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Bovine heat stress management:
current amelioration approaches
and the case for a novel
mitogenomic strategy

Tiarna Macey Scerri*, Sabrina Lomax and
Cameron Edward Fisher Clark

Livestock Production and Welfare Group, School of Life and Environmental Sciences, Faculty of
Science, The University of Sydney, Sydney, NSW, Australia

An expansive body of literature is dedicated to addressing the multi-faceted issue
of bovine heat stress. This review firstly evaluated existing knowledge about the
acute bovine heat stress response. Despite these papers being comprehensive,
minor research gaps and biases somewhat limit their applicability. Categorising
current management strategies under either a ‘reactive’ or ‘preventative’
approach, the review also evaluated the utility of strategies within each
approach. Strategies that achieve individualised symptom detection and
treatment were found to be the most practically effective reactive strategies.
Genotypes that functionally increase the stability of proteins involved in the heat
stress response and therefore increase an animal's capacity for heat tolerance
were identified as being among the most promising preventative strategies. Both
approaches are generally limited by significant implementation costs for farmers
and a lack of literature comparison between strategies for the best management
outcome. A strong case is provided for further investigation into the role of
mitochondrial genotypes for improved cattle heat tolerance. Overall, the review
provides a balanced assessment of progress within heat stress scholarship and
tenders a novel perspective that will inform further original work.
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1 Introduction

Heat stress (HS) is a complex condition caused by exposure to extreme thermal stimuli
(Ames, 1980). As a condition that negatively affects cattle health, HS infringes upon the
welfare status of individual animals and the herd collectively (Polsky and von Keyserlingk,
2017). Annual production losses from HS are estimated to cumulatively cost the beef and
dairy industries at least $16.5mill in Australia (Sackett et al., 2006; Lees et al., 2019).
Current modelling shows that increases in global temperature and heatwave extremity
(Intergovernmental Panel on Climate Change, 2021) will increase the incidence of HS,
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with ~48% of the global cattle population predicted to be
severely affected by 2100 (Carvajal et al, 2021; Thornton et al,
2021). Exacerbated by consistent production demand for an
exponentially growing global population (Frona et al., 2019
United Nations, 2019), these welfare, economic and sustainability
challenges qualify cattle HS as a significant agricultural problem for
beef and dairy herds worldwide (Summer et al., 2018; Lees
et al., 2019).

Reflecting concern from farmers, scientists and consumers alike
(Carvajal et al., 2021; Banik, 2022; Hendricks et al., 2022), HS is the
subject of a large and complex body of literature. This literature
aims to firstly understand the acute bovine heat stress response
(HSR) that underpins HS and secondly utilise this knowledge to
create and improve HS management strategies. Although both
research objectives are well-established, their respective bodies of
work are rarely subject to practical scrutiny. Such scrutiny is
necessary to ensure that the research community continues to
effectively address the issue of cattle HS. Here, we will critically
assess the literature on both research objectives, with especial
emphasis on practically evaluating the ‘reactive’ and ‘preventative’
management approaches that have formed in modern academia. As
will be elaborated, reactive management approaches attempt to
mitigate HS symptoms as they arise whereas preventative
management approaches aim to pre-emptively reduce the
presentation of HS symptoms. After establishing the importance
of emerging preventative strategies that increase an animal’s genetic
capacity for heat tolerance (HT), the rationale for a mitogenomic
breeding strategy is also explored.

2 The bovine heat stress response

Cattle are homeothermic, meaning that they can only maintain
normal homeostatic function within a finite range of core body
temperatures (~38.0-39.0°C) (Lees et al., 2019; Liu et al,, 2019).
Exposure to ambient heat, humidity and/or radiation that exceeds
this ‘thermoneutral zone’ (TNZ) induces a state of hyperthermia, or
heightened internal temperature (Ames, 1980; Lees et al., 2019;
Wang et al., 2020). The animal’s central nervous system (CNS)
reacts to this stimulus by enacting a cascade of control pathways to
regain euthermic balance (Collier and Gebremedhin, 2015; Collier
et al, 2018). These pathways are collectively known as the HSR.
Aside from structural adaptations, the acute bovine HSR -
occurring 4-12h after stimulus exposure - is the foundation of an
animal’s capacity to cope with HS (Horowitz, 2002; Collier and
Gebremedhin, 2015; Collier et al., 2018). Within contemporary
literature, the acute HSR has four progressive levels — the genomic,
cellular, physiological and behavioural responses.

2.1 Genomic response

Upon induction of hyperthermia, the CNS activates a
programmed alteration of genetic transcription patterns for
various cell proteins and pathways. Most documented is the
upregulation of the heat shock protein (HSP) pathway, which has
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been identified via RNA-sequencing of bovine transcriptomes
under HS conditions (Collier et al., 2008). Included in this
pathway are key transcription factors heat shock factor 1 (HSFI)
and ‘activator of HSP90 ATPase activity 1’ (AHSAI), HSPs of
varying size and their cochaperones including HSP40 member Al
(DNAJAI) (Srikanth et al., 2016; Sigdel et al., 2019; Garner et al,,
2020; Khan et al,, 2020; Fang et al., 2021). Especially noteworthy is
heat shock protein 70 (HSP70), which is consistently identified as a
significantly upregulated gene (Hassan et al., 2019; Kim et al., 2020).
Other differentially expressed genes and therefore optimal
candidates for further study include mitogen-activated protein
kinase 8 interacting protein 1 (MAPKS8IPI) and bradykinin
receptor Bl (BDKRBI). These genes and others are related to
oxidative stress, apoptosis, metabolism and signaling pathways
(Sigdel et al., 2019; Garner et al, 2020). However, these studies
show minimal variety in their use of cell type and cattle breeds. By
limiting their scope to somatic granulosa or white blood cells, the
studies further fail to capture tissue-specific expression trends that
may occur in different cell types. Addressing this limitation with the
investigation of various cell types allowed new insights into HS-
induced differential expression (Dorji et al., 2020). Yet, the cells
used were mostly sourced from lactating Holstein-Friesian (B.
taurus) cows (Dorji et al., 2020). Whilst Holsteins are the most
common and thus applicable dairy breed, this focus somewhat
restricts conclusions by excluding more tropically adapted indicus
and beef breeds. Indeed, the inclusion of both taurus and indicus
beef breeds within the same expression study conducted by
Morenikeji et al. (2020) supported findings that were applicable
to a wider range of breeds. Such general bias towards the Holstein
population, although arguably commercially justified, also prevents
the discovery of potentially different and more in-depth findings in
genetically different breeds. Further studies would therefore benefit
from prioritising diversity of breed samples and cell types within
their experimental design.

