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Introduction 

Modern livestock breeding programs rely on selection based on genetic merit, i.e., the 

individuals’ breeding values, generally assumed as independent of the environment in which 

animals are to be raised. Yet genotype-by-environment (GxE) interactions can alter rankings 

of selection candidates depending on the environment in which their offspring will  be reared. 

While studies indicate that individual trait re-ranking due to GxE interactions may be modest 

(Brügemann et al., 2011; Carabaño et al., 2014; Vinet et al., 2023; Vinet et al., 2024), selection 

is based on a unified selection index (USI) that integrates multiple traits. These small shifts in 

breeding values can lead to substantial re-ranking of selection candidates on their overall USI. 

Furthermore, GxE interactions may also be expressed as changes in genetic parameters. This 

has been observed for the French Holstein and Montbeliarde dairy cattle populations, for which 

a previous study has shown that that both heritabilities of protein yield and conception rate, 

and genetic correlations between these two traits change depending on the temperature-

humidity-index (THI – NRC, 1971) experienced by the animals (Vinet et al., 2024). In the 

context of USI-based selection, such changes in genetic parameters across different 

environments are relevant, since the USI consists of a weighted sum of the traits of interest in 

a breeding program, and these weights are mostly defined by the trait’s economic weights and 

genetic parameters. Moreover, the relative weights on traits that compose the USI are 

calculated to maximize their correlation with the defined breeding goals. This approach is 

generally applied to entire national populations or large populations without accounting for the 

non-linearity of economic effects or the position of each herd on the non-linear trajectory. 

Using a proof-of-concept simulation study on two traits, our study aimed to propose new 

approaches for environment-customized genetic selection as a tool to further enhance livestock 

performance, especially under environments that are less favorable for animal production 

systems. 

 

Materials & Methods 

We used 100 replicates of simulated data to study the consequences of using environment-

customized genetic selection, compared to traditional selection that ignores potential GxE 

interactions. 

 

Simulation of base population. 50k SNP-genotypes were simulated for 2,000 individuals of 

a founder population (generation 0); sex was randomly assigned with a 20%-80% proportion 

of males to females, this proportion was kept throughout all simulated generations. To resemble 

a dairy cattle population, SNPs were simulated for 29 autosome chromosomes with a 

proportion of SNPs per chromosome and linkage disequilibrium (LD)  pattern as  described by 
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De Roos et al. (2008). Five subsequent generations were simulated under random mating to 

serve as the base population for the selection scenarios, with every mated cow generating a 

single progeny. Generation 1 was simulated using the 1,600 founder cows and the 400 founder 

bulls, resulting in 1,600 new individuals (320 males and 1280 females). Generation 2 was 

simulated using arbitrary samples of 1,200 and 800 cows from generations 1 and 0 respectively, 

and an arbitrary sample of the bulls from generations 0 and 1, allowing that a bull could be 

sampled more than once, resulting in 2,000 new individuals. Generations k = 3,4,5 were 

simulated using arbitrary samples of 1,200, 600, and 200 cows from generations k–1, k–2 and 

k–3 respectively, and an arbitrary sample of the bulls from the entire population, resulting in 

2,000 new individuals per generation. The offspring’s genotype resulted from the combined 

parental genotypes; for each chromosome c = 1,…,29 of the parents of an offspring i, a number 

xc,sire,i and xc,dam,i of crossing overs were sampled from a Poisson distribution with mean 

0.001×(#SNPs in chromosome c). The xc,sire,i and xc,dam,i crossing-overs were randomly 

assigned to sites of the chromosomes, and finally, one of the two recombined chromosome 

strands of each parent was transmitted to the offspring. 

 

Traits simulation. Two antagonistic traits were simulated with means and genetic parameters 

defined to resemble a production (PROD) and a fertility (FERT) trait in dairy cattle (Table 1). 

PROD and FERT were simulated to mimic protein yield (PY) and cow conception rate (CR) , 

in a French Montbeliarde dairy cattle population (Vinet et al., 2024). A random subset of 750 

SNPs was assigned as pleiotropic QTL affecting both traits, and another random subset of 

2,250 SNPs was assigned as QTL exclusive to PROD, with 2,250 SNPs adjacent to them 

assigned as QTL exclusive to FERT. In this manner, the genetic correlation between the traits 

was partly due to pleiotropy and partly due to LD. Correlated QTL-effects were simulated to 

create GxE interactions and ensure genetic antagonism between the traits across five 

environments that characterized different temperature-humidity-index (THI) conditions, being 

environment 1 the lowest (THI=35), and environment 5 the highest (THI=75), considering the 

adjacent QTL exclusive to each trait as a same position; thus, 10 correlated QTL-effects (5 

QTL-effects for PROD and FERT under environments 1-5) were independently simulated for 

each of the 3,000 positions. Figure 1 presents a scheme of the allocation of QTL positions 

across the simulated genotypes and the distribution of their simulated effects. In this scheme 

αj,PROD and αj,FERT are respectively the 5×1 vectors with the QTL-effects for PROD and FERT 

in the five different environments; ΣPROD and ΣFERT are the 5×5 correlation matrices of the 

within-trait correlations between QTL-effects in the five different environments for PROD and 

FERT, to create GxE interactions, such that ΣPROD,ij = 0.95|i-j| and ΣFERT,ij = 0.9|i-j|; and 

ΣPROD×FERT is the 5×5 matrix of genetic correlations between the two traits in the different 

environments, with values ΣPROD×FERT,i1 = –0.1, ΣPROD×FERT,i2 = –0.075, ΣPROD×FERT,i3 = –0.095, 

