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Implications

* Identification of heat tolerant animals is challenging due to the
complexity of heat stress response and the antagonism between
heat tolerance and productivity. Advances are needed to: 1) find
fine phenotypes to identify heat tolerant animals on farm; 2)
develop methods to combine the knowledge from all “-omics”
technologies.

* Breeding strategies to improve heat tolerance will depend
on the production system. Systems that can provide enough
resources to ensure high productivity will benefit more from
including heat tolerance in the breeding programs of spe-
cialised breeds. In contrast, production systems with scarce
resources will benefit more from crossing with local stock.
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How Do We Measure the Heat Tolerance of
Animals?

It is not obvious how to define a heat-tolerant animal. In prin-
ciple, a heat-tolerant animal is one that maintains homeothermy
under high environmental heat loads. However, from a livestock
breeding point of view, maintaining productive and reproductive
levels under hot conditions may be the target. Maintaining home-
othermy under hot conditions depends on the animal’s ability to
balance thermogenesis and heat dissipation. Several measures
have been proposed as criteria to identify heat tolerant animals;
these include body temperature, respiration rate, heart rate, and
sweating rate. Animal performance under heat stress is a way of
measuring the overall ability of the animal to cope with heat.
Hair and coat characteristics including hair shedding rate and
body surface to mass ratio are related to the animal’s ability to
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dissipate internal heat. These measures have also been proposed
as heat tolerant traits (Gray et al., 2011). Several biomarkers such
as blood parameters (Van Goor et al., 2016) or diverse molecules
associated with the heat stress response have also been proposed
as indicators of heat stress in livestock (Min et al., 2017).

From the perspective of the implementation of a selection
program for heat tolerance, measures that can be collected eas-
ily under farm conditions at a low cost are needed. Most of the
efforts to implement genetic evaluations for heat tolerance have
used performance recording under heat stress, following the
original developments of Ravagnolo et al. (2000). Information
of weather conditions (temperature and humidity most often
combined in the temperature humidity index proposed by NRC,
1971) on the day or previous days of performance recording is
merged with performance records to quantify the reaction of
animals to heat loads in terms of productivity. This approach
has the advantage of low cost, since performance recording
is already available in livestock breeding schemes, but it also
has some drawbacks. The first limitation is due to the ability
to produce accurate measures of heat tolerance from existing
recording schemes, which are not designed to capture the heat
stress response. An example of this is shown in Freitas et al.
(2006), where the heat stress response was largely underesti-
mated when comparing the monthly recording (normally used
in milk recording) to a weekly recording. Another limitation
is related to the antagonism between productive level and heat
tolerance. Thus, selecting animals with smaller slopes of decay
in performance at high temperatures may decrease the produc-
tive level in the population, as it will be later illustrated.

Physiological traits such as body temperature or respiration
rate are considered as gold standard measures for heat tol-
erance, but their use in large-scale selection programs is still
limited because it is expensive to collect these measurements.
Advances in the development of devices that can produce
measures automatically at a low cost might change the possi-
bility of using these types of measures in breeding programs in
more intensive production systems (Koltes et al., 2018).

Quantification of levels of heat stress biomarkers could be
achieved at a low cost in dairy populations through the use of
mid-infrared spectroscopy that are routinely obtained to deter-
mine the main components of milk. The milk spectra could
be calibrated to quantify the level of metabolites or other
substances identified as biomarkers of heat stress, providing a
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potentially inexpensive tool to identify heat tolerant animals.
However, the complexity of the heat stress response makes
the selection of a reduced number of key biomarkers a diffi-
cult task. Recently, Hammami et al. (2015) explored the use of
mid-infrared spectroscopy to assess profiles of milk fatty acids
as possible biomarkers for heat stress in dairy cattle.

