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Abstract
Due to the high milk production of Holstein cows, many countries have chosen to import semen to improve local dairy 
herds. This strategy would be more effective if this semen was used in the same environment conditions in which the bulls 
were selected. If the effect of genotype by environment (G × E) interaction is not considered, the estimated breeding values 
(EBVs) may vary, potentially reducing the selection response. We evaluate the impact of heat stress on selection for milk 
yield and composition of Holstein cows using random regression models. To verify the interference of heat stress in milk 
yield (MY) and composition traits (fat, protein, total saturated, and total unsaturated fatty acids content in milk), tempera-
ture–humidity index (THI) on test-day milk records was used. The threshold value to divide the environments using test-day 
information from Brazilian Holstein cows was 72 units of THI, i.e., < 72 represented no heat stress and > 72 represented 
heat stress. Legendre polynomials of second-order (Leg 2) model and two lactation points (33 and 122 DIM) were used to 
estimate heritabilities and EBVs for five important dairy traits. The heritabilities of milk components and fatty acids were 
low (0.09–0.29), regardless of lactation period and degree of heat stress, with the exception of protein content (0.30–0.35). 
Fat content was the only milk component that was reduced according to the degree of heat stress and lactation period. The 
EBVs tended to decrease in heat stress conditions, thus animals with high genetic potential demonstrated evidence of G × E 
interaction. However, acclimatization of dairy cows to heat stress in the farm production systems may have been responsible 
for the low differences among genetic parameters and EBVs with and without heat stress found in this study.
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Introduction

The climate changes around the world are considerably 
increasing the temperatures over the years, especially in tropi-
cal regions, causing changes in agriculture and livestock pro-
duction. Extreme temperatures linked to factors such as relative 
humidity affect the animals’ comfort zone due to the increase 
of body temperature, which influences the homeostatic bal-
ance (Boettcher et al. 2015; Vasconcelos et al. 2020). Heat 
stress is the most significant impact related to climate change 
in livestock production, as it reduces feed intake (Kappes et al. 

2022), reproductive efficiency (Menegassi et al., 2016), and 
increases respiration rate (Ferreira et al. 2021a) and peripheral 
blood (Silveira et al. 2021). Many factors contribute to the 
vulnerability of livestock to heat stress such as species genetic 
potential, age, physiological, and nutritional status (Thornton 
et al. 2021; Ferreira et al. 2021b).

Aiming to increase dairy productivity, developing tropical 
countries are being encouraged to import genetic material to 
improve local herds. However, this strategy would be more 
effective if the imported genetic material was derived from 
bulls evaluated under the same environmental conditions 
and herd management. Increasing intensification of dairy 
systems in developing tropical regions with temperate-breed 
genetic stock could lead to greater vulnerability of animals 
to rising temperatures. Moreover, it is expected that prog-
enies of animals evaluated in temperate environments will 
present a different performance in tropical climate, not only 
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because of the differences in climate itself but also because 
the genotypes have different responses according to the envi-
ronment to which they are exposed (Hammami et al. 2008).

In that sense, an unfavorable genotype by environment 
interaction could reduce the benefits of a strategy based on 
imported semen (Banos and Smith 1991). Milk production 
losses have already been mentioned if the G × E interaction 
is ignored, especially when using imported semen, as in 
many cases exporting countries have a different production 
environment compared to importing countries (Payne and 
Hodges 1997; Hayes et al. 2003). For example, Silva et al. 
(2021) demonstrated genotype × environment interaction for 
Holstein cattle milk yield in temperate (Portugal) × tropical 
environment (Brazil). Furthermore, international bull evalu-
ations showed that there is low genetic correlation between 
countries using the production system pasture and countries 
using a more industrialized production system, such as New 
Zealand and the USA (Strandberg et al. 2009).

One of the tools used to measure heat stress in farm ani-
mals is the use of the temperature–humidity index (THI; 
NRC 1971), which is already used to estimate genetic 
parameters related to heat tolerance (Sungkhapreecha et al. 
2021; Carrara et al. 2021; Mbuthia et al. 2021). Given the 
above, the aim of this study was to evaluate the impact of 
heat stress on selection for milk yield and composition of 
Brazilian Holstein cows using a random regression model.

