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Abstract The consideration of feed efficiency traits is
highly relevant in animal breeding due to economic and
ecologic impacts of the efficient usage and utilization of
feed resources. In pigs, corresponding observations are
recorded using automatic feeding stations and serve as
one of the main criteria in most pig selection programmes.
Simultaneously, feeding stations also generate feeding
behaviour data which represent a nearly unused resource
and provide a valuable proxy measure of health status,
animal welfare, and management practices. In the cur-
rent study, an integrated approach was applied to a feed
efficiency tested and genome-wide genotyped terminal
sire line population. Therefore, genetic analyses were per-
formed combining a single-marker based approach and a
Bayesian multi-marker algorithm. Major quantitative trait
loci (QTL) for feeding behaviour traits comprising daily
occupation time, daily feeder visit, and daily feeding rate
were identified on chromosomes 1, 4, 6, 7, 8, and 14. Feed
efficiency was represented by feed conversion ratio and
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daily feed intake revealing prominent genomic regions
on chromosomes 1, 6, 9, and 11. The positional and func-
tional candidate genes identified are involved in transport
processes like AQP4, SLC22A23, and SLC6A 14 as well as
energy sensing, generation, and utilization as exemplified
by PPP3CA, IQGAP3, ECI2, and DnaJC15. These molec-
ular features provide the first step towards the dissection
of the genetic connection between distinct feeding behav-
iour patterns, feed efficiency and performance, health, and
welfare traits driving the implementation of these traits in
breeding programmes and pig husbandry.

Keywords Feed efficiency - Feeding behaviour - Pigs -
GWAS - FCR

Introduction

Beside growth rate and lean meat percentage, feed efficiency
(FE) is the most important selection criteria implemented in
breeding programmes affecting economic aspects and the
environmental footprint of pig meat production (Kanis et al.
2005; Reckmann et al. 2016). Feed conversion ratio (FCR)
is expressed as the ratio of body weight gain and feed intake.
In practice, it is usually recorded for selected pigs during the
grower—finisher phase via automated feeding stations imple-
mented in group-housing systems (Maselyne et al. 2015). An
increased importance has been attached to FE traits in ani-
mal breeding to consider the efficient conversion of nutrients
into body mass and as a major factor driving the productivity
and the profitableness of the production system (Arthur and
Herd 2005). Thus, FE and related traits are a major target
for genomic selection strategies in livestock breeding (cur-
rent state of research summarized by Samore and Fontanesi
2016). The variation in FE is related to extrinsic factors like
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the formulation and energy density of diets, management,
and climatic conditions. Intrinsic factors are mediated by
diverse physiological processes including sensory and cer-
ebral regulation of appetite, gut digestibility, nutrient absorp-
tion, thermoregulation, muscle activity, as well as processes
related to anabolic and catabolic metabolism (reviewed by
Herd and Arthur 2009). Major factors with contributions to
underlying signalling cascades are involved in the gut—brain
axis as depicted for instance by the neuropeptides ghrelin,
peptide Y'Y, cholecystokinin, and leptin (van der Klaauw and
Farooqi 2015). Despite these overall biological factors that
control appetite and satiety, little is known about the molecu-
lar connections between FE and feeding behaviour traits and
its genetic and phenotypic correlations. In fact, both groups
of traits are influenced by environmental and genetic factors
(Kallabis and Kaufmann 2012; Maselyne et al. 2015; Shirali
et al. 2015). Specifically, Ferndndez et al. (2011) provided
evidence for the occurrence of pig breed-specific feeding
strategies substantiating the influence of genetics on these
traits. Accordingly, Do et al. (2013) revealed breed-specific
differences in heritability estimates of FE and feeding behav-
iour traits as well as variations in their phenotypic and genetic
correlations among three different Danish pig breeds. Feed-
ing behaviour traits like daily feeding rate, daily time spent
eating, or daily feeder visits were previously characterised
as moderately to highly heritable (Chen et al. 2010; Do et al.
2013). The individual differences in feeding behaviour traits
based on genetic factors provide a source of valuable molecu-
lar biomarkers to forecast feeding behaviours as well as their
implementation in pig husbandry (Brown-Brandl et al. 2013).
Specifically, feeding behaviour observations could be used
as an automated tool to monitor the health status of animals
towards improved disease detection and to assess the man-
agement practice (Weary et al. 2009; Brown-Brandl et al.
2013).

The objective of this study was to elucidate genetic fac-
tors affecting FE and feeding behaviour traits in a terminal
boar population in which each animal was genotyped on a
genome-wide scale for ~60 K single-nucleotide polymor-
phisms (SNPs). Investigated traits comprise FCR, daily
feeder occupation time (DOT), daily feed intake (DFI),
daily feeder visit (DFV), and daily feeding rate (DFR).
Single- and multi-marker genome-wide association studies
(GWAS) were performed to identify both trait-specific and
overlapping quantitative trait loci (QTL).

Materials and methods
Animal care statement

The experiment was conducted under experimental licence
from the Irish Department of Health. Animal handling and
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treatment was in accordance with the Cruelty to Animals
Act 1876 and the 1994 European Communities Regulations
(Amendments of the Cruelty to Animals Act 1876).

Housing and feeding

Boars of the terminal Maxgro line were reared, housed,
and sampled by Hermitage Genetics (Kilkenny, Ireland).
The Maxgro line is predominately Pietrain based and under
continuous selection for feed conversion efficiency, growth
performance, and leanness. For testing of FE and feeding
behaviour traits, pigs were penned on the basis of initial
body weight (mean + SD 53.4 £ 10.6 kg) and assigned
to the same dietary treatment. Ingredients and composi-
tion of the diet are provided in Table 1. Average ages of
pigs at start and end of the test period were 97.9 £ 9.8 and
146.0 £ 9.3 days, respectively. The end of the test period
was determined by reaching a final body weight of 110 kg
(mean £ SD 114.6 & 9.8 kg). Groups of 14 animals were
housed in fully slatted pens with a space allowance of
0.75 m? per pig. The house was mechanically ventilated
to provide an ambient temperature of 18 °C. Pens were
equipped with single-space computerised feeders (Mas-
tleistungspriifung MLP-RAP; Schauer Agrotronic AG, Sur-
see, Switzerland) as described by Varley et al. (2011). Via
ear-tag transponders, individuals were registered to auto-
matically record the individual amount of consumed feed
per feeder visit as well as the entry and exit times. Pigs had
ad libitum access to feed and water.