2.2 Cellular response

Hyperthermic onset has two main effects on bovine cells - a) the
thermal inactivation and denaturation of thermosensitive proteins,
and b) the overproduction of reactive oxygen species (ROS) like
superoxide anions (Bernabucci et al., 2002; England et al., 2004;
Jackson et al., 2006; Ganaie et al., 2013; Khan et al., 2020). These
effects exacerbate each other, as antioxidant enzymes such as
catalase are denatured and are unable to neutralise accumulating
ROS (Oshino & Chance, 1977; Lallawmkimi, 2009; Slimen et al.,
2015). In turn, ROS work to oxidise and denature more proteins.

There are multiple flow-on effects from these two immediate
cellular changes. Accumulation of ROS is known to damage nuclear
DNA and mitochondrial proteins within the inner mitochondrial
membrane, causing mitochondrial dysfunction and oxidative stress
(Higashikubo et al., 1993; Rhoads et al., 2006; Slimen et al., 2014;
Mishra, 2021). Ion retention aims to preserve elements needed for
cell function, as ROS-induced membrane lipid peroxidation
perforates the semi-permeable lipid membrane that maintains cell
balance (Mujahid et al., 2007; Baumgard and Rhoads, 2013). As
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evidenced by their upregulation, increased HSP production is also a
key cellular response that aims to counteract the ‘leaks’ that are
hindering normal cell function. Different HSPs have been found to
serve different functions such as stabilising essential enzymes and
membrane lipids, and neutralising ROS (Sreedhar et al., 2002; Shan
etal, 2019; Mishra, 2021). Yet, the cell requires significant amounts
of extra available ATP energy to maintain this altered state of
function, which cannot be supplied by dysfunctional mitochondria.
Ultimately, this metabolic strain activates apoptotic pathways
(Katschinski et al., 2000; Bhatti et al., 2017). Although
breakthrough progress has been made in identifying DNA
methylation as an epigenetic factor that plays a role in the
efficacy of the overarching HSR (Del Corvo et al, 2021), the
specific impact of cellular epigenetic factors as another part of the
cellular HSR is yet to be addressed — a minor yet important gap in
knowledge that should be covered in further studies. Balancing
these limitations against the depth of cellular HSR understanding,
modern literature in this field is nevertheless effective.

2.3 Physiological response

Cellular death induced by HS manifests a whole-body need to
generate more ATP energy and get rid of excess heat, thereby
catalysing several physiological responses. Historically, knowledge
of these responses has been subject to a blurred distinction between
the acute HSR and chronic acclimation as identified by Collier et al.
(2018). However, recent studies have confirmed that increased
respiration rate (RR), heart rate (HR), sweat rate (SR) and core
body temperature (CBT) are the main acute HS effects on cattle
physiology (Brown-Brandl et al., 2005a; Wijffels et al., 2013; Galan
et al,, 2018; Thulani et al,, 2019). Increased RR and HR aid quicker
oxygen supply for aerobic respiration to cells (Thulani et al., 2019),
whereas increased SR is associated with better heat evaporation
from the body (Nardone et al., 2010; Islam et al., 2021). Correa-
Calderon et al. also observed that blood flow is diverted to
extremities such as ears to help physically evaporate heat in dairy
cows (Correa-Calderon et al.,, 2004; Galan et al., 2018). It is
generally discussed that these physiological responses are
catalysed by neuro-endocrinal signals activated by cellular HS
(Slimen et al., 2015; Thulani et al., 2019). Yet, knowledge of these
hormonal connectors is limited to production-related responses
such as increased disease susceptibility from decreased cytokine
production (Steele, 2016) and redirection of nutrients from fat
stores via increased leptin secretion (Morera et al., 2012). As this
bias towards production indicators limits understanding of
hormonal signaling pathways, more holistic research in this area
is needed. Collectively, these physiological impacts were estimated
to increase maintenance energy requirements by 7-25% per animal
(Rezayazdi, 2001; Collier et al., 2018). However. Lees et al. (2019)
highlights that the actual energy cost inclusive of responses involved
in blood flow and protein synthesis is even greater. This finding
reinforces the physical toll of the physiological HSR. Overall, despite
minor flaws in the literature on the physiological HSR, there has
been clear progress towards a more well-rounded research space.
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2.4 Behavioural response

