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Abstract V

Integration of genome wide association and expressi profiling for investigating
water holding capacity traits in a Duroc x Pietrainresource population

Water holding capacity (WHC) is an important qualititerion for the consumers and the meat
processing industries. Therefore, the aim of thidyswas to investigate WHC traits in the Duroc x
Pietrain resource population (DuPi) using genom#ewassociation and genetical genomics

approaches.

In the first step, 169 FDuUPi animals were genotyped using the porcine 80K chip and four
meat quality traits (drip loss, pH1, pH24 and phtlue) were used to investigate the genetic
background of WHC. 49, 40, 9 and 33 significant S&te observed (P < 0.001) for drip loss,
pH1, pH24 and pH decline in loin, respectively. Asas revealed 14 functional candidate genes
significantly associated with drip loss. 26, 7 &&candidate genes were identified for pH1, pH24
and pH decline, respectively. The genes NELL1 a@X& located on SSC2 were significantly
associated with drip loss and showed more than iBt-pwtations each with high linkage
disequilibrium. The proportion of explained phemmtyvariance ranged between 4.4 % and 8.43 %
for identified SNP of all four traits.

In the second step, WHC was characterized by drgs Imeasured iM. longissimus dorsi
Performing expression analyses of transcriptiomefilps for 132 i DuPi animals revealed 1228
genes, which were significantly correlated withpdiess. A hyper geometric gene set enrichment
test was performed and glycolysis/glyconeogengsesitose phosphate pathway and pyruvat
metabolism were identified as most promising patfsvaor 267 selected transcripts, eQTL
analyses revealed 1541 significant associatiortstad. Because of positional accordance of the
gene underlying transcript and the eQTL locatibmds possible to identify 8 eQTL that could be
assumed asis-regulated. Comparing the results of gene set lemént and the eQTL detection
tests, molecular networks and potential candidateeg, which seem to play key roles in the

expression of WHC, were detected.

In conclusion, applying a genome wide associatinalyasis using the 60K porcine SNP panel
allowed to investigate the genetic background of @\rhits in this study. Combing the genome-
wide association analysis with the genetical gerenaipproach supports to identify WHC trait-

associated SNP and to understand the biology opleontraits.



VI Abstract

Integration von genomweiten Assoziations- und Expisionsanalysen zur
Untersuchung von Merkmalen des Wasserbindevermdgeris einer Duroc x Piétrain
Ressourcenpopulation

Wasserbindungsvermdgen (WHC) ist ein wichtiges iftakriterium fir die Verbraucher und die
Fleischverarbeitungsindustrie. Das Ziel dieser ®tusvar es daher, die Merkmale des
Wasserbindungsvermdgens in der Duroc x Piétrairedesenpopulation (DuPi) mit Hilfe der

genomweiten Assoziations- sowie Ansatzen des ,G@igbenomics” zu untersuchen.

Im ersten Teil der Studie wurden 169 BuPi Tier mittels des 60K Schweine SNP Chips
genotypisiert und 4 Fleischqualititsmerkmale (Tsaftf pH1, pH24 und pH Verlauf) erfasst, um
den genetischen Hintergrund des Wasserbindeverraéganuntersuchen. Fur das Merkmal
Tropfsaftverlust im Kotelett wurden 49 signifikar8&P (P < 0.001) identifiziert, fir pH1 40 SNP,
fur pH24 9 SNP sowie fur den pH Verlauf 33 SNP. Diealyse ergab 14 funktionelle
Kandidatengene, die signifikant mit Tropfsaftvetlassoziiert waren. Fir pH1, pH24 und den pH
Verlauf wurden jeweils 26, 7 und 22 Kandidatengelentifiziert. Die Gene NELL1 und SOXE6,
die signifikant mit dem Tropfsaftverlust assoziigraren, befanden sich auf Chromosom 2 und
zeigten mehr als 3 Punktmutationen, die sich ineminhohen Kopplungsungleichgewicht
zueinander befanden, Der Anteil der erklarten phgmschen Varianz durch einzelne SNP lag

zwischen 4,4 und 8,43 % fir alle 4 Merkmale.

Im zweiten Teil dieser Studie wurde WHC durch deopfsaftverlust, der inM. longissimus dorsi
gemessen wurde, charakterisiert. Mittels einer &gionsanalyse der Transkriptionsprofile von
132 F, DuPi Tieren wurden 1228 Gene gefunden, die mit demmpfsaftverlust signifikant
korreliert waren. Ein hypergeometrischer ,Geneesgichment* Test wurde durchgefiihrt und der
Glykolyse/Glykoneogenese, der Pentose PhosphatwB®ateowie der Pyruvat Metabolismus als
viel versprechenste Pathways identifiziert. EineTeQAnalyse wurde mit 267 ausgewahlten
Transkripten durchgefihrt, die insgesamt 1542 flgmite Assoziationen ergaben. Auf Grund der
positionellen Ubereinstimmung zwischen dem Gen, dkas Transkript zu Grunde lag, und dem
eQTL, konnten 8 moglicheis eQTL identifiziert werden. Durch den Vergleich d&ene set
enrichment® und der eQTL Studie konnten molekulaketzwerke sowie potenzielle
Kandidatengene, die wahrend der Auspragung des WHE Schlisselrolle spielen, entdeckt

werden.

Schlussfolgernd lasst sich sagen, dass in dieselieSdurch die Anwendung der genomweiten
Assoziationsanalyse mittels des 60K Schweine SN @me Untersuchung des genetischen
Hintergrunds der WHC Merkmale moglich wurde. Durdie Kombination der genomweiten
Assoziationsanalyse und dem ,Genetical GenomicsSan konnten WHC Merkmal-Assoziierte

SNP identifiziert und Einblicke in die Biologie deomplexen Merkmale gewonnen werden.
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2 General introduction

1.1 Complex traits

The term “complex trait” refers to any phenotypattdoes not exhibit classical Mendelian
recessive or dominant inheritance associated iagdesgene locus. In general, complexities
occure when the simple correspondence betweenygenand phenotype breaks down, either
because same genotype can result in different pyyee® or different genotypes can result in
the same phenotype (Figure 1) (Lander and Scho#d)1®ifferent factors such as specific
modifier genes, the genetic background, epigenetiechanisms, stochastic effects in
morphogenesis and influences of the environmertdoasd caused this phenotypic variation
(Wolf 1997). Often, it is impossible to find a géicemarker that shows perfect co-segregation
with a complex trait. The reasons for this can bduce to a few basic problems like
incomplete penetrance and phenocopy, genetic lyeteedty, high frequency of causing allele

and other transmission factors (Wolf 1997).

A-E, different genes * mutation
A B C D E
-+ g I 1 F o I — 1T+
* * E * *
Y

same phenotype

Figure 1: Complex traits: different genotypes result in tlzens phenotype (modified
from Wolf 1997)

Many economically important traits in livestock amharacterized by a complex
inheritance (Andersson 2007; Andersson and Ged(e4). A chromosomal region that
contains one or more genes, which influence a faatbrial (complex) trait is known as
quantitative trait loci (QTL) (Andersson 2001; Magk2001). The challenge with complex
traits lies not in detecting QTL, but in discoveyithe genes that underlie them (Andersson
and Georges 2004). Identifying genes with varyirgression linked to a variation in the
QTL will help to decipher underlying processes. lewer, these variations do not identify
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the genes controlling the trait but provide infotimas about the molecular background,
which is involved (Rothschild 2004).

Pork is one of the most widely consumed meats wode and meat quality is one of the
most frequently investigated complex traits in sviesearch (Lobjoist al. 2008). Many
QTL for meat quality traits have already been idedt in different intercrosses
(Rothschild 2004). However, only a few genes, expig the major proportion of the
phenotypic variance, have been already identified nhieat quality such as malignant
hyperthermia ryanodine receptod, RYR1) (Fujii et al. 1991) and glycogen content in
skeletal musclepfotein kinase, AMP-activated, gamma 3 non-catalstibunit PRKAG3)
(Milan et al.2000).

QTL mapping in QTL mapping in Detection of
commercial populations experimental crosses selective sweeps
Low-resolution Low-resolution Genome scan using a high-
linkage mapping linkage mapping density map or sequencing
High-resolution linkage- High-resolution linkage High-resolution screening
disequilibrium mapping |*™] mapping using subsequent ™ across breeds
generations

| | |

Identification of a minimum shared haplotype containing the QTL

|

|dentification of candidate genes and mutations

|

Functional evaluation of candidate mutations

Figure 2:  Approaches for mapping and positional cloning ofLQi domestic animals

(Andersson and Georges 2004).

The identification of genes and mutations that unel¢he QTL is problematic for several
reasons. First, it remains difficult to determihe £xact chromosomal location of a QTL.
Second, most QTL have a small phenotypic effecthsomutations that cause them are

difficult to distinguish from neutral polymorphismAnother factor that complicates the
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identification of QTL mutations is that a good poojon of these mutations are regulatory.
And the ability to evaluate functionally importantutations in non coding regions is
poorly developed (Andersson and Georges 2004)it 8o¢clear that decoding the genetic
basis of complex traits presents a analytical ehgk. For this reasons, the system in
which we have more power to detect QTL and the timtathat underlie them are of
particular interest (Andersson and Georges 2004¢caBse of the less genetic
heterogeneity within breeds due to the limited pafpon size domestic animals are such a
system (Andersson 2001; Nezdral.2003). The availibility of dense marker maps sash
single nucleotide polymorphism (SNP) chips openthg possibility for a new approach
for QTL detection and allow potential of using date animals for decoding the genetic
basis of complex traits (Figure 2) (Andersson aredrGes 2004).