DNA extraction and genotyping

At the end of the test period, blood samples were taken
from the Vena jugularis using EDTA as anticoagulant.
DNA was extracted employing the QIAamp DNA Blood
Mini Kit (Qiagen, Hilden, Germany) following the manu-
facture’s recommendations. In total, samples of 846 boars
with observations of FCR and feeding behaviours were

Table 1 Ingredient and nutritional composition of finisher diets

Ingredient composition (%) Nutrient composition

Barley 50.00 Protein (%) 16.54
Maize 10.00 Oil (%) 3.21
Wheat 18.20 Fibre (%) 3.57
Hipro soya 17.40 Ash (%) 4.80
Soya oil 1.40 DE (MJ/kg) 13.78
Mono dicalcium phosphate 0.90 NE (MJ/kg) 9.90
Finisher premix* 2.10

* Premix provided per kg of complete diet: 10,000 TU vitamin A,
2000 IU vitamin D5, 100 IU vitamin E, 10 mg anti-oxidant mix,
150 g biotin, 15 mg copper, 100 mg zinc, 2 mg iodine, 0.35 mg
selenium, and 100 mg iron



Mol Genet Genomics

processed and subsequently genotyped using porcine
SNP60 Beadchips on an iScan system (Ramos et al. (2009);
[lumina, San Diego, CA, USA). All sample showed sam-
ple call rates above 0.97. For each sample, information of
60487 markers was retrieved after removing all SNPs with
call frequencies below 0.95. Of these markers, 59070 SNPs
mapped to the Sus scrofa genome build 10.2 (http://www.
animalgenome.org/repository/pig/, issued 2014-07-07)
which includes all 18 autosomes, both sex chromosomes,
and a contig of unmapped markers (UWGS). Gaps in the
genotype matrix were closed via imputation of missing
SNP information using fastPHASE (v1.2) (Scheet and
Stephens 2006). After filtering for minor allele frequency
(MAF > 0.03), 51,509 markers were implemented in the
subsequent genome-wide analysis.

Feed efficiency and feeding behaviour traits

Raw feed data contained records from each entry to the
feeding machine during the test period. Errors in single
visit feed intake records were identified following the algo-
rithm developed by Casey et al. (2005) and removed from
the data. The first week of the test was removed from fur-
ther analysis to allow pigs an adaptation period to the feed
dispenser. Average daily feed intake (DFI, g/day), aver-
age daily occupation time in the electronic feeder (DOT,
min/day), average daily number of visits to the electronic
feeder (DFV, count), and feeding rate (DFR, g/min/day)
were calculated over the test period for each animal. DOT
was calculated as the sum of times an animal spent at the
feeder divided by the days of feeding records. DFR repre-
sents the ratio between DFI and DOT. FCR during the test
period was expressed by the quotient of individual DFI and
body weight gain (difference between end and start body
weight). Prior to association analyses, DFV was trans-
formed using the square root function [/(DFV + 1)] to fit
a normal distribution. The descriptive statistics are given in
Table 2.

Genome-wide association analysis (GWAS)
For the identification of QTL, an integrated strategy, com-

bining both single-marker and multi-marker approaches,
was applied to the dataset as previously described (Reyer

et al. 2015). In brief, mixed linear models were carried out
for each trait using JMP genomics 6 (SAS Institute, Cary,
USA). These included random effects of sire line and dam
line to account for relatedness between boars. Furthermore,
the average animal age during the test period was consid-
ered as covariate in the models accounting for age-related
differences in feeding behaviours as well as age-related dif-
ferences in body weight. SimpleM was used to assess the
effective number of independent tests (n = 22,811) based
on the imputed genotype matrix (Gao et al. 2008). Accord-
ingly, significance thresholds were set to P = 4.38E—05
[—log(p value) = 4.36] for suggestive significance and
P = 2.19E—-06 [—log(p value) = 5.66] for genome-wide
significance. Least square means were extracted for each
genotype class and the explained phenotypic variance of
each SNP was deduced from the squared multiple cor-
relation of the regression obtained from the mixed model
analysis. Based on the information of markers used for the
genome-wide analyses, linkage disequilibrium (LD) (%)
between SNPs was analysed for each chromosome employ-
ing the Haploview software (v4.2) as previously described
(Barrett et al. 2005; Reyer et al. 2015). Linkage blocks
were defined using the ‘solid spine of LD’ algorithm pro-
vided by Haploview.

The applied multi-marker method integrated the infor-
mation of all SNPs located within 2577 consecutive
windows of 1 Mb (without UWGS). Based on the chro-
mosome-wide results of LD analyses, the average LD
between markers at a distance of 1 Mb was 0.12 £ 0.03
(mean £ SD). Moreover, 1-Mb windows comprised on
average 20 SNP markers. Analyses were performed using
a Bayesian approach implemented in the GenSel pro-
gramme available via the CyVerse discovery environment
(http://cyverse.org) (Fernando and Garrick 2008). Param-
eters were set to process 51,000 iterations, with the first
1000 cycles discarded as burn-in and an output frequency
of 50. The fraction of SNPs having zero effects was set
to m = 0.995. Hence, on average, 260 SNPs contributing
to the genetic variance were fitted per iteration. Finally,
results were summarised within 1-Mb windows and esti-
mates of the genetic variance explained by each window
were extracted. In total, 2577 1-Mb windows were retrieved
which were assumed to have a theoretical proportion to the
genetic variance of about 0.04% (100%/2577 windows).