To meet cellular and physiological metabolic demand to
disperse bodily heat, cattle then exhibit coping behaviours. Many
coping behaviours have been associated with the bovine HSR (Cook
et al., 2007; Wijffels et al., 2013; Slimen et al., 2015; Thulani et al.,
2019; Becker et al.,, 2020). Yet, several external variables such as
ambient humidity (Becker et al., 2020) and system type (pasture,
barn, feedlot etc.) (Smid et al., 2020) have been identified that affect
the observed extent of such behaviours. These factors are often not
incorporated into experimental design, but underpin a range of
minor conflicts in research findings. For example, both decreased
and increased aggressive behaviour have been reported in heat
stressed cattle due to method differences in sample size, breed and
location humidity (Little et al., 1980; Brown-Brandl et al., 2006;
Becker et al.,, 2020). A review conducted by Herbut et al. (2021)
effectively found that the most consistent behavioural changes in
the HSR are increased standing time, panting behaviour, increased
drinking, shade-seeking and reduced feed intake. Increased
standing time provides more surface area for heat evaporation,
whilst panting behaviour increases oxygen supply to cope with high
metabolic demand (Ratnakaran et al., 2017; Galan et al., 2018).
Increased drinking is suggested to help with internal cooling, shade-
seeking reduces further heat exposure, and less feed intake has been
found to prevent the additional heat increment of digestion (Kamal
et al, 2018; Becker et al.,, 2020). Thus, the final symptoms of the
acute HSR are well-documented.

2.5 Further HS progression

The altered state of bodily function caused by the acute bovine
HSR, and the extra energy it expends, continues until cells are able
to metabolically process and disperse all excess heat for a normal
internal temperature to be achieved (Collier et al., 2018). The stress
upon the animal during this period can cause health, welfare and
production losses and ultimately, mortality (Slimen et al,, 2015).
Alternatively, continued exposure to thermal stimuli can result in
the activation of homeorhetic pathways indicative of a chronic heat
stress response (Horowitz, 2002; Collier et al., 2018). These
pathways can help ‘acclimatise’ the animal to heat exposure.

In addition to its progressive nature, the acute bovine HSR is
also complicated by the range of external variables that affect
response efficacy. These include not only the length of heat
exposure, but also exposure intensity, age, bodyweight, condition,
breed, species - B. taurus/B. indicus - and specific genotypes
(Blackshaw and Blackshaw, 1994; Summer et al., 2018; Hassan
etal, 2019; Lees et al., 2019; Wang et al., 2020). Generally, existing
literature in this area is thorough.

2.6 Overarching limitations

There are also two overarching inconsistencies to note about
existing research on the bovine HSR. Incorrect conclusions about
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HS impacts have been historically made due to limited access to
technology and the heavy use of production indicators as measures
of HS (Collier et al,, 2018; Becker et al,, 2020). The latter are easily
confounded by animals that maintain production outputs despite
HS-induced impacts on their health and welfare.

The second limitation is the overuse of the temperature-
humidity index (THI) as a threshold for HS (THI > 72) and a
nexus of correlation with HS indicators. This highly generalised
measure of ambient conditions is known to neglect the unique
conditions of the relevant herd in terms of breed, age, season etc.
and similarly result in invalid conclusions (Habeeb et al., 2018;
Thulani et al., 2019; Lewis Baida et al., 2021). Both limitations are
notable research biases within the collective body of literature.

Overall, despite some research gaps and biases, modern
literature effectively fulfills the first research goal of greater bovine
HSR understanding and serves as a plausible foundation for the
development of HS management strategies.

3 The ‘reactive’ approach

The second aim of HS research is to improve on-farm HS
management. Existing strategies typically monitor a single level of
the bovine HSR and reactively mitigate the respective HS
symptoms. The merits of these strategies can be assessed under
behavioural, physiological and cellular tiers.

3.1 Behavioural strategies

Monitoring key behavioural responses to HS enables a non-
invasive focus on the animal rather than their production quotas
(Islam et al., 2021). Behavioural HS detection can be achieved by
visual observation, using scoring systems such as the cow stress
index (Ji et al., 2020). Alternatively, accelerometers can be fitted to
the legs of cattle to monitor panting, standing, drinking and feed-
related behavioural changes (Molfino et al.,, 2017; Islam et al., 2021;
Nguyen, 2021). Both measures are limited by the cost and time
required to either manually observe behaviours or maintain
recording devices. The cost of novel digitised solutions like aerial
drone and ear tag monitoring are yet to be addressed (Mufford et al.,
2021). As such, the on-farm applicability of behavioural HS
detection is somewhat limited by practical considerations.

Knowledge of the behavioural HSR has also been incorporated
into HS amelioration strategies. As cattle seek shade to prevent heat
exposure and further heat gain (Thulani et al., 2019), provision of
shade structures have proved highly effective at reducing
behavioural indicators of HS in animals of various ages and
breeds (Blackshaw and Blackshaw, 1994; Thulani et al., 2019).
Fans and sprinklers have also been found to aid evaporative heat
loss (Brown-Brandl et al., 2006; Collier et al., 2006), although they
have high management costs in larger operations (West, 2003;
Renaudeau et al., 2011). Whilst these mitigation strategies
demonstrate efficacy at reducing behavioural HS indicators, their
benefit is admittedly more proven in arid rather than humid regions
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(Ames and Ray, 1983; Renaudeau et al., 2011; Nguyen, 2021). Other
available strategies include cooling beds and misters (Yadav et al.,
2016). Despite the differences in efficacy, no study has attempted
to determine the best behavioural strategy or strategies for
each climatic circumstance - a point that diminishes strategy
applicability for farmers. More information is needed to improve
the applicability of behavioural mitigation strategies.