1.2 Meat quality traits
1.2.1  Muscle composition and post mortem conversatiom nméat

Muscle is composed of approximately 75 % water. dtleer main components include
protein (nearly 20 %), lipids (approximately 5 %rbohydrates (nearly 1 %) and vitamins
as well as minerals (round about 1 %). In factrlye8b % of the water in muscle is held
within the myofibrils and the cell membrane (saetoina) and between the muscle cells
and muscle bundles (Huff-Lonergan and Lonergan 2@dter and Cousins 1992; Offer
and Knight 1988).

During the post mortem conversion of muscle to nmany changes occur, including:
1. A gradual depletion of available energy

2. A shift from aerobic to anaerobic metabolism fawogrthe production of lactic acid,

resulting in the pH of the tissue declining fromaneeutrality to 5.4 -5.8

3. A rise in the ionic strength, because of the ingbibf ATP dependent calcium,

sodium, and potassium pumps to function

4. An increasing inability of the cell to maintain texing conditions (Huff-Lonergan and

Lonergan 1999; Huff-Lonergan and Lonergan 2005f4#ohergan et al. 1996).

Once pH has reached the isoelectric point, posdive negative electrical charge on the
proteins are equal. These positive and negativepgravithin the protein attract each other
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and cause a space reduction within the myofibHafftLonergan and Lonergan 2005).
Additionally, rapid pH decline is leading to anindaite pH (pH at 24 h) while muscle is
still warm. This results in denaturation of manytgins including those involved in
binding of cellular water (Huff-Lonergan and Lonang2005). This it is accompanied by
leakage of muscle cells and loss of water, ions amdeins (Greaser 2001; Offer and
Knight 1988). There is also a variation of fluide&sed from the muscle during conversion
of muscle to meat, which are caused by variousrenmental effects for example stress

prior to slaughtering and different genotypes (Gee2001).

Beef: 8.9.1ib Pig:

Determination of pH-value 1213, rih

Trend of pH-value-change after slaughtering as a predictor of
meat guality (M. longissimus)

pH-value

0 5 1 15 0 13
Time, post mortem (h)

‘+ Meat of good qualily —k— PSFEnweat —#— DFDmeat I

pH,;, hp.m

PHuz nyin pm. = 6.0 exclusion of PSE
PHzqppm & 6.0 exclusion of DFD

pH45 min p.m. ‘

Figure 3: Determination of post mortem pH-value

1.2.2  The role of water holding capacity in meat quality

Water holding capacity (WHC) develops as a resuéiasly post-mortem biochemical and
biophysical processes that occur in muscle (Huffidtgan and Lonergan 2005).
Therefore, WHC is the capacity of meat to retasnwiater during application of external
forces (Hamm 1985), which is an important qualititecion for the meat processing
industries and the consumers. WHC affects the Giahoutput, nutritional value, sensorial
and technological properties of porcine meat. WH@ be predicted by measuring drip
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loss using gravitational techniques. Drip loss iflued consisting of water and protein
expelled from the meat surface without any meclararce other than gravity (Offer and
Knight 1988). The highest drip loss is often foundale, soft and exudative (PSE) meat
from pigs that have inherited a mutation on thenoghne receptor / calcium release
channel (RYR1) gene (Fujii et al. 1991). With thelthof a commercial test for this
mutation, the German pig production has mostly ielated this mutation in pig
populations used for fattening (Tholen et al. 200BS 2006). However there are other
factors that cause PSE meat for example the short stress before slaughter, which
causes a rapid pH decline, protein denaturation lagter drip loss (Rosenvold and
Andersen 2003). Another observed meat qualitydslish, soft and exudative (RSE) meat,
which is an untypical deviation and probably a nfildm occurrence of PSE (Fischer
2007; Kauffman et al. 1993). RSE reveals the cotdued, firm and nonexudative (RFN)
pork but the exudation of PSE meat (van Laack aadffhan 1999). The risk for RSE is
increased by a high glycolytic potential as welbgsa low ultimate pH value (van Laack
and Kauffman 1999).

Drip loss
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Figure 4:  Drip loss shown in different meat qualities. Goodathquality: low drip loss;

bad meat quality (pale, soft, exudative (PSE) méagh drip loss
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1.2.3  The genetic basis of water holding capacity

Drip loss is genetically and phenotypically cortethwith early pH (pH1) @= -0.91 and
re = -0.67, respectively) and late pH (pH24)$r-0.72 andg = -0.51, respectively) in loin
(Borcherset al.2007). Heritability estimates for water holdingaaity traits are low: pH1
(h* = 0.14), pH24 (h= 0.20) and drip loss th= 0.14) (Borcherset al. 2007). The
presented heritabilities and correlation estimatiare an indication of a polygenic
background that is possibly involved in the expmassof the examined traits. The
identification of genes that regulate meat qualitgits will assist in efficient meat
production and facilitate the resolution of exigtiproduction problems or so-called
marker-assisted selection (MAS) (Brunredr al. 2012). Both candidate gene and QTL
mapping strategies have been used in domestic Enifoa the discovery of genetic
markers suitable for MAS (Rothschiéd al.2007).

Until now, 6397 QTL covering 578 phenotypic tramere identified and submitted into
pig QTLdb (www.animalgenome.org). In total, 1072 IQWere identified for drip loss,
pH1, pH24 and pH decline in loin in different piggulations (www.animalgenome.org,
release 11, June 2013) (K al. 2010). These QTL were mostly identified via genome
scanning based on linkage analysis and microdatgkinotyping.

In order to identify chromosomal regions, which genfluenced by drip loss the
quantitative trait loci (QTL) approach was usednany different studies. Liu et al. (2007)
found 24 significant and 47 suggestive QTL for nopality traits and carcass composition
traits in a |z Duroc x Pietrain resource population. For dripslegveral QTL on SSC2,
SSC3, SSC5 and SSC18 were identified. In the stddydwards et al. (2008), 94 QTL
regions for meat quality were observed in anothdddroc x Pietrain resource population,
but only a QTL on SSC9 was detected for drip 1d$® QTL on SSC2 and SSC5 (Let

al. 2007) as well as the QTL on SSC9 (Edwaetlal. 2008) were identified in the study of
Thomsen et al. (2004), where a Berkshire x Yorkspopulation was used. Consequently,
by using low density of microsatellite markers, Qdile often mapped to a large interval of
20 centimorgans (cM) or more. Only a few causatmatations, which are called
quantitative trait nucleotides (QTN), have beemidied based on results of complex
traits in pigs via QTL fine mapping analysis (Ranaé 2011; Van Laere et al. 2003).
Applying a genome wide association analyses bygusia current 60K porcine SNP panel

provides more dense genotypic markers than mialisat markers which helps to
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improve accuracy in finding the exact QTL locaticarsd candidate genes for complex
traits (Luoet al.2012b).

1.3 Genome-wide association studies (GWAS)

Genome wide association studies (GWAS) are defasestudies in which a dense array of
genetic markers, which capture a substantial ptapoof common variation in genome
sequence, is typed in a set of DNA samples thaindmemative for a trait of interest. The
aim is to map the effects for a trait of intergsbugh the detection of association between
genotype frequency and trait status (McCaréhyal. 2008). For genotyping commercial
“SNP chips”, exist for cattle (777,000 SNP; IllurairBovine HD BeadChip), dogs
(170,000 SNP, lllumina Canine HD BeadChip), shegpQ00 SNP, lllumina Ovine 50K
BeadChip), horse (54,602 SNP, lllumina Equine 50&adChip) and pig (64,232 SNP,
lllumina Porcine 60K BeadChip). For chicken a 608KP chip (580,961SNP, Axiom®
Genome-Wide Chicken Genotyping Array, Affymetrixy designed. Nevertheless, the
chips for domestic animals contain less SNP thanHtman SNP chip with more than 1
million SNP (www.illumina.com lllumina, Inc., San Diego, USA, www.affymetrix.com,
Affymetrix, Santa Clara, USA).

The basic design of a GWAS is that a sample ofviddals are recorded for a trait of
interest and characterized for a genome-wide painelarkers in order to detect statistical
associations between the trait and any of the marKéne design parameters include the
choice and number of individuals and markers. Masnmonly, the GWAS data are
analyzed by the examination of one single nucleogidlymorphism (SNP) at a time using
simple linear models. The genomic sequence isabdaifor human, mouse, rat and several
domestic species, which is a requirement to estaliNP chips (Goddard and Hayes
2009). A typical GWAS could be divided in 5 parts.

1. At first, the number of individuals used in thedtumust be determined because the
number of individuals applied for GWAS depends be size of the effects that one
wishes to detect. The crucial parameter is theqgotmm of the variance explained by
the SNP. This parameter combines the allele freqjuenith the mean difference
between the SNP genotypes (Goddard and Hayes 20B8)efore, the number of

individuals depends on the number for which bothoggpes and phenotypes have
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been directly measured. In domestic animals studies number can be reduced by
using animals that have been progeny tested sdlihainean of the progeny can be

used instead of their own phenotypic value (Godadawdi Hayes 2009).

