
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tjas20

Italian Journal of Animal Science

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tjas20

The genetics of phenotypic plasticity in livestock in
the era of climate change: a review

Giacomo Rovelli , Simone Ceccobelli , Francesco Perini , Eymen Demir ,
Salvatore Mastrangelo , Giuseppe Conte , Fabio Abeni , Donata Marletta ,
Roberta Ciampolini , Martino Cassandro , Umberto Bernabucci & Emiliano
Lasagna

To cite this article: Giacomo Rovelli , Simone Ceccobelli , Francesco Perini , Eymen Demir ,
Salvatore Mastrangelo , Giuseppe Conte , Fabio Abeni , Donata Marletta , Roberta Ciampolini ,
Martino Cassandro , Umberto Bernabucci & Emiliano Lasagna (2020) The genetics of phenotypic
plasticity in livestock in the era of climate change: a review, Italian Journal of Animal Science, 19:1,
997-1014, DOI: 10.1080/1828051X.2020.1809540

To link to this article:  https://doi.org/10.1080/1828051X.2020.1809540

© 2020 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

Published online: 27 Aug 2020.

Submit your article to this journal 

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=tjas20
https://www.tandfonline.com/loi/tjas20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/1828051X.2020.1809540
https://doi.org/10.1080/1828051X.2020.1809540
https://www.tandfonline.com/action/authorSubmission?journalCode=tjas20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tjas20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/1828051X.2020.1809540
https://www.tandfonline.com/doi/mlt/10.1080/1828051X.2020.1809540
http://crossmark.crossref.org/dialog/?doi=10.1080/1828051X.2020.1809540&domain=pdf&date_stamp=2020-08-27
http://crossmark.crossref.org/dialog/?doi=10.1080/1828051X.2020.1809540&domain=pdf&date_stamp=2020-08-27


REVIEW ARTICLE
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ABSTRACT
Climate change has the potential to adversely affect the health of livestock, with consequences
to animal welfare, greenhouse gas emissions, productivity, human health and livelihoods.
Phenotypic plasticity is the ability of a genotype to produce different phenotypes, depending
on environmental, biotic or abiotic conditions; it is a factor influencing and modifying the genes
of animal and plant organisms, to adaptation to climate change. Among the various climate var-
iables, heat stress has been reported to be the most detrimental factor to the economy of the
livestock industry. There are a number of candidate genes that are associated with adaptation
of ruminants, monogastric and poultry to heat stress. For instance, the genes encoding leptin,
thyroid hormone receptor, insulin growth factor-1, growth hormone receptor, are associated
with the impacts of heat stress on the physiological pathways of domestic animals such as dairy
cows, beef cattle, buffaloes, poultry, pigs and horses. This review aims to highlight genes and
traits that are involved with thermo-tolerance of domestic animals to sustain production and to
cope with climate change. Selection and experimental evolution approaches have shown that
plasticity is a trait that can evolve when under direct selection and has a correlated response to
some specific traits. Therefore, new breeding goals should be defined for the potential of live-
stock species to acquire plasticity for adaptation to the current climate changing conditions.

HIGHLIGHTS

� Heat stress compromises feed intake, growth, milk and meat quality and quantity, resulting
in a significant financial burden to global livestock.

� Genetic selection and nutritional intervention are key strategies to consider in Animal
Genetic Resources in hot environments.

� Information from gene expression or genome-wide association studies can be used to further
improve the accuracy of selection.
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The climate change

Climate change is defined as spatial (regional,
national, continental, global) and temporal (yearly,
quinquennial, decennial, millennial) variations of
environmental climatic parameters on Earth. These
climatic parameters include temperature, humidity,

solar radiation, precipitation, cloudiness and tem-
perature of water with melting glaciers (Hoffmann
2010).

Climate may change due to natural causes (Meril€a
et al. 2014) together with human activities (Alexander
et al. 2016).
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Many climatologists maintain that global warming
is the ‘climate change’ which has developed through-
out the 20th century and still ongoing (Houghton
et al. 2016). It occurs in presence of excessive concen-
tration of carbon dioxide (CO2) (63%) together with
other gases such as methane (CH4), nitrous oxide
(N2O), nitric oxide (NO), nitrogen dioxide (NO2) (37%)
due to human activities (Gerber et al. 2013; Herrero
et al. 2013).

Carbon dioxide, one of the most common environ-
mental pollutant, has a negative effect on the climate
and causes harmful changes for many life forms living
on the planet (Solomon et al. 2009; Opio et al. 2013).

Global warming produces measurable effects by
physical indicators such as the variation of the sea-
sonal trend, less frequent but more intense precipita-
tions and melting glaciers resulting rising sea level
and increasing water temperature (Larsen and
Per 2008).

Since 1880, year 2018 has been the hottest year in
Europe with a rise in average temperature by more
than 1.5� C (Rust 2019). This temperature increasing is
above the limit chosen not to be exceeded as written
in ‘COP21 of Paris’, an agreement signed by the
European Commission on Climate Change. The earth’s
climatic data are expected to worsen significantly in
the future (Hume et al. 2011).

Climate change has also adverse effects on agricul-
tural sector and may damage the other ones (com-
mercial, economic and energy sectors). Indeed, it is
estimated that from 1880 to 2015, loss of 433 billion
euro in primary, secondary and quaternary sectors was
caused by crop damages in agriculture (Rust 2019).

Adverse effects of harsh environmental conditions
such as those presented by climate change can lead
to adopting mechanisms of resilience (Canale and
Henry 2010) such as phenotypic plasticity, or rather,
the ability of a genotype to produce different pheno-
types according to environmental pressure.

Livestock systems and environmental pollution

Worldwide, a large amount of greenhouse gases
(GHG) (17.2%) is produced by primary sector in which
intensive ruminant-based production system, causing
methane and nitrous oxide emissions, is preferred
(Collier et al. 2019).

