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ABSTRACT: Average daily gain is an important target
trait in pig breeding programs. In this study we performed
a genomewide association study for ADG in Italian Large
White pigs using a selective genotyping approach. Two
extreme and divergent groups of Italian Large White pigs
(number 190 + 190) were selected among a population of
about 10,000 performance tested gilts (EBV for ADG in
the 2 groups were —30 & 14 g and 81 £ 12 g, respectively)
and genotyped with the Illumina PorcineSNP60 Bead-
Chip. Association analysis was performed treating the
pigs of the 2 extreme groups as cases and controls after
correction for family-based stratification. A total of 127
SNP resulted significantly associated with ADG (£ nomi-
nal value [P, ]<2.0 x 10~7, P<0.01 Bonferroni correct-
ed [Py onferroni] < 0-01, false discovery rate <7.76 x 1079).
Another 102 SNP were suggestively associated with the
target trait (P, between 2.0 x 1077 and 2.02 x 1075,
Pponferroni < 0-10, false discovery rate < 4.19 x 1074,
These SNP were located on all autosomes and on porcine
chromosome (SSC) X. The largest number of SNP within
this list was on SSC5 (n = 42), SSC7 (34), SSC6 (30),
SSC4 (23), and SSC16 (16). These chromosomes were

richer in significant or suggestively significant markers
than expected (P < 0.001). A quite high number of these
SNP (n = 23) were associated with backfat thickness in
a previous genomewide association study performed in
the same pig population, confirming the negative correla-
tion between the 2 traits. Two or more SNP targeted the
same gene: /GSF3 and HS2ST1 (SSC4), OTOGL (SSC5),
FTO region (SSC6), and MYLK4 and MCURI1 (SSC7).
Other regions that were associated with ADG in previous
candidate gene studies (e.g., MC4R on SSC1, IGF?2 and
LDHA on SSC2, MUC4 on SSC13) 1) included markers
with P, < 0.01 that, however, did not pass the stringent
threshold of significance adopted in this study or 2) could
not be tested because not assigned to the Sscrofal(.2
genome version. Functional annotation of the signifi-
cant regions using Gene Ontology suggested that many
and complex processes at different levels are involved in
affecting ADG, indicating the complexity of the genetic
factors controlling this ultimate phenotype. The obtained
results may contribute to understand the genetic mecha-
nisms determining ADG that could open new perspec-
tives to improve selection efficiency in this breed.

Key words: average daily gain, genomewide association study,
Italian Large White pigs, selective genotyping, single nucleotide polymorphism
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INTRODUCTION

Growth rate, measured at different growth stages,
is an important objective in pig breeding programs as
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it is directly related to economic advantages. There-
fore, measures of this phenotype, such as ADG, are
usually included as target traits in selection programs
in purebred and commercial pig lines.

Quantitative trait loci for growth performances
and related traits have been reported on almost all por-
cine chromosomes (Hu et al., 2013), suggesting that
growth efficiency is a complex trait determined by a
large number of loci. In addition, candidate genes have
been associated with ADG in different pig populations,
including Italian heavy pig breeds (e.g., Fontanesi et
al., 2010b, 2011, 2012a,b).
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Several of our previous association studies be-
tween DNA markers and production traits in these
breeds were based on a selective genotyping strategy in
which only the most extreme animals for the target trait,
selected within a large performance tested population,
were genotyped. This method provided a cost-effective
and powerful experimental design (Darvasi and Soller,
1992) to identify gene associated with economically
important traits in genetically evaluated pigs of nucle-
us herds (Fontanesi et al., 2009, 2012a,b,c,d).

The recent development of a high throughput com-
mercial genotyping platform in pigs (Porcine-SNP60
Genotyping BeadChip, Illumina inc. San Diego, CA;
Ramos et al., 2009) that can analyze more than 60,000
SNP throughout the pig genome now enables us to per-
form genomewide association studies (GWAS), im-
proving efficiency in detecting genome regions affect-
ing production traits. We already performed a GWAS
in Italian Large White pigs for backfat thickness (BFT)
and identified novel chromosome regions affecting fat
deposition (Fontanesi et al., 2012d).

In this work we performed a GWAS for ADG in
Italian Large White using a selective genotyping ap-
proach and identified SNP associated with this trait
adding information about the genetic complexity af-
fecting growth performances in pigs.