Secondly, the number of SNP, which have to be aedlyshould be calculated. Due to
the fact that the number of SNP applied, dependtherdistance over which linkage
disequilibrium (LD) exists. Which means the nondam allocation of alleles at

nearby variants to individual chromosome as a tefulecent mutation, genetic drift

or selection, manifest as correlations between types at closely linked markers
(Goddard and Hayes 2009; McCarthy et al. 2008)hdf SNP are too far apart from
each other, a QTL may not be in an acceptable b thie markers and could not be
detected. Therefore, increasing the SNP densityingiease the power to detect QTL
(Goddard and Hayes 2009). However, the distributibthe marker effects shows that
most SNP have small effects (contribute randome)pishereas markers in regions in
which the causative mutations lies have much lagffacts. Although the markers

with the largest associated effects from a gen@nalysis may not perfectly track the
causative mutation, they are potentially usefulldom identify the chromosomal

region (Coleet al.2009).

Subsequently the source of bias in livestock stibas to be considered. An important
source of false positive associations is admixtaréhe sample of individuals used,
which means that a population or sample of indigldwerived from more than one
breed and that have not undergone random matindd&d and Hayes 2009). One of
the biggest problem would be if a sample consi$ta mixture of breeds. Another
form of admixture is the relationships among thémabs, because livestock are
usually bred in half-sib families (cattle) or fgib families (pig). Therefore,
relationships among animals in the sample causeb&feen loci even if they are
unlinked (Goddard and Hayes 2009).

Afterwards the design of the GWA study has to beseh. There are five different
approaches (case-control, cohort, trio, family-daassociation and DNA pooling),
which can be used for GWAS (Tablel) (McCarthy et28I08; Pearson and Manolio
2008). The most frequently used study design isctime-control design, in which
allele frequencies of individuals with the trait ioterest are compared to those in a
comparison group. These studies are often eastetess expensive to conduct than

studies using other designs such as a family-bassdciation study. Therefore, many
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studies use multistage designs to reduce the nurobefalse positives while
minimizing the number of genome-wide scans in otdekeep the statistical power
(Hirschhorn and Daly 2005).

After selection of individuals with the trait oftarest and a suitable comparison group,
the DNA isolation is performed in order to genotypeses individuals. Subsequently
a quality control of the genotyping data has tgpbgormed to ensure high quality of

the data. Therefore, association between SNP, wiasked the quality thresholds and
the trait of interests, has to be calculated usBMYAS approaches. At least a

replication of identified associations in an indegent population or examination of

functional background should be performed (PeaaswhManolio 2008).
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1.3.1 GWAS performed for Mendelian traits

Spontaneous mutants in domestic animals providegyhts into genotype-phenotype
correlations, which are relevant for biomedicaksesh (Patterson et al. 1988), because of
the strong phenotypic selection or specific behangb and morphological traits. One
consequence of the breeding programs used to patgdmeages with such strong
phenotypic homogeneity is the increased inciderfcdigease (Graw 2003; Verma and
FitzPatrick 2007). In dogs, Karlsson et al. (20@bserved the mutations in the gene
Microphthalmia-associated transcription factor (MITF) causing white spotting using
nine solid Boxers and ten white Boxers. Anotheentcstudy is the identification of the
dominant mutation causing the hair ridge in Rhaalesand Thai Ridgeback dogs
(Andersson 2009; Salmon Hillbertz et al. 2007). Tingation is a 133 kb duplication that
includes thredibroblast growth factogenes (FGF3, FGF4 and FGF18jal cancer over
expressed {ORAOV1) gene and 3’ part of CCDND1 observed by GS8Wsing 10 cases
and 10 controls (Salmon Hillber&t al.2007). In the study of Karyadi et al. (2013) ayop
number variant (CNV) at thKIT ligand (KITLG) locus was observed causing squamous
cell carcinoma of the digit (SCCD) in Standard HesdSTPOs) using GWAS with 31
cases and 34 controls. In a second GWAS, they cadpd black and 24 light coloured
STPOs, Karyadi et al.(2013) suggested that a cosgpery mutation within the
melanocortin 1 recepto(MC1R) locus likely protects lighted coloured ST$@om
disease. These findings highlight how studies afebtlimited diseases are useful for
disentangling multigene disorders. Additionallygdare diagnosed with nearly all of the
same cancers in human (Mego al. 2008), and the underlying pathology and treatment
response is typically the same as for human (D&T6), suggesting that canine cancer
genetic studies are a useful way to advance theratahdings in human disease (Cadieu
and Ostrander 2007; Karyadi et al. 2013; Khanre. &006; Ostrander 2012).

1.3.1.1 GWAS performed in livestock animals for Mendeligaits

Strong inbreeding in the livestock population irased the risk of the occurrence of
genetic diseases. The most common mode of transmissf genetic defects is

monogenetic autosomal recessive inheritance. Pregewith recessive defects are
typically the consequence of inbreeding. Recesgeetic diseases become apparent

many years after the initial mutation event (Clearét al. 2008; Drogemiuiller et al. 2011).
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In cattle, most of the known recessive defects inecapparent 5 to 10 generations after
the founder animal, which corresponds to the tinkerwfemale and male descendants of
the original carrier are mated. During the latehage, the deleterious allele might have
been widely spread throughout the population erpigi sudden outbreaks with many
affected animals appearing simultaneously (Chaglied. 2008; Drogemuller et al. 2011).
Charlier et al. (2008) identified the causal mutasi and the molecular basis for congenital
muscular dystony (CMD) type 1 and 2 in Belgian Bbadtle and ichthyosis fetalis (IF) in
ltalian Chianina cattle using GWAS. To map the gAfi®ase, C& transporting, cardiac
muscle, fast twitch YATP2A1) causing CMD1 they used 12cases and l4rasnof
Belgian Blue cattle. The ger@olute carrier family 6, member(SLC6A5) was identified

in 7 cases compared with 24 controls of BelgiareBlattle causing CMD2 (Charlier et al.
2008).ATP-binding cassette, sub-family ABC19), member 1ZABCA12) was observed
in 3 cases and 9 controls of Italian Chianina eatdtermining IF (Charlier et al. 2008). In
the study of Drogemiiller et al. (2011) an unusydicsg defect in theMitofusin 2
(MFEN2) gene is significantly associated with bovin@ogressive degenerative

myeloencephalopathy (weaver syndrome) in Tyroleggy @attle.

In Texel sheep a missense mutation in the dgaeed-like homeodomain @ITX3) was
associated with Microphthalmia using 23 cases éhddhtrols in GWAS (Beckeet al.
2010).

In pig, there are very few studies dealing witheagiary defects. However, most of these
traits have a polygenetic background, for exampke ihverted teat defect with several
QTL and their positional candidate genes on SCC3 4nd 11 (Jonas et al. 2008).

Therefore, the identification of the causal mutati® very difficult.

These studies were particularly efficient becaudsth® low N in livestock. If animals are

suffering from a fatal, recessive disorder and lamozygous for a large chromosomal
segment containing the causative gene, allows #tection of the causative gene using
lower number of animals and moderately dense marlkar complex traits much larger

numbers of animals is needed to detect the caesg¢ines (Goddard and Hayes 2009).

1.3.2 Investigating quantitative traits using GWAS

For quantitative traits the results generally iatkcmany mutations, suggesting that each

individual mutation has a small effect (Goddard &fad/es 2009). In human, Levy et al.
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(2007) identified in the Framingham Heart Study K@®roject with 4464 people 7 SNP
significantly associated with blood-pressure arf®@N\g> associated with arterial-stiffness. In
the study of Hazra et al. (2008), 3 SNP of the gewesyltransferase 2FUT2) were
significantly associated with the plasma vitamip, Bevel in 1658 women and 1059
independent replications from the Nurses’ Healtld$t Measures of obesity, weight and
body mass index were significantly associated &ftlvariants including these close to the
fat mass and obesity associat@dl O), melanocortin 4 recepto(MC4R), brain-derived
neurotrophic facto (BDNF) and SH2B adaptor protein (SH2B1) genes in 25342
Icelanders (Thorleifssoat al. 2009). O’Seaghdha et al. (2010) observed commaanta

in the calcium-sensing receptdCASR) gene in a large meta-analysis of GWAS dfirse
calcium levels, including data from 20611 indivithuaf European ancestry.30 SNP were
associated with serum uric acid in island poputatod the Adriatic coasts of Croatia
(Karnset al.2012). Ali et al.(2013) identified five candidajenes (TCF7L2, HHEX, IDE,
ENPP1 and FTO) significantly associated with typdigbetes (T2D) in three unrelated
Indian populations. Additionally, Pueyo et al. (3Dplobserved genetic variants in the
surfactant protein-D (SP-D), which were also significantly associatedthwinsulin

resistance and T2D.

1.3.2.1 Investigating quantitative traits in livestock ugiBWAS

In livestock, Kolbehdari et al. (2008) identified96l significant SNP affecting
conformation and functional traits in Canadian Hmals dairy cattle. In the same
population, 144 SNP were associated with productionctional and reproduction traits
(Daetwyleret al.2008). Lillehammer et al. (2009) found signific&NP for a genotype x
environment interaction for milk yield at the levef herd production in Australian
Holstein dairy cattle. In Angus cattle several o&gi on the chromosomes 2, 12, 13 and 21
were identified causing infectious bovine keratquoativitis (IBK) (Kizilkaya et al.
2013).

A GWAS in chickens reported 21 SNP related to 18iege which were significantly
associated with resistance $3almonella entericzolonization (Goddard and Hayes 2009;
Hasenstein et al. 2008). In another study in clmskseveral SNP were identified, which

were associated with the resistanc€&mpylobacter jejuniConnell et al. 2013).



