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ABSTRACT

Climate change poses a significant challenge for agricultural production, especially
livestock. As cattle are unable to adapt as fast as global temperatures are rising, heat stress has
become of growing concern. Heat stress in cattle often causes a decrease in appetite and weight
gain. In addition to underweight cattle, the adverse effects of heat stress also include a decreased
reproduction rate, increased susceptibility to disease and poor-quality meat and dairy products.
With the growing demand for high quality meat and dairy products, mitigating the effects of heat
stress in cattle has become a priority. A promising solution to this problem is the introduction of
the SLICK phenotype for cattle production, which has been associated with a shorter haircoat to
enhance heat dissipation. This study aimed to evaluate the effectiveness of the SLICK phenotype
in alleviating heat stress by comparing Heat Shock Protein 70 (HSP70) gene expression levels in
Red Angus and Angus-Senepol hybrid (SLICK) cattle. In addition, haircoat properties, including
length and diameter were compared to determine the difference in haircoat morphology between
the two groups. RNA was extracted from hair follicles during different environmental conditions
to generate cDNA for quantitative PCR (qPCR) analysis of HSP70 gene expression. Results
confirmed that SLICK cattle exhibited significantly shorter haircoats than Red Angus cattle,
suggesting an increased ability for thermoregulation. HSP70 gene expression analysis did not show
significant differences between the two groups after experiencing a maximum temperature
humidity index (THI) of 76.4. Although gene expression results were inconclusive, the findings
from this study highlight the potential for selecting heat tolerant traits to improve heat stress
resistance. This research supports the idea that the SLICK phenotype offers a promising strategy
for enhancing the sustainability of cattle production in temperate climates.

Thesis Supervisor: Associate Professor Joanna Urban
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1 INTRODUCTION

1.1 The Economic Importance of Cattle

The Canadian economy relies heavily upon agriculture for revenue and stability (AAFC,
2023). Cattle are essential to the economy as the Canadian beef sector contributes approximately
$24 billion annually (2020-2022) to Canada’s gross domestic product (GDP) (Canfax Research
Services, 2023). Canadian cattle farms and beef processing provides a reliable supply of meet for
Canada, which produced 3.61 billion pounds of beef in 2021 (Canfax Research Services, 2023).
In 2022 Canadians consumed 967,166 metric tons of Canadian beef, a 3% increase from 2021,
with continuous increases projected for the coming years (Statistics Canada, 2023). Not only does
the beef sector provide for Canadians, but approximately half of productions are exported to over
half a dozen countries, with 49% of total beef products exported in 2022 (Statistics Canada, 2023;
AAFC, 2023). Canada is projected to be the 8™ largest beef exporter in the world as exported
products were valued at $4.68 billion in 2022, a 5.1% increase from 2021 (Statistics Canada, 2023).

Canadian beef is also recognized as a sustainable food source that contributes to both domestic
and international food security (CAA, n.d). However, the global demand for Canadian meat and
dairy is expected to increase by 57% and 48% in 2050, respectively, due to the foreseeable increase
in the global population and urbanization (Ominski et al. 2021). Overall, maintaining the health
and productivity of cattle is essential to meet consumer demand, ensure a secure food supply, and

sustain its role as a major contributor to the Canadian Economy.



1.2 Climate Change Impacts on Cattle Production

Climate change has become an increasing concern to multiple areas of Canadian
agriculture. As the average temperature continues to increase, and situations of extreme heat such
as the 2021 B.C. heat wave are expected more often (Beugin, 2023), the agri-food sector will be
challenged. Global warming and climate variability not only affect feed and water resources, but
animal health and production (Godde et al. 2021). These changes can significantly impact cattle
farming which is critical to both the Canadian economy and food security. This creates another
major pressure on the Canadian agri-food sector as the demand for more livestock products is met
with less land, water, and feed for production (Ominski et al., 2021).

Specifically, rising temperatures can have a detrimental impact on the beef production
sector due to the onset of heat stress and the associated health affects it causes for cattle (Godde et
al., 2017; Cheng et al., 2022). Heat stress is a major concern in the livestock sector, particularly
for beef cattle, as they are more susceptible than other livestock species. This is largely due to
being raised primarily outdoors, providing them with little environmental protection, in addition
to their reduced water retention capacity (Archana et al., 2017; Islam et al., 2023). Heat stress
affects meat production for all commercial livestock (Gonzalez-Rivas et al., 2020) as animal body
size is compromised and can lower meat quality (Summer et al., 2019; Cheng et al., 2022). In the
early 2000’s the estimated economic loss in the United States due to heat stress in cattle production
was estimated at $1.7 billion annually (St-Pierre et al., 2003). In the absence of current data, it is
assumed the costs of heat stress for the cattle industry are likely greater, especially considering
climate change has become more prevalent. On a global scale, it is predicted that cattle production

could lose up to $40 billion annually due to increases in temperature extremes (Thornton et al.,



2022). The physiological challenges brought on by heat stress can lead to significant economic
losses in addition to threatening food security.

Multiple reviews have stated that finding ways for farmers and ranchers to combat climate
change affects will become increasingly necessary to ensure animal welfare and to keep up with
economic demands (Osei-Amponsah et al., 2019; Thornton al., 2022; Cheng et al., 2022; Khan et
al., 2023; Kwon et al., 2024). Selective breeding has traditionally been used to improve production
efficiency but could also become an attractive solution for mitigating heat stress experienced by

cattle (Renaudeau et al., 2012; Osei-Amponsah et al., 2019; Cheng et al., 2022).

1.3 Identifying Heat Stress
1.3.1 Heat Stress in Cattle

Heat stress is the result of an imbalance between the metabolic heat produced inside an
animal’s body and the dissipation to its surroundings (Das et al., 2016). Homeothermy is a
thermoregulation process performed by endotherms to maintain a stable internal body temperature;
it requires minimal expenditure of energy if the animal’s external environment is within the
respective thermoneutral zone. Once the environmental temperature is outside of the thermoneutral
zone, extra energy is required to thermoregulate, and the animal will experience stress to maintain
homeothermy. (Nardone et al., 2006; Collier et al., 2015; Khan et al., 2023). During periods of
excess heat in the animal’s surrounding environment, homeostatic mechanisms like panting and
sweating are activated to reestablish or regulate the animal’s internal environment. When an

animal is unable to dissipate excess heat, heat stress will occur (Collier et al., 2015; Herbut et al.,

2019).



The average core body temperature (CBT) for cattle is found to range from 38°C to 39°C with
a mean value of 38.6°C + 0.5°C (Collier et al., 2015; Ammer et al., 2016; Herbut et al., 2019;
Summer et al., 2019; Islam et al., 2023). Cattle are homeothermic and will maintain their body
temperature over a range of conditions (Collier et al., 2015; Khan et al., 2023). In conditions
outside of the thermoneutral zone, cattle may fail to dissipate self-generated and absorbed heat
energy, causing an elevated CBT which leads to heat stress (Islam et al., 2023). In general., a
temperature range of -0.5°C to 26°C is accepted as a thermoneutral zone for dairy cattle (Kadzere
et al., 2002; Liu et al., 2019; Herbut et al., 2019), and as temperature passes 26°C, they begin to
exhibit heat stress behaviors (Kadzere et al., 2002; Cheng et al., 2022). In addition to air
temperature, relative humidity is an important factor that determines the exchange of heat between
an animal’s body and surroundings, therefore it must be accounted for when predicting heat stress

(Herbut et al., 2019; Islam et al., 2023, VanderZaag et al., 2023).

1.3.2 The Temperature Humidity Index

To readily identify key heat stress points for cattle, a temperature-humidity index (THI) is
commonly used (Dikmen et al., 2008; Kim et al., 2020; VanderZaag et al., 2023). This index
represents the combined effects of air temperature and relative humidity to assess the risks of heat
stress. (Wang et al., 2018; VanderZaag et al., 2023). A chart for how these two variables impacts
the THI is displayed in Figure 1. Different thresholds for heat stress in cattle have been reported,
with THI values as low as 68 found to impact the milk yield of high production dairy cattle
(Zimbelman et al., 2009). Beef cattle tend to have a higher THI threshold than dairy cattle given
that they have been found to tolerate temperatures up to 30°C while humidity is less than 80%

(Summer et al., 2019). Overall, the heat stress threshold for cattle is THI 70 and the point where



beef cattle begin to experience mild heat stress, and cattle will elicit a response when THI is >72
(Dikmen et al., 2008; Liu et al., 2019; Herbut et al., 2019; Kim et al., 2020). As the THI increases,
heat stress becomes more severe and will begin to cause adverse effects in cattle at indices of 80
and higher. However, even prolonged exposure to conditions of THI > 72 can lead to chronic heat

stress and physiological problems (Herbut et al., 2019; Kim et al., 2020; Cheng et al., 2022).
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Figure 1. Temperature Humidity Index chart used by farmers to assess heat stress thresholds for
cattle (University of Georgia, 2023).