The Genetic Component of Heat Tolerance

As described above, genetic selection might be a cost-effec-
tive tool to improve thermotolerance of animals. However, for
genetic selection to be effective, it is necessary to have a deep
knowledge about the genetic basis of the animal’s response to
heat stress. Many studies have used different genetic tools to
study the genetic basis of heat stress including, classic quanti-
tative genetics as well as the more recent “omics” technologies.
All of these technologies have the main goal of understanding
what makes some animals more thermotolerant than others.

Genetic variability of heat tolerance and genetic
evaluations

Most of the studies designed to determine the genetic value of
heat tolerance of animals have focused on modeling the genetic
component of performance under high heat loads as described
by Ravagnolo et al. (2000). This approach describes the genetic
component of the reaction to heat stress in performance with the
so-called broken line model. The broken line model is defined
by two parameters: 1) the thermoneutrality threshold and 2) the
slope of decay in production after passing this threshold as a con-
sequence of heat stress (Bernabucci et al., 2014). Alternatively,
Briigemann et al. (2011), Menendex-Buxadera et al. (2012),
and Carabano et al. (2014) proposed the use of polynomials of
second or third order to describe the norm of reaction of milk
production across the heat load scale. Polynomial functions
provide a more flexible approach than broken line models and
allow for a smoother transit from thermotolerance to heat stress,
instead of an abrupt change after the thermoneutrality thresh-
old in broken line models. With this approach, steeper slopes at
higher temperatures are accommodated, instead of a constant
slope of decay in the broken line model, as might be expected to
occur in reality. Reaction norm models using performance (both
productive or reproductive) records and meteorological informa-
tion have been extensively applied to measure heat tolerance in
dairy or meat oriented production (Menéndez-Buxadera et al.,
2012; Biffani et al., 2016; Bradford et al., 2016). One of the main
issues in the application of this approach is how to combine cli-
mate variables in the models to define the amount of heat load
that is received by the animals. A number of studies have dealt
with the use of alternative definitions of indices that combine
temperature, humidity and additional meteorological variables
such as wind speed or insulation (Gaughan et al., 2012). The
definition of the lag between the date of recording the animal’s
performance and the date for which weather conditions better
determine the subsequent animal’s response in performance has
the same importance as the weather variables to be included in a
heat load index (Bernabucci et al., 2014, Carabaiio et al., 2014,

Ramoén et al., 2016). Another important issue is to determine
the selection criteria derived for each model. In the broken line
model, both the thermotolerance threshold and the slope of
response of each individual could be used as selection criteria.
However, the estimation of individual thresholds has been found
to be troublesome from a computational point of view (Sanchez
et al., 2009). Most applications of this model assign a predeter-
mined value for the threshold and only the slope is estimated
for each animal. The large estimated genetic correlation between
threshold and slope [—0.95 in Sanchez et al. (2009)] indicates that
selecting animals with less negative slope of response under heat
stress will also result in higher thermotolerance thresholds. When
higher than first-order polynomials or other functions are used
to describe the norm of reaction to heat stress, the definition of
selection criteria is less obvious. Alternative selection criteria
might be the slope of the individual polynomial curves under
moderate or severe heat stress or principal component values
derived from the eigen decomposition of the covariance matrix
of the random regression coefficients for the genetic component
(Carabaiio et al., 2014; Macciotta et al., 2017). All mentioned
studies dealing with estimation of the genetic component of pro-
ductive response under heat stress have shown variability across
animals, indicating that genetic selection is possible. Figure 1
shows the estimated genetic deviation from the mean response
to increasing temperatures of top, average, and bottom cows
sorted by the level of milk, fat, protein, and somatic cell count
using a broken line model. The figure illustrates the variability
in genetic response of several animals and the reranking of ani-
mals at different temperatures, which indicates a certain degree
of genotype by environment interaction. It can also be observed
in this figure that the top animals for the level of the trait tend
to show larger decays that an average animal, while the worst
animals tend to have less negative responses than the average,
which represents the antagonism between productivity and heat
tolerance. The degree of antagonistic relationship in different
types of dairy populations is illustrated in Figure 2. This figure
shows the correlation between the estimated values for level of
production and the rate of production decay under heat stress in
three dairy populations: Holstein dairy cattle, the international
breed Assaf and the local breed Manchega of dairy sheep. For
the Holstein, which has been very intensively selected for milk
production, correlations between milk production potential and
the rate of production decay at successively higher temperatures
becomes nearly —1 under heat stress, meaning that animals with
a larger potential to produce milk will be the ones showing more
negative slopes of decay. In contrast, these correlations are much
lower for both sheep breeds, which implies that animals with an
overall high potential for production and good heat tolerance
is cumbersome. Selection indices with appropriate weighing for
production and heat tolerance might be used to overcome the
antagonistic relationship between those two traits. However,
determining the appropriate economic weight for heat tolerance
may be complex because of the difficulty of identifying all the
animal performance parameters that are altered by heat stress
and quantifying the associated economic loss.