However, the application of good management
practices on agricultural land, avoiding degraded land,
favouring the use of pastures and meadows, can
transform the production system into carbon

accumulators sequestering carbon from the atmos-
phere (Cassandro et al. 2013b; Cassandro 2020).

Methane emission represents 62% of GHG pro-
duced by agriculture-sector (Hume et al. 2011; Grossi
et al. 2019). In terms of pollution, methane is the
second responsible gas for the greenhouse effect,
after carbon dioxide (Alexander et al. 2016). Moreover,
methane affects degradation of the ozone layer.
Atmospheric methane concentration is lower than the
carbon dioxide, but its potential effects on global
warming are much higher (Swain et al. 2008).

The greatest part (75%) of methane emitting from
the agricultural sector is produced by enteric fermen-
tation and 16% by manure management (Grossi et al.
2019). In 2015, the enteric fermentation was respon-
sible for 32% of the total methane emissions in the
world, 57% and 43% of which were attributed to dairy
and beef cattle, respectively (Collier et al. 2019).

In 2015, the largest part of N20 emission (61%) was
attributed to agricultural sector (Collier et al. 2019)
due to use of fertilisers and livestock management
practices (Herd et al. 2014).

Nitrous oxide is a greenhouse effect that affects
depletion of the ozone layer. It can be found in small
amounts in the atmosphere and it is the third most
abundant GHG after carbon dioxide and methane
(Muchenje et al. 2018).

Ammonia (NH3) originating from animals and
chemical fertilisers affects the phenomena ‘acid rain’
or ‘acid depositions’ (Bernabucci 2019; Pasqu�ı and Di
Giuseppe 2019).

Increasing in temperatures and
thermo-tolerance

Variations in climatic factors, including rising tempera-
ture, could impact negatively growth, reproduction
and production in livestock species (Osei-Amponsah
et al. 2019; Figure 1). Almost in all regions of the
world, climate change leads to increased tempera-
tures, altered photoperiod and decreased precipitation
which causes reduced feed quality and quantity, less
water availability and, high disease susceptibility
(Angel et al. 2018). In livestock, body temperature is
controlled by a balance between metabolic heat pro-
duction and heat loss from the body (Berman 2011).
Rising temperature leads to heat stress (HS) taking
place when an animal is unable to adequately dissi-
pate the excess of endogenous heat to maintain
homeothermy (Bernabucci et al. 2014; Lacetera 2019).
In order to adapt to new environmental conditions,
animals can change their physiology and behaviour
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(Marai et al. 2007). For example, shadow seeking
behaviour has been reported in animals raised in hot
geographic areas during summer (Osei-Amponsah
et al. 2019).

A thermo-tolerant animal can maintain thermal bal-
ance under conditions of heat load (Caraba~no et al.
2019). HS compromises feed intake, growth, milk yield
and quality, and meat quality, resulting in a significant
financial burden to global animal agriculture (Dunshea
et al. 2013).

The causes of the temperature increase and
global livestock distribution

The most recent climate change has been analysed in
detail the last 50 years during which the observation
of the upper troposphere has become possible, and
human activities have grown exponentially (Van Vliet
et al. 2013).

All the factors connected with the temperature rise
are linked to human activities including agriculture
and animal husbandry.

These factors are:

� increasing concentration of the GHG in
the atmosphere;

� changes on the Earth’s surface (i.e. deforestation);
� multiplying aerosol;
� farm methane emissions.

A report of the ‘Intergovernmental Panel on
Climate Change’ (Pachauri et al. 2014) concludes that
most of the temperature increase observed since the
mid-twentieth century is likely to be due to the
increase in human-made GHG; while it is very unlikely
(it is estimated below 5%) that the climatic change
can be explained by resorting only to natural causes
(Stocker et al. 2013). Many negative effects of climate
change arise from increased severity and frequency of
drought, rainfall, floods and high temperatures with
huge consequences for the sustainability of global
agriculture, producer incomes, producer livelihood and
food security (Lipper et al. 2014).

According to climatic data, global warming is esti-
mated to increase at unusual rates (5.5 �C) by 2050
(Figure 2) and average surface temperature is pre-
dicted to increase by 1.5 �C by 2100 (Figure 3). There
is also an exponential increase in the number of hot
days per year from 90 to 132 in ‘extreme vulnerability’
areas, from 90 to 117 in ‘severe’ areas and from 90 to
109 in ‘moderate’ areas (Figures 2 and 3; Hollings
et al. 2018).

Global data sets on the geographic distribution of
livestock are essential for diverse applications in agricul-
tural socio–economics, environmental impact assess-
ment, food security and climate change (Gilbert et al.
2018). Environmental variables, such as temperature, are
important determinants of the distributions of many
species, such as dairy and beef cattle (Figure 4(a)), goats

Figure 1. Impacts of climate change on livestock health and pathogens (€Ozkan et al. 2016).
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(Figure 4(b)), sheep (Figure 4(c)), chickens, pigs, ducks,
horses and buffaloes (Scharlemann et al. 2008).

The following maps (Figure 4(a–c)) provide geo-
graphical information and resources to global live-
stock systems.

The world temperature scenarios (Figures 2 and 3)
and livestock distribution (Figure 4(a–c) and
Supplementary Figure S1) show that livestock will be
affected by higher temperature all over the world in
the next century (Gilbert et al. 2018). Therefore,

Figure 2. Scenario in year 2050 with climate sensitivity equal to 5.5 �C annual mean temperature with extreme events calibration
(Source: figure taken from https://sedac.ciesin.columbia.edu/mva/ccv/… and adapted for illustrative purpose only).

Figure 3. Scenario in year 2100 with climate sensitivity equal to 1.5 �C annual mean temperature with extreme events calibration
(Source: figure taken from https://sedac.ciesin.columbia.edu/mva/ccv/… and adapted for illustrative purpose only).
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priority must be given to the selection of adapted ani-
mals, depending on the level of vulnerability of the
geographical area. In fact, priority should be given to
animals rearing in the ‘extreme vulnerability’ areas
(China, Ethiopia, India, and South Africa), subsequently
to the ‘severe’ areas (Europe and Central America) and
finally to the ‘moderate’ areas (Russia and Oceania)
(Hollings et al. 2018).