3.2 Physiological strategies

Since manual measurement of responses such as RR, CBT and
SR are difficult and time-exhaustive (Gebremedhin et al., 2008;
Wijffels et al., 2013), novel technologies are being employed to
optimise physiological data collection. These include attachable
individual monitors for RR, HR and SR as discussed in
Gebremedhin et al., 2008 and Idris et al., 2021, as well as infrared
thermography drones that scan herds for elevated CBTs to indicate
HS (Idris et al,, 2021). Yet, these strategies require large investment
in equipment and technical operation costs (Ji et al., 2020). Whether
individual farms are willing to invest in such technologies is an
internal decision. Several other techniques have been tested with
minimal success, including the detection of hormonal changes
which are confounded by multiple other stressors (Mishra, 2021).
Models that attempt to predict either the risk or presence of HS in
cattle from physiological responses are similarly unreliable due to
variable success (Brown-Brandl et al., 2005b; Wijffels et al., 2013).
Therefore, despite their cost, novel monitoring technologies are
currently the most viable physiological monitoring strategy.

Various strategies can be used to ameliorate physiological HS
symptoms. Technically, behavioural mitigation strategies also
address the physiological HSR level. For example, shade-seeking
has been found to prevent radiation exposure and further increases
in CBT (Schiitz et al., 2009; Lees et al., 2019). However,
physiological amelioration as described in literature primarily
focuses on nutritional strategies such as increasing ration energy
content to accommodate higher maintenance energy costs
(Mertens, 1997; Wijffels et al., 2013). Since evidence is divided
over whether neutral detergent fibre content detrimentally
contributes a high heat increment upon digestion that actually
exacerbates physiological the HSR (Gaughan and Mader, 2009;
Wijffels et al., 2013; Conte et al., 2018), more research is required in
this area. Mineral salt supplements have been found to prevent the
respiratory alkalosis that comes from increased RR, to varying
degrees of efficacy (Sanchez et al., 1994; Wijffels et al., 2013).
Although these nutritional changes can be integrated into an on-
farm routine, they also neglect the inherent basal differences
between individual animals and their presentation of HS
symptoms. From this limitation, more individualised mitigation
strategies such as specialised treatment areas (Islam et al., 2021) and
individual feeding regimes (Schneider et al., 2020) are proving more
effective and potentially more cost-efficient for some farming
operations. Thus, whilst physiological mitigation is practical, the
move towards more individualised HS treatment is of merit.
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3.3 Cellular strategies

Cellular HS detection involves monitoring for cellular changes
with established biomarkers linked to cellular HS. As an earlier
stage of the HSR, the technique would allow for faster mitigation
before larger physiological and behavioural impacts occur. This
management option does not currently exist on a commercial scale,
but is discussed in literature. Table 1 below outlines the key
candidate biomarkers found to effectively identify cellular HS
(Ganaie et al., 2013; Ganesan et al., 2017; Habashy et al., 2019).

Most potential biomarkers have only been tested on non-bovine
species (Habashy et al., 2019), which highlights the need for further
research into the most reliable biomarkers for cattle herds.
Increased HSP activity can be confounded with multiple stressors
other than cell hyperthermia (Mishra, 2021), and assaying redox
potential (GSH : GSSH ratio) is cautioned against due to its lack of a
consistent baseline (Flohe, 2013). Regardless, the main challenge
going forward is improving the accessibility of cellular detection.
Current protocol requires a precise, time-intensive and equipment-
heavy process, whereas portable kits and easily interpretable data
would be significantly more valuable to the everyday farmer
(Habashy et al,, 2019). In this regard, new innovations such as
portable bioluminescent imaging (Yevtodiyenko et al,, 2021) may
greatly assist such development of cellular HS detection methods.

Nutritional content and supplement strategies that address
various facets of the cellular HSR are at the forefront of the
investigation into HS mitigation on a cellular level. To counter
decreased availability of antioxidants resulting from ROS
accumulation, antioxidant supplementation with Vitamins C and
E have been found to successfully decrease cellular strain and
therefore the scale of HS effects (Kumar et al, 2011; Wijffels et al,
2013). Studies have additionally identified chromium (Soltan,
2010), niacin (Zimbelman et al., 2010) and thiazolidinedione
(Rhoads et al., 2013) as supplements that target cellular
symptoms of HS. Whilst these findings are individually valuable,
the literature is limited by its lack of comparison between the
efficacy of the tested supplements either singularly or in
combination. The studies are also somewhat limited by the lack
of trial uniformity on level of heat exposure. Given that boosting
bodily vitamins before HS exposure has also been found to decrease
HS symptoms (Cronje, 2005; Wijffels et al., 2013), the timing of
nutrient delivery should also be investigated. Such research would
ensure that feed supplementation is a precisely effective way to
mitigate the cellular HSR and its bodily effects.

TABLE 1 The main cellular HS biomarkers and their target indicators.

Protein Biomarker/s

10.3389/fanim.2023.1169743

Overall, the reactive HS management approach is spearheading
progress for on-farm HS detection and amelioration. The most
promising strategies include individualised approaches and earlier
targeting of the cellular HSR. Some options are limited by expense,
equipment portability and/or farm system type. Further studies
need to focus on overcoming these barriers and clarifying which
management strategy or combination of strategies are most effective
within different farm contexts. The management strategies within
the reactive approach are also collectively limited by their non-
addressal of the genotypes involved in the genomic HSR that affect
an individual animal’s susceptibility to HS impacts. Furthermore,
the reactive approach fails to provide strategies that actively prevent
HS onset and progression.