1.4 Characteristics of Heat Stress in Cattle

Heat stress in cattle is demonstrated by various behavioral, metabolic and physiological
changes that can significantly impact the animal’s health and productivity (Collier et al., 2019).
The primary autonomic responses include sweating and panting which are exhibited by cattle to
increase the evaporative heat loss from the skin surface (Yadav et al. 2013; Collier et al., 2014).
Cattle will also reduce feed intake to reduce heat gain, which is recognized as one of the first
indicators of heat stress and is linked to many additional consequences (Godde et al., 2021).
Reducing feed intake is also caused by decreased appetite and rumination time due to heat stress
which directly results in weight loss, reduced fat thickness, and poor growth rates (Nardone et al.,
2006; Cheng et al., 2022).

In addition to underweight cattle, reduced feed intake also results in lower amounts of
nutrients and protein needed for proper physiological functions. Heat stressed cattle have
decreased milk quantity and quality due to decreased fat and protein content. (Summer et al., 2019;
Godde et al., 2021). Meat quality is also affected as it is reported to have less fat and therefore less
water holding capacity, poor colour, tenderness, and marbling (Gregory 2010; Gonzalez-Rivas et
al., 2019; Godde et al., 2021).

Chronic heat stress can also suppress immune function and impact the fertility of cattle as
it begins to interfere with the endocrine system and hormonal pathways (Bagath et al., 2019;
Lovarelli et al., 2024). Heat stress increases peripheral levels of glucocorticoids and blood cortisol
which inhibit the synthesis and release of cytokines and ultimately suppress the immune system,
resulting in cattle becoming more susceptible to infection and disease (Bagath et al., 2019; Godde

et al., 2021).



Heat stress also disrupts the hormonal balance that is necessary for successful reproduction.
In females, it reduces the luteinizing hormone (LH) and progesterone levels which leads to a
decline in estrus behavior and problems with follicle development, compromised oocyte growth,
poor embryo development, longer gestation periods and lower birthing rates. Furthermore, poor
milk quality can compromise calf development and health. For males, semen concentration,

spermatozoa motility and quality of fertile sperm are all reduced (Nardone et al., 2006; Khan et

al., 2023).
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Figure 2. Representation of the adverse effects that can be caused by heat stress in cattle

(BioRender, 2024).



1.5 The Significance of the SLICK Phenotype
1.5.1 Hair Coat Morphology and Evaporative Heat Loss

Cattle predominantly dissipate heat through latent heat exchange, known as evaporative
heat loss (EVHL) in the form of sweating (Collier et al., 2008). The hair coat of an endotherm is
one of the most significant factors that affect heat dispersion and moisture transfer from the animal
to the environment. Physical properties of the hair coat such as hair length, diameter, coat density
and thickness will all affect the efficacy of EVHL cooling from the skin (Collier et al., 2014). The
variation in EVHL among different breeds of cattle suggest there is an opportunity to improve

thermal tolerance (Dikmen et al., 2008; Collier et al., 2008).

1.5.2 The SLICK Phenotype

The SLICK phenotype is characterized by a short, sleek haircoat and larger sweat glands
that provide cattle an increased resistance to heat stress (Olson et al., 2003; Dikmen et al., 2014).
The SLICK1 mutation (c.1382del; rs517047387) follows a dominant inheritance pattern and has
originated from the tropically adapted cattle breed Senepol, that arose in the Caribbean (Sosa et
al., 2022). It is identified as a deletion mutation in the PRLR (prolactin receptor) gene on bovine
chromosome 20 that causes a premature stop codon and results in a truncated C-terminal protein
(Mariasegaram et al., 2007; Sosa et al., 2022). Mammalian hair growth is modulated by the
prolactin hormone and its signalling pathways; a mutation to the PRLR gene affects the activity of
prolactin and is linked to shorter hair morphology and the SLICK phenotype (Littlejohn et al.,
2014). The SLICK phenotype has also been successfully inherited by other breeds of cattle as
previous studies have shown that Senepol cattle and their crosses with Holstein and Angus animals

are equally as heat tolerant (Mariasegaram et al., 2007). In fact, the gene-editing tool CRISPR-



Cas9 has been used to introduce an intentional genomic alteration (IGA) to the PRLR gene to
create SLICK cattle, with the goal of enhancing heat tolerance for animal welfare purposes
(Pozzebon et al., 2024; Cuellar., 2024). Cuellar et al. (2024) reported that SLICK animals achieved
from gene editing not only had improved thermotolerance but were heavier on average compared
to non-SLICK animals making them favourable for beef production. Furthermore, the IGA is also
heritable and will be passed on through breeding with a PRLR-SLICK cattle lineage (Pozzebon et
al., 2024). The gene editing approach is preferred over crossbreeding because it allows for the
modification of only the target gene without potentially compromising other favoured traits

(Cuellar et al., 2024).

1.6 Heat Shock Proteins

Heat shock proteins (HSPs) are a family of chaperone proteins that are produced by cells
in response to stressful conditions such as heat stress (Archana et al., 2017). The expression of
HSPs is a strong indicator of heat stress at the molecular level. Within the HSP family, heat shock
protein 70 (HSP70) has the most sensitive response to environmental change and has been
identified as the ideal biological marker for quantifying heat stress in animals (Archana et al.,

2017; Herbut et al., 2019; Guzman et al., 2023).

When an animal experiences heat stress, a highly conserved process of protein activation
and gene expression occurs to mitigate the impacts and sustain normal cellular function (Collier et
al., 2008). The upregulation of chaperone genes like the HSP70 gene is mediated by heat shock
transcription factors (HSFs) and an activation-attenuation cycle controlled by HSPs that is
illustrated in Figure 3. (Pessa et al., 2023). In unstressed conditions the HSF1 monomer is bound

to a HSP in the cytoplasm. The stress induced accumulation of misfolded proteins causes the HSF1



monomer to dissociate and bind with others for HSF1 trimerization, which is translocated into the
nucleus. Within the nucleus, the homotrimetric HSF binds to the heat shock element — a sequence
in the promoter region of heat shock genes — which results in the expression of HSP mRNA
(Collier et al., 2008; Archana et al., 2017; Pessa et al., 2023). In mammalian cells, HSF1 will also
recruit RNA polymerases and chromatin remodellers to ensure heat inducible genes are in an open

state (Pessa et al., 2023).

The expression levels of HSP genes, particularly HSP70, have been used to establish the
severity of heat stress experienced by cattle (Collier et al., 2008; Kim et al., 2020; Guzman et al.,
2023). Tolerance to heat stress and THI thresholds can be identified through the quantification of

HSPs (Guzman et al., 2023).

Non-stress conditions Heat-induced activation

Cytosol V4 Nucleus Mitigation of 4

/ damaged proteins / a HSF1 activation
¢
I

& and trimerization
|

o o

HSF1-mediated ?& \ M

\ activation of genes

regulating developmental \ HSF1-mediated activation of
Chaperones keep processes \ genes encoding
HSF1 inactive \ molecular chaperones
= \

Figure 3. Schematic representation of the HSF1 and HSP activation-attenuation cycle that
mediates the expression of HSP genes (Pessa et al., 2023).
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1.7 Objective

The analysis of HSP70 expression provides a reliable alternative to monitoring behavioral
traits in cattle for assessing heat stress. Given that HSP70 expression levels serve as a clear
indicator of the onset and severity of heat stress, it can be utilized as an optimal biomarker to
identify environmental conditions based on the Temperature-Humidity Index (THI) where heat
stress poses a threat to cattle welfare and productivity. Recognizing the potential impact of heat-
stressed cattle on Canadian beef production, this study aims to determine whether the presence of
the SLICK phenotype incorporated into an Angus herd offers an advantage in mitigating heat
stress. In order to confirm that the two groups used — traditional Angus type and Senepol-Angus
hybrids — are phenotypically different, haircoat characteristics will be investigated by measuring
hair length and diameter. To determine the difference in heat stress experienced, HSP70 gene

expression levels will be quantified and compared between two cattle groups.