Determination of the genetic component for other meas-
ures of heat tolerance has been mainly focused on body
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Figure 1. Estimated individual deviations from the average population response in productive traits, milk, fat, protein and somatic cell score (SCS), to increasing

values of daily average temperature (T
trait (Source: Carabaiio et al., 2014).

temperature and respiration rate (Dikmen et al., 2012;
Gourdine et al., 2017; Van Goor et al., 2016). The herita-
bility estimates ranged from 0.10 for cloacal temperature
in chicken and 0.17 in the dairy cattle study for rectal tem-
perature to values more than 0.30 for both rectal or skin
temperatures and respiration rate in lactating sows. Genetic
variability has also been detected for this type of measure
of heat tolerance, making selection theoretically feasible
but impractical because of the high cost of measuring these
parameters.

Overall, up to now, the attempts to produce genetic
evaluations to select heat-tolerant animals have been
based on analyses of performance under heat stress.
Examples of these attempts can be found for dairy
(Bohmanova et al., 2005) and beef cattle (Bradford et al.,
2016). More recently, a genomically enhanced evaluation
has been developed for dairy cattle in Australia (Nguyen
et al., 2016).
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i) under a broken line model for top (blue), average (green) and bottom (red) animals according to the level of each

Omics to understand the genetic component of
heat tolerance

Quantitative genetic studies suggest a non-negligible genetic
component of thermotolerance, which somehow is reinforced
by a number of studies including “omic” information to gain
knowledge about the genetic mechanisms behind the animal’s
response to heat. Three main types of studies can be found in
the literature: 1) association studies of polymorphisms at spe-
cific genes and genome-wide association analysis (Macciotta
et al.,, 2017); 2) genome comparison between adapted and
nonadapted breeds/species to harsh environments (Chan et al.,
2010) and 3) differential expression analyses (Chauhan et al.
2014). A literature review of these studies has provided over
431 candidate genes for the heat stress response. Results from a
functional analysis of those genes using Panther v.11 (Mi et al.,
2017) is shown in Figure 3. In general, genes reported for all
three types of studies are functionally classified into similar
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Figure 2. Correlations between estimated values for production level (milk, fat and protein yields) and thermo-tolerance (slope of production decay) along the
scale of average daily temperatures (T, ) in three dairy breeds: Holstein cattle, International Assaf and Local Manchega sheep.
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gene ontology terms which is a form of validating that the
association analysis are pointing to the correct genomic regions
(i.e., the ones that show differential expression under heat stress
vs. thermoneutrality). Moreover, the pseudo-phenotypes used
to measure heat tolerance and defined in different species for
association studies are good proxies and are able to capture the
sensitivity of animals to heat loads.

In Figure 3, biological processes are described by their out-
come or ending states that are normally achieved by a set of
molecular functions carried out by specific gene products. As
part of the biological processes, those related with response to
stress, as well as metabolic processes, biological regulation, or
immune responses are the most represented. The heat stress
response has been previously shown to result in increased
catabolism, oxidative stress, and jeopardized immune response
(Bernabucci et al., 2010), which agrees with the proposed can-
didate genes and their ontology.