4 The ‘preventative’ approach

The reactive approach to HS mitigation is confounded by the
variable genetic status of HS susceptibility within herds and
ultimately, the inability to prevent HS onset and progression
(Carabano et al., 2019; Pryce et al, 2022). Given the increasing
HS susceptibility of livestock due to both climate change and
selective breeding that prioritises production output (Gantner
et al., 2017; Carabano et al.,, 2019), academic consensus has
highlighted a clear need for research into strategies enabling the
prevention of cattle HS (Carabano, 2016; Pryce et al., 2022). Thus, a
preventative rationale has emerged in modern literature that aims
to improve cattle tolerance to heat and HS through genomic
selection of advantageous genotypes. By genotyping and breeding
for inherently more heat tolerant animals in conjunction with
appropriate HS detection and amelioration strategies, the negative
impacts on cattle health, welfare and production may be minimised.

4.1 Defining heat tolerance

A heat tolerant animal is generally defined as one that has “the
ability to maintain thermal stability at high temperatures and
humidity” (Carabafio et al., 2019; Pryce et al, 2022) - a
functional scope in principle. However, the specific definition of
HT varies per different experimental purposes. Some papers define
HT as coping capacity relative to the phenotypic rate of production
decline (Nguyen et al.,, 2016; Cheruiyot et al.,, 2021). Notably, with
recent increases in genomic HSR understanding, more papers are

Target Indicators

Superoxide dismutase, Catalase, Glutathione ratio (GSH:GSSG)
8-hydroxy-2'-deoxyguanosine (8-OHdG)

Malondialdehyde

ROS Accumulation
DNA Degradation

Lipid Peroxidation

HSP70, HSP72, Prostaglandin A;
Caspase, Cytochrome C, B-cell lymphoma

Pyruvate dehydrogenase, Succinate dehydrogenase
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HSP Activity
Cell Apoptosis

Oxidative Stress
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defining a heat tolerant animal as one with the genetic capacity to
maintain thermal stability under HS stimuli (Carabano et al., 2019;
Thulani et al,, 2019). This genetic scope is highly appropriate for the
purposes of this review.

4.2 ldentifying advantageous genotypes

The first step towards breeding for cattle HT and therefore
genetically preventing negative HS impacts is to identify the
relevant genotypes that should be selected for. There are four
interpretations of this goal identified in existing literature,
discussed below.

4.2.1 Interpretation 1: Improving Anatomical
Resistance to HS Stimuli

The established genetic perspective on improving cattle HT is to
prioritise breeding for structural traits that decrease the animal’s
exposure to high thermal loads and therefore HS onset and
progression. Given the somewhat inconsistent results from
traditional crossbreeding strategies, recent literature has turned to
the isolation and genetic modification of relevant genes. A
prominent example is the introgression of the ‘slick’ genotype to
Holstein dairy cattle, which is caused by mutations in the prolactin
receptor gene and allows an animal to express shorter coat hair
(Littlejohn et al., 2014; Porto-Neto et al., 2018). This short, slick coat
is suggested to trap less heat (Olson et al, 2003; Dikmen et al,
2014). Similarly, alteration of a premelanosome protein gene in
Holstein calves to introduce a lighter grey coat colour helps reflect
solar radiation and similarly reduce the animal’s thermal exposure
(Laible et al., 2021). Both coat strategies generate a desirable HT
benefit by prolonging hyperthermia onset and consequent HS
indicators for modified calves. However, the practical drawback
left undiscussed is that lighter and/or shorter coats are conversely
more susceptible to sunburn (Hodnik et al., 2021). The impacts of
this trade-off, especially in high-thermal areas with minimal shade,
should be investigated before implementing this genetic strategy.
Moreover, improved resistance to HS stimuli cannot wholly prevent
HS onset under consistent high-thermal conditions despite actively
reducing heat load throughout the HSR. Therefore, there is need for
the inherent efficacy of genomic HSR mechanisms to be improved.
Whilst this initial interpretation towards HT has yielded
advantageous genotypes, there is still scope for further research.

4.2.2 Interpretation 2: General Association of
Single Nucleotide Polymorphisms (SNPs)

Another perspective of HT advantage is to breed for animals
with nuclear SNP genotypes associated with greater heat tolerance.
This result is achieved via genome-wide association studies
(GWAS), which identify SNPs that correlate with greater levels of
‘HT” (Luo et al, 2021). Whilst this perspective can theoretically
identify SNPs associated with lower HS indicators (Halli et al,
2021), the use of easily confounded indicators such as blood cortisol
concentration can mean that correlations with ‘HT” are not
necessarily significant (Idris et al, 2021). Exclusive study of the
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nuclear genome also neglects the potential impact of other genetic
architecture such as mitochondrial DNA (mtDNA), micro RNAs
and epigenetic interactions (Lee et al., 2020; Mishra, 2021). The lack
of specificity around SNPs - regarding the actual genetic impact
they have on the HSR and trade-oft impacts on other phenotypic
traits not investigated in the GWAS - is another crucial limiting
factor. These barriers complicate this genotypic perspective.

4.2.3 Interpretation 3: Enhancing HSR
Protein Activity

An advantageous genotype has also been specifically defined as
one that increases activity of key proteins and complexes within the
genomic HSR for a more efficient return to euthermia upon
hyperthermic onset. Various coding mutations in heat shock
protein 70 (HSP70), heat shock protein 90 (HSP90) and ATPase
Na+/K+ subunit alpha 1 (ATP1AI) have been predicted to do so,
allowing faster deactivation of negative cellular impacts and
prevention of apoptotic pathways (Liu et al., 2010; Hansen, 2013;
Bhat et al., 2016; Hassan et al., 2019; Halli et al., 2021; Onasanya
et al., 2021). Polymorphisms have also been found in non-coding
promoter and 3’UTR regions, such as a HSP90 promoter mutation
found to increase higher transcription activity upon HSP activation
(Deb et al., 2013; Badri et al., 2018). Associations with other genes
including HSP regulators like heat shock factor 1 and neural ligand-
receptors have also been marked as potentially advantageous
genotypes (Li et al., 2011; Rong et al., 2019; Cheruiyot et al., 2021;
Onasanya et al., 2021). Altogether, these findings comprise a highly
promising area of research. However, there is a clear bias towards
HSP investigation. On the one hand, HSPs are highly crucial HSR
components whereby maximising their capacity is significantly
aiding the goal of HSR efficacy and thus HT capacity. On the
other hand, this bias means that equally important drivers like
mitochondria and neural communicators, are overlooked. Hence,
despite the value of this HT interpretation, a more holistic research
approach that includes other relevant HSR proteins would
be appropriate.