2. MATERIALS AND METHODS

2.1 Ethical Approval and Biosafety

An application for the use of animals in research was submitted to TRU’s Animal Care
Committee (ACC). Ethical approval for using the cattle was granted by ACC at Thompson Rivers

University (File Number: 103700).

A Biohazardous Materials Application was submitted and approved by the Biosafety

Committee at Thompson Rivers University (File Number: 103740). Biosafety modules were also

11



completed to work in a CL2 lab and approved by the Office of Safety & Emergency Management

at Thompson Rivers University.

2.2 Herd Access and Animal Populations

All cattle used for this project were sampled at a farm in Heffley Creek, British Columbia
(50.84632° N, 119.96735° W) with permission from Joanne Niklas, the farm owner. During two
of the earlier sampling dates, 9 of the cattle used for testing spent time at Tod Mountain, before
moving to the sampling location in August. Specifically, in June there were 5 SLICK cattle and 5
Angus type, while in August, there were 12 SLICK and 7 Angus type cattle. All cattle were
approximately 4 months old at the beginning of sampling in June, and reported to be in good health

during and between sampling times.

The two groups of cattle that were used include a traditional Angus type (Wild Type), and
a Senepol-Angus hybrid (SLICK) that is composed of %4 Angus and % Senepol. The Senepol-
Angus hybrid carries the SLICK 1 mutation and exhibits the SLICK phenotype being assessed. The
initial hybrid embryos were synthesized approximately 20 years ago and supplied to TRU by Davis

Rairdan Embryo Transplants in Calgary, Alberta (Davis Rairdan, 2024).

2.3 Genotyping

To determine if cattle carried the SLICK1 mutation, all animals were genotyped for the
1s517047397 deletion. Blood samples were taken from each calf and stored at 5°C until processed.
DNA was extracted from each blood sample following the protocol supplied with the Qiagen
DNeasy Blood & Tissue Kit (Qiagen). PCR amplicons were produced using a reaction containing:

0.1uL Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific), 2uL. of 5X buffer, 1

12



ul 0.4mM dNTPs, 1 uL of each primer at S5pmol, 2 uL Betaine, 2 uL of 1.5 ng/uL to 20 ng/uL of
template DNA, and 0.9 uL dH20O. The forward primer and reverse primer were 5° —
CCTGGATCTTGACAGTGACTCTG — 3’ and 5° — TTTGGGAACAGAGCCAGCAC - 3°,
respectively. All reactions were carried out with an annealing temperature of 62°C in a
SimpliAmp™ Thermal Cycler (Thermo Fisher Scientific). The ExoSAP-IT™ Express Kit (Thermo
Fisher Scientific) was used to cleanup all PCR amplicons in preparation for Sanger sequencing.
The sequencing reactions were carried out using the BigDye™ Terminator V3.1 Cycle Sequencing
Kit (Thermo Fisher Scientific) and purified with the BigDye Xterminator™ Purification Kit
(Thermo Fisher Scientific). Sanger sequencing was preformed using a SeqStudio™ machine
(Thermo Fisher Scientific) and genotypes were determined by using the electropherograms that
were produced. Only electropherograms with Phred scores above 30 were confidently used to

determine the rs517047387 genotype.

All genotyping was completed by Robert J. Wester, MSc, at the Applied Genomics Centre,

Kwantlen Polytechnic University.

2.4 Hair Measurement with ImageJ

Hair clippings were taken from animals using electric clippers by shaving a small portion
(~5 x 5 cm) at the shoulder, and saving in separate paper envelopes for transportation. To
accurately measure the length and diameter of hair strands, the imaging software ImagelJ-2
(National Institutes of Health, USA) was used. When taking pictures of the hair pieces, a small
ruler was placed in the frame to use as a reference for measurements and to convert from pixels to
mm. Photos were uploaded to the computer and imported into ImageJ in JPEG format. To measure

the diameter, images of hair samples were taken while using a dissecting microscope for better
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resolution (Figure 4). To set a reference scale, the straight-line tool was selected and drawn across
a known distance in mm, the number of pixels that related to that measurement was recorded. To
measure the subject of interest, the straight-line tool was used, and the number of pixels related to
that measurement was recorded. To measure the length of hair strands, each piece was taped with
clear tape to a blank surface to ensure steady measurements. If hair pieces were wavy, the
segmented-line tool was used to trace over each piece of hair, and the total pixel measurement was

recorded. 5 hairs were selected from each individual for measurement of diameter and length.

Figure 4. Image taken of a hair follicle underneath a dissecting microscope and used for
measurement with ImageJ-2.

In order convert the pixel measurement to metric measurements, the following formula was used:

Measurement in pixels

Measurement in mm= -
Pixels per mm
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2.5 HSP70 Gene Expression Analysis

2.5.1 Collection of Hair Samples

For gene expression analysis, hair from the tail of each calf was used. Calves were
contained in cattle-squeeze prior to pulling hair, and hairs were grasped as close to the base as
possible to ensure the follicles were attached. After pulling hair samples from the tail, they were
immediately placed in sterile 10mL Falcon tubes and the follicles were submerged in RNA/ater™
Stabilization Solution (Themo Fisher Scientific) to protect the RNA. The Falcon tubes were placed
in a cooler at the collection site and then moved to Thompson Rivers University for long term

storage at -20°C.

2.5.2 THI Measurements

Environmental conditions for the sample site at Heffley Creek, was obtained by entering
the location into Visual Crossing Weather Data (Visual Crossing Corporation, 2024), and
requesting the historical hourly weather data for the dates of interest. Once the query was approved,
hourly weather data was downloaded and exported to Excel. The downloaded data was also
compared with historical data supplied by other weather databases such as Weather Underground,
AccuWeather, and The Weather Network. The herd was sampled at three separate points
throughout the summer months and the environmental parameters from each collection are
displayed on Table 1. Environmental conditions that the herd would have experienced in the 72
hours prior to sampling have also been collected. The formula developed by Ravagnolo et al.

(2000) that is widely used to calculate THI measure heat stress in cattle (Dikmen et al., 2008;
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Davila et al., 2019; Kim et al., 2020; Ekine-Dzvinu et al., 2020) is as follows:

THI = (1.8x T +32) — [(0.55-0.0055 x RH) x (1.8 x T — 26)],

where T = dry bulb temperature (°C) and RH = relative humidity (%).

Table 1. Environmental conditions during hair sample collections.

Collection Date  Time Temperature (C°) Humidity (%) THI

June 13,2023 9:00 AM 19.4 51.1 64.5

August 2742023 9:30 AM 20.5 36.0 56.9

August21%, 2023 10:00 AM 15.5 452 57.46
2.5.3 RNA Extraction

Hair samples frozen in RNAlater™ (Thermo Fisher Scientific) were thawed on ice prior to
homogenization. Approximately 15-20 hairs were placed follicle first into a 2.0 mL BeadBug™
(Millipore Solutions) tube and were cut approximately 1cm in length to fit. ImL of TRIzol™ was
added to each tube and samples were placed on ice. To homogenize the samples, they were placed
on a desktop vortex machine at the maximum speed for a runtime of 30 seconds and rest time of
30 seconds on ice, which was repeated 3 times.

For phase separation, 200 uL of chloroform was added to each sample and hand shaken
vigorously for 15 seconds, incubated at room temperature for 3 minutes and then centrifuged at
12,000 x g for 15 minutes at 4°C using a High Performance Refrigerated Microcentrifuge (Labnet
International, Z233 Series). After centrifugation, the solution separated into a clear layer

containing the RNA and a pink layer which contains DNA. 400 uL of the clear phase was
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transferred into a RNase-free microcentrifuge tube with an equal volume of 70% ethanol and
vortexed to disperse any visible precipitate that had formed.

A PureLink™ RNA Mini Kit (Thermo Fischer Scientific) was used for column purification
of the sample. 400 pL of the sample was transferred to a Spin Cartridge and centrifuged at 12,000
x g for 15 seconds at room temperature; the flow-through was discarded. This step was repeated
until the entire sample was processed through the Spin Cartridge. Next, 350 pl of Wash Buffer I
was added to the Spin Cartridge, which was then centrifuged at 12,000 x g for 15 seconds at room
temperature, and the flow-through was discarded. 80 ul of a DNase Treatment containing 80 pL
of 10X DNase 1 Buffer, 100 pL of Resuspended DNase, and 620 pL. of RNase Free Water was
added directly onto the membrane and incubated at room temperature for 20 minutes. After
incubation, 350 ul of Wash Buffer I was added to the Spin Cartridge, which was then centrifuged
at 12,000 x g for 15 seconds at room temperature; the flow-through and collection tube were
discarded. 500 pl of Wash Buffer II was then added to the Spin Cartridge, which was centrifuged
at 12,000 x g for 15 seconds at room temperature, and the flow-through was discarded. This wash
step was repeated once.