Table 2 Descriptive statistics
of feed efficiency and feeding

behaviour traits analysed in the
Maxgro population

Trait Abbreviation n Mean SD Min Max
Feed conversion ratio (g/g) FCR 823 2.26 0.23 1.38 3.57
Daily feed intake (g/day) DFI 843 2733.4 320.0 1488 3924
Daily feeder visits (count/day) DFV 843 4.29 0.90 2.65 8.72
Daily occupation time (min/day) DOT 843 61.95 11.37 32 99
Daily feeding rate (g/min/day) DFR 843 45.38 8.79 24 79
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Windows having contributions to the genetic variance that
were more than ten times higher than this theoretical contri-
bution (explained genetic variance >0.5%) were considered
in subsequent analyses. For these 1-Mb windows, informa-
tion obtained from single-marker analyses was used to cal-
culate the 95% confidence intervals (CI) according to the
quick method proposed by Li (2011). Genomic windows
were screened for functional candidate genes combining
the information of the pig genome resource (http://www.
ensembl.org/, release 86, accessed October 2016) and of
functional gene annotations implemented in the GeneCards
database (http://www.genecards.org/, accessed October
2016).

Results
Feed conversion ratio (FCR)

The genome-wide analyses of FCR revealed 12 1-Mb win-
dows on six different S. scrofa chromosomes (SSC) con-
tributing more than 0.5% to the genetic variance of the
trait (Table 3). The most prominent region, revealed by
single- and multi-marker analyses, was located between
88.0 and 107.7 Mb on SSC 6 and includes 16 significantly
associated SNPs (P < 4.38E—05) and four 1-Mb windows
exceeding the threshold level (Fig. 1). The highest signifi-
cantly associated SNPs in each 1-Mb window explained
between 2.6 and 4.2% of the phenotypic variance (Online
Resource 1). A potential candidate gene is MACF1, which
is a large gene mapping in the window between 88.0
and 89.0 Mb. The indicated LD block in this region was
defined by ALGA0036014 (87.6 Mb) and ALGA0109191
(88.5 Mb) (Online Resource 2). A second candidate gene
deduced for SSC6 was AQP4 at 104.3 Mb which is located
in a 0.7 Mb spanning LD block from ASGA0095497
(104.1 Mb) to ALGA0111332 (104.8 Mb). SSC 9 har-
bours another wide QTL region comprising the genome
section between 120.0 and 128.0 Mb in which three 1-Mb
windows showed contribution to the genetic variance of
FCR above 0.5%. Linkage analysis revealed 32 LD blocks
in this genomic region with the largest block compris-
ing markers between 122.9 and 123.5 Mb. The genetic
window located between 25.0 and 26.0 Mb on SSC 11
explained 1.38% of the genetic variance of FCR. In addi-
tion, two SNPs (at 24.6 and 25.1 Mb) pointed to this QTL.
Thereby, SNP ASGA0050399 located at 24.6 Mb mapped
in an intronic region of DnaJCI5. The highest contribu-
tion to the genetic variance of FCR revealed by Bayes-
ian analysis was assigned to a region between 57.3 and
57.9 Mb on SSC 15. The window explained 1.92% of the
genetic variance. However, the highest associated single-
marker (ALGA0085398) was located at 57.81 Mb and
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did not exceed the significance threshold (P = 6.8E—05).
Homozygous carriers of the major allele of ALGA0085398
showed an improvement in FCR by 0.12 g/g compared
to homozygous carriers of the minor allele. Other 1-Mb
genomic windows exclusively supported by multi-marker
analyses are summarized in Table 3.

Daily feed intake (DFT)

The integration of both genome-wide approaches revealed
ten 1-Mb windows of which five are located on SSC 1
(Table 3). Specifically, a strong QTL region on SSCI1
mapped between 174.4 and 183.3 Mb covering the MC4R
locus (~178.6 Mb). In this region 27 SNPs were signifi-
cantly associated with DFI (Fig. 1). In addition, four con-
secutive 1-Mb windows from 176.0 to 180.0 Mb explain
in total 4.63% of the additive genetic variance of DFI. The
connection between these 1-Mb windows is supported by
an average LD between adjacent markers of 0.42 (average
distance between markers is 83 kb) and by common LD
blocks (Online Resource 2). Two other QTL were synergis-
tically identified by both GWAS methods located at 2.0—
2.9 Mb and 128.0-129.0 MB on SSC5 and 9, respectively.
Uniquely, single-marker analysis revealed a QTL indi-
cated by a cluster of three neighbouring SNPs mapping at
approximately 34.5 Mb on SSC 13 (Fig. 1). All three mark-
ers showed genome-wide-significant association with DFIL.
Two of these SNPs are located beside and in the PFKFB4
gene. The effects of the highest significantly associated
SNPs in each 1-Mb window on DFI are given in Online
Resource 1.

Daily occupation time (DOT)

In accordance with the analyses of DFI, the genomic sec-
tion between 172.0 and 181.0 Mb on SSC1 was the most
conspicuous region in single-marker analysis of DOT
(Fig. 2). In this region, 59 markers were significantly asso-
ciated with DOT, of which 45 SNPs exceed the threshold
of genome-wide significance (P < 2.19E—06). According
to DFI, the same four 1-Mb windows between 176.0 and
179.0 Mb on SSC 1 were obtained in the multi-marker anal-
ysis. The estimated contribution of the whole 4-Mb region
to the genetic variance of DOT was 13.72%. The highest
significantly associated SNP in this QTL (INRA0004984)
affected a shift in DOT from 64.8 to 56.3 min/day (Online
Resource 1). Other QTL with contributions to the genetic
variance in DOT were identified on SSC 4, 7, 8, 9, and
13, as summarized in Table 3. Furthermore, single-marker
analysis uncovered several significantly associated SNPs
located on SSC 1 indicating for genetic contributions of
these genomic regions to the individual variation in the


http://www.ensembl.org/
http://www.ensembl.org/
http://www.genecards.org/

Mol Genet Genomics

Table 3 Genomic 1-Mb windows contributing to feed efficiency and feeding behaviour traits obtained from the integration of single- and multi-
marker genome-wide association analyses in a terminal boar population (n = 846)

Trait SSC* 1-Mb window

% Var® No. SNP° SNP [—log,(p value)]® Putative candidate genes (position)