The relationship between temperature increase
and phenotypic plasticity

The phenotypic plasticity is the ability of a genotype
to produce different phenotypes, depending on envir-
onmental, biotic or abiotic conditions (Alford et al.
2006). The phenotypic plasticity is a factor influencing
and modifying animal and plant organisms by increas-
ing their adaptation to climate change (Lacetera et al.
2009). Polyphenism is defined as discrete phenotype
induced by differences in environment (Price et al.
2003; Kelly et al. 2012).

Fundamental to the way in which organisms cope
with environmental variation, phenotypic plasticity
encompasses all types of environmentally induced
changes (e.g. morphological, physiological, behav-
ioural, phenological) that may or may not be perman-
ent throughout an individual’s lifespan. The term was

originally used to describe developmental effects on
morphological traits; today, however, it is more
broadly used to describe all phenotypic responses to
environmental change such as acclimation or acclima-
tisation as well as learning (Kelly et al. 2012).

The temperature increase is one of the factors alter-
ing health state and it is expected to exert an over-
whelming negative effect on animal health (Chevin
and Hoffmann 2017). It has also been demonstrated
that the temperature increases significantly heightens
mortality and/or worsens animal health and welfare in
geographical areas characterised by temperate climate
and standard cold during the year (Collier et al. 2008;
Stocker et al. 2013; Bernabucci 2019).

In dairy cattle, the summer season affects health
status of animals together with decreasing production
performances in both quantity and quality in hot cli-
mates due to HS (Windig et al. 2005). It is known that
body temperature is maintained between 38.6 �C and
39.3 �C in dairy cows by thermoregulation mechanism
allowing continuously balance between the amount of
endogenous heat produced and the amount of heat
dispersed towards the external environment (Sartori
et al. 2002).

The upper limit of ambient temperatures at which
Holstein Friesian cattle may maintain a stable body
temperature is from 25 to 26 �C and relative humidity

Figure 4. (a) Overview of the livestock of the world: data set for dairy and beef cattle (Source: figure taken from http://www.fao.
org/livestock-systems/global-distributions/cattle/en/ and adapted for illustrative purpose only). (b) Overview of the livestock of the
world: data set for goat (Source: figure taken from http://www.fao.org/livestock-systems/global-distributions/goats/en/ and
adapted for illustrative purpose only). (c) Overview of the livestock of the world: data set for sheep (Source: figure taken from
http://www.fao.org/livestock-systems/global-distributions/sheep/en/ and adapted for illustrative purpose only).
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between 50 and 80% (Berman et al. 1985; West 2003).
At a temperature of 29 �C with 40% relative humidity
the milk production of Holstein Friesian, Jersey and
Brown Swiss cows was 97%, 93%, and 98% of normal,
but when relative humidity was increased to 90%,
yield was reduced to 69, 75, and 83% respectively
(West 2003).

Moreover, Mateescu et al. (2020) estimates the plas-
ticity in body temperature during HS in six crossbred
groups ranging from 100% Angus to 100% Brahman.
They concluded that effective strategies will be
required for the identification of the genes conferring
the superior thermo-tolerance in Brahman cattle.

It is known that each livestock species could face
temperature changes by reacting differently at differ-
ent times. The different abilities vary according to sev-
eral factors (species, breed, sex, age, etc.), depending
on morphological traits (coat colour, presence or
absence of hair, skin texture, colour of the limbs distal
parts, mucous and genitals), rearing system (intensive,
semi-extensive, extensive) and geographical area (alti-
tude, latitude, longitude) (Schefers and Weigel 2012).

The climate change is expected to have an increas-
ing impact on animal production systems in the world.
In some regions, farmers need to adapt their practices
in order to fight temperatures increase, against the
onset of new animal diseases, for instance, and the
negative repercussions on grazing lands (Collier et al.
2008; Nardone et al. 2010).

Livestock biodiversity

Worldwide, the rural development policies described
in the ‘Kyoto protocol’ were initially formulated based
on different aims compared to the climate change
mitigation. The sub-division of the globe into macro-
areas identifies the competitiveness, the environmen-
tal protection and the development of rural areas as
priority intervention goals. This implied that some of
the measures and actions planned under the Rural
Development Programmes (RDPs) are characterised by
aims referring to climate change mitigation adaptation

of agriculture ecosystems, forest and livestock
(Drucker et al. 2007).

Climate change which negatively affects almost all
farms are mainly highlighted through three phenom-
ena, including increase in temperatures and precipita-
tion intensity and decrease in amount of precipitation
(Liu et al. 2000).

In the last decade, in Europe and in America, breed-
ing management of dairy and beef cattle has been
influenced above all by the sudden and exceptional
increase in temperatures, the drought and the conse-
quent low availability of water for irrigation (Hollings
et al. 2018). The greater disease incidence and para-
sitic attacks found both in crops and animals have
been also quite significant. Erosion and the deterior-
ation of soil quality are the less impactful phenomena
(Hill et al. 2008).

Adverse effects of climate change have a non-negli-
gible impact on production, because the farmers must
face an unexpected economic cost. In a study con-
ducted by the University of North Carolina, the
increase in production costs of U.S. dairy products, is a
circumstance mentioned by more than three quarters
of respondents because of the adverse climatic events
occurrence (Steinfeld et al. 2006).

In the last five years, challenges were also encoun-
tered in the performance of daily farming practices
and the qualitative and quantitative reduction of fod-
der production which had negative consequences on
the livestock feed availability (Knapp et al. 2014).

Measures adopted by breeders to face
climate change

The fact of negative effects of climate change has
forced the breeders to take mitigation and adaptation
measures. One of the main ‘mitigation measures’
(O’Brien et al. 2020) well-adopted by breeders
(Table 1) is structural investments to improve the
effluent management. Additionally, using effluent dis-
tribution techniques could reduce ammonia emissions
(Thornton et al. 2007).