Apart from the functional analysis of candidate genes for
regulation of the heat stress response, we want to highlight
families of genes that are present in association and differential

cellular process (GO:0009987)

metabolic process (GO:0008152)

biological regulation (GO:0065007)

response to stimulus (GO:0050896)
developmental process (G0:0032502)
multicellular organismal process (G0:0032501)

localization (GO:0051179)

immune system process (GO:0002376)
locomotion (GO:0040011)
biological adhesion (GO:0022610)

reproduction (GO:0000003)

catalytic activity (GO:0003824)

binding (GO:0005488)

receptor activity (GO:0004872)

signal transducer activity (GO:0004871)
structural molecule activity (GO:0005198)
transporter activity (G0:0005215)
translation regulator activity (GO:0045182)

antioxidant activity (GO:0016209)

or biogenesis (GO:0071840)

expression studies. The most represented families are the heat
shock proteins and Dnals. Dnals proteins seem to be crucial
partners of the heat shock protein-70 (Qiu et al., 2006) and
they are important for protein translation, folding, unfold-
ing, translocation, and degradation. In addition, genes from
interleukin, chemokine, and fibroblast growth factor families
are found. These families are mostly involved in immunolog-
ical and inflammatory processes, which are one of the major
consequences for animals exposed to harsh environments
(Bernabucci et al., 2010). Interestingly, heat shock factor-1
has also been found in several studies. Heat shock factor-1 is
an evolutionarily conserved transcription factor that binds to
the promoter regions of heat shock proteins to regulate their
stress inducible synthesis in response to the environment. In
summary, reports in the literature describe the complexity of
the effects of heat stress on the physiology of a production ani-
mal and, therefore, illustrate the difficulties of using genomic
information to select thermotolerant animals.

Apart from the numerous candidate genes that have been
associated with regulation of the heat stress response, the slick
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Figure 3. Gene ontology (GO) terms of genes reported in the literature of genome wide association (gwas) and transcriptomic (rnas) studies to be involved in
the response of animals to heat stress. Bars show the number of genes (percent of total) for biological processes or molecular functions obtained from the GO

analysis using Panther (http://pantherdb.org/).
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hair gene deserves special attention. The slick hair gene, located
on chromosome BTA20, is responsible for a smooth and
short hair coat, confers thermotolerance to the animal, and
is associated with an improved capacity for heat dissipation.
Introgression of the slick hair gene (present in Senepol cattle
and some lines of highly productive Holstein cattle) has been
shown to produce animals with lower body temperatures and
smaller declines in production under hot conditions (Dikmen
et al., 2014; Ortiz-Coloén et al., 2018). Slick positive Holstein
bulls are already marketed by the artificial insemination com-
panies. However, slick hair may decrease the ability of animals
to cope with cold temperatures, which may be important in cli-
mates that include hot and cold periods.

Breeding Strategies

Breeds that originated in warm climates show adaptive
advantages to heat stress compared with breeds that originated
in temperate areas. Many studies have shown that under heat
stress, breeds from warm climates have lower respiration rates,
body temperature, or sweating rates and better reproductive per-
formance than breeds from temperate climates (Hansen, 2004;
Berman, 2011; Gourdine et al., 2017). Another general charac-
teristic of locally adapted breeds is the low level of production.
Berman (2011) and Hoffman (2010) reviewed the advantages
and disadvantages of using breeds locally adapted to extreme
conditions to improve tolerance to heat stress. One of the con-
clusions of Berman (2011) is that low productivity of adapted
breeds might be a constitutional characteristic of these breeds
since several studies show that breeds from warm climates and
their crosses with selected breeds tend to favor fat deposition
and body condition score over milk production when improved
feeding is provided. The fact that fat deposition might be an
advantageous constitutive characteristic associated with large
seasonal variations in grazing conditions normally present in
warm climates could be the evolutionary reason for this adap-
tation strategy. If this were the case, improving productivity in
breeds adapted to harsh conditions might be impaired by this
characteristic, and, on the other hand, the use of these breeds
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to improve heat tolerance of selected breeds might confer an
undesirable genetic background in addition to the desired heat
tolerance. Moreover, the enormous gap in productivity between
selected and locally adapted breeds questions the profit from
using these breeds to improve thermotolerance of more pro-
ductive breeding stock when farm resources and animal health
are not limiting the survival of highly selected breeds.