(Mb)
FCR 6  88-89 071 4 ALGA0036056 (4.68) MACF]I (88.0-88.4 Mb), MFSD2A (88.9 Mb)
6  94-95 124 3 ALGAO0122144 (7.55) EPB41L3 (94.7-94.8 Mb)
6  97-98 130 1 MARC0089589 (5.59) MYOM]I (96.5-96.6 Mb)
6 104-105 072 2 ALGAO115465 (7.08) AQP4 (104.4 Mb)
7 124-125 052 0 ALGA0045316 (4.12)  GLRXS (124.0 Mb), TCLIB (124.1 Mb)
9 120-121 0.67 1 H3GA0053804 (5.42)  ENSSSCG00000022338 (120.7-120.9 Mb)
9 122-123 0.64 1 MARC0083358 (5.07) -
9 127-128 052 2 ALGA0054777 (5.59) TNFSF4 (127.0 Mb), TNFSF18 (127.1-127.2 Mb)
9 148-149 050 0 ALGAO0105115 (2.50) PLXNA2 (148.1-148.3 Mb)
11 2526 1.38 1 H3GA0031644 (5.81) ENOXI (24.2-24.5 Mb), DNAJC15 (24.6-24.7 Mb), TNFSF11
(24.1-24.2 Mb)
14 107-108 065 0 ALGA0080254 (2.68)  ENSSSCG00000029076 (127.5-107.7 Mb)
15 57-58 192 0 ALGA0085398 (4.17) UNCSD (57.4-57.6 Mb)
DFI 1 176-177 0.51 2 ASGA0004976 (8.99) TNFRSF11A (176.6-176.7 Mb), PIGN (176.8-176.9 Mb)
1 177-178 144 6 ALGA0006621 RNF152 (177.1 Mb)
(10.15)
1 178-179 086 4 INRA0004955 (10.15) MC4R (178.6 Mb)
1 179-180 182 8 MARC0013872 (9.66) LMANI (179.2 Mb), ENSSSCG00000004911 (179.3~
179.4 Mb)
1 283-284 213 0 ALGA0009308 (3.71)  SUSDI (283.6-283.7 Mb), ENSSSCG00000022780 (283.4—
283.5 Mb)
2 118-119 073 0 H3GA0007369 (3.45)  ENSSSCGO0000014192 (118.3 Mb)
5 2-3 0.63 1 ALGA0029934 (4.59) PARVB (2.1-2.2 Mb), EFCAB6 (2.6-2.8 Mb)
9  53-54 058 0 MARC0025903 (4.16) ENSSSCG00000026007 (53.7-53.8 Mb), SC5D (53.6 Mb)
9 128-129 L6 1 ALGA0054797 (4.41)  ENSSSCG00000026540 (128.2-128.3 Mb), ENS-
SSCG00000022119 (128.5-128.6 Mb)
12 0l 053 0 ALGA0116599 (3.48) NARF (0.1 Mb)
DOT 1| 176-177 364 7 INRA0004895 (12.58) TNFRSFI1A (176.6-176.7 Mb), PIGN (176.8-176.9 Mb)
1 177-178 0.89 10 ASGA0004992 (11.07) RNF152 (177.1 Mb)
1 178-179 2.55 1 ALGA0006623 MC4R (178.6 Mb)
(11.11)
1 179-180 6.64 10 INRA0004984 (13.28) LMANI (179.2 Mb), ENSSSCG00000004911 (179.3~
179.4 Mb)
4 102-103 0.87 1 H3GA0013527 (5.49)  IQGAP3 (102.1-102.2 Mb)
7 127-128 055 4 MARC0012014 (4.95) -
8 141-142 0.99 1 ALGA0049934 (5.10) SLCI0A6 (141.3 Mb), PTPN13 (141.4-141.6 Mb)
9 2324 .09 2 ASGA0042072 (4.99)  CTSC (24.1 Mb)
13 12-13 063 0 MARC0091244 (1.76) NRID2 (12.2 Mb), THRB (12.4-12.5 Mb)
DFV 1 303-304 070 0 ASGA0007897 (2.57)  CRAT (303.4 Mb)
6 105-106 067 5 ALGAO0103394 (6.39) -
7 2-3 0.85 1 MARC0035078 (4.58) SLC22A23 (2.1-2.2 Mb), PXDCI (2.3 Mb), ECI2 (2.5 Mb)
14 50-51 066 0 H3GA0040087 (3.52) MTMR3 (49.9-50.1 Mb), MORC2 (50.9 Mb), USMG5
(50.5-50.6 Mb)
16 89 0.51 1 ALGAO0112899 (5.71) CDHI8 (8.7-8.9 Mb)
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Table 3 continued

Trait SSC* 1-Mb window % Var® No. SNP® SNP [—logo(p value)]® Putative candidate genes (position)
(Mb)
DFR 4 102-103 3.19 1 H3GAO0013527 (5.95) IQGAP3 (102.1-102.2 Mb)
7 127-128 0.81 0 H3GA0023563 (4.06) -
8 128-129 1.09 6 ASGA0039774 (7.20) PPP3CA (ENSSSCG00000009172; 128.5-128.8 Mb), ENS-
SSCG00000022835 (128.9 Mb)
14 130-131 0.71 0 ALGA0081429 (4.05) -
17 26-27 0.90 1 MARCO0085963 (5.71) —
18 50-51 0.86 0 MARCO0055314 (3.00) ENSSSCG00000016708 (50.3-50.4 Mb)
X 109-110 0.52 3 H3GA0055497 (6.07) HTR2C (108.6—-108.9 Mb), PLS3 (109.5 Mb)
X 110-111 0.57 1 H3GAO0051891 (5.01) SLC6AI14 (110.1 Mb)

FCR feed conversion ratio, DFI daily feed intake, DOT daily occupation time, DFV daily feeder visit, DFR daily feeding rate

& Sus scrofa chromosome according to genome build 10.2

b Genetic variance explained by the 1-Mb window in percent

¢ Number of significantly associated SNPs [—log(p value) >4.36] in the corresponding 1-Mb window obtained from single-marker analysis

4 Single-nucleotide polymorphism (SNP) that showed the highest significant association according to single-marker analysis
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Fig. 1 Manhattan plots indicating QTL for feed efficiency traits in
a terminal sire line population. Results from single-marker GWAS
(upper plot) and a multi-marker approach (lower plot) are depicted
for feed conversion ratio and daily feed intake, respectively. Bold
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and dashed lines indicate the threshold for genome-wide [—log(p
value) = 5.66] and suggestive significance [—log(p value) = 4.36] of
association. Dotted lines represent contributions of a 1-Mb genomic
window to the additive genetic variance of the traits above 0.5%
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Daily feeder visit
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Fig. 2 Illustration of the results obtained from single-marker (upper
plot) and multi-marker (lower plot) GWAS for three different feeding
behaviour traits in pigs. Bold and dashed lines represent the threshold
for genome-wide significance [—log(p value) = 5.66] and suggestive

time an animal spent at the feeder (e.g. at 55.9-60.5 Mb
and at 260.7-272.0 Mb).