Table 1. Mitigation measures adopted by breeders to reduce ammonia emission (O’Brien et al. 2020).

Mitigation measures
Forthcoming

implementation, %
Already

implemented, %
Unplanned

implementation, %

Structural improvements related to the waste management
(storage site coverage)

18.6 53.6 27.8

Facilities modernisation to reduce emissions (water purifiers) 22.2 25.4 52.4
Diets formulation with a lower CH4 emission (for ruminants) 14.7 40.1 45.2
Introduction of innovative techniques to reduce ammonia

emissions (direct injection into the ground)
18.6 54.5 26.9

Use of livestock wastewater to produce biogas 15.3 31.4 53.3
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Indeed, it is reported that globally, more than the
70% of the breeders have already implemented these
interventions or would do so in future (Rojas-Downing
et al. 2017). These measures of mitigation, adaptation
and animal breeding will allow breeders to make
medium-long term investments by decreasing their
economic losses (Sejian et al. 2019).

The ‘adaptation measures’ (Table 2) in the vast
majority of the ‘next generation’ farms have already
been implemented or must be carried out to improve
the microclimate of livestock (for example the insula-
tion of stables roofs or the cooling systems) (Pirlo and
Car�e 2013; O’Brien et al. 2020). In many farms, new
insurance coverage about capital, machinery and instal-
lations have already been activated to face the losses
due to extreme weather events; however, the tendency
to ensure even the production in case of extreme wea-
ther events was lower (Thornton et al. 2007).

In addition to the physiological effects of high tem-
peratures on animals, the consequences of climate
change are likely to affect negatively rare livestock
breeds reared in limited regions (Hoffman 2010).

Indirect effects of climate change may alter the dis-
tribution of animal diseases or affect the supply of
feed. Breeding aims may be selected by considering
higher temperature, lower quality food resources and
more disease problems in the future (Oluwatayo and
Oluwatayo 2018). Species and breeds well-adapted
may be preferred by breeders to face these problems.
Today, however, increased demand for food, forces
breeders to raise high producing livestock breeds
which convert animal feed into meat, milk and eggs
(Pirlo and Car�e 2013). Furthermore, these high produc-
ing breeds are very often held responsible of GHG
emissions, even if several studies demonstrated the
possibility for using GHG traits as large-scale indicator
traits for genetically improving the accuracy of feed
efficiency such as in dairy cows (Difford et al. 2020), in
beef cattle (Barwick et al. 2019), in pigs (Alfonso 2019),
and in poultry (Willems et al. 2013). This may lead to
the negligence of local breeds adapted in developing
countries (Mathias and Mundy 2005).

Local livestock breeds contributing to world animal
genetic resources have unique genetic structure and
genetic diversity of local breeds must be conserved in
order to face climatic changes in the future (Bett et al.
2017). Indeed, Cassandro (2013a) showed that a reduc-
tion of 10% of daily methane emissions per kg of
metabolic body weight is expected for local breeds
compared with cosmopolitan ones; they concluded
that animal genetic resources needs to be evaluated
not only per unit of output, but for other direct and
indirect units of output related to social and human
returns. This requires effective in situ and ex situ con-
servation programmes after characterisation of local
breeds. Hence, improved mechanism to monitor and
respond to threats to genetic diversity as well as gen-
etic improvement programmes aimed for adaptation
of high-output local breeds is needed. Moreover,
increased support for developing countries for man-
agement of animal genetic resources and wider access
to genetic resources and associated knowledge are
needed (Thornton et al. 2007).

Plasticity and genetics

There are several models used to explain the genetic
basis of plasticity responses. The main and not mutu-
ally exclusive ones are:

� over-dominance: the plasticity is an inverse func-
tion of the number of heterozygous loci (Sato and
Stryker 2008);

� pleiotropy: the plasticity is a function of the differ-
ential expression of a gene in different environ-
ments due to some pleiotropic effect: influence of
a gene on multiple and partially unrelated traits
(Des Marais and Juenger 2010);

� epistasis: the plasticity may be due to the epistatic
interaction between genes determining the degree
of response to environmental influences and others
causing the average expression of a trait (Remold
and Lenski 2004).

Table 2. Adaptation measures adopted by breeders to improve the microclimate of livestock (Pirlo and Car�e 2013; O’Brien
et al. 2020).

Adaptation measures
Forthcoming

implementation, %
Already

implemented, %
Unplanned

implementation, %

Structural investments to improve the microclimate (insulation
of stables cooling systems)

11.1 86.2 2.7

Alternative cultural techniques (seeding programming) 15.9 40.1 44.0
Research and development for the introduction of breeds

resistant to heat stress
20.4 20.7 59.0

Production insurance coverage to face the losses due to
extreme climate change

11.1 55.7 33.2

Use of innovative technologies (weather warming systems) 18.0 17.1 65.0
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Several studies on plasticity responses have demon-
strated that the heterozygosity (over-dominance
model) has lower effects on plasticity, while the pleio-
tropic and epistatic phenomenon have greater impacts
(Scheiner 1993; Pigliucci 2005).

Molecular technologies on large-scale gene expres-
sion, such as the heterologous DNA hybridisation
(micro-arrays), the next-generation sequencing tech-
nologies applied to the transcriptome (RNAseq) and
the techniques to study non-coding small RNAs func-
tions and proteomic tools may help to clarify plasticity
at molecular level (You et al. 2015).

The pleiotropy effect has been investigated in
chicken by Ng et al. (2012). The authors highlighted
the chicken frizzle feather is due to an KRT75 (a-Keratin)
gene mutation that causes a defective rachis.

Moreover, Lafuente and Beldade (2019) showed
two emblematic examples of developmental plasticity
in body size and pigmentation both in Drosophila mel-
anogaster flies and Bicyclus anynana butterflies.