MATERIALS AND METHODS

All animals used in this study were kept according
to Italian and European legislation for pig production
and all procedures described were in compliance with
national and European Union regulations for animal
care and slaughtering.

Animals

The association study was conducted following a se-
lective genotyping approach, as already described (Fon-
tanesi et al., 2012c,d). Briefly, 2 extreme and divergent
groups of Italian Large White gilts, identified within a
population of about 10,000 pigs performance tested in
the period 1996 through 2009, were used in this study.
These animals were included in the national selection
program of the Italian Large White breed. This program
is based on triplets of siblings from the same litter, 2 fe-
males and 1 castrated male that are individually perfor-
mance tested at the Central Test Station of the National
Pig Breeder Association for the genetic evaluation of a
boar from the same litter (sib testing). This population
is virtually free from the RYR/ c.1843T allele (Fonta-
nesi et al., 2008, 2012¢). Performance evaluation starts
when the pigs are 30 to 45 d of age and it ends when the
animals reach 155 £ 5 kg live weight. The nutritive level
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is quasi ad libitum, meaning that about 60% of the pigs
are able to ingest the entire supplied ration (Fontanesi
et al., 2010b). During the performance test period, body
weight of the pigs is measured every 15 d after fasting,
and then daily gain is calculated using body weight re-
gress on the repeated test day. At the end of test, animals
are transported to a commercial abattoir where they are
slaughtered following standard procedures. The extreme
and divergent gilts were chosen according to their re-
latedness and their EBV for ADG: 1) all gilts, among
a population of about 10,000 performance tested gilts,
were ranked according to their EBV for ADG, 2) among
the animals related at 2-generation levels, only the most
extreme gilt (with most positive or most negative EBV
for ADG) was selected, 3) this procedure selected 190
gilts with the most negative and 190 gilts with the most
positive EBV not related at 2-generation levels, and 4)
average EBV for ADG in the negative and positive se-
lected groups of pigs were —30 = 14 g (mean + SD; mini-
mum: —76 g; maximum: -9 g) and 81 £ 12 g (minimum:
69 g; maximum: 129 g), respectively.

Genotyping

Blood was collected from all performance tested ani-
mals and then dried. Dried blood of chosen gilts was used
to extract genomic DNA applying standard protocols. Af-
ter quality control, 375 animals were used for genotyping
using the Illumina PorcineSNP60 BeadChip (Ramos et
al., 2009) according to the manufacturer’s protocol.

Data Analyses

Estimated breeding values for ADG were calculated
in the whole performance tested population in 2010 us-
ing a BLUP-Multiple Trait-Animal Model. The model
included the fixed effect of sex (considering the triplets
of pigs from the same litter), batch on trial, inbreeding
coefficient of the animal, interaction of sex X age at
slaughtering, and date of slaughtering and random effect
of litter and animal. The following criteria were used to
filter animals and SNP before association analysis: call
rate > 0.9 (both at the animal and SNP level) and minor
allele frequency (MAF) > 0.05. Association analysis was
performed treating the pigs of the 2 extreme groups as
cases and controls, using the 2 groups of animals with
divergent ADG EBV. To detect and correct for possible
genetic substructure in the experimental design adopted
(Fontanesi et al., 2012d), association tests were per-
formed according to the method for single marker asso-
ciation proposed by Price et al. (2006). For the n animals
involved in the study, the n x n kinship matrix K was
estimated starting from available pedigree information.
Classical multidimensional scaling was applied on 0.5 —

Downloaded from www.journal ofanimal science.org at Serials Acquisitions Dept on March 26, 2014


http://www.journalofanimalscience.org/
http://www.journalofanimalscience.org/

Genomewide association scan in pigs

1387

10 n

-log10(rawp)

1 2 3 4 5 6 7 8

9 101112 13 14 15 161718 X

Chromosomes

Figure 1. Manhattan plot of SNP in the genomewide association study with ADG in Italian Large White pigs. Red line: P < 0.01 Bonferroni corrected

(Pgonferrond) = 0-01; blue line: Pg o . =0.10.

