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Running Head (Short title): GENETIC BY REGIMEN INTERACTION ON 17 

SLAUGHTER TRAITS. 18 

ABSTRACT 19 

The interaction between the genotype and feeding regimen (GxFR) for slaughter traits 20 

was estimated from data corresponding to 2,557 animals under full (FF) and 2,424 with 21 

restricted feeding (RF). Expected responses to selection under different scenario 22 

regarding feeding regimen were also calculated. Body weight at slaughter (SW), 23 

carcass weight (CW) and dressing out percentage (DoP) were analyzed by using linear 24 

animal models in which records obtained under different feeding regimes were treated 25 

as different traits. Animals belonged to Caldes line, selected for average daily gain (G) 26 

under ad libitum feeding. The selection process information was included in the 27 

analyses. Marginal posterior mean of heritabilities were 0.102 for G, and 0.364, 0.257 28 

and 0.167 for SW, CW and DoP under FF feeding. The corresponding values for 29 

animals fed on RF were 0.243, 0.203, and 0.379 for SW, CW and DoP, respectively. 30 

Genetic correlations between G and CW were positive and moderate, and those 31 

between G and DoP were low. The estimated genetic correlation between SW, CW 32 

and DoP under different feeding regimens were: 0.73, 0.69 and 0.87, respectively. 33 

These correlations cannot be said to be far enough from one to generate relevant 34 

GxFR interaction variance, which were estimated to be only 11.1%, 8.6% and 5.3% of 35 

the mean of the phenotypic variance for SW, CW and DoP, respectively. This lack of 36 

GxFR interaction variance, jointly with the higher heritability of DoP under RF, explains 37 

that the genetic improvement of DoP can be done more efficiently recording traits on 38 

animals under RF, even if the interest is on the performances under FF, i.e. by indirect 39 

selection. 40 
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INTRODUCTION 44 

Feed restriction is one widely used practice in livestock species to improve feed 45 

efficiency and to reduce the incidence of some diseases (in pig: Poullet et al. (2019); 46 

in cattle: Hoffman et al. (2007) and in poultry: Carneiro et al., 2019). The reduction of 47 

mortality is due to a decrease in the flow of nutrients that reach the caecum which turns 48 

into a lower proliferation of pathogen bacteria (Romero et al., 2010). In rabbits, 49 

restricted feeding at fattening also increases feed efficiency (Tůmová et al., 2004; Dalle 50 

Zotte et al., 2005) during the restriction period but especially when this is followed by 51 

a full feeding period because of the compensatory growth produced at this last stage 52 

(Gidenne et al., 2009). Omitting this final ad libitum feeding period would penalize the 53 

overall growth during the whole fattening period. This feed restriction leads also to a 54 

reduction in dressing out percentage (DoP) (Maertens, 1992; Knudsen et al., 2014; 55 

Uhlířová et al., 2015) because of changes in the body composition, since growth 56 

patterns of organs and tissues are also modified (Dalle Zotte and Ouhayoun, 1998). 57 

Currently, the degree of implication of the slaughterhouses in rabbit production schema 58 

is steadily increasing, for example in Spain, although there are no official statistics, we 59 

can estimate that approximately 10% of the rabbit production follows an integration 60 

schema. This figure was obtained after conversations with the manager of one of the 61 

most important Spanish rabbit slaughterhouses. A consequence of this implication of 62 

the slaughterhouses in the rabbit production sector is that industrial research projects 63 

addressing the interests of these companies have been developed (CDTI, 2012).  64 
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In most selection nucleus growing rabbits are fed on full feeding (i.e., ad libitum). In 65 

these conditions, if exists a relevant interaction between the genotype and the feeding 66 

regimen (GxFR), the genetic improvement achieved in the nucleus of selection might 67 

not be observed in commercial farms (Ragab et al., 2015) in which feed restriction is 68 

conducted during fattening. This is a common practice, particularly, in production 69 

systems slaughtering at high weights, as it could be the case in Italy or France. Despite 70 

GxFR effect being well known for growth and feed efficiency (Piles et al., 2017; Piles 71 

&  Sánchez 2019), there is no published information regarding the existence of GxFR 72 

for slaughter traits. Therefore, this research aims at filling this gap, estimating the 73 

magnitude of this interaction on slaughter and carcass weights, and dressing out 74 

percentage, as well as exploring the consequence of this interaction in selection 75 

programs aiming to improve these slaughter characteristics. 76 

MATERIALS AND METHODS 77 

Ethical statement 78 

The housing, husbandry and use of animals for the procedures described in this 79 

manuscript were approved by the IRTA welfare committee, following the pertinent 80 

Spanish and European legislation. 81 

Animal and management 82 

All animals were housed in the farm belonging to the Institut de Recerca i Tecnologia 83 

Agroalimentàries (IRTA) at Caldes de Montbui, Barcelona (Spain). Animals in this 84 

experiment came from Caldes line (Gómez et al., 2002) which was founded in 1985, 85 

and then selected by an index combining reproductive and post-weaning growth traits 86 

until 1992; from this year onward, the selection criterion was solely average daily gain 87 