Epistatic gene interaction has been investigated in
livestock. Knaust et al. (2016) reported the identification
of three-locus interaction that underlies ‘rat-tail’ syn-
drome in cattle, furnishing the first example of epistatic
interaction between several independent loci that is
required for the expression of a distinct phenotype. In
pigs, Noguera et al. (2009) described the existence of
multiple epistatic quantitative traits loci (QTL) affecting
phenotypic variance of swine prolificacy traits.

Genetic evolution of plasticity

The phenotypic plasticity is of importance because it
expands the existing geocentric evolutionary theory,
indicating the change within a population of inherit-
able characteristics with the generation succession
(Wess 2003).

The phenotypic plasticity complements the role of
mutations in evolution. Natural selection chooses not
between genotypes, but between phenotypes. For this
reason, phenotypes and the variation among them
play the main role in evolution. Furthermore, since the
environment in which an individual grows determines
the phenotypes, environment plays an important role
in phenotypic variation. This is because mutations are
not only rare, but they are also usually deleterious
(Kra�sovec et al. 2014).

In contrast, the environmental conditions change
constantly and act at the same time on all the individ-
uals of the population. Moreover, the mutations gen-
erally appear randomly without a real correlation with
a specific environment. Instead, the plasticity induction

of a phenotype by the environments correlate with
the specific conditions that determine it, allowing a
positive selection on the aforementioned phenotype
(De Jong and Bijma 2002).

According to traditional theory of evolution by nat-
ural selection, the environment acts after occurring of
phenotypic variation. Thus, the role of phenotype is
simply to express the genetic variation for selection.
Instead, thanks to the phenotypic plasticity, the envir-
onment seems to play a double role including creat-
ing phenotypic variation and selecting between the
different variants (Mohn and Dirk 2009).

Plasticity indicators (GxE interaction,
adaptability, acclimation of plasticity)

In the second half of the last century, the investigation
of the genetic basis and the transmission of the
phenotype have dominated the biological studies. In
last twenty years, the role of plastic responses in both
adaptation and evolutionary species history has been
recognised (Pigliucci et al. 2006).

Any type of organism’s trait (chemical or biochem-
ical, physiological, morphological and behavioural) may
show plasticity (Meril€a et al. 2014). Therefore, the proc-
esses regulating the expression of plasticity responses
are important for the knowledge of physiological, mor-
phological and behavioural characteristics of the spe-
cies, as well as the evolutionary dynamics and the
influence of the global climate change on the organ-
isms (Hendry and Taylor 2004). In population genetic
studies, phenotypic variance can be used as a trait for
phenotypic plasticity (VandeHaar et al. 2016). Several
statistical models for phenotypic plasticity have been
considered in animal breeding: 1) the reaction norms
or random regression model; 2) the character state or
multi-trait model; 3) the infinite-dimensional or covari-
ance-function model. These models differ in the way
phenotypic plasticity is dissected into quantitative traits,
but all of them are based on the general expressions
for the change in mean values of a number of quantita-
tive traits that undergo simultaneous selection. A model
of phenotypic plasticity may be used as a tool to select
animals for robustness, or can be used in breeding pro-
grammes that produce genetic material for a multiple
of production environments (De Jong and Bijma 2002).

Reaction norms model

Several genotypes exhibit different reaction norms
that differ in the expressed phenotype and in the
degree of plasticity (Lu et al. 2013). The reaction
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norms are often represented in graphs, not necessarily
by straight lines, in which the environmental parame-
ters (biotic and abiotic) are reported on the abscissa
axis and the phenotypic ones (morphological, behav-
ioural or other) on the ordinate axis (Gautier and
Naves 2011). The elevated plasticity in a trait results in
a reaction norm with a high slope, which describes a
considerable effect by environment on phenotype
(Figure 5). On the contrary, the non-plastic traits will
give a substantially flat reaction norm (Dikmen
et al. 2012).

Character state model

‘Character state’ is defined as the expression of a trait
in different environments (Falconer 1952). The charac-
ter state model, for instance, is an analogy of a multi-
trait model of weight at two different ages.
Phenotypic plasticity is equivalent to a difference in
phenotypic level between the character states. The
total additive genetic variance of the plasticity trait
over both or all environments can be split into the
genetic variance of the trait states within each envir-
onment and the genetic covariance between environ-
ments. The genetic covariance between environments
is associated to the genotype by environment inter-
action variance (De Jong and Bijma 2002).

Infinite-dimensional model

In the infinite-dimensional models, a mean function
gives the average value of the trait over environments,
and an additive covariance function is specified. These
models, also called regression models, have been
extensively applied to analyse ontogeny traits (e.g.
growth curves – Kirkpatrick and Heckman 1989;
Wilson et al. 2005 – and milk yield in dairy cattle –

Jamrozik and Schaeffer 1997). The infinite-dimensional
approach is a very powerful tool in the quantitative

genetics of continuous traits (De Jong and
Bijma 2002).

Identified genes associated with
climatic variables

Climatic variables include many factors; in Flori et al.
(2019) six factors were considered including annual
average temperature (Bio 1), temperature range (Bio
7), quantity and intensity of rain (Bio 12), irradiation
(Bio 20), humidity (Bio 28) and relation index between
humidity and temperature (THI) of a specific geo-
graphical area. On a sample of 21 Mediterranean cattle
breeds a genome – wide association analyses with
covariables discriminating the different Mediterranean
climate subtypes was carried out. The authors
reported 55 genes related to one or more climatic var-
iables. Biological function of the candidate genes asso-
ciated with the climatic variables were subdivided in
three categories (Table 3). The same authors also
defined the genes with four climatic covariates (using
the most important principle components named PC1,
PC2, PC3, PC4) which summarise the 35 climatic
parameters expressed by the ‘CliMond database’ (Flori
et al. 2019).