ΣPROD×FERT,i4 = –0.125, and ΣPROD×FERT,i5 = –0.175 for every i=1,…,5. Initially, QTL-effects 

were sampled all with variance 1, as per the definition of ΣPROD and ΣFERT, and were then re-

scaled so that the breeding values gPROD = Σj=1Mjαj,PROD and gFERT = ΣjMjαj,FERT in generations 

0- 5 had their final genetic variances equal to Vy×h2 (Mj is the j-th centered QTL-genotype, Vy 

is the phenotypic variance, and h2 is the trait’s heritability). Since our study was intended to 

provide a proof-of-concept of selection accounting for GxE interactions, selection was 

performed directly on the true simulated breeding values, and therefore no residual effects were 

simulated. 
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Figure 1. Scheme of the random allocation of QTL positions across the simulated genome, 

and the distribution considered for the random sampling of the QTL-effects. 

 

Table 1. Phenotypic variances (Vy) and heritability (h2)  for  simulating breeding values in the 

five different environments,  with their environmental mean deviations (μy). 

 PROD (PY in g/day)  FERT (CR in %) 

 Env1 Env2 Env3 Env4 Env5 Env1 Env2 Env3 Env4 Env5 

Vy 6,725 6,670 6,365 5,600 5,500  3,330 3,420 3,665 3,855 4,050 

h2 0.275 0.300 0.275 0.250 0.200  0.015 0.015 0.016 0.018 0.020 

μy 31.4 33.9 4.4 –16.1 –53.6  1 2 2 –1 –4 

 

Selection scenarios. The base population was evolved for 15 additional generations 

(k=6,…,20) with selection applied to sires under two scenarios: (1) ignoring GxE interactions, 

and (2) accounting for GxE interactions. Generations under selection were simulated by 

randomly mating arbitrary samples of 1,200, 600, and 200 cows from generations k–1, k–2 and 

k–3 respectively, with an arbitrary sample of the top 20% sires from generations k–1,…,k–6; 

one offspring was generated per mating pair, resulting in 2,000 new individuals per generation, 

and each new offspring’s genotype resulted from the combined parental genotypes as described 

for the simulation of the base population. Under the first selection scenario, the top 20% sires 

were selected based on the USI  using the average sire’s breeding values across the five 

different environments, denoted gPROD0 and gFERT0 for PROD and FERT, respectively: 

USI0 = (w/σPROD0)×gPROD0 + [(1-w)/σFERT0]×gFERT0,     (1) 

where w = 0.8, and σPROD0 ≈ 40.25 and σFERT0 ≈ 7.85 are the square root of the mean genetic 

variance, i.e. Vy×h2, across the five different environments for PROD and FERT respectively. 

From the USI in equation (1), and assuming no changes of genetic parameters throughout 

generations, the ratio q = (genetic progress for PROD)/(genetic progress for FERT) was given 

by: 

q = [w + (1 – w)×ρ0×σPROD0] / [(1 – w) + w×ρ0×σFERT0]    (2) 

where ρ0 ≈ –0.1 is the mean genetic correlation across the five different environments. Using 

the given values of the parameters in equation (2), q ≈ 0.23. Environment-customized USI was 

performed by using the breeding values at each different environment γ=1,…,5, denoted gPRODγ 

and gFERTγ for PROD and FERT, respectively: 

USIγ= (wγ/σPRODγ)×gPRODγ + [(1-wγ)/σFERTγ]×gFERTγ.    (3) 

For each environment, wγ was defined to maintain the ratio q ≈ 0.23: 

wγ = 1/[1 + (q×ργ×σFERTγ – 1)/(ργ×σPRODγ – q)],     (4) 

resulting in w1 ≈ 0.80, w2 ≈ 0.76, w3 ≈ 0.78, w4 ≈ 0.80, and w5 ≈ 0.82. 

 

Results & Discussion 

Figure 2 presents the genetic progress obtained with the two selection scenarios, i.e., (1) 

ignoring or (2) considering GxE interactions (traditional or environment-customized selection, 

respectively). Keeping breeding goals constant throughout every generation, environment-
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customized selection consistently enables greater genetic progress than traditional selection for 

FERT in all environments, remarkably in the medium to long-term, i.e., after 10 to 15 

generations under selection, reaching a genetic progress 50-70% greater than that obtained with 

traditional selection, i.e. by ignoring GxE interactions. For PROD, environment-customized 

selection enables superior genetic progress than traditional selection only in the short term, 

until 5 generations under selection. For this last trait, from generation 6 onward, traditional 

selection produced slightly higher gains in most environments (up to 8%). However, in the 

most challenging environment (environment 5), environment-customized selection remained 

superior to traditional selection until 9 generations under selection, and even by generation 15 

traditional selection had only 4% greater genetic progress than environment-customized 

selection. Minor revisions of the breeding goals at every five or so generations should ensure 

that genetic progress for PROD from environment-customized selection is maintained as 

optimally as possible, while significantly favoring the genetic progress for FERT. Moreover, 

in situations where  a challenging breeding environment, such as environment 5, is expected 

to be dominant, the average populational genetic progress for both traits is largely assured by 

environment-customized selection. 

 

 
Figure 2. Genetic progress of PROD and FERT in the five different environments, under the 

two selection scenarios: traditional or environment-customized. 

 

Conclusions 

The proof-of-concept simulation demonstrated that environment-customized selection can 

improve overall and within-environment genetic progress for antagonistic traits. Even when 

for each trait, GxE interactions are not very strong, they are sufficiently relevant in the USI 

that considers traits altogether, finally resulting in a much greater genetic progress achieved 

with environment-customized selection, particularly for the low-heritability trait. 
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