(G) during the fattening period (i.e. from 32 to 63 days of age). At weaning, kits from 88 
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the same litter were distributed into two groups and housed in collective cages of 8 89 

animals under the same environmental conditions and management, except feeding 90 

regimen. One group was fed on full feeding (FF) whereas the other one was restricted 91 

to 75% of the amount of feed consumed ad libitum (RF). All of them received the same 92 

standard pelleted diet and same management practices. Animals were also distributed 93 

according to their weaning weight in two groups, higher or lower than the batch mean, 94 

to get a homogeneous animal size within the cage. The fattening period comprised 6 95 

weeks from 28 to 70 days of animal life. Twenty hours before slaughter, animals were 96 

kept fasting. Animals were weighed (Slaughter Weight, SW) on the farm the hour 97 

before transport to a commercial slaughterhouse sited 20 km apart from the farm. After 98 

slaughter, chilled carcass weight (CW) was also recorded and dressing out percentage 99 

was computed as DoP = (100 x CW) / SW. There was a total of 2,424 and 2,557 data 100 

of animals on FF and RF, respectively, coming from 1,621 litters in 14 batches of the 101 

period comprised from June 2012 to April 2014.  102 

Statistical Model 103 

Records from animals under different feeding regimens were considered to be different 104 

traits. Therefore, data were analysed using a multivariate mixed animal lineal model 105 

which also included the information of the selection criteria (i.e. average daily growth, 106 

G) since the foundation of the line. This was done to avoid biases in the estimates of 107 

the genetic parameters.  108 

Model parameters were estimated using a Bayesian MCMC procedure. In this context 109 

defining the data probability distribution is required. This distribution can be written for 110 

the three sets of traits jointly analysed as: 111 
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where, �� is the vector of records, �� is the vector of systematic effects, �� is the vector 114 

of litter effects and �� is the vector of additive genetic effects, all of them corresponding 115 

to G. �� , ��,� and 	��,� are incidence matrices relating data to the former systematic, 116 

litter and additive genetic effects, respectively. The systematic effects included in the 117 

model for G were: year-season (280 levels), number of kits born alive (7 levels: <6, 118 

6,7,8,9,10 and >10) and parity order (4 levels: 1, 2, 3 and >3) of the litter in which the 119 

kit was born. 120 

	��,�� are the vectors of traits recorded under FF for i = SW, CW or DoP; and ��,�� are 121 

the vectors of traits recorded under RF for i = SW, CW, DoP. ��,� (for i= SW, CW or 122 

DoP and k=FF or RF) are the vectors of systematic effects, ��,� are the vectors of litter 123 

effects and ��,� are the vectors of additive genetic effects. ��,�, ��,�,� and ��,�,� are the 124 

incidence matrices relating data to the former systematic, litter and additive genetic 125 

effects, respectively. The systematic factors included in the model for the slaughter 126 

traits were: batch (13 levels), kit size at weaning (2 levels: small and large), number of 127 

kits born alive (7 levels as defined for G) and parity order (4 levels as defined for G) of 128 

the litter in which the kit was born, and also the number of kits sharing the cage during 129 
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fattening as a linear covariate (mean=7.4, sd=0.73). Given all the position parameters 130 

the records had the following covariance structure: 131 
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 133 

Where, ���
� , ���,�

�  and ���,����,� (for i,j= SW, CW or DoP and k,h=FF or RF) are the 134 

residual variances and covariance of the seven traits jointly analysed;  denotes the 135 

Kronecker product and � is an identity matrix. 136 

Bayesian analyses also require defining prior distributions for all the model’s 137 

unknowns. In our study, the systematic effects (�) were assumed to follow uniform 138 

distributions, and the remaining position parameters were considered to follow 139 

multivariate normal distributions. 140 
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Where, �� and �� are the effects of litter and additive genetic effects for G; and ��,� and 147 

��,� (for i= SW, CW or DoP and k=FF or RF) are the litter and additive genetic effects 148 

for the slaughter traits, respectively; �� and �� are the corresponding covariance 149 

matrices for the former random effects, whose elements are denoted with the symbols 150 

�� and � for variances and covariances, respectively; � is the additive genetic 151 

relationship matrix, and � are identity matrices of appropriate dimension. 152 

Unbounded uniform distributions within the valid range domains were assumed for all 153 

elements of the matrices of variance components. Note that although not explicit 154 

bounds were defined, they were implicitly defined by the computer accuracy. 155 

For the implementation of the Gibbs Sampling, it is necessary to define the fully 156 

conditional posterior distribution of all the unknowns. Given the assumed data 157 

distribution and the defined prior densities, all the conditional distributions have a 158 

known form. Those distributions can be found in Sorensen and Gianola, (2002). The 159 

Gibbs sampling algorithm was implemented using Gibbs2f90 program (Misztal et al., 160 

2002). A unique sampling procedure of 500,000 iterations was run. The first 200,000 161 

iterations were discarded as burning after visual inspection of the trace plots and one 162 

in 10 samples for each parameter of interest was kept to compute descriptive statistics 163 

of its marginal posterior distribution.  164 

Variance of the GxFR interaction 165 

Genotype by environment interaction (GxE) can be defined as the change in the 166 

relative performance of one or more genotypes measured in two or more 167 

environments. Following this definition, the variance due to GxE interaction can be 168 

divided into two parts: one associated with the genetic correlation (rg) between 169 

environments and one associated with the heterogeneity of genetic variance measured 170 
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in each environment (Dickerson 1962; Eisen and Saxton, 1983). Thus, samples from 171 

the posterior distributions of the GxFR variance (�����,�
�,� ) for a specific slaughter trait i 172 

(i = SW, CW or DoP) were obtained from the samples of genetic variances and 173 

covariances according to the following formula (Mathur, 2002): 174 

�����,�
�,� =

1

2
�����,�

� - ����,�
� �

�
+ ����,�

�  ����,�
� �1- ���

� � 175 

Where for the ith trait and tth iteration, ����,�
�  and ����,�

�  are samples of additive genetic 176 

standard deviations on FF and RF, respectively, and ���
�  is a sample of the 177 

corresponding additive genetic correlation. 178 

Expected responses to selection using different selection criteria 179 

Based on the marginal posterior mean of the variance components, new records of 180 