The genes mentioned in Table 3, express their phe-
notypes in different ways by adapting to the involved
variable (Bohmanova et al. 2007). Some authors
reported that the TCF7 gene (Transcription Factor 7 – T
Cell Specific) is associated, in cattle, not only with the
annual average temperature of a specific geographical
area, but also with rainfall, radiation, humidity and the
relation index between temperature and humidity
(THI) (Green 2009; Liu et al. 2009). In a study on two
independent populations from different cattle breeds,
BFGL-NGS-139, BFGL-NGS-89500, BFGL-BAC-38208,
BFGL-NGS-30169 markers linked to sensitivity of milk
production to THI have been identified on BTA29

Figure 5. The ability of one genotype to produce more than
one phenotype when exposed to different environments (each
of the coloured lines is a ‘reaction norm’) (Kelly et al. 2012).

Table 3. Functions of candidate genes associated with at
least one climatic covariable (Flori et al. 2019).
Category Gene and function

Physiological system
development and
function

TOX4¼Nervous system development and function
SCL46A1¼ Tissue development
SCL46A1¼ Tissue morphology
LAP3¼Organ morphology
MLST8¼Organismal development

Molecular and
cellular functions

NCAPG ¼ Cell morphology
KCNH1¼ Cellular assembly and organisation
TCF7¼ Cellular development
DISP1¼ Cellular function and maintenance
CD8B ¼ Cellular growth and proliferation

Diseases and
disorders

ANTXR2¼ Cancer prevention
ADGRL2¼Gastrointestinal disease
CRLF3¼Organismal injury and abnormalities
LCORL ¼ Tumour morphology
ZFPM1¼Hematological disease
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(Hayes et al. 2009). These markers could help in gen-
etic selection for high milk production under HS con-
ditions (Hayes et al. 2009). Also, ANTXR2 (Anthrax toxin
receptor 2) and GLDC (Glycine decarboxylase) located in
different chromosomes have been reported to be
associated with Bio1 and THI (Gautier and Naves
2011). A limited number of genes have been reported
to significantly determine the phenotypic plasticity in
animals (Harris et al. 2013). Three of the genes, VDAC1
(Voltage dependent anion channel 1), TCF7 and SKP1 (S-
phase kinase associated protein 1) are located in the
same chromosome (BTA7), and are associated with at
least three climatic variables. The VDAC1 gene is asso-
ciated with the variables PC1, Bio12 and Bio20, the
TCF7 and SKP1 genes are associated with the variables
PC1, Bio1, Bio12, Bio20, Bio28 and THI (Flori et al.
2019). Another gene located in BTA16, the KCNH1
(Potassium voltage-gated channel subfamily H member
1), compared to the previous ones, is associated with
more than two variables (PC2, Bio7, Bio12 and Bio28).
The HSPB3 (Heat shock protein family B (small) member
3) gene located in chromosome BTA20, is associated
with the variables Bio12 and Bio28; the TRAM2
(Translocation associated membrane protein 2) in
chromosome BTA23, is associated with the variables
PC2, Bio20 and Bio28 (Joost et al. 2007; Sigdel
et al. 2020).

Other genes, ANTXR2 and GLDC located in BTA6
and BTA8 respectively, are associated with the same
climatic variables Bio1 and THI (Ho et al. 2008; Flori
et al. 2019).

The RETSAT (Retinol saturase) and the ELMOD3
(ELMO domain containing 3) genes located in the
BTA11 as well as the LAMC1 gene located in the
BTA16 are equally associated with two climatic varia-
bles (PC2 and Bio7; Flori et al. 2019; Supplementary
Table S1).

Among the climatic parameters, temperature
increase has dramatic negative effects such as HS in
livestock species. HS is associated with several mecha-
nisms including different genes. It is reported that dur-
ing the summer fertility and milk yield decrease in
cows reared in Thailand due to HS (Boonkum et al.
2011; Figure 6).

Under HS condition, anti-stress mechanisms, includ-
ing heat shock proteins (HSPs; Figure 7) and other
thermo-tolerant genes, are activated at the cellular
level in livestock species (Aleena et al. 2016).

Today, thanks to developing techniques, such as
genome-wide SNP scans, several candidate genes
related to HS have been reported in livestock
(Archana et al. 2017). The importance of indigenous

livestock as model organisms for investigating selec-
tion sweeps and genome-wide association mapping
was highlighted also by Kim et al. (2016) both in goats
and sheep.

THR is considered as an important gene affecting
HS tolerance in livestock, because the animals reduce
the thyroid activity in order to limit the metabolic
heat production during HS as an important adaptation
strategy (Collier et al. 2019). The LEP (Leptin) controls
the energy metabolism by activating the hypothal-
amic-pituitary-adrenal axis and subsequently affects
the growth in animals during HS (Tian et al. 2013).
Lower expression of LEP was reported during HS in
Osmanabadi goats (Bagath et al. 2016). In contrast, a
higher expression of LEP in vitro (in 3T3-L1 rat cells)
was reported during HS of dairy cows in transition
period (Bernabucci et al. 2007).

Under HS conditions, heat shock factor 1 (HSF1),
heat shock protein gene 60 (HSP60), Heat Shock
Protein gene 70 (HSP70) and Heat Shock Protein gene
90 (HSP90) were associated with the resilient capacity
of small ruminants. Among these genes, HSP70 is the
well-known genetic marker for thermo-tolerance in
small ruminants (McManus et al. 2011); also, HSP70.1
gene is reported as biomarker in Holstein lactating
cows population (Basiric�o et al. 2011). HSP70 family
and other HSP genes are in fact biomarker used to
select heat and cold tolerant genotypes in the context

Figure 6. Hypothetical response of a dairy cow to increased
heat stress (Source: Misztal 2017). In yellow and red two dif-
ferent temperature levels (in red the hottest temperature).
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of climate change. Higher HSP70 gene expression was
recorded in cold-adapted goats during summer and
heat-adapted goats during winter (Das et al. 2015;
Kumar et al. 2015).

Relevant variability in the expression of the HSP70
and other HSP genes family in different seasons has
potential strategies for better adaptability in cattle
(Kumar et al. 2015). Maibam et al. (2017) reported
higher HSP70 mRNA level in heat stress tolerant (HST)
dairy cows than in heat tolerance susceptible (HSS)
individuals in Tharparkar Zeb�u and Karan Fries breeds.