Chapter 1 15

In pig, several GWA studies were performed, coneldi¢br quantitative traits in pigs such
as meat quality (Duijvesteijn et al. 2010; Luo le2812b; Ponsuksili et al. 2011; Ramos et
al. 2011), reproduction (Onteru et al. 2011; Uinedral. 2011), immune traits (Luo et al.
2012a; Wang et al. 2012), growth with soundness @aal. 2011) and feed conversion
ratio (FCR) (Sahana et al. 2013). For examplehendtudy of Duijvesteijn et al. (2010)
987 pigs divergent for androstenone levels inifdue in a commercial Duroc-based sire
line were genotyped. The association analysis fede®/ SNP orsus scrofachromosome
(SSC) 1 and 6 significantly associated with andmsbe. Among them, the 5 most
significant SNP explained together 13.7% of theefj)envariance in androstenone. On
SSC6, a larger region of 10 Mb was shown to beciestsal with androstenone covering
several candidate genesyfochrome P450 A18CYP2A19),sulfotransferaseSULT2A1
and SULT2Band hydroxysteroid-dehydrogenas@dSD17B1%) potentially involved in

the synthesis and metabolism of androgens (Dugijestt al. 2010).

However, the distribution of marker effects showbdt most SNP had small effects,
which could be described as random noise, whereakears in regions harbouring genes
with causative mutations had much larger effectthcugh the markers with the largest
associated effects from genomic analysis mightmaak perfectly the causative mutations,
they were potentially useful tools for identifyimgromosomal regions (Cokt al. 2009).

Therefore, fine mapping techniques such as RNA emgjng are needed for further

investigating the possible candidate genes.

1.4 Genetical Genomics

A genome scan is the most general approach to ifigegénomic regions showing
quantitative trait loci (QTL). Such QTL regions agenerally large and can contain
thousands of genes. Most of them are candidatefdodhe trait (Wayne and Mcintyre
2002). Quantitative expression studies such as oacy technology, can indicate
regulatory variation in genes for complex traits ayle and Mcintyre 2002). By
combining QTL mapping and microarray analysessifpossible to identify regulatory
networks underlying the quantitative trait of irgstr and localize genomic variation, the so-
called genetical genomics approach (Jansen 2003edaand Nap 2001). Furthermore,

QTL analyses of expression levels of gene idergdpomic regions, which are likely to
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contain at least one causal gene with the regylafiect on the expression level, termed
expression QTL (eQTL). The use of eQTL analyseshiesn demonstrated as a promising
tool for narrowing the gap between detected pheot@TL regions and confirmed
causative variations for the pig species (Rothdckil al. 2007; Steibel et al. 2011).
Detected eQTL can be classified into a locus, whgHocated close to a geneid-
regulation) or distant from the gendrafis regulation) (Jansen and Nap 2001).
Differentially expressed genes, where eQTL mappintlicatescisregulation, are more
likely to represent the “cause”, for example theeje background of the trait of interest.
Whereas differential expressed genes reveatangs-regulation represents the “effect”, for
example pathways that are affected by causal v@migvVimmers et al. 2010). The largest
and most significant reported eQTL are ofteistegulated. However, som#ans
regulated eQTL seem to control expression in séweranany genes spread across the
genome. These findings provide general informatiorthe organization of the control of
expression (Haley and de Koning 2006).

The key advantage of eQTL mapping is that it cotmeariation at the level of RNA
expression to vary at the level of DNA. Only latovides versatile tools for breeding
whereas the first reveals information on the biglo§a trait and directs to new candidate
genes. In summary, integration of information onL(Jor a trait of interest in breeding
with analyses of trait correlated expression andhwmnapping of eQTL for the
corresponding trait-dependent-regulated geneditédes the identification of genes and
pathways with cumulative evidence of their invoherhin the biology of the traits of
interest and enable to built priority lists of cadate genes (Ponsuksiét al. 2010;
Wimmerset al.2010)

However, there are also some issues that limihefuse of genetical genomics approach,
in particular the resolution of the genetic maga th depending on the number of markers
and animals used, the structure of the populats®edwand artefacts caused by the limited
sensitivity and specificity of microarray experinefPonsuksilet al.2010; Verdugeet al.
2010).

1.4.1 Genetical genomic approaches applied to complés irahuman

A number of eQTL studies have been published te data variety of tissues and cells
(Kabakchiev and Silverberg 2013). Some of theskidecmonocytes (Zellegt al. 2010),
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liver tissue (Schadet al. 2008) and brain tissue (Giblet al. 2010). At least 3 public
databases accessed the significant results reportedew published papers. Combining
these data is challenging, not only because ssisninvestigate eQTL analysis with
different statistical frameworks, but also becausgperimental techniques vary
considerably (Kabakchiev and Silverberg 2013). bsmnstances, microarray technology
Is used to measure gene expression, but RNA seqgetechniques are more and more
applied (Babak et al. 2010; Lalonde et al. 2011jeMiaki and Pastinen 2011; Pickrell et
al. 2010). Further comparison across studies fecdif because genotyping platforms by
different manufacturers, or across variations ¢ fame platform, provide dissimilar
coverage of genetic markers. Nevertheless, at [@asko of eQTL appear to be stable
between tissues and cell types (Kabakchiev ancei®iérg 2013). However, some eQTL
seem to be tissue specific and it is importantdeniify these. Furthermore, for the
majority of disorders that affects a single orgam dimited number of tissues, eQTL have
a specific effect on the phenotype and could beetautable at a different anatomic
location. Additionally, some eQTL in multiple tisss1 such as blood, liver and skeletal
muscles have been shown an opposite allelic effegending on the cell type (Figure 5)
(Fuet al.2012).

Opposite allelic direction Opposite allelic direction
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Figure 5: Molecular model of tissue dependecis-regulation with opposite allelic
direction (modified from Fu et al. 2012)

Thus far, four genome-wide eQTL studies have begfopned using human livers, where
many liver eQTL have been found to be reproducdnld a proportion of these could be
specific for liver transcripts (Glubbt al. 2012). Schadt et al. (2008) identified 1356-
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regulated and 24fansregulated eQTL in post mortem tissues and resedtmm donor
livers of Caucasians. Additionally, Schroder et(2D11) observed 1178s and 47trans
eQTL in normal tissues resection during surgery lfeer cancer in Caucasians. The
highest number of eQTL (790ds+egulated and 78&ansregulated) in Caucasian were
found in the study of Greenawalt et al. (2011)the study of Innocenti et al. (2011) 1787
cis and 353trans eQTL were observed in post mortem tissue and tiesscfrom donor

livers of European Americans and African Americans.

In the study of Stranger et al. (2012) 5691 eQTLlrewelentified in different human
populations like Asians, European-admixed and Africubpopulations. Li et al. (2013)
found 1359 eQTL significantly associated with btezsncer, whereas 689 (50.7 %) genes
were cisregulated and 670 (49.3 %jans genes. Three significarntis associations
mapping to breast cancer risk loci were identifs@dchromosome 2in(sulin-like growth
factor binding protein §IGFBP5)), 5 SET domain containing @50rf35)) and16 TOX
high mobility group box family member (30OX3)). They also observed threeans
associations at chromosome &stfogen receptor IESR1)), 9 Kruppel-like factor 4
(KLF4)) and 8 (myelocytomatosis oncogerf®YC)). These findings provide a more
comprehensive picture of gene expression deterrtgnarbreast cancer as well as insights
into the underlying biology of breast cancer rig&il(Li et al.2013).

1.4.2 The importance of genetical genomics in livestock

The genetics underlying production traits has beemlied and exploited for genetic

improvement of livestock through selective breedmgdecades. For many traits, regions
of the genome that affect these traits have beentifted and in some cases even the
molecular polymorphism underlying the QTL has bemtified (Andersson and Georges
2004; de Koning et al. 2005). A combination of gowapproaches in QTL detection and
emerging technologies in gene transcription anglysan provide a fast track for

unravelling the genetic network underlying diffeces in production traits (de Konireg

al. 2005). However, the genetical genomic approadivéstock was only used in chicken

and pig and was not so common like in human. Itlezaintil now no genetical genomics

studies were performed. One reason might be thelgibpn structure, because it is not
possible to build recombinant inbred lines for i@k species (de Koning et al. 2005) and

there are also no reciprocal backcrossep@pulation) in cattle.
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In chicken, Le Mingon et al. (2009) identified threandidate geneéshydroxy-3 hethyl-
glutaryl-CoA synthase (HGMCS1),transcription factor 3TCF3) andsal-like 4(SALL4)

in the QTL region on chromosome 5 for abdominahdas. Le Bihan-Duval et al. (2011)
observed the candidate gebeta-carotene 15, 15'-monooxygengd&CMO1) as cis-
regulated for chicken breast meat colour. Thesairfgs indicated that higher expression
of BCMO1 gene was linked with lower meat yellowné@ss Bihan-Duvalet al. 2011). In
the study of Ka et al. (2013) trearnitine palmitoyltransferase 1BCPT1B) expression
was found to be influenced byc#s-acting eQTL in muscle of two chicken lines seldcte
for high and low body weight. The increased expogssn hypothalamus and reduced
expression in muscle is consistent with an increéésed intake in the HWS line and at the
same time reduced fatty acid oxidation in musckddyng a net accumulation of energy
intake and storage (Ket al.2013).