4.2.4 Interpretation 4: Increasing Protein Stability
& Function

The final known interpretation of genotypic advantage for HT
advocates for greater conformational stability of proteins involved
in the HSR, higher resistance to thermal inactivation and ROS
oxidation and therefore greater cellular capacity to sustain function
in a HS environment (van den Burg and Eijsink, 2002; Basirico
et al, 2011). Although agrigenomic research for such improved
protein stability is more developed in crop species (Bita and
Gerats, 2013; Fragkostefanakis et al., 2014; Wang et al.,, 2018),
there are several mutations that have been found to affect protein
stability in animal species (Basirico et al., 2011; Saadeldin et al,
2020). This work positively identifies specific genotypic impacts on
corresponding proteins. For example, a mutant Mgel cochaperone
to HSP70 was found to possess higher thermal stability and catalyse
longer HSP70 refolding activity (Marada et al., 2016). However, an
emphasis on HSPs is again observed. These papers also tend
towards investigating thermal stability as opposed to ROS
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resistance — an understandable bias since knowledge surrounding
ROS mechanisms has only recently been clarified (Girod et al., 2014;
Chang et al,, 2020). It is also important that any potential trade-ofts
between thermal stability and ROS resistance, or broader protein
function and interactions, are identified and assessed. Overall, the
rationale yields clearly beneficial genotypes with increased protein
stability and function under cellular HS. Such benefits indicate the
rationale’s significance to cattle HT research.

4.3 Genotyping individual animals

Once advantageous HT genotypes have been identified, reliable
detection of these genotypes within cattle herds can be achieved via
multiple techniques. These include SNP microarrays (Ventura et al.,
2020), sequencing of HT-relevant genes (Koopaee and Koshkoiyeh,
2014), and whole genome sequencing (WGS) of individual samples
(Liao et al, 2013). Variable cost, equipment portability and the
nature of HT-relevant genotype being identified are key factors that
affect the suitability of each technique (Liao et al., 2013; Ventura
et al, 2020). Thus, the most effective genotyping strategy is
dependent on case-by-case assessment and clarification of
relevant HT genotypes.

4.4 Selective breeding programs

Once HT genotypes have been profiled within a herd, their
facilitation into selective breeding programs is a further point of
management within the preventative approach. Notably, this is
achievable via selection based on genomic estimated breeding
values (GEBVs), which is a calculation of an animal’s ‘value’
based on its possession and the heritability of chosen HT
genotypes (Li et al., 2018; Thulani et al, 2019). Although
knowledge of HT genotypes is in its infancy, a HT GEBV is
defined in literature (Nguyen et al., 2016). Facilitating
Interpretation 2, the GEBV assigns HT genotypes based on SNP
discrepancies associated with lesser rates of production decline
during HS (Nguyen et al,, 2016). Although phenotypic data is a
good nexus for genetic data (Vanderweele et al,, 2013), the
susceptibility of production data to genetic and environmental
confounders (Hayes et al., 2009) prevents a tangible link between
those SNPs and their HSR benefit. As the algorithm is trained on a
reference population containing only Holstein-Friesian and Jersey
breed samples, it also isn’t validly applicable to beef or other dairy
breeds (Nguyen et al, 2016). Further work is needed to ensure
GEBVs are a robust strategy for selection of more heat tolerant
breeding animals.

Overall, literature within the emerging preventative approach is
effectively identifying advantageous genotypes that can prevent HS
onset and prevent its detrimental impacts. The investigation of
genotypes that increase protein stability and function is especially
poignant. However, before consequent genotyping and breeding
strategies are formulated, it is necessary to examine non-HSP
players within the bovine HSR and their specific - rather than
vague — impact on cattle HT. Reflecting upon the literature thus
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far, cellular mitochondria are arguably the most significant
uninvestigated HSR component.

5 The case for mitochondrial
significance

Mitochondria are the cellular organelles responsible for
converting adenosine diphosphate (ADP) to adenosine
triphosphate (ATP), the energy source that fuels all cell
operations (Krebs and Johnson, 1937; Tager et al., 1983; Spinelli
and Haigis, 2018; Mishra, 2021). The generation of ATP is achieved
via the process of oxidative phosphorylation (OXPHOS), which
involves the accumulation of a H+ proton gradient in the
mitochondrial intermembrane space by enzymatic Complexes
[-1V situated in the inner mitochondrial membrane (Spinelli and
Haigis, 2018). Complex V uses this proton gradient to attach free
phosphate groups (Pi) to ADP molecules and thus synthesise ATP
for distribution and cellular use. The five complexes (comprising
the electron transport chain (ETC)) and by extension the OXPHOS
process is the foundation of cellular metabolism (Tager et al., 1983;
Spinelli and Haigis, 2018). This function is especially important
during mammalian HS, as there is greater demand for ATP energy
to support the cellular HSR and general cell function in a
hyperthermic environment (Zhao et al., 2002).

