; Houlihan, A.V.; Poppi, D.P. Immediate and residual effects of heat stress
and restricted intake on milk protein and casein composition and energy metabolism. J. Dairy Sci.
2015, 98, 2356–2368. [CrossRef] [PubMed]

8. Fuquay, J.W. Heat stress as it affects animal production. J. Anim. Sci. 1981, 52, 164. [CrossRef] [PubMed]
9. West, J. Effects of heat-stress on production in dairy cattle. J. Dairy Sci. 2003, 86, 2131–2144. [CrossRef]
10. Collier, R.J.; Collier, J.L.; Rhoads, R.P.; Baumgard, L.H. Invited review: Genes involved in the bovine heat

stress response. J. Dairy Sci. 2008, 91, 445–454. [CrossRef] [PubMed]
11. Collier, R.J.; Stiening, C.M.; Pollard, B.C.; Vanbaale, M.J.; Coussens, P.M. Use of gene expression microarrays

for evaluating environmental stress tolerance at the cellular level in cattle. J. Anim. Sci. 2006, 84 (Suppl. S13),
E1–E13. [CrossRef] [PubMed]

12. Han, Z.Y.; Mu, T.; Yang, Z. Methionine protects against hyperthermia-induced cell injury in cultured bovine
mammary epithelial cells. Cell Stress Chaperon. 2015, 20, 109–120. [CrossRef] [PubMed]

13. Hu, H.; Wang, J.; Gao, H.; Li, S.; Zhang, Y.; Zheng, N. Heat-induced apoptosis and gene expression in bovine
mammary epithelial cells. Anim. Prod. Sci. 2016, 56, 918. [CrossRef]

14. Li, L.; Sun, Y.; Wu, J.; Li, X.; Luo, M.; Wang, G. The global effect of heat on gene expression in cultured bovine
mammary epithelial cells. Cell Stress Chaperon. 2015, 20, 381–389. [CrossRef] [PubMed]

15. NRC. Nutrient Requirements of Dairy Cattle, 7th ed.; National Academy Press: Washington, DC, USA, 2001.
16. Farr, V.C.; Stelwagen, K.; Cate, L.R.; Molenaar, A.J.; Mcfadden, T.B.; Davis, S.R. An improved method for the

routine biopsy of bovine mammary tissue. J. Dairy Sci. 1996, 79, 543–549. [CrossRef]
17. Simon, A.; Theodor, P.P.; Wolfgang, H. HTSeq-a Python framework to work with high-throughput sequencing

data. Bioinformatics 2014, 31, 166–169.
18. Kim, D.; Langmead, B.; Salzberg, S.L. Hisat: A fast spliced aligner with low memory requirements.

Nat. Methods 2015, 12, 357–360. [CrossRef] [PubMed]
19. Trapnell, C.; Roberts, A.; Goff, L.; Pertea, G.; Kim, D.; Kelley, D.R.; Pimentel, H.; Salzberg, S.L.; Rinn, J.L.;

Pachter, L. Differential gene and transcript expression analysis of RNA-seq experiments with TopHat and
Cufflinks. Nat. Proto. 2012, 7, 562–578. [CrossRef] [PubMed]

20. Wang, L.; Feng, Z.; Wang, X.; Wang, X.; Zhang, X. DEGseq: An R package for identifying differentially
expressed genes from RNA-seq data. Bioinformatics 2010, 26, 136–138. [CrossRef] [PubMed]

21. Armstrong, D. Heat stress interaction with shade and cooling. J. Dairy Sci. 2002, 77, 2044–2050. [CrossRef]
22. Bouraoui, R.; Lahmar, M.; Majdoub, A.; Belyea, R. The relationship of temperature-humidity index with milk

production of dairy cows in a Mediterranean climate. Anim. Res. 2002, 51, 479–491. [CrossRef]
23. Dikmen, S.; Alava, E.; Pontes, E.; Fear, J.M.; Dikmen, B.Y.; Olson, T.A.; Hansen, P.J. Differences in

thermoregulatory ability between slick-haired and wild-type lactating holstein cows in response to acute
heat stress. J. Dairy Sci. 2008, 91, 3395–3402. [CrossRef] [PubMed]

24. Dikmen, S.; Hansen, P. Is the temperature-humidity index the best indicator of heat stress in lactating dairy
cows in a subtropical environment? J. Dairy Sci. 2009, 92, 109–116. [CrossRef] [PubMed]

25. Zimbelman, R.; Rhoads, R.; Rhoads, M.; Duff, G.; Baumgard, L.; Collier, R. A re-evaluation of the impact
of temperature humidity index (THI) and black globe humidity index (BGHI) on milk production in high
producing dairy cows. In Proceedings of the 24h Southwest Nutrition and management Conference, Savoy,
IL, USA, 26–27 February 2009; pp. 158–169.