K (which acts as a pairwise distance matrix) to identify a
number D << n of first axes describing as much genetic
difference among animals as possible. Let cy,...,c, de-
note these D axes of genetic variation. Adjustment for
possible family-based stratification was performed by re-
gressing the genotype at the ith SNP and the phenotype
onto the D continuous axes and taking the corresponding
regression residuals as corrected genotypes and pheno-
types, respectively. Namely, let g;; and P be the genotype
at SNP i (g =0, 1 or2) and the plllenotype of'animal j, re-
spectively. The adjustment was performed on genotypes
and phenotype according to the following formulas:

. n n
8 =8y _Bliclj - _BDiCDj’ and

p;=D; _:\hclj - _:‘fDCDj’
in which ¢ i is the score of animal j along the dth axis
of genetic Varlatlon and 8, and 4, are the correspond-
ing estimated partial regression coefficients. These coef-
ficients were obtained using multiple regression models
for predicting the ith genotype and the phenotype, re-
spectively, on the basis of the D axes.

The association test statistic is computed as -p-n7,

in which

[zp ] S S e)

is the squared correlation coefficient between the ith
adjusted genotype and the adjusted phenotype. As re-
marked by Price et al. (2000), this statistic is a gener-
alization of the Armitage trend statistic usually adopted
for categorical genotypes and phenotypes.

Supplementary Fig. 1 shows enrichment of low P
nominal values beyond what would be expected under a
uniform distribution.

Single nucleotide polymorphisms with P nominal
value (P.,..) < 2.0 x 1077 (P < 0.01 Bonferroni cor-
rected [Pgonferronil) WeTe considered significantly as-
sociated with ADG. The corresponding false discovery
rate (FDR) was equal to 7.76 x 10~ (Benjamini and
Hochberg, 1995). Single nucleotide polymorphisms
with P, values between 2.0 x 10~ ~7 and 2.02 x 1076
(PBOnferronl 0.10, FDR <4.19 x 10~%) were considered
suggestively associated with the target trait. For each
chromosome, the expected proportion of SNP with
Pgonferroni < 0-10 was computed under the assumption
of uniform distribution from the informative SNP over
the chromosome. This proportion was compared to the
proportion of significant or suggestively significant
markers actually observed on the same chromosome.
Proportion of phenotype variance explained by each
significant SNP was not calculated as the selective ge-
notyping design would produce a biased estimation.

All analyses were performed in R (R Development
Core Team, 2013). Package kinship2 (Therneau et al.,
2012) was used to compute the pedigree-based kinship
matrix; package GenABEL (Aulchenko et al., 2007)
was used to perform association tests.

raw

Bioinformatics Analyses

Mapping of the PorcineSNP60 BeadChip SNP was
obtained on the Sscrofal(.2 genome assembly as previ-
ously described (Fontanesi et al., 2012c,d). Significant un-
assigned SNP in the Sscrofal(.2 were mapped on the Ss-
crofa9.2 genome version. Identification of the closest genes
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to SNP with Py ... <0.10 was obtained using Ensembl
annotation of Sscrofal(.2 genome version (July 2013) and
Biomart (www.ensembl.org/biomart/martview/). For sub-
sequent analyses, a window of 100 kb in 5" and 100 kb in 3’
of the SNP in this list was used to retrieve additional genes
close to the significant or suggestively significant markers.
This window of 0.2 Mb can be considered a conservative
approach that can be easily extended using coordinate sys-
tems reported in this study. Starting from the correspond-
ing protein sequences retrieved from these databases, the
corresponding gene symbols were extracted from National
Center for Biotechnology Information gene section (www.
ncbi.nlm.nih.gov/gene/) and/or Uniprot (www.uniprot.
org/) databases(July 2013). Gene annotation was verified
by basic local alignment search tool (BLAST) analysis
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Gene Ontology
(GO) analysis was performed using DAVID Bioinformat-
ics Resources 6.7 (http://david.abce.nciferf.gov/; Huang et
al., 2009) using information about the closest gene.

RESULTS AND DISCUSSION

Genotyping Data

Of'the 375 genotyped animals, 5 were excluded from
further analysis because their call rate was <0.90. After
filtering the 62,163 SNP of the Illumina PorcineSNP60
BeadChip (750 SNP had call rate <0.90 and 12,000 SNP
had MAF <0.05), a total of 49,413 SNP were used for
subsequent analyses. These SNP were remapped on
the Sscrofal0.2 genome version: 42,885 were assigned
to assembled porcine chromosomes in only 1 position,
6,528 were assigned to unassembled scaffolds, and
2,938 were not assigned (or were assigned to more than
1 position and were not considered as uniquely mapped).