5.1 The role of mitochondria in
mammalian HS

Upon the onset of hyperthermia, the genomic HSR enacts
differential transcription of mitochondrial-related proteins,
including uncoupling proteins, antioxidants such as catalase, and
HSPs 70 and 27 (Bernabucci et al., 2002; Lallawmkimi, 2009; Picard
et al,, 2018). Collectively, these altered transcription patterns work
to counter the two key HS-induced impacts of thermal protein
inactivation and increased ROS production within mammalian
mitochondria. Consistent exposure to these two impacts result in
major effects on mitochondrial function. Mitochondrial proteins
(mt-proteins) are inactivated and thereby denatured by heightened
cellular temperatures (Mujahid et al., 2007; Slimen et al., 2014). ROS
accumulation, exacerbated by decreased antioxidant activity,
oxidises and hence damages mtDNA (Zhao et al, 2002; Bhatti
et al, 2017). These detrimental effects ultimately hinder the
OXPHOS efficiency of each mitochondrion. Also notable is the
increased release of Ca2+ ions into the cytoplasm, which are
intimately involved in intracellular communication (Ermak and
Davies, 2002). Cumulatively, this complex mitochondrial
dysfunction triggers the solubilisation of Cytochrome C proteins
from the inner mitochondrial membrane and its BAX-mediated
release into the cytoplasm (Du et al, 2008). With many
mitochondria per cell, this results in cellular accumulation of
Cytochrome C (Du et al,, 2008; Slimen et al., 2014). Once bound
to apoptotic protease-activating factors, these proteins further
activate the caspases responsible for catalysing cellular death
(apoptosis) (Du et al., 2008; Vakifahmetoglu-Norberg et al., 2017;
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The effects of elevated cellular temperature on mammalian mitochondria. Created with BioRender.com.
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to higher-order physiological symptoms (Chen et al.,

, 2020). On a whole-body scale, this action advances HS
2020). See
Figure 1 for a visual demonstration.

Given the comprehensive nature of existing literature, it is clear
that mitochondria are critical HSR components not only as
suppliers of increased ATP demand but also as catalysts of further
HS progression through HS-induced dysfunction. As mammals,
this knowledge inherently applies to bovine species.

5.2 Mitochondrial HT rationale

Considering the importance of mitochondrial function within
acute bovine HS, it stands to reason that prolonged and/or
enhanced mitochondrial function under cellular HS conditions
would assist a more efficient HSR and prevent the catalysation of
HS progression. It follows that animals with the genetic capacity for
such sustained mitochondrial function would be able to exhibit a
faster return to euthermic balance and less detrimental HS
symptoms. Although this rationale is not explicitly proven, there
are several circumstantial facts that point to its legitimacy. The first
is that the more heat-adapted indicine cattle breeds tend to have
higher levels of mitochondrial function and therefore metabolic
efficiency (Hansen, 2004; Bhat et al., 2016; Collier et al., 2018). This
correlation suggests a positive, potentially selection-driven
connection between sustained mitochondrial function and cattle
HT. The second is that increased mitochondrial function of feedlot
bovines under HS conditions (via beta-adrenergic agonist
supplementation) was recently found to allow supplemented
animals to maintain muscle growth more efficiently than non-

supplemented animals (Sieck et al, 2021). These findings are
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further indicative of a clear link between sustained mitochondrial
function, lesser HS impacts and ultimately, greater cattle HT. These
facts support an arguably strong theoretical case that the genetic
capacity for sustained mitochondrial function during cellular HS is
a desirable selective trait for improving cattle HT.

Due to the inherent complexity of mammalian mitochondria, it is
recognised that this trait is most likely polygenic. As such, in assessing
the viability of a breeding strategy centred around mitochondrial
function, it is necessary to identify the multiple genotypes that most
significantly contribute to the presentation of mitochondrial units
that can maintain longer or better function in cellular HS conditions.
Identifying the specific mitochondrial genotypes (mt-genotypes) that
underpin this trait may exist in either nuclear-coded genes or genes
separately encoded in the bovine mitogenome (Chinnery and
Hudson, 2013). As an indicator of their relevance, both types of
mitochondrial gene (mt-gene) are differentially expressed in cattle
under HS conditions and/or high metabolic demand (Dorji et al.,
2020). Nuclear mt-genes associated with regulatory ETC complex
function have already been profiled via existing GWAS research, with
some identified SNPs hypothesised to assist OXPHOS and thus
mitochondrial efficiency during HS (Liu et al., 2010; Collier
et al,, 2017).

However, there is paucity of data about the bovine mitogenome
and its genotypic impact on the configuration of mitochondrial
proteins (mt-proteins), mitochondrial efficiency under HS and
ultimately HT. The paucity of research effort in this space is
despite multiple studies in smaller non-cattle species like songbirds
that have linked mitogenomic mt-genotypes and mitochondrial HS
efficiency (Lamb et al,, 2018; Baker et al,, 2019; Li et al,, 2019). Given
the hypothesised significance of mitochondrial genetics in HT, the
bovine mitogenome represents a large gap in knowledge.
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5.3 The bovine mitogenome