Overall, there are two main scenarios. When the production
system is sufficient to provide adequate feeding, management,
heat mitigation, and controlled parasite and pathogenic envir-
onment, selection for heat tolerance within highly productive
breeds is likely to offer far more opportunity than improving
local breeds. On the other hand, crossing of local and selected
breeds and selection for productivity and monitoring of heat
tolerance seems to be the best option to improve productiv-
ity in production systems that cannot provide mitigation for
heat, adequate nutritional conditions or control of parasites
and other pathogens. Figure 4 illustrates the results of current
selection programs on milk production and heat tolerance
(slope of production decay) in two populations of dairy cat-
tle: 1) Holsteins raised in Mediterranean conditions (Carabafio
etal.,2017) and 2) Gyr in the tropics (Santana et al., 2015). For
both populations, genetic selection to increase milk production
has had an associated negative response in the animal’s abil-
ity to cope with heat stress. Similar results have been shown in
Carabafio et al. (2017) for local goat and sheep breeds in Spain.
Thus, even for locally adapted breeds, heat tolerance has to be
monitored when selection for productivity is implemented in
production systems affected by heat stress.

Conclusions

Heat stress is a complex phenomenon that triggers a num-
ber of response mechanisms in animals that have a negative
effect on farm profitability. Of all the actions that farmers can
implement to adapt to the challenge of heat stress, genetic
selection can provide a cost-effective and efficient tool to
improve the resilience of farms to hot conditions. Up to now,
selection procedures were based on estimating the decrease in
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Figure 4. Estimated genetic trends in two dairy cattle breeds: Holstein (Bos Taurus) amd Gyr (Bos indicus). Lines show genetic trends for milk production (blue)
and heat tolerance (orange). For Gyr cattle, year of first result of progeny test program (PTP) is marked by and arrow. Source: Carabano et al., 2017 (left) and

Santana et al., 2015 (right).
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production under heat stress by using information from cur-
rent farm recording schemes and meteorological information
on the day of recording. Substantial genetic variability has
been observed in an individual animal’s response to increased
heat loads, with a moderate degree of genotype by environ-
ment interaction, which implies that animals that are the best
producers under comfort may not be the best animals under
heat stress. However, this approach has two major drawbacks:
1) inaccuracy of the individual estimate of the animal’s ability
to maintain its level of productivity under heat stress because
of the scarcity of individual records along the heat load scale
and 2) antagonism between the productive and heat tolerance
criteria. Thus, it is necessary to improve heat tolerance phe-
notyping to produce more accurate measures to identify heat
tolerant animals and increase our understanding of the under-
lying genetic mechanisms of heat tolerance that can be used in
selection programs.

A large amount of knowledge is being accumulated about
the underlying mechanisms of the heat stress response from
“omics” studies. Many candidate genes and potential biomark-
ers have been proposed from DNA, RNA, and metabolomics
studies, but there is still work to be done to combine this accu-
mulated knowledge to provide selection tools to improve heat
tolerance in breeding schemes.

Optimal breeding strategies to improve heat tolerance of
livestock (i.e., selecting for heat tolerance within highly produc-
tive populations vs use crossbreeding or introgression involving
local and selected breeds) will depend on the farm resources
(including nutrition, management, and investment capacity)
and level of parasite or other pathogen challenges of the pro-
duction system.