CWFF, CWRF, DoPFF and DoPRF were generated using the same multiple trait model 181 

used for the analysis carried on the real data. The simulations were conducted 182 

assuming an infinitesimal model (Fisher, 1918) i.e., breeding values were sampled 183 

from a multivariate normal distribution. 184 

For the genetic evaluation, only CWFF and DoPFF or CWRF and DoPRF were considered 185 

at the time, using the same models as those used for data simulation. Predictions of 186 

breeding values were obtained by solving the mixed model equations with variance 187 

components equal to those used in the simulation (best linear unbiased prediction; 188 

BLUP). Blupf90 software (Misztal et al., 2002) was used for this purpose.  189 

The simulated datasets mimicked the management of a rabbit selection nucleus of 200 190 

females and 20 bucks, where mating between close relatives, i.e. with common 191 

grandparents, was avoided. Reproduction was organized in four batches per 192 

generation. Records were generated in the first two batches, and in the last two 193 

batches, the candidates were evaluated based on information of carcass traits (CW 194 
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and DoP) measured on their sibs in the previous batches and generations. Each batch 195 

comprised approximately 1,250 selection candidates (half females) which were 196 

distributed in cages of eight animals following the order of the litters they belonged to. 197 

Therefore, cages housed animals from more than one litter and less than 25% of the 198 

cages were formed by animals from a single litter. The best 100 females from the batch 199 

were selected whereas the best 20 males were selected within sire families.  200 

Direct and correlated response to selection were estimated in six alternative scenarios 201 

resulting from the combination of feeding regimen (FF or RF) and the economic 202 

weights posed on each of the two traits: 100% and 0%, 50% and 50% or 0% and 50% 203 

for CW and DoP, respectively.  204 

The simulation was run for five generations and, for each of the 4 traits of interest (i.e., 205 

CWFF, CWRF, DoPFF and DoPRF), responses were estimated as the linear regression 206 

coefficient of the average phenotype of selection candidates in each generation on 207 

generation number. Note that although only two traits were considered in the genetic 208 

evaluations records for the four ones were always generated. One hundred replicates 209 

were run for each scenario.  210 

The simulation process was implemented in a software pipeline that combined an own 211 

Fortran90 code for data generation in each generation, R code to edit the data, 212 

compose parameter files needed to run the genetic evaluation programs (blupf90) and 213 

create the list of the selected males and females which is read back by the Fortran90 214 

program. The complete software pipeline is available upon request. 215 

RESULTS  216 

Feed Restriction Effect on Performances 217 
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Table 1 shows descriptive statistics of the analysed traits including their mean, 218 

standard deviation, and minimum and maximum values. As expected, feeding regimen 219 

had an important effect on body weight being the means of SW and CW around 20 % 220 

higher on FF than on RF. However, the feeding regimen seems not to affect the 221 

phenotypic variation of these traits. The coefficient of variation of SW and CW had 222 

almost the same value on both feeding regimens: 0.12 and 0.13 for SW and CW, 223 

respectively. Despite kits were housed in groups and were not fed individually, the 224 

degree of feed restriction would be similar for all animals sharing the cage, since the 225 

average, across cages, of the standard deviations of the traits within cage are very 226 

similar between feeding regimens. Another important result is that DoP was 1.32 units 227 

(~2.29% of the mean) smaller for kits on RF than on FF. 228 

Genetic parameters of slaughter traits in different feeding regimens 229 

Table 2 shows the heritabilities and the ratio of phenotypic variance due to litter effect 230 

for G and slaughter traits under FF and RF regimens. Phenotypic variance for SW and 231 

CW were higher when kits were full fed than when they were restricted for the whole 232 

fattening period, this is a scale effect associated with the higher final weight (table 1) 233 

in the animals under FF. Heritabilities of those traits were also bigger on FF than on 234 

RF but the ratio of the litter effect variance to the phenotypic variance was higher on 235 

RF than on FF.  For the case of DoP, the differences between both feeding regimens 236 

on the phenotypic variance and on the ratio between the litter variance and the 237 

phenotypic variance were weak; but the difference between the heritability estimates 238 

across feeding regimen was notorious, the heritability under RF was twice as high as 239 

under FF. 240 

Genetic correlations between the studied traits are shown in Table 3. The estimated 241 

genetic correlations within a given trait between the two feeding regimens were in the 242 
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range between 0.69 and 0.87 (marginal posterior mean). For body and carcass weights 243 

the probability of these correlations being lower than 0.9 was higher than 0.95 but for 244 

DoP it was only 0.74. Overall, these figures imply that the performances under both 245 

feeding conditions have a largely common genetic background, nonetheless it must be 246 

stressed that the genetic background overlap between feeding regimes is much higher 247 

for SW and CW than for DoP.  248 

Genetically, SW and CW were positively correlated, being the posterior mean of this 249 

correlation 0.96 and 0.89 on FF and RF, respectively. Moreover, this parameter ranged 250 

between 0.61 to 0.71 when one trait was recorded under FF and the other one under 251 

RF. Much lower genetic correlations were estimated between SW or CW and DoP 252 

which could not be said to be different from zero in most of the cases. Only the genetic 253 

correlation between DoPFF and SW under both feeding regimes reached negative 254 

values (-0.34 and -0.28, with SWFF and SWRF, respectively) being statistically different 255 

from zero, i.e. the shortest interval containing 95% of the density (Highest Posterior 256 

Density, HPD95) did not cover zero, and the probability of the correlation being smaller 257 

than 0 was greater than 0.95. The estimated genetic correlations between the selection 258 

criteria (G) of the line and SW and CW under RF were clearly positives, 0.46 and 0.39, 259 

respectively; when the weight traits were recorded under FF the correlations with G 260 

were lower, and in the case of SW it could not be said to be statistically different from 261 

zero. An oppositive pattern was observed for DoP, the statistically positive genetic 262 

correlation was estimated under FF (0.30) not under RF. 263 

Regarding the phenotypic correlation estimates, in general, much lower magnitudes 264 

were observed, indicating that correlations due to additive genetic and environmental 265 

effects might have opposite signs. 266 

 267 
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Interaction between genotype and feeding regimen 268 