In pig, Lobjois et al. (2008) identified 63 differially expressed genes on SSC 1, 2, 3, 4,
5,6,7,9,11, 12, 13, 14, 15, 17 and 18 for diffié ranges of Warner-Bratzler shear force
(WBSF) in a commercial Fpopulation. In the study of Ponsuksili et al. (20Pfound 789
differentially expressed genes between high and dinip loss in a Duroc x Pietrain
resource population. 10 genasonectin(VTN), alpha-1-microglobulin/bikunin precursor
(AMBP), serpin peptidase inhibitor, clade A (alpha-1 antifginase, antitrypsin), member
1 (SERPINAL), cytochrome P450, family 2, subfamily (CYP2Q, cytochrome P450,
family 3, subfamily ACYP3A), TYRO protein tyrosine kinase binding protélt'y ROBP),
AHNAK nucleoproteifAHNAK), insulin-like growth factor ZIGF2), zyxin(ZYX) were
selected for validation (Ponsuksit al. 2008b). In the same population 104 eQTL
significantly associated with water holding capaacitere revealed with 9&ans acting
eQTL and &is- acting eQTL (Ponsuksikt al.2008a). The eight candidate genes with
eQTL were located on SSC2, 3, 4 and 6 (Ponsuksikal. 2008a). In a third study, a
principle component analysis was used to identihyc8ndidate genes exhibitieg eQTL,
which were associated with different meat qualityts such as drip loss, pH1, ph24 and
meat colour (Ponsuksikt al. 2010). Steibel et al. (2011) revealed 62 eQTL amgkne
networks enriched with genes involved in lipid nibetiésm, DNA replication and cell
cycle regulation in loin muscle tissue of Duroc ietRain F, population. 2 candidate genes
(aldo-keto reductase 7AZKR7A2) andthioredoxin domain containing (2 XNDC12)),
which were part of the lipid metabolism, were lechon SSC6 (Steibet al.2011). In the
study of Canovas et al. (2012), 38@nsregulated and 5%is-regulated eQTL were
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observed in thé&luteus Mediusnuscle in purebred Duroc population, whereas 1TLeQ
hotspots were mapped on SSC1, 3, 5,6, 7, 12 and 18

When comparing the studies using genetical genoapgsoach in human and livestock,
the percentage dfiss andtransregulated eQTL were different between the spedies.
human the proportion afis eQTL ranged between 83 % and 96 % (Greenawalt 2041,
Innocenti et al. 2011; Schadt et al. 2008; Schreded. 2011). In contrast, in livestock the
proportion ofcis-regulated eQTL ranged between 10 % and 13 % (G&neval. 2012,
Ponsuksili et al. 2008a; Ponsuksili et al. 201@wdver, considerable heterogeneitycisf
eQTL effects is possible between different tissuksrecent study reported that the
proportion of heritability due to gene expressidirilzutable to cis-regulation differs
between tissues (37 %in blood and 24 % in adipassud) (Priceet al. 2011). By
comparing the overlap of significaots eQTL at a predefined threshold, estimates on the
tissue dependence ok eQTL were between 30 % (liver, adipose tissue) @nélo - 80 %
(fibroblasts, T cells, lymphoblastoid cell line®ifhas et al. 2009; Emilsson et al. 2008;
Gerrits et al. 2009; Heap et al. 2009).

15 Genetical genomics approach using GWAS

Over the last few years, GWAS were used in idemgfynumerous loci related to complex
traits (Kabakchiev and Silverberg 2013). Since fire GWAS paper was published in
2005, linking age-related macular degenerationN® & thecomplement factor HCFH)
gene (Kleinet al. 2005), the field of genetic research has seenoéfgration in the
application of this approach. The catalogue of jghleld GWAS, curate by the National
Institute of Health, list more than 1200 studiearspng more than 600 phenotypic traits
(Kabakchiev and Silverberg 2013). These includeemdi® disorders such as asthma
(Moffatt et al. 2007), autism (Wangt al. 2009) and Parkinson’s disease (Maragaratre
al. 2005). Also quantitative traits like body weigfthprleifssonet al. 2009) and blood
pressure (Levyet al. 2007) could be found. In these situations, QTLIysi® has been
applied successfully in correlating levels of atted interest with genotype. Possibly the
most natural trait to be associated with variatiomnthe genome is the immediate product
of the transcribed genes: messenger RNA (mMRNA)h Sypproaches combine 2 genome-
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wide technologies together for a system biologyattreent of physiologic problems
(Kabakchiev and Silverberg 2013).

The core hypothesis behind eQTL analysis is thiinporphic sites in the genome, such as
SNP, could have tangible effect on gene regulaltipraltering the coding or promoter

sequences of genes, their splicing junctions, berotegulatory elements. All of these
regions affect the rate at which genes are tramsadyiwhich isoforms are preferentially

expressed and how stable the final MRNA producthsis, SNP, which were suspected to
affect gene expression (eSNP) could be tested wadtbociative statistics (Figure 5)

(Kabakchiev and Silverberg 2013).

Phenotype

<
eSNP

Genotpye C— Expression

Figure 6: Combining genome-wide association studies with gle@etical genomics
approach (modified from Powell et al. 2012)

A comprehensive analysis of the GWAS data spanmagy different published studies
indicated that trait-associated loci, especiallysthpertaining to complex phenotypes, were
enriched for being eQTL as well (Kabakchiev and/&tberg 2013; Nicolae et al. 2010).
Nicolae et al. (2010) estimated in their study taproximately 17 % of Crohn’s disease
associated SNP could be eQTL in lymphoblastoidlreds. Gaffney et al. (2012) observed
in their study that in about 80 % of significant@Qthere is at least an additional SNP.
For schizophrenia, Kim et al. (2012) identified faandidate genés-hydroxytryptamine
(serotonin) receptor 2A, G protein-coupldtHTR2A), plexin A2 (PLXNA2), serine
racemasgSRR) andranscription factor 4(TCF4), which were significantly associated
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with cis SNP in at least one brain region of prefrontaltexar hippocampus, temporal
cortex, thalamus and cerebellum. In the study diakahiev and Silverberg (2013) 15 %
of the SNP associated with the intestinal tissuélccbe cis- regulated eQTL and only 2
SNP seemed to beans regulated eQTL. For autism, Cheng et al. (2018iified 12
SNP near the gersema domain, seven thrombospondin repeats (typel type 1-like),
transmembrane domain (TM) and short cytoplasmicalojr{semaphorin) 5ASEMAS5A)
asciseQTL and 920 SNP amnsregulated, which could be divided in 245 eQTL tbus

In livestock, until now only two recent studiespig are known combining genome-wide
association studies with a genetical genomics ambroln the study of Ponsuksili et al.
(2011), 150 crossbred pigs (Pietrain x (German e€aithite x German Landrace)) were
used to identify 448is eQTL corresponded to 71 genes and 3287seQTL were related
to 408 genes associated with fatness traits. Inhanaecent study of Ponsuksili et al.
(2012), 207 muscle- and 150 liver samples of pigsmfa commercial crossbred Pietrain x
(German Large White x German Landrace) were andlylremuscle, 200tis and 1663
trans eQTL corresponding to 593 genes correlated witlsrpéa cortisol level. In liver,
1019cis eQTL and4873rans eQTL were found, corresponding to 116 and 927 gene
respectively. However, in muscle a higher proportiof cis eQTL was observed
(Ponsuksiliet al.2012).
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1.6 Scope of the study

The Bonner Duroc x Pietrain resource population Ripuis well established for
investigating quantitative traits such as carcasmeat quality. In the studies of Liu et al.
(2007; 2008) QTL analyses in585 BuPi animals were performed revealing 137 QTL for
35 traits of growth, carcass composition and maatity. Especially for drip loss, pH1 and
pH24 in loin 11 QTL were found on SSC 1, 2, 3, 4657, 15 and 18 (Liet al.2007; Liu

et al. 2008). For these QTL analyses 106 microsatellitésch were spread across the 18

autosomes and spanned 1987 Kosambi cM, were used.

Furthermore, Ponsuksili et al. (2008a) selectedod®85 F, DuPi pigs 74 animals based
on their phenotype of drip loss and pH 24. Generesgion profiles inMusculus
longissimus dorswere obtained usingicroarray technology. The relationship between
the phenotype and the gene expression profiles aeasrmined using the Pearson
correlation coefficient. Additionally, based on apgaches of ‘genetical genomic’,
expression QTL (eQTL) were detected to characteheecandidate genes @s- or trans-
regulated (Ponsuksigt al. 2008a). 104 eQTL significantly associated withevdtolding
capacity were identified with 96&ans acting eQTL and &is acting eQTL. The eight
candidate genes, which weris- regulated, were located on SSC2, 3, 4 and 6 (Rsilisu
et al.2008a).

The aim of this complementary study was to inveségwater-holding capacity in the
DuPi population using a genome-wide associatiohrtiegie. In the first part (Chapter 2), a
genome-wide association analysis was performedgusia 60K SNP chip of Illlumina.
QTL regions and their promising candidate genesewdentified and their explained
phenotypic variance were calculated. In the secpad (Chapter 3), candidate genes
related to drip loss were observed by (1) analyzimg correlation of drip loss and

transcript abundance and (2) combining genome-eigeession profiling and genotyping.



