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  ABSTRACT 

  Crossing of lines or strains within and between breeds 
has been demonstrated to be beneficial for dairy cattle 
performance. However, even within breed, differences 
between strains may also give rise to heterosis. A key 
question is whether an interaction exists between het-
erosis and environment (H × E) that is independent 
of genotype by environment (G × E) interactions. In 
this study, H × E and G × E interactions were esti-
mated in a population of approximately 300,000 Danish 
Jersey cows. The cows were a mixture of pure Danish 
Jerseys and crosses of US and Danish Jerseys. The 
phenotype studied was protein yield. A reaction norm 
model where the unknown environmental covariates are 
inferred simultaneously with the other parameters in 
the model was used to analyze the data. When H × E, 
but not G × E, was included in the model, heterosis 
was estimated to be 3.8% for the intermediate environ-
mental level. However, when both H × E and G × E 
were included in the model, heterosis was estimated to 
be 4.1% for the intermediate environmental level. Fur-
thermore, when only H × E was included in the model, 
the regression on the unknown environmental covariate 
was estimated to be 0.15, interpreted as meaning that 
an increase of average herd-year protein yield by 1 kg 
of protein led to an increase in heterosis of 0.15 kg 
above the average heterosis for a first-cross cow. When 
both H × E and G × E were included in the model, 
the regression on the unknown environmental covariate 
was not significantly different from zero, meaning that 
heterosis was similar in all environments investigated. 
The genetic correlation of protein yields for different 
environmental levels ranged from 0.72 to 0.93, which 
was significantly different from unity, indicating that G 
× E exist for protein yield. 
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  Short Communication 

  Crossing of lines or strains within breeds has been 
demonstrated to be beneficial for dairy cattle perfor-
mance. It is systematically used in breeding programs 
for pig and poultry, but despite being less common in 
dairy systems, significant advantages of crossbreeding 
exist (Lopez-Villalobos et al., 2000; Heins et al., 2006; 
Walsh et al., 2007; Sørensen et al., 2008). Also, studies 
have shown that expression of heterosis is dependent on 
the environment; Barlow (1981) and Penasa et al. (2010) 
stated that heterosis is largest under suboptimal pro-
duction environments, whereas Bryant et al. (2007) and 
Kargo et al. (2012) concluded that heterosis was largest 
in intermediate environments. The studies by Bryant et 
al. (2007) and Kargo et al. (2012) on dairy cattle used 
average herd production level to define the environment 
(i.e., by grouping animals according to herd production 
level). However, defining environmental groups before 
analysis may have some disadvantages, depending on 
the precision of grouping. In general, such grouping 
will include a level of randomness due to estimation er-
rors and due to the grouping being dependent on other 
factors in the model to be used. In addition, lack of 
connectedness between groups can be a problem. Using 
a Bayesian approach, Su et al. (2006) developed a reac-
tion norm model with unknown environmental covari-
ates, where the environmental covariates were inferred 
simultaneously with the other parameters in the model. 
Using simulated data and herd × year as environmental 
value, they demonstrated this method to be superior to 
traditional reaction norm models [e.g., Kolmodin et al. 
(2002) and Calus et al. (2002)], where environmental 
covariates are calculated before the analysis as simple 
functions of the data to be analyzed. Su et al. (2009) 
extended the reaction norm model with unknown envi-
ronmental covariate to include breed heterozygosity × 
environment (H × E) interactions. 

  A possible genotype × environment (G × E) effect 
has already been reported in the Danish Jersey popula-
tion (Kargo et al., 2012). Those authors observed that 
the genetic variation of milk yield was almost twice as 
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large for cows in herds with high production levels com-
pared with cows in herds with low production levels. In 
addition to G × E, H × E interactions may also exist; 
therefore, a logical progression from the study by Kargo 
et al. (2012) is to investigate if G × E and H × E both 
exist in this population. For that reason, the reaction 
norm model developed by Su et al. (2006, 2009) was 
modified to allow for simultaneous estimation of G × E 
and H × E effects.