The variance due to GxFR interaction and its ratio with respect to the phenotypic 269 

variance of the trait on both feeding regimens are presented in table 4. No trait showed 270 

relevant interaction between genotype and feeding regimen. The probability of the ratio 271 

of the interaction variance with respect to the phenotypic variance being greater than 272 

0.1 (a quantity that could be considered to be relevant) never was higher than 0.95. 273 

The posterior means of these ratios were around 0.111 and 0.086, for SW and CW 274 

respectively, while for DoP this parameter was estimated to be just 0.053, being the 275 

aforementioned probabilities just 0.62, 0.28 and 0.003, for SW, CW and DoP, 276 

respectively. 277 

 278 

Responses to selection 279 

Given the estimates of genetic and environmental parameters obtained in our rabbit 280 

population, direct and correlated responses to selection obtained from the application 281 

of different selection strategies involving CW and DoP, were estimated by conducting 282 

a simulation process that mimics the selection process in a rabbit nucleus farm. Six 283 

different scenarios were considered according to the feeding regimen of growing 284 

rabbits and different weights assigned to CW and DoP. Table 5 includes the expected 285 

responses when the records are obtained under FF while Table 6 shows those 286 

obtained when records were obtained under RF. In both cases, in a given generation 287 

records for genetic evaluations were obtained from half and full sibs of the selection 288 

candidates. Regarding DoP the highest genetic responses were observed when 289 

phenotypic records were obtained under RF (Table 6). In this scenario when all the 290 

weight was assigned to DoP, the expected direct response (on the trait under RF) was 291 

0.884 percent points per generation (%/generation), while that on the trait recorded 292 
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under FF was 39% lower (0.536 (%/generation)). When the weight assigned to the two 293 

traits (CW and DoP) was the same, the drop in the expected response to selection on 294 

DoP from direct (under RF) to indirect (under FF) selection is reduced by 46% (0.708 295 

%/generation vs 0.378 %/generation). Results on CW are different, in the sense that 296 

indirect selection is not clear to be more effective than direct selection. For example, 297 

when all the weight is assigned to CW the response on this trait under FF is the same 298 

as under RF, 33 grams/generation. However, when the selection index assigns the 299 

same weight to both traits (GW and DoP) the drop in response from direct to indirect 300 

selection was expected to be of around 20%, from 25 grams/generation on CWRF to 301 

15 grams/generation on CWFF. 302 

When the phenotypic records were obtained under FF, if the selection objective was 303 

exclusively the improvement of DoP, direct response (0.448 %/generation) was 21 % 304 

lower than the indirect response (0.568 %/generation). When the same weight was 305 

assigned to both CW and DoP the highest response was obtained for the trait recorded 306 

under RF (0.336 %/generation). The situation concerning CW, both for the case in 307 

which all the weight is posed on CW or for the case in which the selection intensity is 308 

shared between CW and DoP, is partially different from that observed when the 309 

phenotypic records are obtained under RF (Table 6), i.e., the highest responses were 310 

always observed under direct selection, that is, when performances are recorded 311 

under FF. For the case of phenotypes recorded under RF (table 5), no differences 312 

between direct and indirect selection were observed if the index only considered CW. 313 

When it also considered DoP, the same result was observed as when records were 314 

obtained under FF: direct selection outperformed indirect selection. 315 

Comparing results in tables 5 and 6 it can be seen that selection with records obtained 316 

under RF yielded responses on DoP under FF even higher, than those obtained when 317 
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the phenotypic records are obtained under FF (0.536 vs 0.448 %/generation, 318 

respectively). Another relevant result comprises the correlated response on DoP after 319 

selection for CW, in the case the records were obtained under FF, some antagonist 320 

responses would be expected (Table 5), but if selection is based on RF records, the 321 

improvement of CW is expected to be accompanied by also a slightly improvement of 322 

DoP (Table 6) 323 

 324 

DISCUSSION 325 

Results are compatible with growth performance observed in a much larger set of 326 

animals from the same experiment (Piles and Sánchez, 2019). As it could be expected, 327 

feed restriction had an important effect on the average slaughter weight. The daily 328 

growth of animals under RF was 10 grams lower than that of animals under FF. These 329 

differences mean the need of almost two extra weeks to reach the Spanish market 330 

slaughter weight of 2 – 2,3 kg (MARM, 2008) and this is the reason why, RF is usually 331 

practiced during the first 2-3 weeks of fattening, followed by a period of 1-2 weeks on 332 

FF (Gidenne et al., 2009). In this last period, a compensatory growth is observed which 333 

is the responsible of a relevant improvement in feed efficiency with respect to that of 334 

animals fed entirely on FF. Our data also show a reduction in the DoP of the animals 335 

on RF with respect to animals on FF but this reduction was not so clear in other studies 336 

(Crespo et al., 2020). When DoP is impaired in animals under RF, this reduction is 337 

normally associated with a larger size of the intestinal tract (Gidenne et al., 2009; 338 

Knudsen et al., 2017). It has been shown that a minimum length of the restriction period 339 

is required to observe an effect on carcass yield (Tumova et al., 2006). Means of 340 

slaughter traits of animals on FF were similar to those previously reported from animals 341 
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of the same line (Gomez et al., 1998; Piles et al., 2004) or different rabbit sire lines 342 

(Hernández et al., 2006) on the same feeding regimen (i.e. FF).  343 

The observed higher heritability of DoP under RF than under FF suggests that 344 

selection for increased carcass yield could be more effective under limited feeding. 345 