Daily feeder visit (DFV)

Multi-marker analyses revealed five 1-Mb windows with
contributions to the genetic variance in DFV between
0.51 and 0.85% (Table 3). The 1-Mb window on SSC 6
between 105.0 and 106.0 Mb explained a proportion of

significance [—log(p value) = 4.36] applied for single-marker analy-
sis. Dotted lines indicate for 1-Mb genomic regions which contribute
more than 0.5% to the additive genetic variance

0.67% of the genetic variance in DFV and was further
indicated by five significantly associated SNPs. Another
obtained QTL, indicated by both approaches, covered
the region between 2.0 and 2.9 Mb on SSC 7 (Fig. 2). In
this window, SNP MARCO0035078 exceeded the thresh-
old of significant association in single-marker analy-
sis (P = 2.63E—05) and the 95% CI pointed to ECI2 as
putative candidate gene (Online Resource 2). The 1-Mb
window on SSC 16 (8.0-8.8 Mb) and the corresponding
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95% CI (Online Resource 2) highlighted CDHI8 as posi-
tional candidate gene. It is further supported by the signif-
icant association of SNP ALGA0112899 mapping in the
intronic region of this gene.

Daily feeding rate (DFR)

For DFR, eight 1-Mb windows were obtained (Table 3).
Two of them completely overlap with regions also iden-
tified in the analyses of DOT. Specifically, the window
between 102.1 and 102.9 Mb on SSC 4 showed the high-
est contribution to the genetic variance in DFR (3.19%).
Screening for candidates, by utilizing information of LD
and CI deduced from single-marker analysis, revealed
IQGAP3 located at approximately 102.6 Mb as positional
candidate gene (Online Resource 2). The second overlap-
ping window between both traits covered the region from
127.0 to 128.0 Mb on SSC 7. Single-marker analysis fur-
ther revealed a putative QTL between 125.0 and 130.1 Mb
on SSC 8 (Fig. 2). In this region, 10 SNPs showed sig-
nificant association with DFR, of which four mapped in
the PPP3CA gene. In addition, the 1-Mb window (128.0—
129.0 Mb) containing the PPP3CA locus explained a pro-
portion of 1.09% to the genetic variance in DFR. Regard-
ing SSC X, two adjacent windows between 109.0 and
110.9 Mb showed contribution to the genetic variance
above the threshold of 0.5%. LD analyses revealed a com-
mon QTL comprising both 1-Mb windows with a con-
tribution to the genetic variance in DFR of 1.09%. The
QTL was also indicated by significantly associated SNPs
obtained from single-marker analysis and harboured puta-
tive functional and positional candidates, namely PLS3 and
SLC6A 14 (Online Resource 2).

Discussion

The conducted genome-wide association study revealed
44 1-Mb windows contributing to the five analysed FE
and feeding behaviour traits. Analyses of FCR and DFI
revealed 12 and 10 QTL regions, respectively. For DOT,
DFV, and DFR, as feeding behaviour traits, 9, 5, and 8
prominent genomic regions were identified. Completely
overlapping 1-Mb regions were found on SSC 1 for DOT
and DFT as well as on SSC 4 and SSC 7 for DOT and DFR.
As exemplified by the highest significant associated SNP in
the QTL on SSC 7 (H3GA0013527), the allele substitution
leads to a reduction in DOT and an increase in DFR. These
results provide evidence for a common genetic foundation
of the analysed traits and, moreover, for a genetic basis of
certain feeding strategies as already indicated by compar-
ing feeding behaviours of different pig breeds (Ferndndez
etal. 2011).
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Some of the identified QTL regions partially over-
lap with the previous studies. Specifically, QTL for FCR
on SSC 11 and 14 and for DFR on SSC 7 were consist-
ently identified in a Meishan x Large White cross using
microsatellite-based analysis (Houston et al. 2005). In
addition, Gilbert et al. (2010) reported marginally signifi-
cant QTL for FCR on SSC 6 (at 125 ¢cM) and SSC 15 (at
51 cM) spanning herein identified 1-Mb windows (Gil-
bert et al. 2010). For DFI, the designated genomic region
on SSC 2 was also previously indicated by microsatellite
analysis in an F2 population of pigs originating from a
cross of Pietrain and a commercial dam line (Duthie et al.
2008; Shirali et al. 2013). Shirali et al. (2013) showed that
this QTL region on SSC 2 is also influenced by residual
energy intake as partial measure of feed efficiency. The
same study revealed overlapping QTL for FCR on SSC 6
(region from 104 to 105 Mb), for FCR and residual energy
intake on SSC 7 (region from 124 to 125 Mb), and for
DFI as well as protein and lipid deposition in the body on
SSC 9 (region from 128 to 129 Mb). Moreover, the FCR-
associated genomic region on SSC 1 (region from 283 to
284 Mb) overlaps with a QTL for average daily gain and
protein deposition in the body. Compared to the previous
GWAS using high-density SNP arrays in other pig breeds
with focus on FCR (Sahana et al. 2013; Wang et al. 2015)
and feeding behaviour (Guo et al. 2015), no exact over-
lapping regions were observed. However, comparisons
of pig breeds regarding feeding behaviour and FE traits
revealed breed-specific differences in feeding strategies and
genetic contributions especially for feeding behaviour traits
(Fernandez et al. 2011; Do et al. 2013).