To dry the membrane with bound RNA, the Spin Cartridge was centrifuged at 12,000 x g
for 1 minute. The collection tube was discarded, and the Cartridge was placed in a Recovery Tube.
Then, 39 pl of RNase-free water was added to the center of the Spin Cartridge, incubated at room
temperature for 1 minute, and centrifuged at 12,000 x g for 1 minute at room temperature. 1 pl of
RiboLock RNase Inhibitor (40 U/ul) was added to the eluted sample, and the samples were placed

in the -80°C freezer.
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The purity and concentration of RNA samples was determined by using a Nanodrop One
(Thermo Fischer Scientific), and gel electrophoresis was preformed to visualize the integrity of

RNA samples.

2.5.4 cDNA Generation

A High-Capacity cDNA Reverse Transcription Kit (Thermo Fischer Scientific) was used
to generate cDNA samples from RNA extractions. Prior to reactions, all regents from the kit and
RNA samples from the -80°C freezer were thawed on ice. The High-Capacity cDNA Reverse
Transcription Kit user manual was followed to prepare all reactions (Thermo Fischer Scientific,
2018). A 2X Master Mix was prepared for each reaction using the following components: 2.0 ul
of 10X RT Buffer, 0.8 pl of 25X dNTP Mix (100 mM), 2.0 ul of 10X RT Random Primers, 1.0 pl
of Multiscribe Reverse Transcriptase, and 4.2 pl of nuclease-free water, resulting in a total volume

of 10 pl. The 2X Master Mix was gently mixed and kept on ice until use.

The volumes for this Master Mix are for one reaction and were upscaled based on how

many samples were being processed.

For the reverse transcription reactions, 10 pL of the 2X Master Mix was pipetted into each
0.2 mL RNase-free PCR tube along with 10 uL of RNA sample. The capacity of the Reverse
Transcriptase Kit was 2 g of RNA, therefore some samples required dilution prior to carrying out
the reactions. The reactions were briefly vortexed to ensure thorough mixing and then centrifuged

to remove any bubbles. The tubes were kept on ice until they were loaded into the thermocycler.
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The reverse transcription reaction was performed using the following thermal cycling
conditions: Step 1 at 25°C for 10 minutes, Step 2 at 37°C for 120 minutes, Step 3 at 85°C for 5
minutes, and Step 4 at 4°C (or 10°C) for holding. The purity and concentration of cDNA samples
was determined using a NanoDrop One. cDNA samples were diluted in autoclaved water and used

directly for qPCR.

2.5.5 Quantitative PCR

Relative gene expression of HSP70 was measured through Quantitative PCR (qPCR).
Custom primers for HSPA1A (HSP70 gene) and the endogenous controls, Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) and B-tubulin isoform 5, were designed with the Primer
Express 3.0.1 Software (Life Technologies) and ordered through Custom Oligo Design Tools
(ThermoFisher Scientific) in a dry format. Primer sequences for each gene are displayed in Table
3. Primer design was completed by Robert J. Wester, MSc, at the Applied Genomics Centre,

Kwantlen Polytechnic University.

All gPCR reactions were performed in triplicate in a total reaction volume of 20uL per
well, in a 96-well plate and consisted of 10uL of 2X PowerTrack™ SYBR Green Master Mix
(Thermo Fisher Scientific), 1uL of each primer at 10uM, 2uL of autoclaved water, and 6uL of
cDNA at approximately 20ng/puL. Thermal cycling conditions for all reactions are as follows:
initial incubation at 95°C for 3 minutes, followed by 40 cycles of denaturation at 95°C for 10
seconds, annealing at 60°C for 30 seconds and extension at 72°C for 30 seconds. After, samples
were heated to 95°C for 10 seconds and cooled to 65°C for 5 seconds, then reheated to 95°C at a
rate of 0.5°C/second to produce a melt curve. All reactions were carried out and analyzed using a

QuantStudio™ 3 (Thermo Fisher Scientific).
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Table 2. Primer sequences used for gene expression analysis.

Gene Primer Component  Sequence (5°-37) Fluorescence

HSP70 Forward CCGGTGCCCTGCCTTT SYBR
Reverse GGCCGTTTTCAGGTTTGAAG

GAPDH Forward CCCTCCACGATGCCAAAGT SYBR
Reverse GGCGTGAACCACGAGAAGTATAA

B-Tubulin  Forward GCTGTTCTTATTCTGCACGTTGA  SYBR
Reverse

CGTGGGCGGATGTCCAT

The QuantStudio 3™ instrument and corresponding Design and Analysis Software 2.8.0
(Thermo Fisher Scientific), were used to collect and analyze cycle threshold (Ct) values. Analysis
of gene expression data was completed through normalization of the target gene to control genes
by utilizing part of the 2"t method (Livak and Schmittgen, 2001). To examine the relative
expression of HSP 70 between wild-type and SLICK cattle relative to the control genes the

following equation is used:

ACt= (Ct target) - (Ct control)

where Ct target 1S the mean Ct value for HSP70 gene expression and Ct control is the mean Ct value
for endogenous control genes, GAPDH and p-tubulin. The ACt values for HSP 70 Angus type and
SLICK cattle were compared using a t-test to determine the presence of a significant difference in
expression levels. To display the relative expression between the two groups, values were

displayed using: 2°4,

20



2.6 Statistical Analysis

To assess the statistical significance between groups for both hair coat characteristics and
gene expression levels, independent t-tests were performed. These analyses were conducted in
Microsoft Excel, employing a two-tailed distribution with a two-sample unequal variance
(heteroscedastic) assumption. A p-value threshold of 0.05 was used to determine statistical

significance between selected data sets.

3. RESULTS
3.1 ImageJ Hair Measurements

Hair samples were taken for measurement from animals exhibiting both traditional Angus,
and SLICK cattle (Senepol x Angus cross) phenotypes. All hair pieces selected for measurement
included the follicle and natural end of strand. Table 3 reports values for hair length and diameter
from each group as mean =+ standard deviation. Overall, there was a large variation in hair length
observed in both groups and an expected difference in the average hair length between groups (P
=0.0287). Less variation in diameter was measured and there is no significant difference between

the two groups (p = 0.841).

Table 3. Measurements for hair characteristics pulled from Angus and SLICK cattle.

n Hair Length Hair Diameter
SLICK 65 37.059 + 8.836 0.084 +0.0083
Angus Type 30 51.549 +10.735 0.082 +0.0243
p value 0.0287 0.841
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3.2 Genotypes
Genotypes for all animals were successfully obtained from blood samples to determine the
presence of the SLICK 1 mutation.

Table 4. Animals used in the assessment of the SLICK Phenotype with corresponding genotypes.

Cattle ID PRLR 387 Genotype Phenotype
HI CC Wild type
H2 CC Wild type
H3 CC Wild type
L1 NN SLICK
L2* NC SLICK
L3* NN SLICK
L4 NC SLICK
L5 NN SLICK
L6* NN SLICK
L7* NN SLICK
L8* NC SLICK
L9 CC Wild type
L10 NN SLICK
L11 NC SLICK
L12* NC SLICK
L13* CC Wild type
L14* NC SLICK
L15%* NC SLICK
L16 CC Wild type

Note: N represents the deletion associated with the SLICK phenotype. NN and CC indicate homozygous, NC indicates
heterozygous, Cattle ID* indicate cattle that were not available for all sampling date.
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3.3 RNA Extractions

All RNA extractions that were preformed using samples that had been properly stored were
successful and yielded intact RNA for further application. RNA concentrations ranged from 254.2
ng/uL to 658.1 ng/ulL with an average of 435.9 ng/uL. 260/280 ratios ranged from 1.85 to 2.10,
with an average of 2.03. Better readings for the 260/280 ratios were obtained when the PureLink
RNA columns were treated with DNase for 20 minutes, rather than 15 minutes. All RNA
extractions were run on a 1% agarose gel in 1X TBE buffer for visualization; 10 extractions are
displayed in Figure 5. The most noticeable and brightest bands are consistent with the highly
conserved 28S and 18S rRNA bands that should be predominant in eukaryotic organisms. Other

bands present are as expected from other mRNAs, small RNAs and long-noncoding RNAs.