Material and methods

Data set

We used 49 monthly records of milk yield (MY; kg day−1), fat 
(%), protein (%), total saturated fatty acids (SFA; %), and total 
unsaturated fatty acids (UFA; %) from 2896 Holstein cows with 
calving between 1 and 6 from four commercial Brazilian farms 
(Table 1), and collected between May 2012 and July 2016. All 
the farms had three-times-a-day milking and nutritional condi-
tions were standardized in farms, such that there were no differ-
ent nutritional conditions within a farm. The farms considered 
in this study are well established and their productions are stable 

during the year. This way, the calving is not concentrated in one 
period of the year. In addition, the selection criteria adopted by 
the farms are milk production, morphological traits, productive 
life, somatic cell count, and livability.

The meteorological data recorded during the study are pre-
sented in Fig. 1. The milk components were determined by 
mid-infrared spectrometry (Delta Instruments CombiScope™ 
Filter, Advanced Instruments, Inc., Norwood, USA). Quality 
control excluded animals with days in milk lower than five or 
higher than 305; without valid measurements (mean ± 3 SD); 
without calving date or lactation order, and age information; 
and with age higher than 9 years. The contemporary groups 
(CGs) were formed by the combination of calving periods: 
dry — April to September, and rainy — October to March, 
calving year based on the start of calving periods, farm, and 
collection month. CGs containing lower than five individu-
als were eliminated. The pedigree consisted of 8789 animals, 
4197 dams, and 576 sires of 7 generations, considering the 
first generation as one. All animals were considered in the 
analyses.

THI was determined from air temperature (AT, °C) and 
relative humidity (RH, %), following the National Research 
Council (NRC 1971):

The AT and RH were obtained from the Space Adminis-
tration/Prediction of Worldwide Energy Resources database 
(NASA/POWER; Power 2016) based on the geographic coor-
dinates of each dairy farm. The heat stress degree (t) was 
obtained based on the THI and defined as the number of units 
of mean THI above 72 (NRC 1971; Bohmanova et al. 2008).

Genetic analysis

Criterion model settings

The analyses were carried out by using a random regres-
sion model to describe the phenotype expression in relation 
to genotype based on the environmental changes. In this 
case, the environments are not classified into groups. The 
phenotypes will change gradually and continuously over an 
environmental gradient, being the regression performance 
of genotypes in each thermal environment the most used 
method for this type of analysis (Kolmodin et al. 2002).

To model covariance functions, first-degree (linear) 
Legendre polynomials were used. Studies with dairy cows 
showed that lower orders for Legendre polynomials could 
be sufficient to fit the data. In addition, previous studies 
have shown that lower-order polynomials are preferable (in 
terms of better fit) to milk yield and components in this same 
evaluated population (Carrara et al. 2021).

(1)
THI = [1.8 × AT + 32] − [0.55 − (0.0055 × RH)]

× [1.8 × AT − 26]

Table 1   Number of observations (N), mean, standard deviation (SD), 
and range obtained for fat (%), protein (%), total saturated and unsatu-
rated fatty acids in milk, and test-day milk yield (kg)

Traits N Mean  ± SD Range

Milk yield (kg day−1) 20,359 34.71 9.57 5.00–55.50
Fat (%) 21,410 3.46 0.77 0.81–6.83
Protein (%) 21,425 3.04 0.29 2.23–4.23
Total saturated fatty acids (%) 18,987 2.21 0.47 0.90–3.50
Total unsaturated fatty acids (%) 18,820 1.03 0.27 0.30–1.80
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Model considering the genotype × environment interaction

To verify the presence of G × E interaction for MY, fat, pro-
tein, SFA, and UFA, a random regression model was used 
as suggested by Meyer (1998) and Bohmanova et al. (2008).
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where yij is the vector of the response variable i measured at 
the animal j; μ is the global average; F is the vector of fixed 
effects, composed by the contemporary groups; βm is the 
regression coefficient for the Legendre polynomial m; α0im 
and ρ0im are random regression coefficients for the direct 
additive genetic effect and permanent environment for ani-
mal i regardless of the level of heat stress t; α1im and ρ1im are 
random regression coefficients for the direct additive genetic 
effect and permanent environment effect, respectively, 

considering the environmental sensitivity of the animal i to 
heat stress t; kβ, kα, and kρ are the orders of the polynomials 
(linear); � m is the nth Legendre polynomial function; and 
ɛij is the random residual effect.

Variance components were obtained using WOMBAT soft-
ware (Meyer 2006). The covariance functions were estimated 
for the additive genetic and permanent environmental effects 
using first-degree (linear) orthogonal Legendre polynomials 
(Leg 2) taking into account two points of lactation, 33 days in 
milk (DIM) and 122 DIM. These points were chosen based on 
the largest number of information in the data set.