Genome Scan Results

Figure 1 reports a Manhattan plot showing significant
and suggestively significant SNP. A total of 127 SNP re-
sulted significantly associated with ADG (Table 1; Sup-
plementary Table 1).

Another 102 SNP resulted suggestively associated
with the target trait (Supplementary Table 1). Among the
229 SNP associated or suggestively associated with ADG,
only 8 were not assigned to any chromosome and 4 were
placed in unassigned scaffolds of the Sscrofal(.2 genome
version. Mapped SNP were located on all autosomes and
on porcine chromosome (SSC) X. The largest number of
the SNP within this list was on SSC5 (number of SNP
with P e < 0.10 = 42 and number of SNP with
Pponferroni < 0-01 = 31), SSC7 (number of SNP consider-
ing the 2 thresholds were 34 and 13), SSC6 (30 and 20
SNP, respectively), SSC4 (23 and 14 SNP, respectively)
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and SSC16 (16 and 13 SNP, respectively; Supplementary
Table 1). These chromosomes were richer in significant
or suggestively significant markers than expected (P <
0.001; SSC4: expected proportion = 0.067, observed =
0.111; SSCS: expected = 0.045, observed = 0.203; SSC6:
expected = 0.060, observed = 0.145; SSC7: expected =
0.063, observed = 0.164; and SSC16: expected = 0.035,
observed = 0.077). A large number of QTL for ADG and
growth performances have been already reported on these
chromosomes. For example, on July 2013 (release 20) the
PigQTLdb (www.animalgenome.org/cgi-bin/QTLdb/SS/
index) reports 45, 9, 25, 36, and 3 QTL for ADG on SSC4,
SSC5, SSC6, SSC7, and SSC16, respectively. Sus scrofa
chromosome 4, SSC6, and SSC7 were among the richest
chromosomes of significant SNP in our previous GWAS
for BFT in Italian Large White pigs (Fontanesi et al.,
2012d), suggesting that several regions identified in our
previous GWAS and the current study might contain QTL
with pleiotropic effects on both traits. Twenty-three of the
229 SNP identified for ADG in the current study were also
previously reported to be significant or suggestively sig-
nificant for BFT in the same pig population (Fontanesi et
al., 2012d; Table 1; Supplementary Table 1). Moreover,
several other SNP associated with ADG in this study are
close to the markers associated with BFT studied before,
and the direction of the effects was opposite (Fontanesi et
al., 2012d). This could be expected as EBV for ADG and
BFT in Italian Large White pigs are negatively correlated
(2 = —0.44; Fontanesi et al., 2013).

The most significant SNP (ALGA0030787, P, =
3.19 x 10~ was not mapped in Sscrofal0.2 even ifit was
assigned to SSC5 (position 11032453) in Sscrofa9.2. The
second and third most significant SNP (ALGA0004718,

=1.04 x 10710, and ALGA0004837, P, = 1.17 x
%) were locahzed on SSCI1. Other highly signifi-
ant SNP (P,,,, < 1.00 x 107%) were identified on SSC4
(M1GA0006302, M1GA0006343, and M1GA0006613),
SSC6 (ALGA0035254), and SSC16 (M1GA0021128;
Table 1).

Several chromosome regions included 3 or more SNP
(Ponferroni < 0-10) separately to each other by less than
1.5 Mb (Supplementary Table 1). In particular, 2 regions
with these features were identified on SSC4 (111.51—
114.17 and 141.17-143.22 Mb), 5 on SSC5 (2.61-3.09,
8.03-9.29, 65.43-67.62, 72.59-74.37, and 105.35-109.06
Mb), 4 on SSC6 (26.20-30.90, 50.50-50.85, 91.14-92.90,
and 100.66-101.77 Mb), 2 on SSC7 (7.54-11.61 and
128.67-130.84 Mb), and 1 on SSC16 (80.84-82.68 Mb),
with significant SNP in the middle or close to these re-
gions (including blocks with 2 closely spaced SNP) that
might reflect the presence of different haploblocks (L.
Fontanesi, personal communication).
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Other regions with 2 closely spaced (less than
1.5 Mb) SNP with Pp .. < 0.10 were localized on
SSC1 and SSC13 (Supplementary Table 1).