Literature Cited

Berman, A. 2011. Invited review: are adaptations present to support dairy cat-
tle productivity in warm climates? J. Dairy Sci. 94:2147-2158. doi:10.3168/
jds.2010-3962

Bernabucci, U., S. Biffani, L. Buggiotti, A. Vitali, N. Lacetera, and A. Nardone.
2014. The effects of heat stress in Italian Holstein dairy cattle. J. Dairy Sci.
97:471-486. doi:10.3168/jds.2013-6611

Bernabucci, U., N. Lacetera, L. H. Baumgard, R. P. Rhoads, B. Ronchi,
and A. Nardone. 2010. Metabolic and hormonal acclimation to heat
stress in domesticated ruminants. Animal. 4:1167-1183. doi:10.1017/
S175173111000090X

Biffani, S., U. Bernabucci, A. Vitali, N. Lacetera, and A. Nardone. 2016. Short
communication: effect of heat stress on nonreturn rate of Italian Holstein
cows. J. Dairy Sci. 99:5837-5843. doi:10.3168/jds.2015-10491

Bohmanova, J., I. Misztal, S. Tsuruta, H. D. Norman, and T. J. Lawlor. 2005.
National genetic evaluation of milk yield for heat tolerance of United
States Holsteins. Interbull Bull. 33:160-162.

Bradford, H. L., B. O. Fragomeni, J. K. Bertrand, D. A. L. Lourenco, and
1. Misztal. 2016. Genetic evaluations for growth heat tolerance in Angus
cattle. J. Anim. Sci. 94:4143-4150. doi:10.2527/jas2016-0707

Briigemann, K., E. Gernand, U. U. von Borstel, and S. Konig. 2011. Genetic
analyses of protein yield in dairy cows applying random regression models
with time-dependent and temperature X humidity-dependent covariates. J.
Dairy Sci. 94:4129-4139. doi:10.3168/jds.2010-4063

Carabano, M. J., K. Bachagha, M. Ramon, and C. Diaz. 2014. Modeling heat
stress effect on Holstein cows under hot and dry conditions: selection tools.
J. Dairy Sci. 97:7889-7904. do0i:10.3168/jds.2014-8023

About the Authors

Maria J. Carabaiio, PhD, Animal
Breeding (Cornell University), is a
senior researcher in the National
Institute for Agriculture Research
and Innovation of Spain. She has
a background in genetics and ani-
mal breeding research and transfers
research results for the improvement
of genetic evaluation systems. Recent
research interests have focused on the
genetic background of heat tolerance
in dairy, beef, and other ruminants.
Corresponding author: mjc@inia.es

Manuel Ramon is a senior
researcher at the Regional Center
of Reproduction and Animal
Breeding (CERSYRA-IRIAF) in
Valdepeiias, Spain. He is primar-
ily interested in the genetic back-
ground of the main productive
and reproductive traits of interest 3.
in ruminants. He also enjoys mod-
eling and bioinformatics applied to
genetics.

Alberto Menéndez-Buxadera is a
visiting professor at the University
of Cordoba, Spain. He has taught
Animal Breeding courses and has
participated with several research
groups from Latin American and
European universities. His current
research interests are genotype by
environment interaction, use of
longitudinal models for genetic
evaluation, and selection of ani-
mals more adapted to very hetero-
geneous environmental conditions.

A e
N

Antonio Molina is professor of
Genetics at the Veterinary Faculty
of Cordoba, Spain. His research
topics include: 1) development
of animal breeding programs
and their implementation in
local breeds of domestic animals,
2) management of genetic varia-
bility in conservation programs,
3) genetic markers for breed
genetic identification and tracea-
bility, 4) detection and gene iden-
tification for traits of economic
interest in local breeds of domes-
tic animals, and 5) quantitative
genetic analysis of the effects of
heat stress. Recent research has
focused on the genomic evalu-
ation of domestic animals.