The obtained QTL for DFI and DOT located on SSC 1
pointed to the MC4R locus at 178.5 Mb which is widely
discussed for contributions to the phenotypic variance of
feeding behaviour traits and feed intake in pigs (Kim et al.
2000). The proposed causal MC4R (Asp298Asn) mutation
affects energy homeostasis influencing back fat thickness,
weight gain, and feed intake but at the same time showing
inconsistencies in its penetrance in different populations
(Kim et al. 2000; Piérkowska et al. 2010; Dvorakova et al.
2011). Moreover, the current and other studies provided
evidence that the genomic region around MC4R includes
other, potentially pleiotropic-acting, genetic variants influ-
encing FE and feeding behaviour traits (Jiao et al. 2014).
The most interesting positional and functional candidate
genes revealed by the combined GWAS approach comprise
the Aquaporin 4 encoding AQP4, the alpha isoform of the
catalytic subunit of calcineurin encoded by PPP3CA, the
IQ Motif Containing GTPase Activating Protein 3 gene
(IQGAP3), and DnaJCI5 which encodes for a protein
belonging to the DnaJC subfamily of co-chaperones.

Aquaporins are water-selective channels embedded
in the cell membrane. As such, they influence the water
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permeability, thus, regulating the cellular water balance.
Beside the abundance of AQP4 in cells of the central nerv-
ous systems, the gene is also expressed in skeletal muscle
fibres where the gene product assists in the osmotic-driven
transport of water from blood to muscle cells (Frigeri et al.
2004). Moreover, AQP4 expression levels in muscle cell
membranes are increased by endurance exercises to regu-
late metabolic needs during physical activity (Wakayama
2010; Basco et al. 2013). Aquaporins represents an interest-
ing class of molecules in the context of FE as the cellular
and organismal incorporation of water could considerably
affect weight gain contributing to FCR.

Calcineurin is activated by increased intracellular cal-
cium levels and initiates tissue-specific effects controlling
immune system functions, body weight, and energy home-
ostasis. Specifically, a mouse model with an impaired but
functional calcineurin protein showed decreased plasma
concentrations of molecules central to the regulation of
appetite, satiety, and energy expenditure like leptin, adi-
ponectin, and free fatty acids (Pfluger et al. 2015). Feed
intake and FE values of these mice differ from wild-type
controls. Accordingly, the evidence for a genetic contribu-
tion of the PPP3CA locus to the variation in feeding behav-
iour traits is in agreement with the role of calcineurin in the
sensation and regulation of energy status (Wang et al. 2012;
De Andrade et al. 2015; Pfluger et al. 2015). Ultimately, the
reactivity of calcium-mediated signalling cascades via cal-
cineurin and subsequent regulations of appetite and satiety
could potentially influence individual feeding rates of pigs
with putative implications on growth rate traits, as previ-
ously suggested (Wang et al. 2015). One of the molecule
families involved in the downstream signalling induced
by calcium or calcineurin is IQGAPs (Smith et al. 2015).
Thus, the GWAS-derived evidence for an association of
IQGAP3 with DOT and DEFR ties in with putative effects
on calcium/calcineurin-mediated signalling pathways con-
tributing to the variation of feeding rate and time spent
for eating. Moreover, functional annotations of IQGAP3
revealed participation of the protein in cell proliferation,
cytoskeletal dynamics, cell-cell adhesion, and intracellular
signalling (Nojima et al. 2008; Hedman et al. 2015).

DnalJC15 acts as a negative regulator of the mitochon-
drial respiratory chain by controlling complex I activity.
Thus, it is involved in the cellular energy production which
is suggested to be highly relevant for explaining individ-
ual variations in FE traits in livestock species (Bottje and
Carstens 2009). Specifically, the absence of DnaJC15 pro-
tein increases mitochondrial complex I activity and induces
ATP production (Hatle et al. 2013). Consequently, knock-
out animal models showed enhanced hepatic lipid metabo-
lism affecting the accumulation of body lipids. However,
the increase in hepatic turnover results in a rapid fat loss
after fasting with lower levels of free fatty acids, and an

increased liver glycogenesis. Accordingly, DnaJCl5,
located in the designated genomic region on SSCI11, is a
promising functional candidate gene for FCR by affecting
the efficiency of ATP production and the utilization of met-
abolic routes.

Moderate genetic correlations between and among FE
and feeding behaviour traits illustrate that animal selec-
tion on FE measures (either residual feed intake or FCR)
affects the genetics of feeding behaviours (Do et al. 2013;
Shirali et al. 2015). Moreover, both trait categories are
moderately linked to production traits like back fat depo-
sition and lean percentage from a genetic point of view.
Whilst FE has been considered in pig breeding for decades,
the implementation of feeding behaviour traits in breeding
programmes is not established. This, of course, is based
on the fact that the revealed relationships between feeding
behaviour traits are inconsistent among breeds and that the
physiological and economic consequences of distinct feed-
ing strategies are still unclear (Fernandez et al. 2011; Do
et al. 2013). Nevertheless, the detailed genetic and phe-
notypic evaluation of grower/finisher pigs regarding their
feeding behaviour can provide biomarkers to assess and
predict implications on animal health and welfare. Spe-
cifically, DFV and DOT could be used as valuable indica-
tors for monitoring pig management and social interaction
among group-housed pigs (Hoy et al. 2012; Brown-Brandl
et al. 2013). The breeder’s selection regarding DFR could
further influence the function and integrity of the digestive
system, e.g., in the etiology of gastric ulcers (Swaby and
Gregory 2012). However, further work is needed to clarify
the physiological consequences of feeding behaviours, for
instance, on stomach and gut health. Therefore, the iden-
tification and investigation of candidate genes for feeding
behaviour traits and their relation of FE traits will provide
considerable insights in underlying molecular mechanisms
and pathways.

Conclusion

The genome-wide association analyses of the terminal sire
line population revealed major QTL for feeding behav-
iour traits including DOT, DFV, and DFR on SSCs 1, 4,
6, 7, 8, and 14. For FCR and DFI as FE traits, prominent
genomic regions were identified on SSCs 1, 6, 9, and 11.
These regions contain several candidate genes with regard
to their positional and functional evidence for an associa-
tion with FE and feeding behaviours. Functional annota-
tions of these genes imply that although established pig
breeds are already improved regarding their resource allo-
cation and efficiency, the genetics contributing to cellular
ATP generation, water homeostasis, and energy metabo-
lism play a considerable role and are highly relevant for the
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variation of analysed traits. Nevertheless, an essential next
step to verify the contributions of identified genomic region
to the traits will be to validate the robustness of their asso-
ciation in independent pig populations. Moreover, the dis-
section of QTL regions will provide additional information
of putative genetic factors involved in both groups of traits.
Further investigation is also needed to clarify the connec-
tion between distinct feeding behaviour patterns and per-
formance, health, and welfare traits to consider their imple-
mentation in breeding programmes and pig husbandry.