24




25

Chapter 2 A genome-wide association study for water holdingapacity in a Duroc

x Pietrain resource population

Hanna Heidt, Christine GroRe-BrinkhalisSudeep SahadeVarChristian Looft, Heinz
Jungst, Dawit Tesfay& Ernst Tholeh Karl Schellandérand Mehmet Ulas Cinaf

YInstitute of Animal Science, Group of Animal Breegliand Genetics, University of Bonn,
Endenicher Allee 15, 53115 Bonn, Germany



26 A genome-wide association study for water holdiagazity in a DuPi population

2.1 Abstract

Background: Low water-holding capacity (WHC) results in a fluconsisting of water
and protein expelled from the meat surface, sedalrip loss. It has a low heritability and
is influenced by many different genes in the genoAithough several candidate genes
have been identified with other methods such as,Qifany more genes influencing the
trait of interest are present in the pig genomee Henome-wide association (GWA)
approach allows dissecting the genome and findoignporphisms with influence on the
observed phenotypic variation. Therefore, the airthis study was to identify candidate
genes related to WHC by performing a GWA study gighe lllumina 60K porcine SNP
chip. One hundred sixty nine Bnimals of a Duroc x Pietrain (DuPi) resource pafjan
were genotyped and four meat quality traits (dags| pH1, pH24 and pH decline) were

used to investigate the genetic background of WHC.

Results: 49 significant SNP were observed (P < 0.01) fop tlvsss, 40 SNP for pH1, 9
SNP for pH24 and 33 SNP for pH decline in loin.oder to clarify the annotation and
function of each SNP the Biomart software was ugethlyses revealed 14 putative
functional candidate genes significantly associat&tt drip loss. Twenty-six, 7 and 22
candidate genes were identified for pH1, pH24 aHddecline, respectively. The genes
NELL1 and SOX6 located on SSC2 were significantbygaiated with drip loss and
showed more than 3 point-mutations each with higtabe disequilibrium. The proportion
of explained phenotypic variance for all four tsaranged between 4.4 % and 8.43 %.
Conclusion: Applying a genome wide association analysis usiheg 60K porcine SNP
panel allowed investigating the genetic backgroah®#VHC traits in this study. Several
regions in the genome were identified affectingp doss, pH1, pH24 and pH decline in the

DuPi population.

Keywords: pig, lllumina 60K SNP chip, water-holding capacityip loss, pH traits
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2.2 Background

Water holding capacity (WHC), i.e. the capacity mkat to retain its water during
application of external forces (Hamm 1985), is mpartant quality criterion for the meat
processing industries and the consumers. WHC affdat financial output, nutritional
value, sensorial and technological properties atipe meat. During the post-mortem
conversion of muscle to meat, lactic acid producethe tissue leading to a reduction in
pH of the meat (Huff-Lonergan and Lonergan 2005)c®pH has reached the isoelectric
point, positive and negative electrical charge lenpiroteins are equal. These positive and
negative groups within the protein attracted edtieroand cause a space reduction within
the myofibrils (Huff-Lonergan and Lonergan 2005)ddétionally, rapid pH decline
resulting in ultimate pH (pH at 24 h) while mus@estill warm results in denaturation of
many proteins including those involve in binding adllular water (Huff-Lonergan and
Lonergan 2005). Consequently, a fluid consistingvater and protein expelled from the
meat surface without any mechanical force otham travity, the so called drip loss (Offer
and Knight 1988). WHC can be predicted by measudng loss using gravitational
techniques. Drip loss is genetically and phenoslpiccorrelated with early pH in loin
(pH1) (s = -0.91 andg = -0.67, respectively) and late pH in loin (pH24) = -0.72 andg

= -0.51, respectively) (Borcherst al. 2007). Heritability estimates for water holding
capacity traits were low: pH1 {h= 0.14), pH24 (h= 0.20) and drip loss th= 0.14)
(Borchers et al. 2007). The presented heritability and correlat@stimations are an
indication of a polygenic background that is polgsibvolved in the expression of the
examined traits. The identification of genes tlegulate meat quality traits will assist in
efficient meat production and facilitate the resiol of existing production problems or
so-called marker-assisted selection (MAS) (Brureteal. 2012). Both candidate gene and
QTL mapping strategies have been used in domesiticads for the discovery of genetic
markers suitable for MAS (Rothschiéd al.2007).

Until now, 6818 QTL covering 585 phenotypic tramere identified and submitted into
pig QTLdb. In total, 1040 QTL were identified forijl loss, pH1, pH24 and pH decline in
loin in different pig populations (www.animalgenoig, Release 17, July 2012) (lét
al. 2010). These QTL were mostly identified via genosmanning based on linkage
analysis and microsatellite genotyping.

Liu et al. (2007; 2008) found 11 QTL for drip loaad pH values in loin muscle in the

Duroc x Pietrain fresource population by using different statisticaddels. In another
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Duroc and Pietrain FAesource population 9 drip loss and pH value QErendentified on
different porcine chromosomes (Edwastsal. 2008). Consequently, by using low density
of microsatellite markers, QTL are often mappedat@arge interval of 20 centimorgans
(cM) or more. Only a few causative mutations, whiate called quantitative trait
nucleotides (QTN), have been identified based @ulte for complex traits in pigs via
QTL fine mapping analysis (Ren et al. 2011; Vanreaet al. 2003). Applying a genome
wide association analyses by using current 60K iper8NP panel provides more dense
genotypic markers than microsatellite markers wihielps to improve accuracy in finding
the exact QTL locations and candidate genes fopbextraits (Luoet al.2012b).

Although, there are several GWA studies, condutdedjuantitative traits in pigs such as
meat quality (Duijvesteijn et al. 2010; Luo et2012b; Ponsuksili et al. 2011; Ramos et al.
2011), reproduction (Uimaet al. 2011), immune genetic (Luet al. 2012a; Wanget al.
2012) and growth with soundness (Faral.2011), no study was devoted to water-holding
capacity related traits in pigs. Therefore, the ainthis study was to identify candidate
genes related to WHC by performing a whole genosse@ation analyses by using 60K
porcine SNP chip genotyping. To the best of ounldedge, this is the first study, which
shows functional mutations, related to drip losd pH traits in pigs.

2.3 Results

In this study, the FDuPi animals were used to perform GWAS for wataldimg capacity.
Descriptive statistics for the phenotypes as meats)dard deviations, minimum and
maximum values of the traits measured the currepé@ment were given in table 2. The
animals were slaughtered at an average of 183.§ a@ay with an average carcass weight
of 86 kg. The mean of drip loss was 2.01 %, andatlerage values of pH1, pH24 and pH
decline were 6.54, 5.52 and 1.02, respectivelytheurdetails of the animals and the
phenotype recoding can be found in Materials anthbt#s as well as in Liu et al (2007;
2008).

The GWA analyses were performed using PLINK sofevéPurcellet al. 2007). The
analyses were based on the family-based associa&sts for quantitative traits (QFAM)
approach in order to avoid population stratificati@uality control was applied using

PLINK and R software. The following criteria for gjity control were chosen: call rate of
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95 %, minor allele frequency (MAF) > 5 % and migsiate per SNP 2 %. In total, 49 SNP
were found to be significantlyp(< 0.001) associated with drip loss, 29 SNP witH. p8i
SNP with pH24 and 29 SNP with pH decline. The 4PSi¥sociated with drip loss were
located at several regions on the genome, espeoialSSC2, SSC12 and SSC17 (Figure
7). These significant SNP were further annotateNGEMBL database using Biomart (R
— package) and 14 candidate genes associated mytlosls were identified (Durincékt al.
2012). Among these candidates, three géitels-like 1(NELL1), sex determining region
Y-box 6(SOX6) andprotein tyrosine phosphatase, receptor typ€PAPRA) showed high
number of significant SNP (8, 4 and 3, respectiv€lable 3). The phenotypic variance
explained by a single SNP varied between 4.4 %5a8d % with a standard error of 0.14
and 0.24 (Table 3). Whereas NELL1, SOX6 and PTPR#wed a phenotypic variance of
5.54 %, 4.53 % and 5.87 % with standard errors.28,00.14 and 0.14, respectively
(Table2). The additive effects for the signific&NP were also calculated and ranged from
-0.53t0 0.71 (Table 3). For pH1, 25 candidate gemere found across the whole genome.
Furthermore, out of 25 genes 12 were identifiedS8BC1 and SSC6 (Table 4). The
phenotypic variance explained by a single SNP dabietween 5.63 % and 8.76 % with a
standard error ranged from 0.12 — 0.02 (Table 4 &dditive effects for pH1 varied
between -0.11 and 0.92 (Table 4). Twenty-two gevexe identified for pH decline, which
were spread all over the genome, especially on S8@1SSC7 (Figure 10 and Table6).
The phenotypic variance explained by pH declinegyeanfrom 5.63 % to 8.10 % with the
standard error of 0.02 to 0.04 while the additiffeats of pH decline varied between -0.15
and 0.09. The SNP of getfi@mily with sequence similarity 65, membe{FEAMBG65B),
located on SSC7 were significantly associated whi as well as with pH decline. The
explained phenotypic variance of FAMB65B for pHIgH decline ranged between 5.63
% (0.02) and 6.17 % (0.02), respectively. The adslieffect of FAMB65B showed the
same trend for both pH1 (-0.05) and pH declineOgl. For pH24, seven genes were
located mainly on SSC7 and SSC13 (Figure 9; TableThe phenotypic variance
explained by a single SNP varied from 5.63 % t®%&vith a standard error ranged from
0.01 to 0.02 (Table 5). The additive effects of gHanged from 0.04 to 0.07 (Table 5).
Furthermore, theavian v-ets erythroblastosis virus E23 oncogene dioghl (ETS1)
located on SSC9 and significantly associated wk24 revealed biological important
functions related to WHC. This gene showed a phgnotvariance of 6.1 % with a
standard error of 0.01 and the additive effect 5.
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Two genesSH3 and multiple ankyrin repeat domaingSHANK1) andneuroblastoma
amplified sequencéNBAS) were found to be pleiotropic for pH1 andpdfoss traits
(Table 3 and Table 4). For pH1 and pH declinedraight pleiotropic loci were detected:
estrogen receptor {ESR1),exonuclease 3'-5' domain containing AXD1), asparagine-
linked glycosylation 14 homolodALG14), carboxypeptidase AGCPAG6), cytidine
monophospho-N-acetylneuraminic acid hydroxylaseugesgendCMAHP), FAM65B, a
disintegrin-like and metallopeptidase (reprolysype) with thrombospondin type 1 motif,
3 (ADAMTS3) andmatrix metallopeptidase 1(31MP13) (Table 4 and Table 6).