The aim of the present study was to estimate H × E 
and G × E effects simultaneously using a reaction norm 
model. Cows identified to be of Danish Jersey ancestry 
and crosses between Danish and US Jerseys were used. 
The 2 lines differ significantly in breeding values for 
most traits (Knowledge Centre for Agriculture, 2013) 
and are, therefore, considered to be 2 strains of the 
Jersey breed.

The data was identical to those used by Kargo et al. 
(2012). In brief, records on 305-d protein yield (PY) 
from 312,859 first-lactation Danish Jersey cows with 
varying contributions of American (US) Jersey genes 
from 1,746 herds and born between 1990 and 2006 were 
included in the analysis. Only cows with more than 
45 DIM and a calving age between 18 and 40 mo were 
retained. Contributions of genes (of Danish and US ori-
gin) were traced as far back as possible using the Dan-
ish cattle database (Bundgaard and Høj, 2000). Danish 
founders were assumed to have 100% Danish genes. 
Contributions of imported males and females were in-
cluded in the Danish cattle database based on pedigree 
information from the country of origin. The contribu-
tion of US Jersey genes increased from slightly below 
10% for cows born in 1990 to around 40% for cows born 
in 2001. For cows born from 2001 onwards, the propor-
tion of US Jersey genes has been slightly below 40%. 
Throughout the period, genes not belonging to original 
Danish or US Jersey lines were below 5%, and decreas-
ing toward zero. To avoid the anomalies arising from 
another population of Jerseys, animals with more than 
12.5% New Zealand Jersey genes were omitted from the 
study, and animals with less than 12.5% New Zealand 
Jersey genes were considered to be Danish Jersey, as 
this contribution was found to originate from an early 
import in the 1960s. The degree of heterozygosity was 
calculated as sbp(line1) × dbp(line2) + sbp(line2) × dbp(line1), 
where sbp is the proportion of ancestry of a given sire 
line and dbp is the proportion of ancestry of the dam 
line. Lines 1 and 2 are Danish and US Jerseys, respec-
tively. This corresponds to an assumption of heterosis 
being caused by dominance effects. The pedigree was 
traced as far back as possible in the Danish cattle da-
tabase (Bundgaard and Høj, 2000), and the pedigree 
file for the full data set included 485,265 animals. All 

analyses in this study were carried out using the DMU 
software package (Madsen and Jensen, 2013).

Two different reaction norm models were used to 
analyze the data in this study. The first included only 
an H × E effect and the second included G × E in 
addition to the H × E effect. The properties of the 
models are described in detail by Su et al. (2006) and 
Su et al. (2009). The model estimates the unknown 
environmental covariates simultaneously, with all other 
effects in the model and the error in the estimation of 
these environmental effects then being integrated out 
of the posterior distributions. The estimated environ-
mental covariates are based on herd-year solutions for 
protein yield. Following Su et al. (2006) and Su et al. 
(2009) the 2 reaction norm models used in this study 
were as follows:

 (1)  A model including only H × E effects

y = Xb + Wt + hr + htrt + Z0a0 + e;

 (2)  A model including both H × E effects and G × 
E effects

y = Xb + Wt + hr + htrt + Z0a0 + Ztat + e.

In the 2 models, y is the vector of first-lactation records 
of PY; b is the vector of fixed effects of year, age at first 
calving (in months), calving month and calving interval 
(as a covariable); t is the vector of random herd × 
year effects; r is a fixed regression coefficient of PY 
on line heterozygosity to estimate an overall heterosis 
effect; rt is a fixed regression coefficient of PY on line 
heterozygosity × herd × year effect, which estimates 
deviation from the overall heterosis due to production 
level, where the herd × year effect is used as a proxy 
for the true but unknown environmental covariable; a0 
is the vector of intercepts; and at is the vector of slopes 
of additive genetic reaction norms in model 2; a0 in 
model 1 is the vector of additive genetic effects and e is 
the vector of residual effects. In this model, X, W, and 
Z0 are known incidence matrices and h is the vector of 
heterozygosity. However, ht and Zt are unknown. The 
element i of vector ht is the product of heterozygosity 
(an element of h) and environmental value (an element 
of t) associated with observation i. The row i of matrix 
Zt has only 1 nonzero element, which is equal to the 
environmental value associating with observation i. 
Similarly each row of Z0 is zero except for a value of 1 
in the same position as the nonzero element in Zt.