This result was confirmed by direct and correlated responses obtained from the 346 

simulation of a selection process in a nucleus farm. Thus, higher responses were 347 

obtained, even for DoP under FF, when traits were recorded under RF than under FF. 348 

Carcass yield is acquiring an increased interest in the last years but improving this trait 349 

by genetic selection is difficult because the information to evaluate candidates comes 350 

from relatives and also because it is difficult to maintain traceability of the individual 351 

records in the slaughterhouse throughout carcass processing. Therefore, it is desirable 352 

to define the conditions under which genetic variance is best observed. In this regard, 353 

there are no published studies reporting estimates of genetic parameters for carcass 354 

traits of growing rabbits on RF. Heritability estimates for carcass traits recorded on 355 

animals under FF are also scarce, being their magnitude medium-high (Blasco et al, 356 

2018). It must be noted the difficulty of obtaining the large number of records needed 357 

to properly estimate this and other genetic parameters, especially genetic correlations.  358 

INRA’s team conducted a selection experiment for growth under feed restriction of 359 

animals housed individually for 5 generations. They did not observe any correlated 360 

response on carcass yield, either under FF or RF (Molette et al., 2016) despite a clear 361 

drop in the carcass yield was observed when animals were raised under RF, as it 362 

happened in our experiment. This result is compatible with the null (under RF) or low 363 

(0.30 under FF) genetic correlations between DoP and G estimated by us. Other 364 

studies reporting correlated responses to selection for growth on FF, also show a 365 

nearly null correlated genetic response on DoP (Pascual and Pla, 2007). Note, 366 
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however, that if a substantial direct response to selection for growth was observed, 367 

carcass traits could be affected because of the lower maturity degree of animals at 368 

slaughter as a consequence of the correlated effect on adult body weight which also 369 

increases (Piles et al., 2000). Extensive information about the relationship between 370 

growth and carcass traits can be found in the review by Blasco et al., (2018).  371 

The presence of GxE is a potential source of reduced efficiency in genetic improvement 372 

programs in livestock since it causes a re-ranking of performances across different 373 

environments (Nauta et al., 2006; Dominik and Kinghorn, 2008). The existence of G×E 374 

interaction has been mainly explained by two complementary results: i) The genetic 375 

correlation being different from one between performances on different feed regimens, 376 

and ii) An heterogeneous genetic variance of the performances across the feeding 377 

regimens. Both suppose that the set of genes involved in the control of the performance 378 

across feeding regimens are either different or are expressed differentially. In general, 379 

for the analysed slaughter traits we can indicate that both sources are relevant factors: 380 

genetic correlations are clearly different from one for SW and CW, not for DoP; and 381 

important differences in heritability and genetic variance were observed across feeding 382 

regimens. In spite of this differential configuration of the genetic parameters, the 383 

estimated GxFR interaction variances cannot be said to be relevant, since they only 384 

represent 11.1% and 8.6% of the average phenotypic variances for SW and CW, and 385 

5.3% of the average phenotypic variances for DoP. Thus, the departure from one of 386 

the genetic correlations and the genetic heterogeneity across feeding regimes do not 387 

seem to be high enough to generate relevant GxFR interaction variance. In these 388 

conditions there is still room for indirect selection procedures to be preferable over 389 

direct selection methods, particularly for the case of DoP, for which much higher 390 

heritability was reported under RF than under FF. As it has been previously stated, the 391 
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highest response to selection for DoP would be always achieved using records 392 

obtained under RF, even if the objective is to perform under FF. For CW this does not 393 

hold, in this case, indirect selection does not yield higher response than direct selection 394 

methods, note that for CW the interaction variance estimate is higher, although still 395 

limited (around 8.5%), than that for DoP.  396 

 397 

CONCLUSIONS 398 

For DoP the GxFR interaction seems to be of low magnitude and heritability estimate 399 

under RF is much higher than under FF; thus, it would be advisable to always select 400 

animals on RF regardless of the conditions in which they will perform (FF or RF). For 401 

the case of CW, since the GxFR interaction variance seems to be slightly higher, and 402 

heritability estimates between feeding regimens are similar, direct selection methods 403 

are preferable, i.e. to select the animals under the same feeding conditions in which 404 

they will perform. 405 

 406 

Acknowledgements 407 

This work was supported by the Spanish project INIA-RTA2011-0064 from the Spanish 408 

National Research Plan. In addition, we also want to acknowledge the effort and 409 

dedication of the IRTA’s rabbit research farm personnel for taking care of the animals 410 

and their thorough labour on data recording. 411 

 412 

CONFLICT OF INTERESTS 413 

The authors declare that they have no competing interests. 414 

 415 



20 
 
 

DATA AVAILABILITY STATEMENT 416 

The datasets used and analysed during the current study are available from the 417 

corresponding author on reasonable request. 418 

 419 

REFERENCES 420 

Blasco, A., Nagy, I., & Hernández, P. (2018) Genetics of growth, carcass and meat quality in 421 

rabbits. Meat Science, 145,178-185. https://doi.org/10.1016/j.meatsci.2018.06.030. 422 

 Carneiro, P. R. O., Lunedo, R., Fernandez-Alarcon, M. F., Baldissera, G., Freitas, G. G., & 423 

Macari, M. (2019). Effect of different feed restriction programs on the performance and 424 

reproductive traits of broiler breeders. Poultry science, 98, 4705-4715. https://doi.org/ 425 

10.3382/ps/pez181 426 

CDTI 2012. https://www.cdti.es/recursos/publicaciones/archivos/7921_4104102012123517.pdf 427 

Crespo, R., Alfonso, C., Saiz del Barrio, A., García-Ruiz, A.I., Marco, M., & Nicodemus, N. 428 