A major gene (SLICK) was associated with heat tol-
erance (HT) with a dominant inheritance determining
‘slick hair’ type in dairy cattle (Olson et al. 2003). This
gene was introduced into Holstein Friesian cattle in
order to obtain thermo-tolerant cows (Olson et al.
2006; Berman 2011; Dikmen et al. 2014).

KPNA4 (Karyopherin subunit alpha 4), MTOR
(Mechanistic target of rapamycin kinase), SH2B1 (SH2B
adaptor protein 1) and MAPK3 (Mitogen-activated pro-
tein kinase 3) genes were involved in the HSPs’ regula-
tion of stress in PBMC (Peripheral blood mononuclear
cell) purified from Karamojong goats’ blood, after
exposure to 40 �C (Onzima et al. 2018; Li et al. 2020).

Lower growth hormone (GH) mRNA expression was
reported in the hepatic tissue of heat stressed
Malabari goats (Angel et al. 2018).

Genetic association study revealed possibility of
ATP1A1 candidate genes for selection of crossbred
Jersey cows for better HT (Das et al. 2015). One geno-
type at locus C1787061T (Intron 10) was reported to
improve HT in Sahiwal cows indicating association
with the HSP90ab1 gene (Sailo et al. 2015).

Finally, several studies have identified target gene
expression responses associated, in dairy cows, with
HS in mammary immune cells and liver (Tao et al.
2013). The hepatic transcriptome of transition dairy
cows is strongly affected by season of calving: in par-
ticular, HS not only alters energy metabolism in liver,
but also induces an inflammatory and intracellular
stress response (Shahzad et al. 2015).

Relationship between phenotypic plasticity
and selection signatures in livestock

Many genes and/or genomic regions related to eco-
logical traits (e.g. hot-arid environment), may be iden-
tified via selection signatures (Gouveia et al. 2014).

Figure 7. Molecular mechanism of heat shock protein (HSP) synthesis: the heat shock factors (HSF) present in the cytosol are bound
with HSP to maintain an inactive state. The wide variety of heat stressors (HS) can activate the HSF causing them to get detached
from HSP. Then, HSF are phosphorylated (P) by protein kinases to form trimers in the cytosol. This HSF trimer complex enters the
nucleus and bind with heat shock elements (HSE) in the promoter region of the HSP gene. HSP70 mRNA is then transcribed and
leaves the nucleus into the cytosol where new HSP70 is synthesised. The newly synthesised HSP protects the cells by acting as a
molecular chaperone facilitating the assembly and translocation of newly synthesised proteins within the cell and repairing and refold-
ing damaged proteins in heat stressed subjects (Source: Sejian et al. 2019). I/R: ischemia/reperfusion; ROS: reactive oxygen species;
RNS: reactive nitrogen species.
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This approach can be used in QTL mapping experi-
ments for meat, milk and eggs production (Nielsen
2001; Schl€otterer 2003; Hayes et al. 2008).

Domestication greatly changed the morphological
and behavioural features of modern domestic animals
and, along with breed formation and selection
schemes, allowed the development of different mod-
ern breeds (Gouveia et al. 2014). These features, along
with extensive knowledge about genes and/or gen-
omic regions, provide an opportunity for identifying
loci to undergo selection and for the development of
new methods to detect selection signatures (Flori
et al. 2009).

In beef cattle, for example, using the FST approach,
selection signatures were found in the regions of
BTA2 and BTA7 chromosomes (The Bovine HapMap
Consortium 2009; Gouveia et al. 2014). These regions
are associated with feed efficiency and THI index
(Barendse et al. 2009; Flori et al. 2009) and contains
the R3HDM1 (R3H Domain Containing 1), ZRANB3 (Zinc
Finger, RAN Binding Domain Containing 3) and TCF7
genes, which have been suggested to be involved in
animal’s growth processes and in response to HS (The
Bovine Genome Sequencing and Analysis Consortium
2009; Gouveia et al. 2014).

Plasticity and epigenetics in livestock

Epigenetics is a branch of science dealing with
changes influencing the phenotype without altering
the genotype (Murren et al. 2015). It consists of a ser-
ies of molecular pathways through which the DNA
transcription is altered without modification of the
underlying DNA sequence (Bonamour et al. 2019).
Genes are influenced by various environment patterns
including the type and level of nutrients, the toxins
and stress level during the animal’s lifespan. Moreover,
several studies showed the effects of social experience
in epigenetic pathways influencing the stress response
and the reproductive behaviour (Scheiner et al. 2017).
Epigenetic modifications may lead to up or down
regulation of the DNA transcription through a variety
of pathways including DNA methylation, histone modi-
fications and microRNAs – miRNAs (Snell-Rood 2013).

The environmental impact

Although epigenetic mechanisms may cause a high
degree of plasticity in gene expression, their flexibility
in response to environmental signals is limited at the
first stages of embryo development (Carvalho
et al. 2019).

It is reported that the first external environmental
effects experienced during childhood in sheep, can
change gene expressions at individual level
(Yurchenko et al. 2019).

A study on twins in Holstein cattle, born in a ‘Frisia’
farm (Southern region of the Netherlands) and rearing
in different environments (both geographically and
structurally), showed potential of epigenetic plasticity
in phenotype (Barwick et al. 2019). In fact, Barwick
et al. (2019) showed that the DNA methylation and
acetylation patterns were highly concordant between
twins under seven years old, but they diverged signifi-
cantly between ‘adult’ twins, leading to speculate that
the strength of limbs and body size, emerged in
response to environmental exposure unique for each
animal (Carvalho et al. 2019).