- b S S G e e e

Figure 5. Gel electrophoresis of 10 RNA extractions used to visualize the integrity and quantity
of samples.
3.4 cDNA Generation
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All reverse-transcription reactions were performed by following the manufacturers
instruction manual to generate single stranded, first strand cDNA as the final product. The reverse-
transcription PCR conditions did not include amplification cycles and the MultiScribe™ Reverse
Transcriptase has RNase H activity, therefore a 1:1 conversion of RNA to cDNA was assumed.
260/280 ratios of cDNA samples ranged from 1.84 to 1.99, with an average of 1.89. Figure 6

includes gel electrophoresis that confirmed cDNA generation and functioning MultiScribe™

Reverse Transcriptase.

Figure 6. Reverse transcription products run alongside respective RNA sample run without
MultiScribe Reverse Transcriptase.

3.5 HSP70 Gene Expression Analysis

HSP70 gene expression in cattle was determined by using qPCR and calculating the
difference in expression to reference genes. The relative expression values for HSP70 between
SLICK and Angus type cattle, were determined using 22V and are displayed in Figure 7. The
difference in cycle threshold values (ACt) from the housekeeping genes is presented in Table 5 as

mean * standard deviation. All ACt values report that the HSP70 gene was downregulated in
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respect to the housekeeping genes. Data collected on June 13" does not have a statistically
significant difference of HSP70 gene expression between SLICK and Wild type cattle (p=0.210).
Data from August 21% does report a statistically significant difference in HSP70 gene expression
between the two cattle groups (p=0.048). The hourly THI for the 72 hours prior to sample
collection is displayed in Figures 8a. and 8b. Samples collected August 2", 2023, were ineligible

due to incorrect storage of RNA extractions.

Relative Expression of The HSP70 Gene
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Figure 7. Bar graph of the median HSP70 gene expression (22%) for each cattle group during
different sample collection dates.
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Table 5. Difference in cycle threshold values between HSP70 and endogenous controls (ACt).

Sampling Date  Cattle Group Mean Relative Standard p value
Expression (ACt) Deviation
June 13t SLICK 6.557 0.880 0.210
Wild type 5.7096 1.072
August 21 SLICK 7.351 2.721 0.048
Wild type 3.883 4.153
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Figure 8.a. Hourly THI for the 72 hours prior to sample collection on June 13%, 2023.
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Figure 8.b. Hourly THI for the 72 hours prior to sample collection on August 21%, 2023.

4 DISCUSSION

This study aimed to assess the effectiveness of the SLICK phenotype, caused by the
SLICK1 mutation, on the thermotolerant capabilities of cattle. Two groups of cattle, Red Angus
(Wild type) and Angus-Senepol hybrids (Y4 Angus, ¥4 Senepol; SLICK), were used to analyze the
haircoat properties of the phenotype, while HSP70 gene expression levels were studied as an
indicator of heat stress. Hair coat analysis determined a statistically significant difference between
hair lengths. Furthermore, the HSP70 gene showed varying levels of expression between the two

groups of cattle during different THI conditions.
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4.1 Hair Coat Measurements

Hair strands were collected form cattle in order to confirm that the Angus-Senepol hybrids
that have inherited the SLICK1 mutation do exhibit a noticeably different hair coat physiology
than the purebred Red Angus group. As expected, the SLICK cattle presented with a significantly
shorter haircoats, averaging 3.7 cm, compared to Angus’ 5.15 cm (p = 0.0287). Hair length is an
important factor that can impact the efficacy of evaporative cooling from the skin. Because cattle
dissipate excess heat through cutaneous EVHL, a longer hair coat becomes an obstruction to free
evaporation of sweat from the skin surface and reducing the animals ‘ability to regulate body
temperature. Confirmation that the two cattle groups present with different hair coat lengths
suggests that any observed differences in heat stress could be attributed to variation in their EVHL
capacity.

Hair diameter has also been found to affect EVHL as it can impact the airflow at the skins
surface (Collier et al, 2014). The diameter of hair pieces was also measured but did not report a
significant difference between the two cattle groups (P = 0.841). Although this does not allow us
to confirm that hair diameter is a major factor in differentiating thermoregulatory abilities between
the two cattle groups, it is still possible that hair diameter and hair density combined can affect
airflow regulation at the skins surface.

Another reason that SLICK cattle are better able to regulate their body temperature is due
to their increased sweating rate, as demonstrated by Dikmen at al. (2008). This trait is affected by
properties such as sweat gland density and size. As explained by Collier et al. (2008), cattle have
apocrine sweat glands — there is one sweat gland associated with each hair fiber — therefore hair
density directly affects the number of sweat glands. Unfortunately, the exact area from which cattle

were shaved for hair samples was not recorded and some hair breakage occurred. As a result, it

28



was not possible to accurately calculate the number of hair strands per unit area or determine hair
coat density for each group.

Furthermore, although hair diameter measurements were taken, they are not indicative of
sweat gland size. According to Hernandez et al. (2024) and Mateescu et al. (2023), skin biopsies
are required to measure sweat gland size in cattle. Both of these studies explored the effect of sweat
glad characteristics for heat tolerance on beef cattle. Although they did not investigate the same
breed of SLICK cattle, both reported a difference in sweat gland area between Angus and Brahman

cattle, another heat tolerant breed (Mateescu et al, 2023; Hernandez et al, 2024).

4.2 Genotypes

The genotyping results allowed us to confirm which cattle carried the SLICK 1 mutation in
order to confidently split the herd into two groups based on genotype and not phenotype alone.
The genotypes align with the observed phenotypic differences and corresponding hair lengths.
Although the genotypes themselves do not warrant an extensive discussion, they successfully

provided a genetic basis needed to organize the other results from this study.

4.3 RNA Extractions and cDNA Generations

Individual RNA extractions were required to analyze HSP70 gene expression levels in each
animal studied. Although the RNA extractions themselves are a routine part to quantify gene
expression, the successful extracts validate the modified RNA extraction method that was used.
RNA extractions that were not successful and yielded a poor-quality sample, came from hair
follicles that were not correctly stored and ended up degrading. The successful cDNA generations

also indicated that the RNA was intact and suitable for further applications. Results from the gPCR
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reactions confirmed that cDNA generations were successful and intact to yield gene expression

results.

4.4 HSP70 Gene Expression Analysis

To evaluate the efficacy of the SLICK phenotype on thermotolerance, HSP70 gene
expression levels were measured as an indicator of a heat stress response. We predicted that
because the Angus-Senepol hybrids (SLICK) presented with a shorter haircoat, they would have
an advantage in heat dissipation and consequently experience less heat stress, resulting in lower
HSP70 expression compared to the Angus (Wild type) group under the same conditions. The

relative expression of HSP70 (24¢) between SLICK and Angus cattle were compared for each

individual sampling condition.

Overall, we found inconsistent HSP70 gene expression results in relation to the respective
THI conditions. Both groups of cattle demonstrated an under expression of HSP70 in relation to
the housekeeping genes (positive ACt values) for June and August sampling times. Although the
expression levels of HSP70 genes were low—falling below those of the housekeeping genes—
expression was still detectable, indicating that some activation of HSP70 occurred in both cattle
groups.

Data collected from the June sampling period indicates that there was no significant
difference in HSP70 gene expression between the two cattle groups (p=0.210). When comparing
the THI conditions that the cattle would have experiences for 3 days prior to collection, it is notable
that the THI does pass the threshold for heat stress (72), reaching 76.4. As no significant
differences were found between the two groups, we can speculate that similar HSP70 responses

were induced in both groups. Although there was no significant difference between ACt values,
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the 22° values presented in Figure 7 display a higher expression of HSP70 in Red Angus cattle
than in SLICK cattle, which aligns with our hypothesis that SLICK cattle experience less heat
stress.

As for data collected in August, the difference in HSP70 expression between the cattle
groups is significant (P = 0.048). This is unexpected given the THI for the 3 days prior to collection
of these samples did not cross the threshold for heat stress. It would be expected that in
environmental conditions where the THI does not reach a point high enough to induce heat stress,
there should be little to no HSP70 gene expression. When examining the 22 values for
the SLICK group between June and August, the decrease in HSP70 expression aligns with
expectations. However, the Angus group displayed an unexpected increase in HSP70 expression
despite the lower THI conditions, which may be reflective of the cumulative heat stress
experienced by the Angus (Wild type) throughout the summer.