26. Kadzere, C.; Murphy, M.; Silanikove, N.; Maltz, E. Heat stress in lactating dairy cows: A review. Livest. Prod. Sci.
2002, 77, 59–91. [CrossRef]

27. Sonna, L.A.; Fujita, J.; Gaffin, S.L.; Lilly, C.M. Invited review: Effects of heat and cold stress on mammalian
gene expression. J. Appl. Physiol. 2002, 92, 1725–1742. [CrossRef] [PubMed]

http://dx.doi.org/10.3168/jds.2009-2469
http://www.ncbi.nlm.nih.gov/pubmed/20059916
http://dx.doi.org/10.5713/ajas.18.0743
http://www.ncbi.nlm.nih.gov/pubmed/30744345
http://dx.doi.org/10.3168/jds.2009-2295
http://www.ncbi.nlm.nih.gov/pubmed/20105536
http://dx.doi.org/10.3168/jds.2014-8442
http://www.ncbi.nlm.nih.gov/pubmed/25648800
http://dx.doi.org/10.2527/jas1981.521164x
http://www.ncbi.nlm.nih.gov/pubmed/7195394
http://dx.doi.org/10.3168/jds.S0022-0302(03)73803-X
http://dx.doi.org/10.3168/jds.2007-0540
http://www.ncbi.nlm.nih.gov/pubmed/18218730
http://dx.doi.org/10.2527/2006.8413_supplE1x
http://www.ncbi.nlm.nih.gov/pubmed/16582080
http://dx.doi.org/10.1007/s12192-014-0530-7
http://www.ncbi.nlm.nih.gov/pubmed/25108357
http://dx.doi.org/10.1071/AN14420
http://dx.doi.org/10.1007/s12192-014-0559-7
http://www.ncbi.nlm.nih.gov/pubmed/25536930
http://dx.doi.org/10.3168/jds.S0022-0302(96)76398-1
http://dx.doi.org/10.1038/nmeth.3317
http://www.ncbi.nlm.nih.gov/pubmed/25751142
http://dx.doi.org/10.1038/nprot.2012.016
http://www.ncbi.nlm.nih.gov/pubmed/22383036
http://dx.doi.org/10.1093/bioinformatics/btp612
http://www.ncbi.nlm.nih.gov/pubmed/19855105
http://dx.doi.org/10.3168/jds.S0022-0302(94)77149-6
http://dx.doi.org/10.1051/animres:2002036
http://dx.doi.org/10.3168/jds.2008-1072
http://www.ncbi.nlm.nih.gov/pubmed/18765598
http://dx.doi.org/10.3168/jds.2008-1370
http://www.ncbi.nlm.nih.gov/pubmed/19109269
http://dx.doi.org/10.1016/S0301-6226(01)00330-X
http://dx.doi.org/10.1152/japplphysiol.01143.2001
http://www.ncbi.nlm.nih.gov/pubmed/11896043


Animals 2020, 10, 1015 16 of 18

28. Trinklein, N.D.; Murray, J.I.; Hartman, S.J.; Botstein, D.; Myers, R.M. The role of heat shock transcription factor
1 in the genome-wide regulation of the mammalian heat shock response. Mol. Biol. Cell 2004, 15, 1254–1261.
[CrossRef] [PubMed]

29. Gaughan, J.; Bonner, S.; Loxton, I.; Mader, T. Effects of chronic heat stress on plasma concentration of secreted
heat shock protein 70 in growing feedlot cattle. J. Dairy Sci. 2013, 91, 120–129.