The reaction norm model was implemented applying 
a Gibbs sampling approach, which is briefly described 
here based on model 2. The approach includes 2 steps 
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to sample location parameters. The first step is condi-
tional on t, so that ht and Zt can be treated as known. 
This leads to

yθ = y − Wt = Xb + hr + htrt + Z0a0 + Ztat + e,

where yθ is the vector of the observations corrected 
for herd × year effects. Because all incidence matrices 
and vectors in the above model are known, location 
parameter θ = (b, r, rt, a0, at) can be sampled using 
standard Gibbs sampling for a model assuming normal 
distributions.

The second step is conditional on θ. Thus,

yt = y − Xb − hr − Z0a0 = Wt + htrt  

+ Ztat + e = W*t + e.

In this step, W* is the incidence matrix obtained by 
replacing the nonzero element in row i of matrix W 
with 1 0+ +hi ti

r z a , where hi is the heterozygosity of the 
individual with record i and z0i  is the ith row of matrix 
Z0. Therefore, location parameters t can be sampled 
using standard Gibbs sampling procedure for normally 
distributed data.

The Gibbs sampler was run as a single chain with a 
length of 65,000 samples. Convergence was monitored 
by graphical inspection of the distributions of vari-
ance and covariance samples. The first 15,000 samples 
were discarded as burn-in. Every 10th sample of the 
remaining samples was saved, leaving 3,000 samples to 
estimate the features of the posterior distributions.

In general, the heterosis estimates found for PY in 
crosses between Danish and US Jersey agree with other 
estimates reported in Danish Jerseys (Sørensen et al., 
2008). The parameters estimated with the 2 different 
reaction norm models: one including an H × E effect 
and the other including both an H × E and a G × E 
effect, are presented in Table 1. The additive genetic 
variance is similar for both models, being slightly larger 
when estimated with the model that excluded a G × 
E effect. This is in agreement with what was found in 
first-lactation Jersey cows by Campos et al. (1994). The 
residual variance is somewhat smaller for the model 
that included both H × E and G × E compared with 
the model that excluded the G × E effect. So, the G × 
E effect captures both some of the residual and some 
of the genetic variance estimated in a model without 
the G × E effect included. Environment-independent 
heterosis (the intercept, or the heterosis expressed in an 
intermediate environment) was around 3.78% when es-
timated with the model including only an H × E effect, 
and slightly higher when the G × E effect was added 

(4.1%). The environment-dependent heterosis (slope of 
the environmental covariate) was estimated to be 0.15, 
meaning an increase of average herd-year PY by 1 kg of 
protein led to an increase in heterosis of 0.15 kg above 
the average heterosis for a first-cross cow. When a G × E 
effect was included in addition to H × E, the regression 
of H × E on the unknown environmental covariate was 
not significant. To make interpretation of the results 
from this study easier as well as to allow comparison 
with the study by Kargo et al. (2012), Figure 1 illus-
trates heterosis (in percent) for different production 
levels estimated with the 2 reaction norm models, in 
addition to the heterosis estimates obtained by Kargo 
et al. (2012). The selected production levels correspond 
to the mean of the 5 environmental groups based on 
herd level of PY as defined in Kargo et al. (2012). The 
average PY in the different environmental groups was 
as follows: environment 1 = 165 kg, environment 2 = 
183 kg, environment 3 = 194 kg (the intermediate envi-
ronment), environment 4 = 204 kg, and environment 5 
= 221 kg. Thus, at these production levels, estimates of 
heterosis should be comparable between the 2 studies. 
The estimate of the environment-independent heterosis 
was slightly higher (3.78% compared with 3.32%) than 
found by Kargo et al. (2012) when estimating het-
erosis on the total data set using average information 
REML without considering differences in environment. 
Clearly, including a linear reaction norm on H × E 
resulted in increasing estimates of heterosis as level of 
environment improved for PY. In Figure 1, the per-
centage heterosis in the different environmental groups 
estimated by Kargo et al. (2012) appears to exhibit a 
quadratic shape. However, the heterosis in PY appears 
to be linear. Thus, using a linear reaction norm, as we 
did, should be valid. However, when a G × E effect was 
included in addition to the H × E effect, the H × E 
effect disappeared. The reason for this may be that the 
G × E effect captured the scaling effects of increasing 
PY on the genetic variance. In the model without the 
G × E effect, the scaling effect was captured by the H 
× E term.