(2020). Effect of feed restriction on performance, carcass yield and nitrogen and energy 429 

balance in growing rabbits. Livestock Science 241, 10427. 430 

https://doi.org/10.1016/j.livsci.2020.104278 431 

Dalle Zotte, A., & Ouhayoun, J. (1998). Effect of genetic origin, diet and weaning weight on 432 

carcass composition, muscle physicochemical and histochemical traits in the rabbit. 433 

Meat science, 50, 471-478. https://doi.org/10.1016/s0309-1740(98)00060-6  434 

Dalle Zotte, A., Remignon, H., & Ouhayoun, J. (2005). Effect of feed rationing during post-435 

weaning growth on meat guality, muscle energy metabolism and fibre properties of 436 

Biceps femoris muscle in the rabbits. Meat Science, 70, 301–306. 437 

https://doi.org/10.1016/j.meatsci.2005.01.016 438 

Dickerson, G.E. (1962). Implications of genetic-environmental interaction in animal breeding. 439 

Animal Production, 4, 47-63. https://doi.org/10.1017/S0003356100034395 440 



21 
 
 

Dominik, S., & Kinghorn, B.P. (2008). Neglecting genotype by environment interaction results 441 

in biased predictions from selection index calculations. Livestock Science 114, 233-240. 442 

https://doi.org/10.1016/j.livsci.2007.05.004 443 

Eisen, E.J., & Saxton, A.M. (1983). Genotype by environment interactions and genetic 444 

correlations involving two environmental factors. Theoretical and Applied Genetics, 67, 445 

75-86. https://doi.org/10.1007/BF00303929 446 

Fisher, R. (1919). XV.—The Correlation between Relatives on the Supposition of Mendelian 447 

Inheritance. Transactions of the Royal Society of Edinburgh, 52(2), 399-433. 448 

https://doi.org/10.1017/S0080456800012163 Garreau, H., Eady, S.J., Hurtard, J., & 449 

Legarra, A. (2008). Genetic parameters of production traits and resistance to digestive 450 

disorders in a commercial rabbit population. In: Proceedings of the 9th World Rabbit 451 

Congress, Verona, Italy. 103-108. 452 

Gidenne, T., Combes, S., Feugier, A., Jehl, N., Arveux, P., Boisot, P., Briens, C., Corrent, E., 453 

Fortune, H., Montessuy, S., & Verdelhan, S. (2009). Feed restriction strategy in the 454 

growing rabbit. 2. Impact on digestive health, growth and carcass characteristics. 455 

Animal, 3, 509-515. https://doi.org/10.1017/S1751731108003790. 456 

Gómez, E.A., Rafel, O., & Ramon, J. (1998). Genetic relationships between growth and litter 457 

size traits at first parity in a specialized dam line in rabbits. In Proceedings of the 6th 458 

World Congress on Genetics Applied to Livestock Production Armidale, Australia, 552-459 

555. 460 

Gómez, E.A., Rafel, O., & Ramón, J. (2002). The Caldes strain (Spain). Options 461 

Méditerranéennes. Série B : Etudes et Recherches (CIHEAM),38,193-198 462 

Hernández, P., Ariño, B., Grimal, A., & Blasco, A. (2006). Comparison of carcass and meat 463 

characteristics of three rabbit lines selected for litter size or growth rate. Meat Science, 464 

73, 645-650. https://doi.org/10.1016/j.meatsci.2006.03.007 465 

Hoffman, P.C., Simson C.R., & Wattiaux, M. (2007). Limit Feeding of Gravid Holstein Heifers: 466 

Effect on Growth, Manure Nutrient Excretion, and Subsequent Early Lactation 467 



22 
 
 

Performance. Journal of Dairy Science, 90, 946-954. https://doi.org/10.3168/jds.S0022-468 

0302(07)71578-3 469 

Knudsen, C., Combes, S., Briens, C., Coutelet, G., Duperray, J., Rebours, G., Salaun, J-M., 470 

Travel, A., Weissman, D., & Gidenne, T. (2014). Increasing the digestible energy intake 471 

under a restriction strategy improves the feed conversion ratio of the growing rabbit 472 

without negatively impacting the health status. Livestock Science, 169, 96-105. 473 

https://doi.org/10.1016/j.livsci.2014.08.015 474 

Knudsen, C., Combes, S., Briens, C., Coutelet, G., Duperray, J., Rebours, G, Salaun J-M, 475 

Travel, A., Weissman, D., & Gidenne, T. (2017). Substituting starch with digestible fiber 476 

does not impact on health status or growth in restricted fed rabbits. Animal Feed Science 477 

and Technology, 226, 152–161. https://doi.org/10.1016/j.anifeedsci.2017.01.002 478 

Maertens, L. (1992). Selection schemes, performance level and comparative test of two lines 479 

of meat rabbits. In Proceedings 5th World Rabbit Congress, Corvallis, USA, 206-212 480 

MARM. (2008). Encuesta nacional de Cunicultura, 481 

https://www.mapa.gob.es/es/estadistica/temas/estadisticas-482 

agrarias/2008_Cunicultura_Memoria_tcm30-103826.pdf 483 

Mathur, P.K. (2002). Methods for estimation and use of genotype-environment interaction. In 484 

Proceedings 7th World Congress on Genetics Applied to Livestock Production, 485 

Montpellier, France, 32, 325-332. 486 

Misztal, I., Tsuruta, S., Strabel, T., Auvray, B., Druet, T., & Lee, D.H. (2002). BLUPF90 and 487 

related programs (BGF90). In: Proceeding 7th World Congress on Genetics Applied to 488 

Livestock Production, Montpellier, France. p. 28-32. 489 

Molette, C., Gilbert, H., Larzul, C., Balmisse, E., Ruesche, J., Manse, H.,  490 

Tircazes, A., Theau-Clément, M., Joly, T., Gidenne, T., Garreau, H., & Drouilhet, L. 491 