The bovine mitogenome was first sequenced in 1982 and is known
to possess all regular features of a mammalian mitogenome (Anderson
etal,, 1982). These include a circular haploid structure with a heavy (H-
strand) and light strand (L-strand), a highly variable D-loop region for
bidirectional transcription and replication, and the mechanisms
required for solely maternal mtDNA inheritance. The mitogenome
codes for 13 protein-coding genes and 24 regulatory RNAs. These 13
mt-genes are ATP synthase subunit A (ATP6), ATP synthase subunit
A6L (ATPS), Cytochrome C oxidase subunit 1 (COX1), Cytochrome C
oxidase subunit 2 (COX2), Cytochrome C oxidase subunit 3 (COX3),
Cytochrome B (CYTB), NADH-ubiquinone dehydrogenase subunit 1
(ND1), NADH-ubiquinone dehydrogenase subunit 2 (ND2), NADH-
ubiquinone dehydrogenase subunit 3 (ND3), NADH-ubiquinone
dehydrogenase subunit 4 (ND4), NADH-ubiquinone dehydrogenase
subunit 4L (ND4L), NADH-ubiquinone dehydrogenase subunit 5
(ND5) and NADH-ubiquinone dehydrogenase subunit 6 (ND6)
(Anderson et al.,, 1982; Chinnery and Hudson, 2013). Cumulatively,
they code for structurally integral protein subunits in Complexes I, III,
IV and V of the ETC (Anderson et al., 1982).

As the structural and regulatory basis of each mitochondrial
unit, the mt-proteins encoded by the bovine mitogenome represent
great scope for mt-genotypes that positively affect mitochondrial
function under cellular HS. Yet, despite such documentation of
structural features, modern literature has evolving yet relatively
minimal understanding of genotypic features within the bovine
mitogenome. Based on D-loop derivation of maternal lineages,
there is an assumed inter-species distinction between coding B.
taurus and B. indicus mtDNA (Achilli et al., 2008; Bonfiglio et al.,
2010). Recently, Dorji et al. (2022) thoroughly characterised the
existence and distribution of polymorphic diversity across the cattle
mitogenome using 1883 animals from the 1000 Bulls Project. This
paper, although highly valuable, did not frame and compare
differences in polymorphic diversity between the 13 mt-genes.
This information could have contributed needed understanding
of which mt-genes are most relevant and perhaps under selection.
Apart from the generally conserved nature of mammalian
mitochondria (Chinnery and Hudson, 2013), there is similarly
minimal information on past and present trends of selection
within bovine mtDNA. Knowledge of such trends allow for
conclusions about favoured mutations and the broader direction
of evolution within the global cattle population. Moreover,
understanding of these genotypic features would allow the
identification of conserved non-synonymous polymorphisms that
cause amino acid (AA) replacement and thus a clear impact on mt-
protein structure.

There is a further gap in knowledge as to the resulting mt-
protein variants that can positively impact mitochondrial function
during HS. As structurally integral mitochondrial components, mt-
genotypes with enhanced structure, stability and function -
especially against the threat of thermal inactivation and ROS
accumulation - would clearly be advantageous. These mt-
genotypes may be comprised of sole SNPs or combinations of
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polymorphisms across multiple mt-proteins. Although non-coding
regulatory regions may be equally significant in promoting greater
transcription activity — akin to the third interpretation of genotypic
advantage - the lack of knowledge about these mitochondrial
mechanisms inhibits such investigation. Other studies have
attempted to investigate mitogenomic impact on phenotypic traits
with little success (Schutz et al., 1994; Srirattana et al., 2017; Alves
et al,, 2021). However, their use of haplotypes or ‘mtDNA profiles’
formulated from the non-coding D-loop region means that these
conclusions are an indicator of correlations between phylogenetic
animal divergence as opposed to the coding polymorphisms that
have a tangible impact on mt-protein configuration — a barrier
recognised by the papers themselves (Schutz et al., 1994; Alves et al.,
2021). This research reinforces the need to bioinformatically
investigate coding bovine mt-genotypes and the further mt-
genotypic influence on mt-proteins, HS and HT. If certain coding
mt-genotypes can be identified to exhibit a positive impact on mt-
protein configuration and consequent mitochondrial function
under HS conditions, they would be highly desirable selective
traits for cattle HT.

Overall, mitochondria play a pivotal role within cellular HS.
Breeding for mt-genotypes that can sustain mitochondrial efficiency
during HS is a novel but feasible preventative strategy. Assessment
of strategy viability crucially requires bioinformatic understanding
of cattle mt-genotypes and investigation of their impact on the
stability and function of the 13 mt-protein variants.

6 Conclusions

The acute bovine HSR is a multi-faceted pathway that
underpins HS and its negative impact on cattle. Aside from a few
consistent research flaws, the literature dedicated to understanding
the acute bovine heat stress response is fairly comprehensive.

Both reactive and preventative strategies have a role in bovine
HS management. The established ‘reactive’ approach to the goal of
HS management encompasses strategies that work to detect and
mitigate HS symptoms as they arise. Investigation into the efficacy
of various strategy combinations and developing technology
accessibility would bolster this approach. Despite its value, the
reactive approach has limited scope in preventing and/or
prolonging HS onset - a clear need of the field going forward.

Borne from this need, the emerging ‘preventative’ approach to
HS management aims to harness the genomic HSR to breed cattle
with greater capacity to prolong HS onset and improved HSR
execution. Related papers are effectively exploring the existence of
various advantageous genotypes. Yet, the underlying bias towards
HSP research neglects the potential genetic significance of other key
HSR components which should be assessed under the preventative
HT rationale.

Arguably the most important unexplored HSR Components*
are cellular mitochondria. The bovine mitogenome - as the genetic
basis for mt-protein stability and function - is especially significant
to the needed study of mitochondrial-based genotypic HT
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advantages. However, not only is there minimal understanding of
the genotypic features that comprise mt-gene regions, but it is also
unknown whether any mt-genotypes can be tangibly linked to
advantages in mt-protein stability, function, mitochondrial
efficiency under HS and ultimately greater HT. Such paucity of
data yields opportunity for further original research.
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