Functional Annotation
of Associated SNP

Twenty-eight SNP with Py o . < 0.10 were in
intragenic regions of recognized genes in the Ensembl
Sscrofal(.2 assembly (Table 1; Supplementary Table 1).
For the remaining mapped significant or suggestively
significant SNP (number = 189), the distances from their
closest genes ranged from 149 bp to 1.53 Mb (mean =
324.97 kb £ 22.33 kb, median = 22.48 kb).

Two or more SNP targeted the same gene. For exam-
ple, 2 SNP (M1GA0006299, position 11,4151,582, and
MI1GA0006302, position 114,170,369) were located
within or very close to the immunoglobulin superfamily,
member 3 (IGSF3) gene (Table 1) that is included in 1
of the regions with several significant or suggestively
significant SNP on SSC4. This gene seems involved in
immune cell regulation even if its function is not well
characterized yet (Clark et al., 2001). Both markers
were also associated with BFT in our previous study
(Fontanesi et al., 2012d). Another 2 SNP on SSC4, in-
cluded in another significant group of SNP of this chro-
mosome (M1GA0006854, position 141,458,072, and
MI1GA0006869, position 141,552,372), were close and
intragenic to the heparan sulfate 2-O-sulfotransferase 1
(HS2S8TT) gene, respectively. The HS2ST1 gene encodes
a member of the heparan sulfate biosynthetic enzyme
family that transfers sulfate to the 2 position of the
iduronic acid residue of heparan sulfate. This enzyme
seems important in the signaling pathways involved in
kidney formation and immunological functions (Mu-
ramatsu, 2000). Three SNP (M1GA0008164, position
106,046,784, DRGAO0006447, position 107,303,857,
and DRGA0006450, position 107,536,603), in 1 of the
significant regions of SSC5, were upstream and down-
stream to the ofogelin-like (OTOGL) gene. Mutations in
this gene, which are mainly expressed in the inner ear
of vertebrates during embryonic development, cause re-
cessive deafness (Yariz et al., 2012). Its potential role
on growth related metabolism or functions needs to be
further investigated.

One of the most significant regions on SSC6 (26.20—
30.90 Mb) might include the fat mass and obesity asso-
ciated (FTO) gene that is associated with fat deposition
traits in Italian Duroc, Italian Large White, and heavy
pig commercial hybrids and feed conversion rate in Ital-
ian Large White (Fontanesi et al., 2009, 2010a; Fonta-
nesi and Russo, 2013). To be precise, FTO position is
available only on Sscrofal0.0 (27,697,754-28,086,339)
as this gene is not assembled in Sscrofal(.2, but com-
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parative mapping may confirm that its position on Ss-
crofal0.2 should be within the indicated region of SSC6
in the latest assembly (data not shown). This region also
includes a marker associated with BFT (M1GA0008432;
Fontanesi et al., 2012d).

The LOC100157526 (also identified as MYLK4- puta-
tive myosin light chain kinase 3-like) and the mitochondri-
al calcium uniporter regulator 1 (MCURI or CCDC90A4)
gene, both located on SSC7, were each identified with 1
upstream and 1 downstream close marker (Supplemen-
tary Table 1). As far as we know, MYLK4 is not function-
ally characterized in any species, yet. MCURI encodes a
component of mitochondrial Ca?" uptake that regulates
cellular metabolism (Mallilankaraman et al., 2012).

Highly significant SNP were close to additional genes.
The most significant SNP on SSC1 (ALGA0004718, as-
sociated with BFT, and ALGA0004837) were close to a
novel pseudogene and the 5-Aydroxytryptamine (sero-
tonin) receptor 1B, G protein-coupled (HTRIB) gene.
HTRIB is highly expressed in the brain and is associated
with several behavior and neurological related functional
roles. In dairy cattle, it is involved in the homeostatic regu-
lation of lactation (Collier et al., 2012). M1GA0006343,
one of the most significant SNP (also associated with BFT
in our previous GWAS; Fontanesi et al., 2012d), located
on SSC4, was close to the olfactomedin-like 3 (OLFML3)
gene that in pig may affect prenatal skeletal muscle de-
velopment (Zhao et al., 2012). Another highly significant
SNP of SSC4 (M1GA0006613) is close to the Rho GT-
Pase activating protein 29 (ARHGAP29) gene that is in-
volved in cell spreading and endothelial barrier function,
important in chronic inflammation, atherosclerosis, and
vascular leakage (Post et al., 2013). A highly significant
SNP on SSC6 (ALGA0035254) is close to the kin of IRRE
like 2 (Drosophila; KIRREL?2) gene that encodes a cell
adhesion molecule regulating neural activity-dependent
formation of precise axonal projections in the main olfac-
tory system (Serizawa et al., 2006). The highly significant
SNP identified on SSC16 (M1GA0021128) was close to
the putative tetratricopeptide repeat protein 1-like gene
(LOC100519063) whose function is not characterized yet.