(2016). Direct and correlated responses to selection in two lines of rabbits selected for 492 

feed efficiency under ad libitum and restricted feeding: II. Carcass and meat quality. 493 

Journal Animal Science, 94, 49–57. https://doi.org/10.2527/jas.2015-9403 494 



23 
 
 

Nauta, W.J., Veerkamp, R.F., Brascamp, E.W., & Bovenhuis, H. (2006). Genotype by 495 

environment interaction for milk production traits between organic and conventional dairy 496 

cattle production in The Netherlands. Journal Dairy Science, 89, 2729-2737. 497 

https://doi.org/10.3168/jds.S0022-0302(06)72349-9 498 

Pascual, M., & Pla, A. (2007). Changes in carcass composition and meat quality when 499 

selecting rabbits for growth rate. Meat Science, 77, 474-481. 500 

https://doi.org/10.1016/j.meatsci.2007.04.009  501 

Piles, M., Blasco, A., & Pla, M. (2000). The effect of selection for growth rate on carcass 502 

composition and meat characteristics of rabbits. Meat Science, 54, 347-355. 503 

https://doi.org/10.1016/s0309-1740(99)00109-6 504 

Piles, M., Rafel, O., Ramon, J., & Gómez, E.A. (2004). Crossbreeding parameters of some 505 

productive traits in meat rabbits. World Rabbit Science, 12, 139-148. 506 

https://doi.org/10.4995/wrs.2004.575 507 

Piles, M., David, I., Ramon, J., Canario, L., Rafel, O., Pascual, M., Ragab, M., & Sánchez, J.P. 508 

(2017). Interaction of direct and social genetic effects with feeding regime in growing 509 

rabbits. Genetic Selection Evolution, 49, 58. https://doi.org/10.1186/s12711-017-0333-2 510 

Piles, M., & Sánchez, J.P. (2019). Use of group records of feed intake to select for feed 511 

efficiency in rabbit. Journal of Animal Breeding and Genetic, 136(6), 474-483.  512 

https://doi.org/10.1111/jbg.12395 513 

Poullet, N., Bambou, J., Loyau, T., Trefeu, C., Feuillet, D., Beramice, D., Bocage, B., 514 

Renaudeau, D., & Jean-Luc Gourdine J.L. (2019). Effect of feed restriction and refeeding 515 

on performance and metabolism of European and Caribbean growing pigs in a tropical 516 

climate. Scientific Reports 9, 4878. https://doi.org/10.1038/s41598-019-41145-w 517 

Ragab, M., Sánchez, J.P., Ramon, J., Rafel, O., & Piles, M. (2015). Genetic parameters of 518 

common rabbit diseases under two feeding systems. AIDA, XVI Jornadas sobre 519 

Producción Animal, Tomo II, 510-512. 520 

Romero, C., Cuesta, S., Astillero, J. R., Nicodemus, N., & De Blas, C. (2010). Effect of early 521 

feed restriction on performance and health status in growing rabbits slaughtered at 2 kg 522 



24 
 
 

live-weight. World Rabbit Science, 18(4), 211-218. 523 

https://doi.org/10.4995/wrs.2010.778  524 

Sorensen, D., & Gianola, D. (2002). Likelihood, Bayesian, and MCMC Methods in Quantitative 525 

Genetics. Springer Science and Business Media, New York. 526 

http://dx.doi.org/10.1007/b98952 527 

Tůmová, E., Skřivanová, V., Zita, L., Skřivan, M., & Fučíková, A, (2004). The effect of restriction 528 

on digestibility of nutrients, organ growth and blood picture in broiler rabbits. In: 529 

Proceedings of the 8th World Rabbit Congress, Puebla, Mexico. 1008–1014. 530 

Tůmová, E., Zita, L., & Štolc, L. (2006): Carcass quality in restricted and ad libitum fed rabbits. 531 

Czech Journal of Animal Science, 51, 214-219. https://doi.org/10.17221/3931-CJAS 532 

Uhlířová, L., Volek, Z., Marounek, M., & Tůmová, E. (2015). Effect of feed restriction and 533 

different crude protein sources on the performance, health status and carcass traits of 534 

growing rabbits. World Rabbit Science, 23, 263-272. 535 

https://doi.org/10.4995/wrs.2015.3229. 536 

537 



25 
 
 

Table 1 Summary statistics for average daily gain (G), and body weight at slaughter 538 

(SW), carcass weight (CW) and dressing-out percentage (DoP) of animals on full 539 

(FF) or restricted (RF) feeding regimen. 540 

   541 

Trait N Mean SD Minimum Maximum 
SD Within 

Cage* 

G, g/d 134,419 46.04 8.70 0.25 102.50 - 

SWFF, Kg 2,424 2.45 0.29 1.17 3.42 0.23 

SWRF, Kg 2,557 2.09 0.26 1.01 3.02 0.19 

CWFF, Kg 2,424 1.43 0.19 0.56 2.08 0.15 

CWRF, Kg 2,557 1.19 0.17 0.55 1.78 0.13 

DoPFF, % 2,424 58.37 2.33 43.36 69.30 1.91 

DoPRF, % 2,557 57.05 2.27 42.63 71.56 1.91 

*Average, across cages, of the within-cage standard deviation.  542 
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Table 2 Means (HPDa, HPDb) of the marginal posterior distribution of the phenotypic variance (��
�), the heritability (��) and the ratio 543 

of the litter effect variance to the phenotypic variance (��) for slaughter traits of animals on full or restricted feeding 544 