30. Romero, R.D.; Pardo, A.M.; Montaldo, H.H.; Rodríguez, A.D.; Cerón, J.H. Differences in body temperature,
cell viability, and HSP-70 concentrations between Pelibuey and Suffolk sheep under heat stress. Trop. Anim.
Heal. Prod. 2013, 45, 1691–1696. [CrossRef] [PubMed]

31. Patir, H.; Upadhyay, R. Purification, characterization and expression kinetics of heat shock protein 70 from
Bubalus bubalis. Res. Veter. Sci. 2010, 88, 258–262. [CrossRef] [PubMed]

32. Weng, X.; Monteiro, A.P.A.; Guo, J.; Li, C.; Orellana, R.M.; Marins, T.N.; Bernard, K.; Tomlinson, D.J.;
Defrain, J.M.; Wohgemuth, S.; et al. Effects of heat stress and dietary zinc source on performance and
mammary epithelial integrity of lactating dairy cows. J. Dairy Sci. 2018, 101, 2617–2630. [CrossRef] [PubMed]

33. Gao, S.; Guo, J.; Quan, S.; Nan, X.; Fernandez, M.S.; Baumgard, L.; Bu, D. The effects of heat stress on protein
metabolism in lactating Holstein cows. J. Dairy Sci. 2017, 100, 5040–5049. [CrossRef] [PubMed]

34. Guo, J.; Gao, S.; Quan, S.; Zhang, Y.; Bu, D.; Wang, J. Blood amino acids profile responding to heat stress in
dairy cows. Asian Australas. J. Anim. Sci. 2018, 31, 47–53. [CrossRef] [PubMed]

35. De Rensis, F.; Scaramuzzi, R.J. Heat stress and seasonal effects on reproduction in the dairy cow—A review.
Theriogenology 2003, 60, 1139–1151. [CrossRef]

36. Rhoads, M.; Rhoads, R.; VanBaale, M.; Collier, R.J.; Sanders, S.; Weber, W.J.; Crooker, B.A.; Baumgard, L.
Effects of heat stress and plane of nutrition on lactating Holstein cows: I. Production, metabolism, and
aspects of circulating somatotropin. J. Dairy Sci. 2009, 92, 1986–1997. [CrossRef] [PubMed]

37. Elvinger, F.; Hansen, P.J.; Natzke, R.P. Modulation of function of bovine polymorphonuclear leukocytes and
lymphocytes by high temperature in vitro and in vivo. Am. J. Vet. Res. 1991, 52, 1692–1698. [PubMed]

38. Nardone, A. Heat stress elicits different responses in peripheral blood mononuclear cells from brown swiss
and holstein cows. J. Dairy Sci. 2006, 89, 4606–4612.

39. Kumar, A.; Ashraf, S.; Goud, T.S.; Grewal, A.; Singh, S.V.; Yadav, B.R.; Upadhyay, R.C. Expression profiling of
major heat shock protein genes during different seasons in cattle (Bos indicus) and buffalo (Bubalus bubalis)
under tropical climatic condition. J. Therm. Biol. 2015, 51, 55–64. [CrossRef] [PubMed]

40. Deb, R.; Sajjanar, B.; Singh, U.; Kumar, S.; Singh, R.; Sengar, G.; Sharma, A. Effect of heat stress on the
expression profile of Hsp90 among Sahiwal (Bos indicus) and Frieswal (Bos indicus×Bos taurus) breed of
cattle: A comparative study. Gene 2014, 536, 435–440. [CrossRef] [PubMed]

41. Nagayach, R.; Gupta, U.D.; Prakash, A. Expression profiling of hsp70 gene during different seasons in goats
(Capra hircus) under sub-tropical humid climatic conditions. Small Rumin. Res. 2017, 147, 41–47. [CrossRef]

42. Randow, F.; Seed, B. Endoplasmic reticulum chaperone gp96 is required for innate immunity but not cell
viability. Nat. Cell Biol. 2001, 3, 891–896. [CrossRef]

43. Yang, Y.; Liu, B.; Dai, J.; Srivastava, P.K.; Zammit, D.J.; Lefrançois, L.; Li, Z. Heat shock protein gp96 is a
master chaperone for toll-like receptors and is important in the innate function of macrophages. Immunity
2007, 26, 215–226. [CrossRef] [PubMed]

44. Schild, H.; Rammensee, H.G. gp96—the immune system’s swiss army knife. Nat. Immunol. 2000. [CrossRef]
[PubMed]

45. Galea-Lauri, J.; Latchman, D.S.; Katz, D.R. The role of the 90-kDa heat shock protein in cell cycle control and
differentiation of the monoblastoid cell line U937. Exp. Cell Res. 1996, 226, 243–254. [CrossRef] [PubMed]