Several other genes have been tagged by the remaining
SNP (Table 1; Supplementary Table 1). Therefore, to have
a global picture of the potential functional role of regions
around associated or suggestively associated SNP with
ADG in our pig population, we used GO information of
their corresponding closest genes and reported GO terms
enriched in this dataset (Supplementary Tables 2 and 3).
Thirty-five GO terms (Supplementary Table 2) and 31 an-
notation clusters (Supplementary Table 3) were retrieved.
Several GO terms were significantly enriched if we consid-
ered a P nominal value: the 4 most significant terms (P, <
0.02) were 0005509 (calcium ion binding), 0045934 (neg-
ative regulation of nucleobase, nucleoside, nucleotide,
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and nucleic acid metabolic process), 0051172 (negative
regulation of nitrogen compound metabolic process), and
0051172 (negative regulation of nitrogen compound meta-
bolic process), which might indicate a direct role of genes
involved in several metabolic processes. However, none of
the terms were significant after Bonferroni correction. This
might suggest that, as expected, many different processes
at different levels are involved in affecting this complex
phenotype that expresses growth efficiency.

Comparison with Other Studies in Pigs

A few other GWAS for ADG or correlated produc-
tion traits have been performed in other pig populations/
breeds. Becker et al. (2013) performed a GWAS in a
relatively small population of Swiss Large White boars
for a large number of EBV for different traits but no sig-
nificant markers have been reported for ADG. Sahana
et al. (2013) performed a GWAS for feed efficiency in
a Duroc population using 2 statistical approaches and
identified a total of 79 and 44 significant SNP, respec-
tively. The most significant markers were located on
SSC4, SSC7, SSC8, and SSC14. None of the significant
SNP that Sahana et al. (2013) reported in their study was
significant in our GWAS for ADG even if several mark-
ers they identified were close (<0.5 Mb) to significant
markers we reported on different chromosomes (e.g.,
SSC4, SSC5, SSC7, SSC16, and SSC17). Not overlap-
ping results between Sahana et al. (2013) and our GWAS
could be due to the different populations used and by
the fact that the considered traits, even if correlated, are
not the same. Another GWAS on residual feed intake
(RFI) and other related traits (including ADG) was per-
formed in purebred Yorkshires of 2 selection lines for
RFI (high and low) using different approaches (Onteru
et al., 2013). Significant SNP for RFI were identified on
SSC3, SSC5, SSC6, SSC7, SSC13, and SSC14. Signifi-
cant regions for ADG were reported in 15 SSC for a total
of 44 chromosome positions. A few of these positions
(SSC1, 167.00-168.00 Mb; SSC10, 15.00-16.00 Mb;
SSC13, 36.00-37.00 Mb; and SSC16, 59.00-60.00 Mb)
were very close to or included in the SNP list identified
in this study. However, in general, results obtained by
Onteru et al. (2013) poorly overlapped our results. This
could be due to different experimental designs, incom-
plete power in the 2 studies, and/or differences between
the investigated populations as already discussed com-
paring GWAS results for BFT in Italian Large White and
other studies for the same trait (Fontanesi et al., 2012b).