Carabano, M. J.,, M. Ramén, C. Diaz, A. Molina, M. D. Pérez-Guzman,
and J. M. Serradilla. 2017. Breeding for resilience to heat stress effects in
dairy ruminants. A comprehensive review. J. Anim. Sci. 95:1813-1826.
doi:10.2527/jas.2016.1114

Jan. 2019, Vol. 9, No. 1 67


mailto:mjc@inia.es?subject=

Clara Diaz, PhD in Animal
Science from Virginia Tech, is a
senior researcher in the Animal
Breeding Department at The
National Institute for Agriculture
Research and Innovation of
Spain. Her background is in
Quantitative Genetics and Animal
Breeding. Currently, her major
interest is in the use of “omics”
for the characterization of local
beef cattle breeds and the dissec-
tion of the complexity of animals’
response to stress as a tool to contribute to animal welfare and sustaina-
bility of production systems.

Chan, E. K., S. H. Nagaraj, and A. Reverter. 2010. The evolution of tropical
adaptation: comparing taurine and zebu cattle. Anim. Genet. 41:467-477.
doi:10.1111/j.1365-2052.2010.02053.x

Chauhan, S. S., P. Celi, F. T. Fahri, B. J. Leury, and F. R. Dunshea. 2014.
Dietary antioxidants at supranutritional doses modulate skeletal muscle
heat shock protein and inflammatory gene expression in sheep exposed to
heat stress. J. Anim. Sci. 92:4897-4908. doi:10.2527/jas.2014-8047

Dikmen, S., J. B. Cole, D. J. Null, and P. J. Hansen. 2012. Heritability of
rectal temperature and genetic correlations with production and repro-
duction traits in dairy cattle. J. Dairy Sci. 95:3401-3405. doi:10.3168/
jds.2011-4306

Dikmen, S., F. A. Khan, H. J. Huson, T. S. Sonstegard, J. I. Moss, G. E. Dahl,
and P. J. Hansen. 2014. The SLICK hair locus derived from senepol cattle
confers thermotolerance to intensively managed lactating Holstein cows. J.
Dairy Sci. 97:5508-5520. doi:10.3168/jds.2014-8087

Freitas, M. S., I. Misztal, J. Bohmanova, and J. West. 2006. Utility of on-and
off-farm weather records for studies in genetics of heat tolerance. Livest.
Sci. 105:223-228. doi:10.1016/j.1ivsci.2006.06.011

Gaughan, J. B., T. L. Mader, and K. G. Gebremedhim. 2012. Rethinking heat
index tools for livestock. In: Collier, R. J., and J. L. Collier. Environmetnal
physiology of livestock. Chichester, West Sussex, UK: Wiley-Blackwell.
doi:10.1002/9781119949091.

Gourdine, J. L., N. Mandonnet, M. Giorgi, and D. Renaudeau. 2017.
Genetic parameters for thermoregulation and production traits in lac-
tating sows reared in tropical climate. Animal. 11:365-374. doi:10.1017/
S175173111600135X

Gray, K. A., T. Smith, C. Maltecca, P. Overton, J. A. Parish, and J. P. Cassady.
2011. Differences in hair coat shedding, and effects on calf weaning
weight and BCS among Angus dams. Livest. Sci. 140:68-71. doi:10.1016/j.
livsci.2011.02.009

Hammami, H., J. Vandenplas, M. L. Vanrobays, B. Rekik, C. Bastin, and
N. Gengler. 2015. Genetic analysis of heat stress effects on yield traits,
udder health, and fatty acids of walloon Holstein cows. J. Dairy Sci.
98:4956-4968. doi:10.3168/jds.2014-9148

Hansen, P. J. 2004. Physiological and cellular adaptations of zebu cat-
tle to thermal stress. Anim. Repr. Sci. 82-83:349-360. doi:10.1016/j.
anireprosci.2004.04.011

Hoffman, I. 2010. Climate change and the characterization, breeding and con-
servation of animal genetic resources. Anim. Genet. 41 (suppl. 1):32-46.
doi:10.1111/5.1365-2052.2010.02043.x

Koltes, J. E., D. A. Koltes, B. E. Mote, J. Tucker, and D. S. Hubbell. 2018.
Automated collection of heat stress data in livestock: new technologies and
opportunities. Transl. Anim. Sci. 2:319-323. doi:10.1093/tas/txy061