46. Usinger, W.R.; Curie-Cohen, M.; Benforado, K.; Pringnitz, D.; Stone, W.H. The bovine major histocompatibility
complex (BoLA): Close linkage of the genes controlling serologically defined antigens and mixed lymphocyte
reactivity. Immunogenetics 1981, 14, 423–428. [CrossRef] [PubMed]

47. Soloski, M.J.; Szperka, M.E.; Davies, A.; Wooden, S.L. Host immune response to intracellular bacteria: A role
for MHC-linked class-Ib antigen-presenting molecules. Exp. Bio. Med. 2000, 224, 231–239. [CrossRef]
[PubMed]

48. Grant, R.G. The Role of the Bovine Mammary Gland in Immunological Responses to StreptococcusUberis.
Ph.D. Thesis, University of Bristol, Bristol, UK, 1995.

49. Fitzpatrick, J.; Cripps, P.; Hill, A.; Bland, P.; Stokes, C. MHC class II expression in the bovine mammary gland.
Veter. Immunol. Immunopathol. 1992, 32, 13–23. [CrossRef]

http://dx.doi.org/10.1091/mbc.e03-10-0738
http://www.ncbi.nlm.nih.gov/pubmed/14668476
http://dx.doi.org/10.1007/s11250-013-0416-1
http://www.ncbi.nlm.nih.gov/pubmed/23677527
http://dx.doi.org/10.1016/j.rvsc.2009.09.004
http://www.ncbi.nlm.nih.gov/pubmed/19836035
http://dx.doi.org/10.3168/jds.2017-13484
http://www.ncbi.nlm.nih.gov/pubmed/29290442
http://dx.doi.org/10.3168/jds.2016-11913
http://www.ncbi.nlm.nih.gov/pubmed/28390717
http://dx.doi.org/10.5713/ajas.16.0428
http://www.ncbi.nlm.nih.gov/pubmed/28231695
http://dx.doi.org/10.1016/S0093-691X(03)00126-2
http://dx.doi.org/10.3168/jds.2008-1641
http://www.ncbi.nlm.nih.gov/pubmed/19389956
http://www.ncbi.nlm.nih.gov/pubmed/1662922
http://dx.doi.org/10.1016/j.jtherbio.2015.03.006
http://www.ncbi.nlm.nih.gov/pubmed/25965018
http://dx.doi.org/10.1016/j.gene.2013.11.086
http://www.ncbi.nlm.nih.gov/pubmed/24333856
http://dx.doi.org/10.1016/j.smallrumres.2016.11.016
http://dx.doi.org/10.1038/ncb1001-891
http://dx.doi.org/10.1016/j.immuni.2006.12.005
http://www.ncbi.nlm.nih.gov/pubmed/17275357
http://dx.doi.org/10.1038/77770
http://www.ncbi.nlm.nih.gov/pubmed/11248798
http://dx.doi.org/10.1006/excr.1996.0225
http://www.ncbi.nlm.nih.gov/pubmed/8806428
http://dx.doi.org/10.1007/BF00373322
http://www.ncbi.nlm.nih.gov/pubmed/6460692
http://dx.doi.org/10.1046/j.1525-1373.2000.22426.x
http://www.ncbi.nlm.nih.gov/pubmed/10964257
http://dx.doi.org/10.1016/0165-2427(92)90065-X


Animals 2020, 10, 1015 17 of 18

50. Lundén, A.; Sigurdardóttir, S.; Edfors-Lilja, I.; Danell, B.; Rendel, J.; Andersson, L. The effect of bovine
MHC class. II polymorphism on bull breeding values for clinical mastitis and somatic cell counts in milk.
In Proceedings of the 4th World Congress on Genetics applied to Livestock Production, Edinburgh, UK,
23–27 July 1990.