The most significant region for ADG identified by
Onteru et al. (2013) was on SSC1 and included the MC4R
gene. A missense mutation in this gene (p.Asp298Asn)
has been associated with several production traits includ-
ing ADG in different pig populations (Kim et al., 2000)
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as well as in Italian Large White (Fontanesi et al., 2013).
However, markers of the PorcineSNP60 BeadChip in the
MCH4R region were not significant in our GWAS for ADG,
even if a few SNP had P < 0.001. This might indicate that,
despite their effects, polymorphisms in the MC4R gene
are not the most important markers to explain the vari-
ability of the target trait: their P-value could not pass the
stringent threshold for significance we adopted in GWAS
(Bonferroni corrected) that in single marker tests for a
candidate gene is usually less stringent. Similar results for
the MC4R region of SSC1 were obtained in our previous
GWAS for BFT (Fontanesi et al., 2012d).

Other studies we performed in Italian Large White
pigs showed a very strong effect of the /GF2 intron3-
2.3072G > A mutation (Van Laere et al., 2003) on ADG
(Fontanesi et al., 2010b,c). Unfortunately, this gene is not
assembled in Sscrofal(.2 and it was impossible to obtain
a direct comparison with results obtained for SNP mapped
on SSC2, which might be close to /GF2, included in the
[llumina PorcineSNP60 BeadChip. We recently investi-
gated another gene on SSC2 (LDHA) that was associated
with ADG in the Italian Large White breed (Fontanesi et
al., 2012b). This gene is localized at position 43898277 to
43909456 in the Sscrofal(.2 genome version. Markers in
this region were not significant after Bonferroni correction
but several had P, < 0.01; for example, ASGA0010122
(position 43911957) had a P, = 0.0023. A similar situ-
ation can be seen for the MUC4 g.8227C > G polymor-
phism that we recently investigated. This gene is located on
SSC13 (position 143786443—-143842402) that we recently
investigated. The g.8227C > G SNP, associated with sus-
ceptibility to enterotoxigenic Escherichia coli K88 strains
(locus F4bcR), was antagonistically associated with ADG
in Italian Large White and in Italian Landrace (Fontanesi
et al., 2012a). In the current GWAS for ADG a marker
close to this gene (ALGA0072062, position 143866440)
hada P, =2.24 x 10> that, however, could not pass the
threshold for significance.

It seems that chromosome regions with moderate ef-
fects could not be detected in our GWAS for a few reasons:
1) high stringency of the significant threshold needed to
overcome the problem of multiple testing, 2) linkage dis-
equilibrium structure of the investigated population that
could not be captured completely by the Illumina Por-
cineSNP60 BeadChip(L. Fontanesi, personal communi-
cation), and 3) the incomplete power of the experimental
design, despite the adopted selective genotyping strategy
tended to maximize it (Darvasi and Soller, 1992).

Implications

In this study, the genomewide association between
DNA markers and ADG was analyzed in the Italian heavy
pig breed for the first time. The investigated trait is includ-
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ed in the selection index for the Italian Large White breed.
The obtained results may contribute to understand the ge-
netic mechanisms affecting ADG opening potential new
perspectives to improve selection efficiency in this breed.

The study was designed to take advantage from the
large number of pigs that are performance tested and ge-
netically evaluated within the national selection program
for this breed using a selective genotyping approach.
Only extreme and divergent gilts for ADG EBV were
genotyped to reduce the genotyping cost without losing
much power (Darvasi and Soller, 1992; Van Gestel et al.,
2000; Zhang et al., 2006). On the whole 229 SNP spread
on all autosomes and on SSCX were significant (num-
ber = 127) or suggestively significant (number = 102).
This large number of identified SNP might indicate that,
according to the classical definition of a quantitative trait,
a large number of genes, each with a small or medium ef-
fect, contributes to explain the genetic variability of ADG.
This study also missed detecting some chromosome re-
gions that might have a low/moderate effect on the target
trait or other important regions probably due to features
of the genotyping tool and assembled genome available.
It is interesting to point out that about 1/10 (23/229) of
SNP identified in this study were also associated with BFT
in our previous GWAS (Fontanesi et al., 2012d), accord-
ing to the high negative correlation between the 2 EBV in
the Italian Large White population. These results might
indirectly provide evidence on the correctness of the sta-
tistical approaches and the efficiency of the experimen-
tal designs we used in the 2 GWAS. Finally, the large
number of genes and biological processes that should
be involved in defining ADG indicates the complexity
of the genetic factors affecting this ultimate phenotype.
To better understand the biological mechanisms deter-
mining growth efficiency in pigs it will be important to
dissect this phenotype into several intermediate and in-
ternal phenotypes.
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