On the contrary, similar phenotype was reported in
‘Bruna Alpina’ calves born in completely different envi-
ronments (Spain, Switzerland and Greece) with differ-
ent breeding systems (one extensive and two
intensive). At the age of three months, in fact, calves
transferred with their respective mothers to an exten-
sive Normandy herd (Northern France), were very simi-
lar in terms of hardiness (size and robustness of the
limbs), resistance to climate change (temperatures and
humidity), temperament between other calves and
with farmers (Kahiluoto et al. 2019).

The epigenetic changes do not take place only in
the early stages of development, but also in the stage
of adult life, as a response to adaptation to the exter-
nal environment (Barwick et al. 2019).

Even during the development, the influences of the
other animals can contribute to construct specific epi-
genetic patterns (Kahiluoto et al. 2019). Mehla et al.
(2014) showed the association between the quality of
the social environment and the neurobiological and
behavioural consequences on animals. This study indi-
cated that epigenetic effects are primarily induced by
the mother-child interaction and the managing sys-
tems (intensive/extensive, free housing or fixed post,
cage or ground).

The epigenetic effects have also the potential to be
used in animal breeding due to providing information
related to the inheritance of traits and complex dis-
eases (Triantaphyllopoulos et al. 2016).

Limitation to the application of phenotypic
plasticity in animal breeding

There is a wide range of factors leading to constraints
in the evolution of plasticity (Cipollini 2004). Evolution
of plasticity may be limited by the lack of genetic
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variability as well as allometric relationship among the
traits in which a certain plasticity could limit another
plastic trait, environmental covariance expressing cer-
tain types of plasticity. Additionally, constraints deriv-
ing from evolutionary history of species could limit
the expression of some traits (DeWitt et al. 1998; Auld
et al. 2010). The plasticity responses are limited due to
the expression of a sub-optimal phenotype by a plasti-
city individual under certain environmental conditions.
Environmental conditions are considered as evident
when an additional development cannot produce a
target trait while fixed development can. Therefore, a
plasticity limitation is detected when a plastic
response is observed which cannot express the same
phenotype as a non-plastic genotype (Cipollini 2004).
The plasticity limits (DeWitt et al. 1998) can be divided
into: 1) the reliability of information: reduced reliability
of the signals used by individuals to evaluate environ-
mental conditions can lead to phenotype-environment
mismatch; 2) the time: due to the time lapse between
the perception of the signal and the production of
response, during which the environmental conditions
can change; 3) the range of development: usually indi-
viduals with fixed phenotype are more efficient in pro-
ducing extreme phenotypes than plastic individuals; 4)
epi-phenotype problem: a phenotype produced
through a mechanism of progressive addition of ele-
ments, in response to environmental signals, may be
less efficient than one produced entirely during
development.

Future goals

Depending on the results of the ‘COP 21’ in Paris
2015, the European Union’s commitment to fighting
climate change goes on with increasingly ambitious
emission reduction targets. As regards the agricultural
sector, the overall GHG reduction target by 2030 is
30% (Hume et al. 2011).

Moreover, even if agriculture is a sector in which
‘decarbonisation’ in the long term is not conceivable
(due to the intrinsic nature of GHG emissions in the
production processes considered), there are margins
for improving the performance of the sector in terms
of decreasing GHG which could still be exploited
(Opio et al. 2013).

In the future, livestock production will probably be
increasingly characterised by differences between
developed and developing countries and between
high-intensity production and small-scale or agro-pas-
toral systems. However, the way in which the various
driving forces will take place in different regions of

the world in the future, is highly unclear (Hume et al.
2011). First of all, the future demand for animal prod-
ucts will be met through sustainable intensification in
a low-carbon economy. The growing demand for live-
stock products will generate considerable land compe-
tition for food and feed production. The increase in
the industrialisation of livestock production may lead
to problems of air and water pollution. The greatest
impacts of climate change will be seen in cattle and
mixed systems in developing countries (Nardone et al.
2010). The need to adapt to climate change and to
mitigate GHG emissions will undoubtedly increase pro-
duction costs that vary from place to another.
Furthermore, the expected biofuel growth demand
could have further significant impacts on competition
for land and food security (Green 2009). Thanks to
selection based on developing molecular techniques,
animals that are of lower environmental impact could
be identified in terms of feed intake and reduction of
methane emissions into the atmosphere (De Haas
et al. 2011).

Conclusions

Plasticity is usually thought to be an evolutionary
adaptation to environmental variation. As plasticity
allows individuals to ‘fit’ their phenotype to different
environments, it may occur in different times within
the lifespan of an organism. Plasticity is a key mechan-
ism with which organisms can cope with a changing
climate, as it allows individuals to respond to change
within their lifetime. Therefore, plasticity is of import-
ance for livestock species with long generation inter-
val, as evolutionary responses via natural selection
may not produce change fast enough to mitigate the
effects of a warmer climate.

The benefits of plasticity can be limited by the
energetic costs of plasticity responses as the synthesis-
ing new proteins and the maintaining sensory systems
to detect changes.

Given the ecological importance of temperature
and its predictable variability over large spatial and
temporal scales, adaptation to thermal variation has
been hypothesised to be the key mechanism for the
new livestock species. Hence, the selection of animals
adapted to thermal variations is needed.

Species evolving in the warm and constant climate
of the tropics have a lower capacity for plasticity com-
pared to those living in variable temperate habitats, as
the magnitude of thermal variation is thought to be
directly proportional to plasticity capacity.
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This is an excellent opportunity for animal breeding
of livestock populations reared in European areas
which have diverse climate conditions with variable
temperatures. Selection and experimental evolution
approaches have shown that plasticity is a trait that
can evolve when under direct selection and as a corre-
lated response to select specific traits. Therefore, new
breeding goals should be defined in order to use the
potential plasticity accumulated in livestock species,
especially for species as ruminants with a long gener-
ation interval. Finally, it should be underscored that
the largest increase in the demand for livestock prod-
ucts is coming from the developing countries. As live-
stock contributes to increase GHG, more emphasis
should be directed to these emergent areas in using
aspects of phenotypic and genetic plasticity to pro-
mote sustainable mitigation strategies.
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