Acknowledgements The authors thank Hannelore Tychsen and
Angela Garve for their excellent technical help. This work was part
of the ECO-FCE project (Grant Agreement No. 311794) which has
received funding from the European Union’s Seventh Framework Pro-
gramme (FP7/2007-2013) for research, technological development,
and demonstration.

Compliance with ethical standards

Conflict of interest All authors declare that they have no conflict
of interests, except Patrick Varley who is employed by Hermitage
Genetics. Hermitage Genetics is involved in pig breeding and genetic
improvement of terminal sire lines.

Ethical approval All applicable international, national, and/or insti-
tutional guidelines for the care and use of animals were followed. All
procedures performed in studies involving animals were in accordance
with the ethical standards of the institution or practice at which the
studies were conducted.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

Arthur P, Herd R (2005) Efficiency of feed utilisation by livestock-
Implications and benefits of genetic improvement. Can J Anim
Sci 85:281-290

Barrett JC, Fry B, Maller J, Daly MJ (2005) Haploview: analysis
and visualization of LD and haplotype maps. Bioinformatics
21:263-265

Basco D, Blaauw B, Pisani F, Sparaneo A, Nicchia GP, Mola MG,
Reggiani C, Svelto M, Frigeri A (2013) AQP4-dependent water
transport plays a functional role in exercise-induced skeletal
muscle adaptations. PLoS One 8:¢58712

Bottje W, Carstens G (2009) Association of mitochondrial function
and feed efficiency in poultry and livestock species. J Anim Sci
87:E48-E63

Brown-Brandl T, Rohrer G, Eigenberg R (2013) Analysis of feeding
behavior of group housed growing—finishing pigs. Comput Elec-
tron Agric 96:246-252

@ Springer

Casey D, Stern H, Dekkers J (2005) Identification of errors and fac-
tors associated with errors in data from electronic swine feeders.
J Anim Sci 83:969-982

Chen C, Misztal I, Tsuruta S, Herring W, Holl J, Culbertson M (2010)
Influence of heritable social status on daily gain and feeding pat-
tern in pigs. J Anim Breed Genet 127:107-112

De Andrade PB, Neft LA, Strosova MK, Arsenijevic D, Patthey-
Vuadens O, Scapozza L, Montani J-P, Ruegg UT, Dulloo AG,
Dorchies OM (2015) Caloric restriction induces energy-sparing
alterations in skeletal muscle contraction, fiber composition and
local thyroid hormone metabolism that persist during catch-up
fat upon refeeding. Front Physiol 6:254

Do DN, Strathe AB, Jensen J, Mark T, Kadarmideen HN (2013)
Genetic parameters for different measures of feed efficiency
and related traits in boars of three pig breeds. J Anim Sci
91:4069-4079

Duthie C, Simm G, Doeschl-Wilson A, Kalm E, Knap P, Roehe R
(2008) Quantitative trait loci for chemical body composition
traits in pigs and their positional associations with body tissues,
growth and feed intake. Anim Genet 39:130-140

Dvotdkova V, Stupka R, gprysl M, Citek J, Okrouhld M, Kluzdkova
E, Kratochvilovd H (2011) Effect of the missense mutation
Asp298Asn in MC4R on growth and fatness traits in commercial
pig crosses in the Czech Republic. Czech J Anim Sci 56:176-180

Fernandez J, Fabrega E, Soler J, Tibau J, Ruiz JL, Puigvert X, Man-
teca X (2011) Feeding strategy in group-housed growing pigs of
four different breeds. Appl Anim Behav Sci 134:109-120

Fernando R, Garrick D (2008) GenSel-User manual for a portfolio of
genomic selection related analyses. Animal Breeding and Genet-
ics. Jowa State University, Ames

Frigeri A, Nicchia GP, Balena R, Nico B, Svelto M (2004) Aquapor-
ins in skeletal muscle: reassessment of the functional role of
aquaporin-4. FASEB J 18:905-907

Gao X, Starmer J, Martin ER (2008) A multiple testing correction
method for genetic association studies using correlated single
nucleotide polymorphisms. Genet Epidemiol 32:361-369

Gilbert H, Riquet J, Gruand J, Billon Y, Feve K, Sellier P, Noblet J,
Bidanel JP (2010) Detecting QTL for feed intake traits and other
performance traits in growing pigs in a Piétrain-Large White
backcross. Animal 4:1308-1318

Guo Y, Zhang Z, Ma J, Ai H, Ren J, Huang L (2015) A genomewide
association study of feed efficiency and feeding behaviors at two
fattening stages in a White Duroc x Erhualian F population. J
Anim Sci 93:1481-1489

Hatle KM, Gummadidala P, Navasa N, Bernardo E, Dodge J, Silver-
strim B, Fortner K, Burg E, Suratt BT, Hammer J (2013) MCJ/
DnaJC15, an endogenous mitochondrial repressor of the res-
piratory chain that controls metabolic alterations. Mol Cell Biol
33:2302-2314

Hedman AC, Smith JM, Sacks DB (2015) The biology of IQGAP pro-
teins: beyond the cytoskeleton. EMBO Rep 16:427-446

Herd R, Arthur P (2009) Physiological basis for residual feed intake. J
Anim Sci 87:E64-E71

Houston RD, Haley CS, Archibald AL, Rance KA (2005) A QTL
affecting daily feed intake maps to Chromosome 2 in pigs.
Mamm Genome 16:464-470

Hoy S, Schamun S, Weirich C (2012) Investigations on feed intake
and social behaviour of fattening pigs fed at an electronic feed-
ing station. Appl Anim Behav Sci 139:58-64