Because the sampling date was later in the summer, it is important to consider not only the
intensity of the THI, but also the duration and the heat stress response it may elicit. A study
performed by Ouellet et al. (2019), showed that prolonged exposure to THI above 65 negatively
impacted the production of dairy cattle in Quebec, Canada. Given that the cattle in the present
study consistently experienced conditions where the THI exceeded 65 throughout the summer —
reaching a high of 69 in the days before sampling — this prolonged exposure may have contributed
to the unexpected increase in HSP70 expression observed in the Angus group. Although the THI
recorded in the days prior to sample collection in August did not cross the heat stress threshold,
the cumulative effects of sustained, lower-level heat stress over the course of hotter months, may

have resulted in a delayed or prolonged stress response. This persistent environmental pressure

31



could explain why the Angus cattle group exhibited higher HSP70 expression, compared to the
SLICK cattle, even in the absence of high THI conditions.

It is also possible a major heat stress event occurred earlier than the THI conditions
displayed in Figure 8b. Previous research conducted by Kim et al. (2020) indicates that HSP70
expression levels increase, and peak at 3 days following a heat stress event, before returning to
baseline within 6 days, when the cattle remain in the same environmental conditions. This
expression pattern may align with the data collected, suggesting that the increase in HSP70
expression observed in the Angus (Wild type) group could be linked to a previous heat stress event.
However, it should be noted that Kim et al. (2020) observed this pattern in cattle that experienced
THI conditions of 88.

There is also the speculation that the age of animals during sampling could play a role in
HSP70 gene expression, as many genes are affected by age (Kim et al, 2020). A study presented
by Kaushik et al. (2022) investigated the differential expression of HSP70 in ruminants during a
growth phase in response to heat stress. Although they recorded a noticeable difference in HSP70
gene expression between heat-stress tolerant versus heat-stress susceptible goats, they also noticed
significantly higher mRNA expression in animals at 9 months of age compared to all other age
groups. In addition to a protective role, HSP70 can also be involved in cell growth and proliferation
(Kaushik et al, 2022). Given that the animals used in this study were less than a year old, it is
possible we had sampled during a growth phase which may provide an explanation for the jump
in relative HSP70 gene expression seen in the Angus type group in August. Because the two groups
of cattle are composed of different lineages, growth phases may not be identical. However, these

hypotheses would need to be further investigated in respect to calf development stages.
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Another explanation for this discrepancy may be due to the increase in cattle sampled in
August versus in June. It should also be considered that the additional cattle did not experience the
same conditions as the original cattle for the previous months. As mentioned before, 9 of the cattle
available in August were previously kept at Tod Mountain during earlier sampling dates. The
addition of new cattle, majority of which were SLICK, altered the sample sizes and increased the
standard deviation values for both groups. The sample sizes changed from n = 6 to n = 12 for the
SLICK group and from n = 6 to n = 7 for the Angus (Wild type) group. The standard deviations
increased from 1.07 and 0.88, to 2.72 and 4.15 for the SLICK and Angus (Wild type) groups,
respectively. These cattle may have had an increased HSP70 gene expression for reasons aside
from heat stress, as mentioned above. This is reflected in Figure 7, as the error bars for the Angus
(Wild type) group are noticeably larger than the rest, indicating the presence of an outlier.

Methodological explanations for the unexpected HSP70 expression levels observed from
the Angus type group may be due to non-specific amplification or primer dimers detected during
qPCR analysis. The gene expression assay was changed from TagMan to SYBR Green chemistries
due to problems experienced with the TagMan assay probes. However, forward and reverse
primers were not complementary to each other and melt curves obtained from qPCR analysis
suggests that this did not happen. It is also unlikely that these errors would have occurred among

one set on samples and not the others.

Overall, HSP70 gene expression levels obtained from the two cattle groups did not
correlate with the THI conditions. Given that other studies with similar objectives have
consistently reported significant findings, suggests that the environment where these cattle were
raised may be beneficial for mitigating heat stress. For instance, Kim et al. (2020) observed a

significant difference in HSP70 expression (P = 0.0120) in beef calves under different sampling
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conditions in Korea, where the THI reached 83.04. Similarly, Taborda-Charris et al. (2023)
reported a significant change in HSP70 expression (P =0.0011) in cattle (from Northern Colombia)

as the THI increased from 76 to &3.

Due to our sampling site being located just 20 minutes from Sun Peaks Mountain, the local
geography may have limited the occurrence and duration of high THI values experienced by cattle.
While this may have prevented us from observing significant and consistent changes in HSP70
expression, it also suggests that moderate environments like Heffley Creek offer optimal

conditions to raise beef cattle and limit heat stress over temperate or tropical conditions.

5 CONCLUSION AND FUTURE WORK

The increasing risk that climate change and rising temperatures poses for cattle production,
met with the increasing global demand for high quality meat and dairy products — particularly
Canadian beef — highlights the need for effective strategies to mitigate heat stress in livestock. A
promising solution to alleviate the heat stress experienced by cattle is the introduction of the
SLICK1 mutation, and corresponding SLICK phenotype. To determine if the SLICK phenotype
was effective at increasing the thermotolerance of Canada’s top beef producing breed, Red Angus
cattle, we investigated the expression levels of the HSP70 gene.

While we did confirm that the Angus (Wild type) cattle and Angus-Senepol hybrid
(SLICK) cattle differed in haircoat morphology, HSP70 gene expression results were inconsistent.
The identification of the SLICK1 mutation, along with its associated shorter hair length and the
variability in other haircoat characteristics observed in supporting research, suggests that there is

an opportunity to improve cutaneous EVHL in production cattle. Moreover, selecting for these
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traits in beef cattle could improve resilience to heat stress without compromising production
performance.

In order to really determine if the SLICK 1 mutation is beneficial to Red Angus beef cattle,
future research would have to include more consistent sampling times before, during, and after
known heat stress events, where the THI exceeds the stress threshold for longer amounts of time.
It would be ideal to extract samples from the same herd over multiple hours and days in order to
more thoroughly investigate the fold changes in HSP70 expression within each group of cattle. In
order to better characterize the hair coat morphology of each cattle group, future work may include
skin biopsies where hair follicle and sweat gland density could be measured. The difference in
pore size for sweat excretion could be determined by subtracting the diameter of hair from the area
to provide an idea of how much room there is for sweat dissipation at the skins surface. If future
studies identify differences in haircoat traits between Wild type and SLICK cattle, and establish a
relationship with EVHL rates, these may be traits that could be selected for in the future to improve

heat tolerance.

5.1 LIMITATIONS

The major limitation in this study was herd access. Sampling times had to work within the
availability of the farm owner which limited when samples from calves could be taken.
Furthermore, although the hair tail extractions are not considered invasive, the actual process was
timely to separate each calf from the herd and could be stressful, which we did not want to subject
young calves to repeatedly. Another limitation that could have supported our results was that we
did not consider other physiological parameters that could indicate heat stress such as core body

temperature and respiration rates.

35



LITERATURE CITED

Ammer S, Lambertz C, Gauly M. 2016. Comparison of different measuring methods for body
temperature in lactating cows under different climatic conditions. J Dairy Res. 83(2):165-172.
d0i:10.1017/S0022029916000182.

Archana PR, Aleena J, Pragna P, et al. 2017. Role of heat shock proteins in livestock adaptation
to heat stress. Journal of Dairy, Vetrinary & Animal Research.5(1):13-19.
doi: 10.15406/jdvar.2017.05.00127

Asseng S, Spdnkuch D, Hernandez-Ochoa Ixchel M, Laporta J. 2021. The upper temperature
thresholds of life. The Lancet Planetary Health. 5(6):e378—e385. doi:10.1016/S2542-
5196(21)00079-6.

Bagath M, Krishnan G, Devaraj C, Rashamol VP, Pragna P, Lees AM, Sejian V. 2019. The impact
of heat stress on the immune system in dairy cattle: A review. Research in Veterinary Science.
126:94-102. doi:10.1016/].rvsc.2019.08.011.

Beugin D, Clark D, Miller S, Ness R, Pelai R, Wale J. 2023. heat wave.
https://climateinstitute.ca/wp-content/uploads/2023/06/The-case-for-adapting-to-extreme-heat-
costs-of-the-2021-BC-heat-wave.pdf.

Brisken C, Kaur S, Chavarria TE, Binart N, Sutherland RL, Weinberg RA, Kelly PA, Ormandy
ClJ. 1999. Prolactin controls mammary gland development via direct and indirect mechanisms.
Developmental Biology. 210(1):96—106. doi:10.1006/dbi0.1999.9271.