The variance covariance structure was:

Fig. 1   Meteorological data 
recorded during the study
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where A is the relationship matrix; I is the identity matrix; 
σ2

a is the variance of the additive genetic effect; σ2
p is the 

variance of the permanent environmental effect; σαα is the 
covariance between the intercept and the additive genetic 
effect; and σpπ is the covariance between the intercept and 
the effect of permanent environment.

The heritability coefficient (h2) was estimated for each 
trait as the ratio of the additive genetic variance (σ2

a) and 
the phenotypic variance (σ2

y).
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where σ2
p is the permanent environment variance and σ2

e is 
the residual variance.

Estimated breeding value
Breeding values were estimated by the following equation:

where EBVpj is the breeding value of cow p at DIM j; �pi is 
the regression coefficient of additive breeding value of cow 
p for trait i; �pi is the second-order regression coefficient of 
additive breeding value of cow p to trait i; and w is the lacta-
tion stage standardized.

Results and discussion

The threshold value to divide the environments using 
test-day information from Brazilian Holstein cows was 72 
units of THI, i.e., < 72 represented no heat stress and > 72 
represented heat stress. Leg 2 model and two lactation 
points (33 and 122 DIM) were used to estimate heritabili-
ties and EBVs for five important dairy traits.
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Genetic variance components and heritabilities

The estimates of variance components and heritability for MY 
and composition traits obtained for both thermal environments 
(no heat stress and heat stress) are given in Table 2. The addi-
tive genetic component decreased under heat stress environ-
ments for fat and SFA. Furthermore, protein and UFA showed 
higher additive genetic values in the heat stress environment. 
Regarding the lactation periods evaluated (33 and 122 DIM), 
only the additive genetic variance reduced for fat. We believe 
that this reduction is explained by different causes, in which 
at 33 days, they are more related to heat stress, as milk pro-
duction is higher, while at 122 days, it may be related to the 
reduction of natural milk in the lactation curve of the cows. 
It is also worth mentioning that fat is the component of milk 
with the greatest variation, being mainly influenced by diet, 
breed, feed intake, and milk production (Stürmer et al. 2018; 
Silveira et al. 2022).

Greater heritabilities (> 0.30) were observed in both lacta-
tion stages (33 and 122 DIM) and in the environment with 
no heat stress for protein, indicating that this trait can be able 
to provide a good response to selection. Similar results were 
obtained by Jamrozik and Schaeffer (1997; 0.33 to 0.69), 
Biassus et al. (2011; 0.10 to 0.35), and Borquis et al. (2013; 
0.21 to 0.37) for protein. The heritability for protein was 
lower than those estimated by Jamrozik and Schaeffer (1997) 
(0.34 to 0.68) and Soyeurt et al. (2008) (0.23 to 0.44), espe-
cially in heat stress environments. Generally, first-parity cows 
show higher heritability estimates than higher-order-parity 

Table 2   Variance components, heritability (h2), and their respective standard errors (in brackets) for fat (%), protein (%), saturated fatty acids 
(SFA), and unsaturated fatty acids (UFA) for 33 and 122 days in milk in both environments

* �ó
2

a
 additive genetic variance, �ó

2

pe
 permanent environment variance, �ó

2

e
 residual variance, �ó

2

p
 phenotypic variance, h2 heritability

Days in milk (DIM) Environment conditions Traits
�ó
2

a
�ó
2

pe
�ó
2

e
�ó
2

p

h2

33 days No heat stress Fat (%) 0.10 (0.0115) 0.05 (0.0095) 0.35 (0.0032) 0.50 (0.0073) 0.20 (0.021)
Protein (%) 0.02 (0.0020) 0.01 (0.0016) 0.04 (0.0003) 0.07 (0.0012) 0.30 (0.026)
SFA (%) 0.05 (0.0061) 0.03 (0.0052) 0.13 (0.0015) 0.21 (0.0039) 0.23 (0.0270)
UFA (%) 0.01 (0.0014) 0.01 (0.0014) 0.05 (0.0006) 0.07 (0.0011) 0.10 (0.021)

Heat stress Fat (%) 0.06 (0.0062) 0.06 (0.0043) 0.38 (0.0050) 0.50 (0.0090) 0.11 (0.0110)
Protein (%) 0.02 (0.0016) 0.01 (0.0010) 0.03 (0.0005) 0.07 (0.0016) 0.32 (0.0150)
SFA (%) 0.05 (0.0030) 0.02 (0.0020) 0.14 (0.0024) 0.21 (0.0051) 0.22 (0.0060)
UFA (%) 0.01 (0.0006) 0.01 (0.0004) 0.06 (0.0010) 0.07 (0.0017) 0.13 (0.0020)