Trait 
Full feeding Restricted feeding 

��
� �� �� ��

� �� �� 

G 54.83(54.18,55.52) 0.102(0.086,0.121) 0.314(0.305,0.323)* - - - 

SW 0.074(0.067,0.084) 0.364(0.243,0.499)* 0.189(0.139,0.237)* 0.047(0.043,0.051) 0.243(0.132,0.375)* 0.204(0.154,0.254)* 

CW 0.031(0.029,0.034) 0.257(0.154,0.357)* 0.199(0.148,0.249)* 0.020(0.018,0.021) 0.203(0.082,0.338)* 0.211(0.157,0.264)* 

DoP 5.406(5.043,5.758) 0.167(0.101,0.235)* 0.161(0.109,0.209)* 5.159(4.764,5.55) 0.379(0.279,0.483)* 0.141(0.098,0.188)* 

HPDa: lower bound of the 95% highest posterior density interval; HPDb: upper bound of the 95% highest posterior density interval  545 

1G: Average daily gain; SW: live body weight at slaughter; CW: Carcass weight; DoP: Dressing out percentage. 546 

* The probability of the ratio being greater than 0.1 is higher than 0.95 547 

  548 
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Table 3 Means (HPDa, HPDb) of the marginal posterior distribution of the genetic (upper triangular) and phenotypic (lower triangular 549 

correlations between the studies traits in animals on full (FF) and restricted (RF) feeding. 550 

Trait G SWFF SWRF CWFF CWRF DoPFF DoPRF 

G  - 0.16(-0.14,0.55) 0.46(0.22,0.67)* 0.29(0.02,0.64)* 0.39(0.10,0.62)* 0.30(0.09,0.51)* -0.05(-0.31,0.22) 

SWFF 0.03(-0.03,0.10)  -  0.73(0.56,0.84)# 0.96(0.94,0.98)* 0.61(0.41,0.81)* -0.34(-0.62,-0.07)* -0.26(-0.63,0.03) 

SWRF 0.07(0.03,0.11)* 0.37(0.30,0.46)#  -  0.71(0.55,0.86)* 0.89(0.82,0.94)* -0.28(-0.51,-0.04)* -0.21(-0.53,0.09) 

CWFF 0.05(0.00,0.10)* 0.95(0.95,0.96)* 0.33(0.27,0.41)*  -  0.69(0.49,0.88)#  -0.09(-0.37,0.17) -0.07(-0.40,0.25) 

CWRF 0.05(0.01,0.10)* 0.32(0.23,0.40)* 0.95(0.94,0.96)* 0.32(0.24,0.39)#  -  0.10(-0.16,0.36) 0.25(-0.06,0.50) 

DoPFF 0.04(0.01,0.07)* 0.26(0.20,0.31)* -0.01(-0.07,0.05) 0.53(0.48,0.57)* 0.08(0.03,0.14)*  - 0.87(0.78,0.93) 

DoPRF -0.01(-0.06,0.04) -0.04(-0.15,0.07) 0.26(0.21,0.31)* 0.05(-0.03,0.15) 0.54(0.50,0.58)* 0.30(0.23,0.38)#  - 

HPDa: lower bound of the 95% highest posterior density interval; HPDb: upper bound of the 95% highest posterior density interval; G: 551 

Average daily gain (g/d); SW: Live body weight at slaughter (kg); CW: Carcass weight (kg); DoP: Dressing-out percentage (%).  552 

* The probability of the correlation being greater than 0 is higher than 0.95 or smaller than 0.05. 553 

# The probability of the correlation being smaller than 0.9 is higher than 0.95 – only applies to the correlation within the same trait 554 

between the two alternative feeding regimes, these parameter estimates are presented in italic. 555 

 556 
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Table 4 Marginal posterior means (PM) and 95% highest posterior density interval 557 

(HPD95) for the variance due to genotype by feeding regimen interaction and for the 558 

ratio of this variance to the average phenotypic variance (���
�) of the two carcass traits 559 

involved, under full (FF) or restricted (RF) feeding. 560 

 Interaction Variance Ratio of Interaction Variance to ���
� 

Trait1 PM HPD95 PM HPD95 

SW 0.007 0.004 , 0.011 0.111 0.054 , 0.168 

CW 0.002 0.001 , 0.004 0.086 0.040 , 0.138 

DoP 0.282 0.122 , 0.442 0.053 0.023 , 0.083 

1SW: Live body weight at slaughter; CW: Carcass weight; DoP: Dressing-out 561 

percentage. 562 

  563 
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Table 5 Responses (units per generation) to selection under full feeding, assigning 564 

alternative weights to breeding value predictions for CWFF and DoPFF. Mean and SD 565 

over 100 replicates. 566 

Trait 0%-100%* 50%-50% 100%-0% 

CWFF, (Kg/gen.) -0.014(0.008) 0.027(0.008) 0.046(0.007) 

CWRF (Kg/gen.) -0.002(0.005) 0.015(0.006) 0.020(0.006) 

DoPFF (%/gen.) 0.448(0.065) 0.255(0.076) -0.146(0.082) 

DoPRF (%/gen.) 0.568(0.102) 0.336(0.112) -0.176(0.120) 

* Weights posed on CWFF and DoPFF were 0% and 100%, respectively.  567 

  568 
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 569 

Table 6 Responses (units per generation) to selection under restricted feeding, 570 

assigning alternative weights to breeding value predictions for CWRF and DoPRF. Mean 571 

and SD over 100 replicates. 572 

Trait 0%-100%* 50%-50% 100%-0% 

CWFF, (Kg/gen.) -0.010(0.010) 0.015(0.009) 0.033(0.009) 

CWRF (Kg/gen.) 0.004(0.007) 0.025(0.005) 0.033(0.006) 

DoPFF (%/gen.) 0.536(0.085) 0.378(0.084) 0.006(0.100) 

DoPRF (%/gen.) 0.884(0.114) 0.708(0.108) 0.128(0.147) 

* Weights posed on CWRF and DoPRF were 0% and 100%, respectively 573 

 574 
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