Campos IL, Chud TCS, Oliveira HR, Baes CF, Canovas A, Schenkel FS. 2022. Using publicly
available weather station data to investigate the effects of heat stress on milk production traits in

Canadian Holstein cattle. Canadian Journal of Animal Science. 102(2):368-381. doi:10.1139/cjas-
2021-0088.

Canada A and A-F. 2014 Mar 24. Agriculture and Agri-Food Canada. agriculturecanadaca.
https://agriculture.canada.ca/en.

Canadian Beef Economics. Canadian Cattlemen’s Association. https://www.cattle.ca/canadian-
beef-economics.

Canfax — Canadian Cattle Association. 2023. Cattleca. https://www.cattle.ca/2023-annual-
report/division-reports/canfax.

Cheng M, McCarl B, Fei C. 2022. Climate Change and Livestock Production: A Literature
Review. Atmosphere. 13(1):140. doi:10.3390/atmos13010140.

Clark D. 2021. The case for adapting to extreme heat: Costs of the 2021 B.C heat wave.
Collier RJ, Baumgard LH, Zimbelman RB, Xiao Y. 2019. Heat stress: physiology of acclimation
and adaptation. Animal Frontiers. 9(1):12—19. doi:10.1093/af/vfy031.

36



Collier RJ, Collier JL, Rhoads RP, Baumgard LH. 2008. Invited Review: Genes Involved in the
Bovine Heat Stress Response. Journal of Dairy Science. 91(2):445-454.
doi:https://doi.org/10.3168/jds.2007-0540.

Collier RJ, Gebremedhin KG. 2015. Thermal Biology of Domestic Animals. Annual Review of
Animal Biosciences. 3(1):513-532. doi: https://doi.org/10.1146/annurev-animal-022114-110659.

Collier RJ, Baumgard LH, Zimbelman RB, Xiao Y. 2019. Heat stress: physiology of acclimation
and adaptation. Animal Frontiers. 9(1):12-19. doi:https://doi.org/10.1093/af/vfy031.
https://academic.oup.com/af/article/9/1/12/5146549.

Cox M, Gardner WC, Fraser LH. 2015a. A Survey-Based Assessment of Cattle Producers’
Adaptation to Climate Change in British Columbia, Canada. Rangeland Ecology & Management.
68(2):119-130. doi:10.1016/j.rama.2015.01.004.

Craven AJ, Ormandy CJ, Robertson FG, Wilkins RJ, Kelly PA, Nixon AJ, Pearson AJ. 2001.
Prolactin signaling influences the timing mechanism of the hair follicle: analysis of hair growth
cycles in prolactin receptor knockout mice. Endocrinology. 142(6):2533-2539.
d0i:10.1210/endo.142.6.8179.

Cuellar CJ, Amaral TF, Rodriguez-Villamil P, F Ongaratto, D Onan Martinez, Labrecque R, de D,
Eliab Estrada-Cortés, Bostrom JR, Martins K, et al. 2024. Consequences of gene editing
of PRLR on thermotolerance, growth, and male reproduction in cattle. FASEB BioAdvances.
doi:https://doi.org/10.1096/fba.2024-00029.

Das R, Sailo L, Verma N, Bharti P, Saikia J, Imtiwati, Kumar R. 2016a. Impact of heat stress on
health and performance of dairy animals: A review. Veterinary World. 9(3):260-268.
doi:10.14202/vetworld.2016.260-268.

Deb R, Sajjanar B, Singh U, Kumar S, Brahmane MP, Singh R, Sengar G, Sharma A. 2013.
Promoter variants at AP2 box region of Hsp70.1 affect thermal stress response and milk production
traits in Frieswal cross bred cattle. Gene. 532(2):230-235. doi:10.1016/j.gene.2013.09.037.

Dikmen S, Alava E, Pontes E, Fear JM, Dikmen BY, Olson TA, Hansen PJ. 2008. Differences in
Thermoregulatory Ability Between Slick-Haired and Wild-Type Lactating Holstein Cows in
Response to Acute Heat Stress. Journal of Dairy Science. 91(9):3395-3402.
doi:https://doi.org/10.3168/jds.2008-1072.

Dikmen S, Khan FA, Huson HJ, Sonstegard TS, Moss JI, Dahl GE, Hansen PJ. 2014. The SLICK
hair locus derived from Senepol cattle confers thermotolerance to intensively managed lactating
Holstein cows. Journal of Dairy Science. 97(9):5508-5520. doi:10.3168/jds.2014-8087.

Ekine-Dzivenu CC, Mrode R, Oyieng E, Komwihangilo D, Lyatuu E, Msuta G, Ojango JMK,
Okeyo AM. 2020. Evaluating the impact of heat stress as measured by temperature-humidity index

37



(THI) on test-day milk yield of small holder dairy cattle in a sub-Sahara African climate. Livestock
Science. 242:104314. doi:10.1016/j.1ivsci.2020.104314.

Food Policy — Canadian Cattle Association. 2024. Cattle.ca. [accessed 2023 Oct 15].
https://www.cattle.ca/advocacy/food-policy.

Godde CM, Mason-D’Croz D, Mayberry DE, Thornton PK, Herrero M. 2021. Impacts of climate
change on the livestock food supply chain; a review of the evidence. Global Food Security.
28(2211-9124):100488. doi:https://doi.org/10.1016/j.gf5.2020.100488.

Gonzalez-Rivas PA, Chauhan SS, Ha M, Fegan N, Dunshea FR, Warner RD. 2020a. Effects of
heat stress on animal physiology, metabolism, and meat quality: A review. Meat Science.
162:108025. doi:10.1016/j.meatsci.2019.108025.

Government of Canada. 2023 Jul 6. Overview of Canada’s Agriculture and agri-food Sector.
Government of Canada. https://agriculture.canada.ca/en/sector/overview.

Gregory NG. 2010. How climatic changes could affect meat quality. Food Research International.
43(7):1866—1873. doi:10.1016/j.foodres.2009.05.018.

Guzman LF, Martinez-Velazquez G, Villasefior-Gonzalez F, Vega-Murillo VE, José Antonio
Palacios-Franquez, Angel Rios-Utrera, Moisés Montafio-Bermudez. 2023. Expression of heat
shock protein genes in Simmental cattle exposed to heat stress. Animal Bioscience. 36(5):704—
709. doi:https://doi.org/10.5713/ab.22.0266.

Herbut P, Angrecka S, Godyn D, Hoffmann G. 2019. The Physiological and Productivity Effects
of Heat Stress in Cattle — A Review. Annals of Animal Science. 19(3):579-593. doi:10.2478/aoas-
2019-0011.

Hernandez AS, Zayas GA, Rodriguez EE, Sarlo Davila KM, Rafiq F, Nunez AN, Titto CG,
Mateescu RG. 2024. Exploring the genetic control of sweat gland characteristics in beef cattle for
enhanced heat tolerance. Journal of Animal Science and Biotechnology. 15(1):66.
doi:10.1186/s40104-024-01025-4.

Islam MA, Lomax S, Doughty AK, et al. 2023. Revealing the diversity of internal body
temperature and panting response for feedlot cattle under environmental thermal stress. Scientific
Reports. 13:4879. doi:10.1038/s41598-023-31801-7.

Kadzere CT, Murphy MR, Silanikove N, Maltz E. 2002. Heat stress in lactating dairy cows: a
review. Livestock Production Science. 77(1):59-91. doi:10.1016/S0301-6226(01)00330-X.

Kaushik R, Goel A, Rout PK. 2022. Differential expression and regulation of HSP70 gene during
growth phase in ruminants in response to heat stress. Scientific Reports.
12(1):18310. https://doi.org/10.1038/s41598-022-22728-6

38



Khan I, Mesalam A, Heo YS, Lee S-H, Nabi G, Kong I-K. 2023. Heat Stress as a Barrier to
Successful Reproduction and Potential Alleviation Strategies in Cattle. Animals (Basel).
13(14):2359. doi:10.3390/ani13142359.

Kim WS, Ghassemi Nejad J, Peng DQ, Jung US, Kim MJ, Jo YH, Jo JH, Lee JS, Lee HG. 2020.
Identification of heat shock protein gene expression in hair follicles as a novel indicator of heat
stress in beef calves. Animal. 14(7):1502—-1509. doi:10.1017/S1751731120000075.

Kwon D-H, Gim G-M, Yum S-Y, Jang G. 2024. Current status and future of gene engineering in
livestock. BMB Rep. 57(1):50-59. doi:10.5483/BMBRep.2023-0208.