122 days No heat stress Fat (%) 0.12 (0.0099) 0.04 (0.0070) 0.35 (0.0032) 0.51 (0.0061) 0.23 (0.0180)
Protein (%) 0.02 (0.0017) 0.01 (0.0012) 0.03 (0.0003) 0.07 (0.0010) 0.35 (0.0220)
SFA (%) 0.06 (0.0053) 0.02 (0.0038) 0.13 (0.0015) 0.21 (0.0032) 0.29 (0.0220)
UFA (%) 0.01 (0.0008) 0.004 (0.0007) 0.05 (0.0006) 0.06 (0.0007) 0.09 (0.0130)

Heat stress Fat (%) 0.08 (0.0069) 0.04 (0.0044) 0.38 (0.0050) 0.49 (0.0066) 0.16 (0.0130)
Protein (%) 0.02 (0.0015) 0.01 (0.0009) 0.03 (0.0005) 0.07 (0.0011) 0.34 (0.0180)
SFA (%) 0.05 (0.0037) 0.02 (0.0023) 0.14 (0.0024) 0.20 (0.0036) 0.25 (0.0150)
UFA (%) 0.006 (0.0005) 0.003 (0.0003) 0.06 (0.0010) 0.07 (0.0011) 0.09 (0.0070)
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cows; therefore, the use of cows with different parities in the 
database may be responsible for causing these differences in 
estimates (Bastin et al. 2013; Petrini et al. 2016).

Low to moderate heritabilities (0.10 to 0.28) were esti-
mated for SFA and fat, similar to Bobe et al. (2008) (0.27), 
Penasa et al. (2015) (0.24), and Petrini et al. (2016) (0.25) 
indicating that these traits can be able to provide an improve-
ment in response to selection although slow. Higher her-
itabilities for SFA were reported by Soyeurt et al. (2007; 
0.36), Soyeurt et al. (2008) (0.42), and Bastin et al. (2011) 
(0.43). Different heritability estimates among studies on the 
same breed can be explained by differences in the sample 
size, type of records used in each study (e.g., first or multiple 
lactations), and estimation methods.

In both thermal environments, SFA heritabilities were 
higher than UFA meaning that SFA are more heritable than 
UFA. The reason for this difference could be related to fatty 
acids (FA) origin. Fatty acids in milk are derived from syn-
thesized de novo by the mammary gland and from the blood 
(Knutsen et al. 2018). SFA are de novo synthesized in the 
mammary gland from blood precursors and regulated by two 
enzymes. On the other hand, UFA is provided by diet and is 
hydrogenated in the rumen by bacteria and transported by 
the blood (Gion et al. 2011) then their concentration in milk 
is close to the absorbed quantities in the intestine. Bastin 
et al. (2011) suggest that de novo synthesis FA are under 
stronger genetic control than FA originating from the diet 
than from body fat mobilization.

Fat composition of cow milk is influenced by metabolic 
status and stage of lactation of the cow, as a negative energy 
balance directly impacts the presence of UFA. The mobiliza-
tion of fat reserves has been found to increase the content 
of UFA in milk. In general, the estimates of heritabilities 
decreased in the heat stress environment. Therefore, the envi-
ronment may have influenced the selection response in an ani-
mal breeding program. These differences in the heritabilities 
for FA can be justified by the fact that these traits are highly 
influenced by environmental conditions (Penasa et al. 2015).

Genotype by environment interaction

The EBV for MY and composition traits obtained for both 
environments and DIM (33 and 122 days) are shown in 
Table 3. In addition, Fig. 2 shows the top ten animals for 
each trait according to the EBV values at different environ-
mental conditions.

It is noted that the EBVs varied over the two environ-
ments, as well as a re-ranking of individuals, especially for fat 
and SFA. The EBV for fat and SFA reduced significantly with 
the heat stress interference, evidencing the presence of G × E 
interaction. Low variation of the EBV of animals for protein 
and UFA shows that the performance of these animals was 
relatively stable under different environmental conditions, 
indicating that breeding values were more robust during the 
lactation (Bignardi et al. 2015). The cause of this stability is 
due to high genetic correlations between them, and increasing 
the stability of genotypes represents a lower environmental 
sensitivity of these genotypes. Acclimatization of dairy cows 
to heat stress in the farm production system may have been 
responsible for low differences found in this study. Moreo-
ver, the THI value used (72) may not be enough to find more 
meaningful G × E interactions. Another important factor to be 
taken into account is the choice of the day used to obtain the 
relative humidity and air temperature information to calculate 
the THI, since heat stress effects can be observed a few days 
after animal exposure to hot temperature.