Macciotta, N. P. P, S. Biffani, U. Bernabucci, N. Lacetera, A. Vitali, P. Ajmone-
Marsan, and A. Nardone. 2017. Derivation and genome-wide association
study of a principal component-based measure of heat tolerance in dairy
cattle. J. Dairy Sci. 100:4683-4697. doi:10.3168/jds.2016-12249

Menéndez-Buxadera, A., A. Molina, F. Arrebola, 1. Clemente, and J.
M. Serradilla. 2012. Genetic variation of adaptation to heat stress in
two Spanish dairy goat breeds. J. Anim. Breed. Genet. 129:306-315.
doi:10.1111/).1439-0388.2011.00984.x

Mi, H., X. Huang, A. Muruganujan, H. Tang, C. Mills, D. Kang, and P.
D. Thomas. 2017. PANTHER version 11: expanded annotation data from
gene ontology and reactome pathways, and data analysis tool enhance-
ments. Nucleic Acids Res. 45(D1):D183-D189. doi:10.1093/nar/gkw1138

Min, L., S. Zhao, H. Tian, X. Zhou, Y. Zhang, S. Li, H. Yang, N. Zheng, and
J. Wang. 2017. Metabolic responses and “omics” technologies for elucidat-
ing the effects of heat stress in dairy cows. Int. J. Biometeorol. 61:1149—
1158. doi:10.1007/s00484-016-1283-z

Nguyen, T. T. T., P. . Bowman, M. Haile-Mariam, J. E. Pryce, and B. J. Hayes.
2016. Genomic selection for tolerance to heat stress in Australian dairy cat-
tle. J. Dairy Sci. 99:2849-2862. d0i:10.3168/jds.2015-9685

Ortiz-Coloén, G., S. J. Fain, 1. K. Parés. J. Curbelo-Rodriguez, E. Jiménez-
Caban, M. Pagan-Morales, and W. A. Gould. 2018. Assessing climate vul-
nerabilities and adaptive strategies for resilient beef and dairy operations in
the tropics. Clim. Change. 146:47-58. doi:10.1007/s10584-017-2110-1

Qiu, X. B., Y. M. Shao, S. Miao, and L. Wang. 2006. The diversity of the Dnal/
Hsp40 family, the crucial partners for Hsp70 chaperones. Cell. Mol. Life
Sci. 63:2560-2570. doi:10.1007/s00018-006-6192-6

Ramon, M., C. Diaz, M. D. Pérez-Guzman, and M. J. Carabaiio. 2016. Effect
of exposure to adverse climatic conditions on production in Manchega
dairy sheep. J. Dairy Sci. 99:5764-5779. doi:10.3168/jds.2016-10909

Ravagnolo, O., and I. Misztal. 2000. Genetic component of heat stress in dairy
cattle, parameter estimation. J. Dairy Sci. 83:2126-2130. doi:10.3168/jds.
S0022-0302(00)75095-8

Sanchez, J. P, I. Misztal, I. Aguilar, B. Zumbach, and R. Rekaya. 2009. Genetic
determination of the onset of heat stress on daily milk yield in US Holstein
cattle. J. Dairy Sci. 92:4035-4045. doi:10.3168/jds.2008-1626

Santana, M. L., Jr, R. J. Pereira, A. B. Bignardi, A. E. Filho, A. Menéndez-
Buxadera, and L. El Faro. 2015. Detrimental effect of selection for milk yield
on genetic tolerance to heat stress in purebred zebu cattle: genetic parame-
ters and trends. J. Dairy Sci. 98:9035-9043. doi:10.3168/jds.2015-9817

Van Goor, A., C. M. Ashwell, M. E. Persia, M.F. Rothschild, C. J.
Schmidt, and S. J. Lamont. 2016. Quantitative trait loci identified
for blood chemistry components of an advanced intercross line of
chickens under heat stress. BMC Genomics. 17:287. doi:10.1186/
s12864-016-2601-x

68 Animal Frontiers