Linkage disequilibrium (LD) was calculated for twegions on SSC2 using Haploview
(Barrett et al. 2005). The regions of SSC2 have been chosen fthefuinvestigations
because these regions contained 12 markers agsbsighificantly with drip loss in the,F
population (Table 3). The construction of the hage blocks followed the criterions of
Gabriel et al. (2002) (Figure 11 and Figure 12)figure 11A, the LD of the first region
including 4 haplotype blocks between 40.6 Mb andb4b was identified. The largest
block (Block3) containing 8 SNP belonged to NELL#&ng, which was significantly
associated with drip loss and showed a very highof B = 1 (Figure 11A and Table 3).
Additionally, in the block 3, the SNP MARC007542Aswnot in LD (f = 0.06) with any
other SNP in this region (Figure 11A). This migktdue to the wrong position of the SNP
because of a mistake in the build10 assembly of ENEBL pig genome database (Ramos
et al. 2011). In this animal population (DuPi), all thigrsficant SNP of block 3 were
presented in 4 haplotypes (Figure 11B). The secegun was located between 45.6 Mb
and 46.6 Mb containing 2 LD blocks (Figure 12A).eTour significant SNP, which were
related the candidate gene SOX6, were found irs¢icend haplotype block and showed a
high LD with = 0.98 (Figure 12A and Table 3). In the seconalblbere was also a SNP
MARC0054900, which was not in LD+ 0.18) with the other SNP in this region (Figure
12A) like the SNP in block 3 (Figure 11A). Furthemm, the second block including the
SNP, which were significantly associated with daps, showed 4 different haplotypes in
the F, population (Figure 12B).
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2.4 Discussion
2.4.1 Filtering of SNP data

Quality control of the SNP was based on the calée,rdMAF and pedigree errors.
Deviations from Hardy-Weinberg equilibrium (HWE) sgenot considered in the quality
control step, because the HWE is underpoweredtextigenotyping errors (Cox and Kraft
2006). Because of a high degree of relationshipiwithe F, crosses (full sib and half sib
families) two discordant full sibs of each famileke selected showing extreme values of
drip loss (see Table 2). A deviation from HWE coblel expected due to the discordant
allele frequencies in the parental breeds. Sinyilarl the studies of Duijvesteijn et al.
(2010) and Ponsuksili et al. (2011) the HWE forteolting pedigree errors was also not

considered.

2.4.2 QTL-areas

In this study 9 QTL on six different porcine chrosomes were significantly associated
with drip loss. Some of the identified QTL have bea&ready reported in the DuPi
population. Liu et al. (2007; 2008) identified QDn SSC2, SSC3 and SSC6 related to
drip loss in the same DuPi population. Becauséefrepeated detection of these QTL, it
can be assumed that they play an important rol¢hén expression of drip loss. We
identified two QTL on SSC2 which were located i ttonfidence interval of the QTL
identified by Liu et al. (2007) and have been dégd in other cross bred populations as
well (Kim et al. 2005; Liu et al. 2007; Thomsenakt2004; van Wijk et al. 2006). For 14
detected QTL affecting pH-traits, only two of th&3&L located on SSC1 and SSC7 have
been reported earlier in the DuPi population (&iwal. 2007; Liuet al.2008). In the recent
analysis, the QTL on SSC1 was found for pH1 anddgkline traits, however, Liu et al.
(2007) identified a significant QTL for pH24 in foiVidal et al. (2006) identified a QTL
for pH1 on SSC1 in a non-inbred maternal Landrawoe. |[Additionally an epistatic QTL
study in the DuPi population revealed several apstQTL pairs associated with meat
quality traits in the same region (Grosse-Brinkhaual. 2010). Four QTL on SSC2, 3, 8
and 13 for pH1 were identified considering episd&rosse-Brinkhaust al.2010). In our
study, it was possible to identify these epist&ItL independently from a second QTL,
because of the high number of genetic markers geavby the SNP chips.
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Until now, we discussed only QTL, which have beessalibed once in the DuPi

populations (Liuet al. 2007; Liuet al. 2008). In general, 17 of the identified QTL have
been detected in other pig populations, wherea€)3ik are presumably novel positions
and not mentioned in the pig QTLdb before (¢twal.2010).

A QTL on SSC15 affecting drip loss has been idesttifoy Bertram et al. (2000) in a
commercial Danish pig population. Markljung et @008) found a QTL on SSC16 for
drip loss in a Hampshire x Finnish Landrace crdse. position on SSC17, explaining 5 %
of the phenotypic variance, has been describedheniuPi population and in different
commercial breeds related to candidate genes (Wimeteal. 2007). Edwards et al.
(2008) investigated also a Duroc x Pietrain reseyropulation and detected a QTL for
pH1 on SSC3, which explained 6.27 % of the phenotyariance. Yue et al. (2003)
detected a QTL on SSC6 for pH1 and on SSC7 for pHZtosses of Meishan, Pietrain
and European Wild Boar. In our analyses these Q&tewharacterized by SNP belonging
to 7 different genes on SSC6 and 3 genes on SS@¥erkly, more than one gene leads to
the QTL effect and Yue et al. (2003) reported laogafidence interval in the same

regions.

On SSC8 and SSC11 QTL for pH1 were found in a DuxoBerlin Miniature pig
population, located close the QTL detected in dudys (Wimmerset al. 2006). For pH24
two additional QTL regions on SSC9 were determiineithis study which were also found
in the studies of de Koning et al. (2001) and Pksiitet al. (2005). Putative QTL for pH
decline on SSC4, 7 and 9 were found in a White BurcErhualian cross (Duaet al.
2009) and confirmed our observations. QTL regioms$S8C4, 7, 9 and 10 for pH1 and on
SSC1 and on SSC5 for pH decline were not mentiomed research article, which was
submitted to pig QTLdb previously. They could bewased novel for WHC traits (Table 4
and Table 6; Figure 8 and Figure 10).

2.4.3 Candidate genes

In summary 69 candidate genes containing 131 SNfe wientified for the four WHC
traits. Four genes were chosen for further disomsisecause of their biological importance
related to WHC, high linkage between the partic@BP as well as multiple detection of
the same gene in different traits.
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For drip loss, two major QTL regions of interestrevedetected containing possible
candidate genes (Table 3). The regions on SSC2ezhavihigh number of significant SNP
which were linked with the two candidate genes NEIAndSOX6. Both regions showed
high LD between the SNP of the two candidate gewbsgh may be cause of assembled
inheritance of SNP. This means for both regions daplotype block explains a part of
the effect of the whole region but due to the hidh between the SNP they capture the
same variation. Therefore, both areas remain ratefea the determination of drip loss.
NELL1 is a thrombospondin 1 like protein that ieoagly expressed in neuronal tissue of
human and mice (Kuroda and Tanizawa 1999). Kuradh Teanizawa. (1999) identified
NELL1 in their study as a protein kinasg(RKC) interacting protein, which is a calcium /
phospholipid dependent protein kinase with spegifitysiological function in various
cellular activities like cell growth, differentiath and positive regulation of actin filament
polymerization by interacting with their own targetoteins. Thus NELL1 seemed to
influence the muscle contraction indirectly via PK#&hich inhibits the myogenesis
(Vaidya et al. 1991). SOX6 was identified on SSC2 as a secondiiapt QTL with
higher LD. SOX6 is a member of the evolutionariighly conserved SOX transcription
factor family and is expressed in various cell g/pkt is implicated in the regulation of
more than one gene especially in the skeletal raygabnnoret al. 1995; Hagiwaraet al.
2005). In the studies of Hagiwara et al. (2005; 20®BOX6 was required for normal
development and / or function of the skeletal maisol human and mice. SOX&otein
was expressed as well in slow muscle fibres aashrhuscle fiber types. However, in the
absence of SOX6 transcription factor, the expressb fast skeletal isoforms genes,
including myosin heavy chain and troponin genesabvex distorted. Furthermore, SOX6
regulated both sarcomeric and calcium regulatomnpmnents that contributes to the
contractile properties of slow myofibres (Quiat al. 2011). Wimmers et al. (2006)
described in their study that drip loss at celliésel was associated with high proportion
of fast twitch glycolytic muscle fibres, low vasaudkation and reduced mitochondrial
activity. Therefore, SOX6 seemed to be a good cateigene for drip loss.

