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ABSTRACT: We investigated the genetic structure and 
quantitative trait loci (QTLs) for economically important 
traits for the effective use of feed in Landrace pigs. Pheno-
typic data on feeding behaviors were measured with feed-
intake recording equipment during the growing (30 to 70 
kg) to finishing (70 to 105 kg) phases. Genetic parameters 
were estimated by using a multiple-trait animal model. 
QTLs were detected by a genome-wide association study 
(GWAS) based on Bayes C. Differentially estimated genet-
ic correlations for feed efficiency traits between the grow-
ing and finishing phases suggested that different genetic 
factors accounted for these traits. Likewise, the GWAS 
results revealed that single nucleotide polymorphism mark-
ers with relatively high genetic variance were separately 
detected by trait, as well as by feeding phase. Our results 
suggest that using DNA markers may help to effectively 
breed pigs that grow or fatten fast with less feed. 
Keywords: Genome-wide association study; Pig; Residual 
feed intake 
 
 

Introduction 
 

Feed intake and efficiency are economically im-
portant traits because feed is the major expenditure variable 
in pig production (MAFF (2013)). The feed conversion 
ratio (FCR: feed intake/weight gain) has been used as an 
index for breeding pigs with increased feed efficiency. 
However, there are concerns that FCR in fact consists of 
two different traits which are feed intake and weight gain 
(Hoque and Suzuki (2008)). To address the issue, residual 
feed intake (RFI) has been devised and is recognized as a 
practically effective index for developing breeding pro-
grams. RFI is the difference between the observed feed 
intake and the expected feed requirement calculated on the 
basis of body weight (BW) and growth rate. RFI is moder-
ately to highly heritable and is highly positively correlated 
with FCR (Hoque and Suzuki (2008)). However, to calcu-
late RFI we need to measure the feed intake (FI) and body 
weight gain (BWG) of each individual pig over the whole 
feeding phase, and this is difficult to do. Therefore, it would 
be highly beneficial to develop genetic markers for effec-
tive pig breeding for feed efficiency. 

 
Commercial pig farmers in Japan typically feed a 

grower diet up to 70 kg BW; they then use a finisher diet 
until slaughter (105 kg) (National Agriculture and Food 
Research Organization (2013)). In general, protein deposi-

tion in skeletal muscle is promoted predominantly in pigs in 
the early growing phase; fat deposition in adipose tissues 
such as the backfat and intra-muscular fat begins to pre-
dominate toward finishing, owing to a shift in physiological 
characteristics that occurs at about the 70-kg mark (Lewis 
and Southern (2000); Weis et al. (2004)). 

Here, we measured FI and daily gain (DG) in 
Landrace pigs by means of an automated recording system 
to obtain FCR and RFI data, and we genotyped the pigs by 
using PorcineSNP60 v2 Genotyping BeadChip (Illumina) to 
detect quantitative trait loci (QTLs) for feed efficiency 
traits. Furthermore, we investigated whether the QTLs de-
tected differed among the growing, fattening, and whole 
feeding phases of Landrace pigs. 

 
Materials and Methods 

 
We used feed-intake recording equipment (FIRE, 

Osborne Industries Inc., Osborne, KS) to record feeding 
behaviors, including FI (kg), length of time spent at the 
feeder, and frequency of visits to the feeder (no. of times) in 
1,241 Landrace pigs throughout the whole feeding phase at 
East Japan Breeding Farm (Zen-Noh Livestock Co. Ltd., 
Iwate, Japan). Phenotypic data obtained with the FIRE sys-
tem were quality-checked by using criteria to exclude outli-
ers, such as data on animals that stayed at the feeder for >5 
min without FI data, those that stayed >1 h/visit, or those 
with an FI of >2 kg/visit. 

RFI was estimated by using the following formula: 
 

RFI = FI – BWG*α – MBW*β 
 
where MBW is metabolic body weight, which was 

calculated on the basis of the 0.75 power of BW measured 
during the whole feeding phase as a reference value for 
normalization, α and β are the partial regression coefficients 
of BWG and MBV, respectively. 

 
We denoted the phase from feeding initiation (30 

kg) to 70 kg BW as the “growing phase” and the phase 
from 70 kg to slaughter (105 kg) as the “finishing phase.” 
The entire feeding phase, from growing to finishing, was 
denoted as the “whole phase.” Phenotypic data observed in 
each phase were expressed as different traits, and genetic 
correlations among the phases were calculated by using a 
multiple-trait animal model. 

 



Of 1,241 Landrace pigs, 271 were genotyped by 
using a PorcineSNP60 v2 Genotyping BeadChip DNA 
analysis kit (Ilumina, Inc., San Diego, CA) for a genome-
wide association study (GWAS). In total, 44,170 single 
nucleotide polymorphisms (SNPs) with >1% minor allele 
frequency (MAF) and >10–6 Hardy-Weinberg equilibrium 
qualified for use in the GWAS. 

 
Heritabilities for the feed efficiency traits were es-

timated by using the restricted maximum-likelihood method 
on the basis of pedigree information, using the WOMBAT 
statistical analysis package (Meyer (2007)). Briefly, the 
statistical analysis was conducted by using a multiple-trait 
analysis model, as follows: 
 

y = Xb + Zu + e 
 
where y is a vector for observation, b is a vector 

for fixed effect, u is a vector for breeding value, and e is the 
residual error. X and Z are design matrices. Fixed effects 
included year, season, and sex measured as major effects; 
the initiation phase of measurement was taken into account 
as a covariate. 

QTLs were detected by using a Bayes C (Habier et 
al. (2011)) analysis model, as follows: 
 

y* = 1µ + Σmiai + e 
 
where y* is the phenotypic value adjusted by using 

the best linear unbiased estimates of fixed effects, ai is the 
additive effect of the ith SNP, and mi is the genotypic value 
of the ith SNP, defined as homozygous, 0 or 2 and hetero-
zygous, 1. The value of π for the Bayes C method was 
0.999. 