51. Cook, N.B.; Bennett, T.B.; Emery, K.M. Monitoring nonlactating cow intramammary infection dynamics
using DHI somatic cell count data. J. Dairy Sci. 2002, 85, 1119–1126. [CrossRef]

52. Bertocchi, L.; Vitali, A.; Lacetera, N.; Nardone, A.; Varisco, G.; Bernabucci, U. Seasonal variations in the
composition of Holstein cow's milk and temperature-humidity index relationship. Animal 2014, 8, 667–674.
[CrossRef] [PubMed]

53. Hornef, M.W.; Frisan, T.; Vandewalle, A.; Normark, S.; Richterdahlfors, A. Toll-like receptor 4 resides in the
golgi apparatus and colocalizes with internalized lipopolysaccharide in intestinal epithelial cells. J. Exp. Med.
2002, 195, 559–570. [CrossRef] [PubMed]

54. Bannerman, D.D.; Paape, M.J.; Hare, W.R.; Sohn, E.J. Increased levels of LPS-binding protein in bovine blood
and milk following bacterial lipopolysaccharide challenge. J. Dairy Sci. 2003, 86, 3128–3137. [CrossRef]

55. Kvidera, S.K.; Horst, E.A.; Abuajamieh, M.; Mayorga, E.J.; Fernandez, M.V.S.; Baumgard, L.H. Glucose
requirements of an activated immune system in lactating holstein cows. J. Dairy Sci. 2017, 100, 2360–2374.
[CrossRef] [PubMed]

56. Yulee, L.; Luo, G.; Book, M.L.; Morris, S.M. Lactogenic hormone signal transduction. Biol. Reprod.
1998, 58, 295–301. [CrossRef] [PubMed]

57. Naylor, M.J.; Li, N.; Cheung, J.; Lowe, E.T.; Lambert, E.; Marlow, R.; Wang, P.; Schatzmann, F.; Wintermantel, T.;
Schüetz, G.; et al. Ablation of β1 integrin in mammary epithelium reveals a key role for integrin in glandular
morphogenesis and differentiation. J. Cell Biol. 2005, 171, 717–728. [CrossRef] [PubMed]

58. Groner, B. Transcription factor regulation in mammary epithelial cells. Domest. Anim. Endocrinol.
2002, 23, 25–32. [CrossRef]

59. Liu, X.; Robinson, G.W.; Wagner, K.U.; Garrett, L.; Wynshaw-Boris, A.; Hennighausen, L. Stat5a is mandatory
for adult mammary gland development and lactogenesis. Genes Dev. 1997, 11, 179–186. [CrossRef] [PubMed]

60. Yoshimura, A.; Naka, T.; Kubo, M. SOCS proteins, cytokine signalling and immune regulation.
Nat. Rev. Immunol. 2007, 7, 454–465. [CrossRef] [PubMed]

61. Wall, E.H.; Auchtungmontgomery, T.L.; Dahl, G.E.; Mcfadden, T.B. Short communication: Short-day
photoperiod during the dry period decreases expression of suppressors of cytokine signaling in mammary
gland of dairy cows. J. Dairy Sci. 2005, 88, 3145–3148. [CrossRef]

62. Sasaki, A.T.; Yasukawa, H.; Suzuki, A.; Kamizono, S.; Syoda, T.; Kinjyo, I.; Sasaki, M.; Johnston, J.A.;
Yoshimura, A. Cytokine-inducible SH2 protein-3 (CIS3/SOCS3) inhibits Janus tyrosine kinase by binding
through the N-terminal kinase inhibitory region as well as SH2 domain. Genes Cells 1999, 4, 339–351.
[CrossRef] [PubMed]

63. Trottier, N.L. Linking our understanding of mammary gland metabolism to amino acid nutrition. Amino Acids
2014, 46, 2447–2462.

64. Stransky, L.A.; Forgac, M. Amino acid availability modulates vacuolar H+-ATPase assembly. J. Biol. Chem.
2015, 290, 27360–27369. [CrossRef] [PubMed]

65. Gao, H.N.; Hu, H.; Zheng, N.; Wang, J.Q. Leucine and histidine independently regulate milk protein synthesis
in bovine mammary epithelial cells via mTOR signaling pathway. J. Zhejiang Univ. Sci. B 2015, 16, 560–572.
[CrossRef] [PubMed]

66. Kaufman, J.D.; Kassube, K.R.; Almeida, R.A.; Ríus, A.G. Short communication: High incubation temperature
in bovine mammary epithelial cells reduced the activity of the mTOR signaling pathway. J. Dairy. Sci. 2018.
[CrossRef] [PubMed]

67. Salama, A.A.K.; Duque, M.; Wang, L.; Shahzad, K.; Olivera, M.; Loor, J. Enhanced supply of methionine
or arginine alter MTOR signaling proteins, mRNA, and microRNA abundance in heat-stressed bovine
mammary epithelial cells in vitro. J. Dairy. Sci. 2019, 102, 2469–2480. [CrossRef] [PubMed]