Jiao S, Maltecca C, Gray K, Cassady J (2014) Feed intake, aver-
age daily gain, feed efficiency, and real-time ultrasound
traits in Duroc pigs: II. Genomewide association. J Anim Sci
92:2846-2860


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Mol Genet Genomics

Kallabis KE, Kaufmann O (2012) Effect of a high-fibre diet on
the feeding behaviour of fattening pigs. Arch Anim Breed
55:272-284

Kanis E, De Greef K, Hiemstra A, Van Arendonk J (2005) Breeding
for societally important traits in pigs. J Anim Sci 83:948-957

Kim KS, Larsen N, Short T, Plastow G, Rothschild MF (2000) A mis-
sense variant of the porcine melanocortin-4 receptor (MC4R)
gene is associated with fatness, growth, and feed intake traits.
Mamm Genome 11:131-135

Li H (2011) A quick method to calculate QTL confidence interval. J
Genet 90:355-360

Maselyne J, Saeys W, Van Nuffel A (2015) Review: Quantifying
animal feeding behaviour with a focus on pigs. Physiol Behav
138:37-51

Nojima H, Adachi M, Matsui T, Okawa K, Tsukita S, Tsukita S
(2008) IQGAP3 regulates cell proliferation through the Ras/
ERK signalling cascade. Nat Cell Biol 10:971-978

Pfluger PT, Kabra DG, Aichler M, Schriever SC, Pfuhlmann K,
Garcia VC, Lehti M, Weber J, Kutschke M, Rozman J (2015)
Calcineurin links mitochondrial elongation with energy metabo-
lism. Cell Metab 22:838-850

Piérkowska K, Tyra M, Rogoz M, Ropka-Molik K, Oczkowicz M,
Rézycki M (2010) Association of the melanocortin-4 receptor
(MC4R) with feed intake, growth, fatness and carcass composi-
tion in pigs raised in Poland. Meat Sci 85:297-301

Ramos AM, Crooijmans RPMA, Affara NA, Amaral AJ, Archibald
AL, Beever JE, Bendixen C, Churcher C, Clark R, Dehais P,
Hansen MS, Hedegaard J, Hu Z-L, Kerstens HH, Law AS,
Megens H-J, Milan D, Nonneman DJ, Rohrer GA, Rothschild
MEF, Smith TPL, Schnabel RD, Van Tassell CP, Taylor JF, Wied-
mann RT, Schook LB, Groenen MAM (2009) Design of a high
density SNP genotyping assay in the pig using SNPs identified
and characterized by next generation sequencing technology.
PLoS One 4:e6524

Reckmann K, Blank R, Traulsen I, Krieter J (2016) Comparative life
cycle assessment (LCA) of pork using different protein sources
in pig feed. Arch Anim Breed 59:27

Reyer H, Hawken R, Murani E, Ponsuksili S, Wimmers K (2015)
The genetics of feed conversion efficiency traits in a commercial
broiler line. Sci Rep 5:16387

Sahana G, Kadlecova V, Hornshgj H, Nielsen B, Christensen OF
(2013) A genome-wide association scan in pig identifies
novel regions associated with feed efficiency trait. J Anim Sci
91:1041-1050

Samor¢ AB, Fontanesi L (2016) Genomic selection in pigs: state of
the art and perspectives. Ital J Anim Sci 15:211-232

Scheet P, Stephens M (2006) A fast and flexible statistical model
for large-scale population genotype data: applications to infer-
ring missing genotypes and haplotypic phase. Am J Hum Genet
78:629-644

Shirali M, Duthie C-A, Doeschl-Wilson A, Knap PW, Kanis E, van
Arendonk JA, Roehe R (2013) Novel insight into the genomic
architecture of feed and nitrogen efficiency measured by resid-
ual energy intake and nitrogen excretion in growing pigs. BMC
Genet 14:1

Shirali M, Varley P, Jensen J (2015) Genetic background of longitu-
dinal feed efficiency and feeing behaviour traits in Maxgro pigs.
In: Annual meeting of the european association for animal pro-
duction. Wageningen Academic Publishers, Wageningen

Smith JM, Hedman AC, Sacks DB (2015) IQGAPs choreograph cel-
lular signaling from the membrane to the nucleus. Trends Cell
Biol 25:171-184

Swaby H, Gregory NG (2012) A note on the frequency of gastric
ulcers detected during post-mortem examination at a pig abattoir.
Meat Sci 90:269-271

van der Klaauw Agatha A, Farooqi IS (2015) The hunger genes: path-
ways to obesity. Cell 161:119-132

Varley P, Sweeney T, Ryan M, O’Doherty J (2011) The effect of phos-
phorus restriction during the weaner-grower phase on compensa-
tory growth, serum osteocalcin and bone mineralization in gilts.
Livest Sci 135:282-288

Wakayama Y (2010) Aquaporin expression in normal and patho-
logical skeletal muscles: a brief review with focus on AQP4. J
Biomed Biotechnol 2010:731569

Wang Y, Li G, Goode J, Paz JC, Ouyang K, Screaton R, Fischer WH,
Chen J, Tabas I, Montminy M (2012) Inositol-1, 4, 5-trisphos-
phate receptor regulates hepatic gluconeogenesis in fasting and
diabetes. Nature 485:128-132

Wang K, Liu D, Hernandez-Sanchez J, Chen J, Liu C, Wu Z, Fang
M, Li N (2015) Genome wide association analysis reveals new
production trait genes in a male duroc population. PLoS One
10:e0139207

Weary D, Huzzey J, Von Keyserlingk M (2009) Board-invited review:
using behavior to predict and identify ill health in animals. J
Anim Sci 87:770-777

@ Springer



	Exploring the genetics of feed efficiency and feeding behaviour traits in a pig line highly selected for performance characteristics
	Abstract 
	Introduction
	Materials and methods
	Animal care statement
	Housing and feeding
	DNA extraction and genotyping
	Feed efficiency and feeding behaviour traits
	Genome-wide association analysis (GWAS)

	Results
	Feed conversion ratio (FCR)
	Daily feed intake (DFI)
	Daily occupation time (DOT)
	Daily feeder visit (DFV)
	Daily feeding rate (DFR)

	Discussion
	Conclusion
	Acknowledgements 
	References