Heritabilities of PY obtained in the present study 
for different environmental groups as defined in Kargo 
et al. (2012) and genetic correlations between PY in 
the different groups estimated with the reaction norm 
model including both an H × E effect and a G × E ef-
fect are presented in Table 2. The heritabilities ranged 
from 0.21 to 0.52 and were, as expected, lowest in the 
group reflecting the lowest herd production level and 
highest in the group with the highest production level. 
The heritability of PY in an intermediate environment 
was estimated to be 0.35 and is similar to that found by 
Kargo et al. (2012) when estimating the heritability of 
PY on the same data using average information REML. 
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When comparing the heritability estimates by investi-
gating 5 environmental groups that were approximately 
the same as in the study by Kargo et al. (2012), the 
heritabilities obtained in our study were lower in the 
lower production level groups and higher in the groups 
with a higher production level. This is likely because 
the analysis of Kargo et al. (2012) used predefined envi-
ronmental groups, whereas in the study presented here, 
all parameters were estimated simultaneously, avoiding 
the need for prior classification of groups. Errors in 
estimated environmental effects will lead to downward 
biases in estimated regression parameters when regress-
ing on this effect, which may explain the differences 

observed in heritabilities of the extreme groups between 
the 2 studies.

The genetic correlations between PY in differ-
ent environments were, as expected, highest between 
neighboring environments. The correlation between 
the lowest production level group (environment 1) and 
the others ranged from 0.72 to 0.93. The correlations 
between environment 2 and 3, 3 and 4, and 4 and 5 
were close to unity. These results demonstrate that PY 
is not the same trait in herds with very low production 
levels, where the cow does not have the possibility to 
express their genetic potential. Therefore, models for 
genetic evaluations of production traits should include 

Table 1. Estimated parameters for protein yield from 2 different reaction norm models where the first included 
only a heterosis × environment (H × E) effect and the second included both an H × E effect and genotype × 
environment (G × E) effect (with SE given in the subscripts) 

Model σa
2 1 σb

2 2 σab 
3 σe

2 4 EI Het.5 ED Het.6

H × E 2574.59 — — 4773.10 7.340.43 0.150.01
H × E and G × E 2474.62 0.080.004 3.30.09 4513.17 7.960.43 0.0370.02

1Additive genetic variance.
2Variance of the slope of the additive genetic reaction norm.
3Covariance between σa

2 and σb
2.

4Residual variance.
5Environment-independent heterosis (kg).
6Environment-dependent heterosis (kg).

Figure 1. Heterosis (%) estimated by Kargo et al. (2012) for different environmental groups based on protein production level using average 
information REML (AI-REML; medium gray bars) and in the current study using a reaction norm model including a heterosis × environment 
effect (dark gray bars) or a reaction norm model including both a heterosis × environment and a genotype × environment effect (light gray 
bars). Estimates are related to the same groups as in the AI-REML analysis by Kargo et al. (2012).
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this interaction, as this will lead to more accurate 
evaluations of individual animals and further enable a 
fair comparison of animals independent of their produc-
tion environment. However, the G × E interaction is 
currently not included in most genetic evaluation pro-
cedures implemented worldwide, including Denmark. If 
it is included in routine evaluations, a relevant ques-
tion would be how to interpret and use the resulting 
breeding values. One strategy could be to select bulls 
based on their performance for specific environmental 
conditions (herds with different levels of management). 
Another strategy could be to select bulls with the flat-
test slope (i.e., the bulls that are least sensitive to the 
environment, or “robust” across environments; Bryant 
et al., 2007). The results presented here also clearly 
support that models for genetic evaluation should take 
account of differences in estimates of heritability and 
variance in different environments. The optimum strat-
egy is dependent on the phenotypic records available, 
information on environment/herds, size of the popula-
tion, and the magnitude of G × E interaction for the 
trait of interest. The results also clearly support that 
extreme herds do not obtain all benefits of the current 
system of genetic evaluation for PY in Denmark.
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