68. Liu, J.; Wang, Y.; Li, D.; Wang, Y.; Li, M.; Chen, C.; Fang, X.; Chen, H.; Zhang, C. Milk protein synthesis
is regulated by T1R1/T1R3, a G protein-coupled taste receptor, through the mTOR pathway in the mouse
mammary gland. Mol. Nutr. Food Res. 2017, 61, 1601017. [CrossRef] [PubMed]

http://dx.doi.org/10.3168/jds.S0022-0302(02)74173-8
http://dx.doi.org/10.1017/S1751731114000032
http://www.ncbi.nlm.nih.gov/pubmed/24513161
http://dx.doi.org/10.1084/jem.20011788
http://www.ncbi.nlm.nih.gov/pubmed/11877479
http://dx.doi.org/10.3168/jds.S0022-0302(03)73914-9
http://dx.doi.org/10.3168/jds.2016-12001
http://www.ncbi.nlm.nih.gov/pubmed/28041733
http://dx.doi.org/10.1095/biolreprod58.2.295
http://www.ncbi.nlm.nih.gov/pubmed/9475379
http://dx.doi.org/10.1083/jcb.200503144
http://www.ncbi.nlm.nih.gov/pubmed/16301336
http://dx.doi.org/10.1016/S0739-7240(02)00142-X
http://dx.doi.org/10.1101/gad.11.2.179
http://www.ncbi.nlm.nih.gov/pubmed/9009201
http://dx.doi.org/10.1038/nri2093
http://www.ncbi.nlm.nih.gov/pubmed/17525754
http://dx.doi.org/10.3168/jds.S0022-0302(05)72997-0
http://dx.doi.org/10.1046/j.1365-2443.1999.00263.x
http://www.ncbi.nlm.nih.gov/pubmed/10421843
http://dx.doi.org/10.1074/jbc.M115.659128
http://www.ncbi.nlm.nih.gov/pubmed/26378229
http://dx.doi.org/10.1631/jzus.B1400337
http://www.ncbi.nlm.nih.gov/pubmed/26055918
http://dx.doi.org/10.3168/jds.2017-13958
http://www.ncbi.nlm.nih.gov/pubmed/29729916
http://dx.doi.org/10.3168/jds.2018-15219
http://www.ncbi.nlm.nih.gov/pubmed/30639019
http://dx.doi.org/10.1002/mnfr.201601017
http://www.ncbi.nlm.nih.gov/pubmed/28497545


Animals 2020, 10, 1015 18 of 18

69. Yang, H.; Wang, X.; Zhang, Y.; Liu, H.; Liao, J.; Shao, K.; Chu, Y.; Liu, G. Modulation of TSC-mTOR signaling
on immune cells in immunity and autoimmunity. J. Cell Physiol. 2013, 229, 17–26. [CrossRef] [PubMed]

70. Zhang, S.L.; Pruitt, M.; Tran, D.; Du Bois, W.; Zhang, K.; Patel, R.; Hoover, S.; Simpson, R.M.; Simmons, J.;
Gary, J.; et al. B cell-specific deficiencies in mTOR limit humoral immune responses. J. Immunol.
2013, 191, 1692–1703. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/jcp.24426
http://www.ncbi.nlm.nih.gov/pubmed/23804073
http://dx.doi.org/10.4049/jimmunol.1201767
http://www.ncbi.nlm.nih.gov/pubmed/23858034
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and methods 
	Animals, Management and Experimental Treatments 
	Sample Collection 
	RNA Isolation and Library Preparation 
	Quality Control and Mapping 
	RNA-Seq Data Analysis 
	Quantitative Real-Time PCR Analysis (qRT-PCR). 
	Western Blot Analysis 
	Statistical Analysis 

	Results 
	Temperature–Humidity Index and Physiological Index 
	Effect of Exposure of Heat Stress on Milking Performance and Blood Biochemical Indexes 
	HS Group Changed the Transcriptome in Mammary Gland Tissues 
	Gene Ontology Enrichment Analysis 
	Biological Pathway Affected by HS 
	Identification of Differentially Expressed Genes in Response to HS Group 

	Discussion 
	Conclusions 
	References