Lamas A, Regal P, Vazquez B, Miranda JM, Cepeda A, Franco CM. 2018. Tracing Recombinant
Bovine Somatotropin Ab(Use) Through Gene Expression in Blood, Hair Follicles, and Milk
Somatic Cells: A Matrix Comparison. Molecules. 23(7):1708. doi:10.3390/molecules23071708.

Littlejohn MD, Henty KM, Tiplady K, Johnson T, Harland C, Lopdell T, Sherlock RG, Li W,
Lukefahr SD, Shanks BC, et al. 2014. Functionally reciprocal mutations of the prolactin signalling
pathway define hairy and slick cattle. Nature Communications. 5:5861. doi:10.1038/ncomms6861.

Liu J, Li L, Chen X, Lu Y, Wang D. 2019. Effects of heat stress on body temperature, milk
production, and reproduction in dairy cows: a novel idea for monitoring and evaluation of heat

stress — A review. Asian-Australasian Journal of Animal Sciences. 32(9):1332—-1339.
doi:https://doi.org/10.5713/ajas.18.0743.

Livak KJ, Schmittgen TD. 2001. Analysis of Relative Gene Expression Data Using Real-Time
Quantitative PCR and the 2—AACT Method. Methods. 25(4):402—408.
doi:10.1006/meth.2001.1262.

Lovarelli D, Giulietta Minozzi, Arazi A, Guarino M, Tiezzi F. 2024. Effect of extended heat stress
in dairy cows on productive and behavioral traits. animal. 18(3):101089-101089.
doi:https://doi.org/10.1016/j.animal.2024.101089.

Mariasegaram M, Chase CC, Chaparro JX, Olson TA, Brenneman RA, Niedz RP. 2007. The slick
hair coat locus maps to chromosome 20 in Senepol-derived cattle. Animal Genetics. 38(1):54-59.
doi:10.1111/5.1365-2052.2007.01560.x.

Mateescu RG, Sarlo KM, Hernandez A, Nunez AN, Zayas GA, Rodriguez EE, Serdal Dikmen,
P.A. Oltenacu. 2023. Impact of Brahman genetics on skin histology characteristics with
implications  for  heat tolerance in  cattle.  Frontiers in  Genetics. 14.
doi:https://doi.org/10.3389/fgene.2023.1107468.https://www.ncbi.nlm.nih.gov/pmc/articles/PM
C10203561/.

Nardone A, Ronchi B, Lacetera N, Bernabucci U. 2006. Climatic Effects on Productive Traits in

Livestock. Veterinary Research Communications. 30(S1):75-81. doi:10.1007/s11259-006-0016-
X.

39



Olson TA, Lucena C, Chase CC Jr, Hammond AC. 2003. Evidence of a major gene influencing
hair length and heat tolerance in Bos taurus cattle1,2,3. Journal of Animal Science. 81(1):80-90.
doi:10.2527/2003.81180x.

Ominski K, Gunte K, Wittenberg K, Legesse G, Mengistu G, McAllister T. 2021. The role of
livestock in sustainable food production systems in Canada. Canadian Journal of Animal Science.
101(4):591-601. doi:10.1139/cjas-2021-0005.

Osei-Amponsah R, Chauhan SS, Leury BJ, Cheng L, Cullen B, Clarke 1J, Dunshea FR. 2019.
Genetic Selection for Thermotolerance in Ruminants. Animals (Basel). 9(11):948.
doi:10.3390/ani9110948.

Ouellet V, Cabrera VE, Fadul-Pacheco L, Charbonneau E. 2019. The relationship between the
number of consecutive days with heat stress and milk production of Holstein dairy cows raised in
a humid continental climate. Journal of Dairy Science. 102(9):8537-8545. doi:10.3168/jds.2018-
16060.

Pessa JC, Joutsen J, Sistonen L. 2024. Transcriptional reprogramming at the intersection of the
heat shock response and proteostasis. Molecular Cell. 84(1):80-93.
doi:10.1016/j.molcel.2023.11.024.

Pozzebon M, Guldbrandtsen B, Sandee P. 2024. Gene editing cattle for enhancing heat tolerance:
A welfare review of the “PRLR-SLICK cattle” case. NanoEthics. 18(2). doi:10.1007/s11569-
024-00455-8.

Ravagnolo O, Misztal I, Hoogenboom G. 2000. Genetic Component of Heat Stress in Dairy Cattle,
Development of Heat Index Function. Journal of Dairy Science. 83(9):2120-2125.
doi:10.3168/jds.S0022-0302(00)75094-6.

Renaudeau D, Collin A, Yahav S, de Basilio V, Gourdine JL, Collier RJ. 2012. Adaptation to hot
climate and strategies to alleviate heat stress in livestock production. Animal. 6(5):707-728.
doi:10.1017/S1751731111002448.

Rockett PL, Campos IL, Baes CF, Tulpan D, Miglior F, Schenkel FS. 2023. Phenotypic analysis
of heat stress in Holsteins using test-day production records and NASA POWER meteorological
data. Journal of Dairy Science. 106(2):1142—-1158. doi:10.3168/jds.2022-22370.

Sarlo Davila KM, Hamblen H, Hansen PJ, Dikmen S, Oltenacu PA, Mateescu RG. 2019. Genetic
parameters for hair characteristics and core body temperature in a multibreed Brahman—Angus
herd. Journal of Animal Science. 97(8):3246-3252. doi:10.1093/jas/skz188.

Sosa F, Carmickle AT, Jiménez-Caban E, Ortega MS, Dikmen S, Negron-Pérez V, Jannaman EA,
Baktula A, Rincon G, Larson CC, et al. 2021. Inheritance of the SLICK1 allele of PRLR in cattle.
Animal Genetics. 52(6):887-890. doi:10.1111/age.13145.

40



St-Pierre NR, Cobanov B, Schnitkey G. 2003. Economic Losses from Heat Stress by US Livestock
Industries1. Journal of Dairy Science. 86:E52—E77. doi:10.3168/jds.S0022-0302(03)74040-5.

Statistics Canada. 2023. Statistics Canada: Canada’s National Statistical Agency.
wwwstatcangcca. https://www.statcan.gc.ca/en/start.

Summer A, Lora I, Formaggioni P, Gottardo F. 2018. Impact of heat stress on milk and meat
production. Animal Frontiers. 9(1):39-46. doi:10.1093/af/vfy026.

Taborda-Charris JC, Rodriguez-Hernandez R, Herrera-Sanchez MP, Uribe-Garcia HP, Otero-
Arroyo RJ, Naranjo-Gomez JS, Lozano-Villegas KJ, Rondon-Barragin IS. 2023. Expression
profiling of heat shock protein genes in whole blood of Romosinuano cattle breed. Veterinary
World.:601-606. doi:https://doi.org/10.14202/vetworld.2023.601-606.

Thermo Fisher Scientific. 2018. High Capacity cDNA Reverse Transcription Kit User Guide.
https://assets.thermofisher.com/TFS-
Assets/LSG/manuals/MANO0017977 highcap ¢cDNA RT_UG.pdf

Thornton P, Nelson G, Mayberry D, Herrero M. 2022. Impacts of heat stress on global cattle
production during the 21st century: a modelling study. The Lancet Planetary Health. 6(3):e192—
€201. doi:10.1016/S2542-5196(22)00002-X.

University of Georgia. 2024. Management Strategies to Reduce Heat Stress, Prevent Mastitis and
Improve Milk Quality in Dairy Cows and Heifers. Ugaedu.
https://extension.uga.edu/publications/detail. html?number=B 1426 &title=management-strategies-
to-reduce-heat-stress-prevent-mastitis-and-improve-milk-quality-in-dairy-cows-and-heifers.

VanderZaag A, Riche L, Qian B, Smith W, Hambaliou Baldé, Ouellet V, Charbonneau E, Wright
T, Gordon RB. 2023. Trends in the risk of heat stress to Canadian dairy cattle in a changing climate.
Canadian Journal of Animal Science. doi:https://doi.org/10.1139/cjas-2023-0040.

Weather Data &  Weather API | Visual Crossing. wwwvisualcrossingcom.
https://www.visualcrossing.com/.

Yadav B, Singh G, Verma AK, Dutta N, Sejian V. 2013. Impact of heat stress on rumen functions.
Veterinary World. 6(12):992-996. doi:https://doi.org/10.14202/vetworld.2013.992-996.

Zimbelman RB, Rhoads RP, Rhoads ML, Duff GC, Collier RJ. 2009. 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.

41