 
Results and Discussion 

 
Heritabilities. First, we estimated the heritabilities 

of FI, RFI, and FCR and the genetic correlations of those 
traits among the growing, finishing, and whole phases (Ta-
ble 1). The heritability of FI was high (0.70 ± 0.06) in the 
growing phase, whereas it decreased (0.44 ± 0.07) in the 
finishing phase. Similarly, the heritability of RFI was high 
(0.53 ± 0.07) in the growing phase and then decreased (0.30 
± 0.07) in the finishing phase. The heritability of FCR did 
not alter throughout feeding, although it increased over the 
whole feeding phase. The heritability values of FI and RFI 
over the whole feeding phase were approximately in the 
middle of those for the growing and finishing phases. The 
estimated genetic correlations between the whole and grow-
ing phases and also between the whole and finishing phases 
were high, at approximately 0.9 for FI, RFI, and FCR. In 
comparison, the genetic correlation between the growing 
and finishing phases was low (0.57 ± 0.12) for RFI. 

 
 
 
 

Table 1. Estimates of genetic parameters for feed intake 
(FI), residual feed intake (RFI), and feed conversion 
ratio (FCR). 
Parameter§ FI RFI FCR 
h2(W) 0.63 ± 0.07 0.45 ± 0.07 0.34 ± 0.07 
h2(G) 0.70 ± 0.06 0.53 ± 0.07 0.24 ± 0.06 
h2(F) 0.44 ± 0.07 0.30 ± 0.07 0.22 ± 0.06 
r(W, G) 0.94 ± 0.02 0.88 ± 0.04 0.92 ± 0.05 
r(W, F) 0.93 ± 0.02 0.89 ± 0.04 0.97 ± 0.03 
r(G, F) 0.76 ± 0.07 0.57 ± 0.12 0.80 ± 0.14 
§Heritabilities in whole, growing, and finishing phases are denoted as h2 
(W), h2 (G), and h2 (F), respectively. Genetic correlation estimates between 
whole and growing phases, whole and finishing phases, and growing and 
finishing phases are denoted as r(W, G), r(W, F), and r(G, F), respectively. 

 
 
Genetic correlations. Second, we estimated the 

genetic correlations among the feed efficiency traits at each 
feeding phase (Table 2). The genetic correlation between FI 
and RFI was high (0.71 ± 0.06) over the whole phase. Even 
higher genetic correlations were observed in both the grow-
ing (0.82 ± 0.05) and the finishing (0.82 ± 0.07) phase. The 
genetic correlation between RFI and FCR was also high 
(0.79±0.06) over the whole phase, whereas that between FI 
and FCR was low (0.19 ± 0.13). 

 
Table 2. Estimates of genetic correlations between feed 
intake (FI), residual feed intake (RFI) and feed conver-
sion ratio (FCR).  
Phase r (FI-RFI)† r (FI-FCR)‡ r (RFI-FCR)§ 
Whole 0.71 ± 0.06 0.19 ± 0.13 0.79 ± 0.06 
Growing 0.82 ± 0.05 0.19 ± 0.14 0.71 ± 0.07 
Finishing 0.82 ± 0.07 0.23 ± 0.19 0.73 ± 0.09 
†, ‡, § Genetic correlations between FI and RFI, between FI and FCR, and 
between RFI and FCR are denoted as r (FI-RFI), r (FI-FCR), and r (RFI-
FCR), respectively.  

 
 
We examined the results of GWAS for RFI in se-

lected chromosomal regions in the different phases (Fig. 1). 
SNP markers with relatively high posterior inclusion prob-
abilities (PIPs) over the whole phase tended to be also iden-
tified in the growing or finishing phase, but none of the 
SNP markers with high PIP values was detected in both the 
growing and the finishing phase. We also examined the 
results of GWAS for FI, FCR and RFI over the whole phase 
in selected chromosomal regions (Fig. 2). No SNP markers 
with high PIPs were commonly detected for FI and RFI. 
Relatively closely located SNP markers with high PIPs at 
positions 9,773 and 9,804 were commonly detected for RFI 
and FCR. Overall, SNP markers with relatively high PIPs 
appeared to be identified for RFI and FCR together. 

 
Genome-wide association study. Here, we inves-

tigated QTLs for FI, FCR, and RFI, as measured by using 
the FIRE system and GWAS based on SNP genotyping. 
Remarkably, phenotypic data obtained in the growing and 
finishing phases, with 70 kg BW as the boundary, were 
taken into account for the different traits. Consequently, the 
QTLs detected were not identical between the growing and 



finishing phases, suggesting that feed efficiency in pigs in 
the early developmental phase can be  improved inde-
pendently of that in the late fattening phase, and vice versa. 
Costs in the early phases of pig growing are particularly 
high in Japan. Therefore, it is an advantage to breed pigs 
with high feed efficiency during growth. To verify the de-
tection of the QTLs found here, we plan to apply the same 
approach to larger populations of Landrace pigs with differ-
ent genetic structures. This will give us broader insight into 
the effects of QTLs for feed efficiency traits in the growing 
and finishing phases. 
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Figure 1: Plots of posterior inclusion probability (PIP) in selected chromosome regions for residual feed intake (RFI) 
in the whole, growing, and finishing phases. X-axis indicates 10,000-bp of the selected chromosomal region. 
 

Figure 2: Plots of posterior inclusion probability (PIP) in selected chromosome regions for feed intake (FI), feed 
conversion ratio (FCR), and residual feed intake (RFI) over the whole feeding phase. X-axis indicates 10,000-bp of the 
selected chromosomal region. 