For MY, the EBVs were similar in the heat stress environ-
ment. The results found in this study differ from a research con-
ducted by Carabaño et al. (2014), in which the animals with 
the best classifications showed lower EBVs when exposed to 
environments with higher temperatures, confirming the antago-
nistic relationship between the level of production and tolerance 
to heat stress found in other studies (Silva et al. 2021). Milk 
yield of dairy cows with high genetic merit is reduced when 
these animals are exposed to an environment with high tem-
peratures (Kadzere et al. 2002), but it is possible that the animals 
under study have some degree of adaptation. In addition, the 

Table 3   The variation in 
estimated breeding values 
(EBVs) in environments without 
interference from temperature–
humidity index [THI (no heat 
stress — environment A)] 
and in environments with 
interference of THI (with heat 
stress — environment B) for 
Holstein cows with 33 and 
122 days in milk production

DIM Traits No heat stress Heat stress

EBVmin EBVmean EBVmax EBVmin EBVmean EBVmax

33 days MY  − 21.748 0.682 17.126  − 21.097 0.794 17.267
Fat  − 0.941  − 0.017 0.843  − 0.710  − 0.014 0.619
Protein  − 0.429  − 0.016 0.476  − 0.435  − 0.017 0.484
SFA  − 0.727  − 0.010 0.559  − 0.673  − 0.014 0.496
UFA  − 0.172 0.003 0.165  − 0.204 0.003 0.204

122 days MY  − 21.069 0.892 16.953  − 20.711 0.923 16.788
Fat  − 1.025  − 0.018 0.912  − 0.843  − 0.013 0.737
Protein  − 0.460  − 0.016 0.508  − 0.449  − 0.016 0.497
SFA  − 0.806  − 0.012 0.633  − 0.748  − 0.013 0.556
UFA  − 0.161 0.002 0.149  − 0.178 0.002 0.163
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high environmental sensitivity can be beneficial in controlled 
environments; it is possible to maintain the high levels of pro-
duction of these animals with the aid of physical improvements 
in the environment, such as radiation, temperature, and humidity 
control. However, we emphasize that modifying the physics of 
the thermal environment with the use of refrigerated equipment 
means increases the production cost per liter of milk, which is 
often infeasible for dairy farming in tropical conditions.

EBV versus days of lactation (33 × 122 days) were similar 
for milk composition, but we observed a reduction in EBV for 
milk yield at 33 compared to 122 DIM under both heat stress 
conditions (THI ≤ 72 and THI > 72), which is explained by the 
higher metabolic heat production at the beginning of lactation 
for milk synthesis, especially in the period of peak lactation (1st 
phase of the lactation curve), making cows more susceptible to 
heat stress in this production phase, while dairy cows after peak 
lactation (2nd and 3rd phases of the lactation curve) produce 
less metabolic heat and are less susceptible to heat stress.

Finally, animals with lower environmental sensitivity are 
appropriate to include in an animal breeding program, as they 
are able to adapt to different environments, producing consist-
ently. Although it is not possible to exclude the effects of G × E 
interaction by genetic means, these effects could be minimized 
by using animal breeding strategies. In this context, studies that 
include G × E in the models allow the evaluation of the pheno-
typic plasticity of individuals, i.e., to identify robust sires that 
do not substantially vary their genetic merit in different environ-
ments. Thus, the selection of robust animals with high breed-
ing value can contribute to obtaining progenies more adapted 
to tropical conditions and with satisfactory performance in the 
different Brazilian climatic environments. While the exclusion 
effect of G × E interaction by genetic means can be minimized 
by using animal breeding strategies, in the future sensors, robots 
may solve the problem using artificial intelligence (AI). Healthy 
farm animals/dairy cattle with a high degree of accuracy can be 
used by a camera with AI to achieve a “smart” cowhouse which 
could enable early detection of injuries and illnesses that could 
impact the quantity and quality of milk production.

Conclusion

The heritability of milk components and fatty acids is low, 
regardless of lactation period and degree of heat stress, with the 
exception of protein. The EBVs at higher temperatures tended 
to decrease in heat stress conditions, thus animals with high 
genetic potential demonstrated evidence for G × E interactions 
in Brazilian Holstein cattle population.
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