In addition, seven genes were identified for pH#l @i decline and two related to drip
loss and pH1. It can be assumed that pleitropyrapertant for the relationship between
the traits. Out of the nine pleiotropic genes, geae (FAM65B) will be discussed further
because of its impact in the expression of WHCS3K& 7, the candidatgene family with

sequence similarity 65, member (BAM65B) also known as C6orf32 was identified,
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which was significantly associated with both pHH g@H decline and seemed to have a
pleiotropic background. C60rf32 is up regulatedimyirmuscle cell differentiation and
myofiber repair (Cerlettet al. 2006). Yoon et al. (2007) described in their sttiugt the
down regulation of the C60rf32 expressionvitro resulted with decreased muscle cell
differentiation and fusion. The authors suggest €&orf32 also play an important role in
cytoskeletal rearrangement during fusion of mydhla® multinucleated myotubes (Yoon
et al. 2007). Myoblast fusion is important not only fdetetal muscle formation during
development, but also for postnatal muscle growith Bgeneration of skeletal muscle.
Myoblast fusion follows an ordered set of cellukwents, including elongation, cell
migration recognition/adhesion and membrane fug{Pavlath 2010). The ratios of
different fiber types vary in the diverse musclepehding on developmental stage and
muscle function (Brock®t al. 2000). Change in fiber type composition can resuin
higher proportion of glycolytic fibres and increasefiber diameter in pigs (Brockst al.
2000). At the cellular level, high proportion ofygblytic muscle fibres, large fiber
diameters, low vascularisation and reduced mitodhah activity are associated with

reduced water-holding capacity (Wimmetsal.2006).

For late pH in loin, only one gene (ETS1) out o¥ese showed a biological function
related with WHC. Thavian v-ets erythroblastosis virus E23 oncogenediog1l (ETS1)
gene is located on SSC9 ETS1 proto-oncoprotein imsember of the ETS family of
transcription factors that share a unique DNA bigddomain. It is expressed in various
cell types like endothelial cells, vascular smopthscle cells, skeletal muscle cells and
epithelial cells and had both normal and pathokalgianctions (Dittmer 2003). ETS1 is
involved in immune / defence response of cytokiaesl oxidative stress in skeletal
muscle, because it is a key mediator of extracellsignal induced activation (Bare al.
2011). The term oxidative stress is frequently useddefine only a ‘pathological’
condition in which the production of reactive oxmgspecies (ROS) (Brigelius-Flohe
2009) which act also as important signalling molesuin muscle contraction and
adaptation (Musaret al.2010).

An increase in ROS production has been demonstuaitger osmotic cell swelling, muscle
contraction, anoxia, and sepsis, which may causdegitine and drip loss formation in the
skeletal muscle (Ortenblaat al.2003).
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2.4.4  Additive effects and explained phenotypic variance

The additive effects as well as the proportion gplained phenotypic variance were
calculated for drip loss, pH1, pH24 and pH dechmee PLINK software. The calculated
additive effects and the explained phenotypic veafor drip loss were quiet high in
comparison to other QTL studies done in the sargepppulation (Edwards et al. 2008;
Liu et al. 2007). In the study of Liu et al. (20GAg additive effect for drip loss on SSC2
was -0.18 and the proportion of explained phenctypiriance was 3.75 %. In this study,
the additive effects for NELL1 and SOX6 on SSC2 evexsstimated 0.71 and -0.41
respectively. The phenotypic variance explainedNEyL1 was 5.54 % and by SOX6 4.53
%. The additive effects calculated for pH1 (-0.210t09) were less than for drip loss, but
in the studies of Liu et al. (2007), Edwards et(2008) and Wimmers et al. (2006) the
additive effects were nearly in the same size 400.06 and 0.04, respectively).
However, the explained phenotypic variance of pHi Wigher (5.63 % to 8.73 %) than in
the studies of Liu et al. (2007) (5.4 %) and Wimsnet al. (2006) (1.6 %). For pH24, the
additive effects in the study of Liu et al.(20070.04 to 0.05) showed the same trend as in
this study (0.07 - -0.04), but in the study of Wiens et al. (2006) the additive effects as
well as the proportion of phenotypic variance wiags (-0.03 to -0.02, 1.3 % to 1.8%,
respectively). The calculated additive effects ¢t decline (-0.15 to 0.09) were higher
than in the study of Edwards et al.(2008) (-0.06.tw/). Reasons for the higher proportion
of explained phenotypic variance could be the firapping approach of the SNP chips and
the higher specificity that the other QTL studiesedl microsatellites, which were only
partly spread across the genome.

In this study, the size of the SNP effects for piretraits were small, whereas markers in
regions in which causative mutations lie have miacper effects, like the SNP, which are
significantly associated with drip loss. Howevdre tmarkers with the largest associated
effects from a genomic analysis may not track piiffethe causative mutations; on the
other hand, they are potentially useful tools faolentifying chromosomal regions
associated with trait (Colet al.2009).
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25 Conclusion

Applying a genome wide association analysis usiigg&0K porcine SNP panel allowed
investigating the genetic background of WHC tratghis study. Several regions in the
genome were identified affecting drip loss, pH1,2dHand pH decline in the DuPi
population. Especially, two regions of SSC2 showagh LD and were clustered in two
spans of 0.5 Mb. In these clusters, only two gema® located NELL1 and SOX6, which
were associated with drip loss. Most of the candidgenes were functionally related to
WHC traits. However, there are several genes, wivete not involved in the expression
of muscle properties. It can be assumed that theses have high LD to candidate genes,
which were not covered by the SNP chip. Nevertlselg#scould be also possible that the
significant SNP associated with these traits wemeotated in the wrong chromosomal
region, which means that the candidate genes assiljpp not the right ones. In general,
further fine mapping and next generation sequentgolgnologies are requested to identify
the causative mutations of the underlying QTL ragiovalidations of candidate SNP are

warranted in other pig populations to prove thelein meat quality traits.

2.6 Materials and Methods
2.6.1 Animals and phenotypic traits

In this study, 214 animals of a reciprocal crosshef Duroc (Du) and Pietrain (Pi) breeds
were used. These animals consisted of 1§B¢ K and 9 parental (P) animals, which
came from 59 full and half sib families. The generation was produced by mating Duroc
boars to Pietrain sows and Pietrain boars to Daowes. The Fanimals were reciprocally
crossed to produce the Beneration. All F animals were kept and performance tested at
the Frankenforst experimental farm of the Univgrsif Bonn. The phenotypes were
recorded in a commercial slaughterhouse accordintpe rules of German performance
stations (ZDS, 2003)

In total, 4 meat quality traits (drip loss, pH1, 2Hand pH decline) were analyzed. Drip
loss was determined using the bag method of Hoi(i@87). Therefore, the samples from
Musculus longissimus dorsi were collected 24 h pwosttem (p.m.), weighted and
wrapped in plastic bag. After storage for 48 haird C the samples were re-weighted and

drip loss were calculated as a percentage of wedags based on the start weight of a
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sample. Muscle pH were measured at two differene tpoints after slaughtering using
star-series equipment (Rudolf Mathaeus Companyn@ey). pH1 was measured between
spinous processes of the 13.-14. thoracic vertelfier 45 minutes p.m. pH24 was
measured at the same position 24 hours later. mHndewas calculated by subtracting
pH1 from pH24.

2.6.2  Sample preparation, genome-wide genotyping andtyuaintrol

DNA were extracted from M. longissimus dorsi usiBgnomic DNA Purification Kit of
Fermentas Life Science. DNA concentration was nreaswsing NanoDrop ND-8000
(Thermo-Scientific) and concentration was adjusted00 nggl by using double distilled
RNase and DNase free water. lllumina bead arragntogy (Porcine SNP 60K Bead
Chip) was used for genotyping the samples (lllumina., San Diego, CA) in accordance
with the protocol for SNP Infinium HD assay (httplimina.com). At first 200 ng DNA
was used for genome-wide amplification and fragmusort. After hybridization to the
62,163 locus-specific 50mers, the DNA was covajehitlked to the beads, which were
distributed on the surface of the microarray. Sifghse extension of the oligos on the
BeadChip was implemented using the captured DNAeawplate, absorbing detectable
labels on the Bead Chip. The lllumina iScan detkthe signals of each wavelength and
converted them to intensity data. In order to ndizeahe intensity data for each SNP and
to specify a cluster position and a genotype, tleadgneStudio software (lllumina, Inc.,
San Diego, USA) was used. A quality score for egehotype was generated. Because of
missing phenotype information, the P angd deneration were excluded from further
analyses. In the final step, 169 Famples were used for the genome-wide association
analyses. The quality of the data was measuredy BILINK software (Purcellet al.
2007). For the quality control, following measuremearameters were chosen: samples
with a call rate less than 95 %; markers with a lomor allele frequency (MAF) <5 %
and SNP with a missing rate of more than 2 % weneoved. After the quality check of
the data, 153 animals as well as 46.964 SNP rechainbe data set.

2.6.3 Genome-wide association analyses (GWA)

For the genome-wide association study, the phepotgata were corrected for

environmental effects by using a general linear ehd@R-software). The model used
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following fixed effects: gender (n = 2), slaughteuse (n = 2) and slaughter season (6
seasons in 3 years) as well as the co-variableatagjaughtering and slaughter weight.

The genome-wide association analyses was condwatbdPLINK software, which is
based on the family association tests for quamndatraits (QFAM) and performed
permutation techniques to account for the depereddretween related animals. The
within-sib-ship test of QFAM is robust for populati stratification. Nominal scores were
permuted to receive an empirical p-value while wing familial correlation between
phenotype and genotype. The permutation procedppéied by QFAM corrected for
relatedness within families and was performed 1000 times. Genetic effects and the
proportion of explained phenotypic variance wesoalalculated using PLINK (Purcedt

al. 2007).

Significant SNP (p < 0.001) were annotated usiragstof Biomart (R-software) based on
porcine Ensembl database (build 10.2). Additionalased on gene ontology (GO)
information the functions of the candidate genesewevestigated. SNP, which were not

annotated, were characterized using orthologousahtporcine genes.

Linkage disequilibrium (LD) between SNP was caltedon all the animals of the GWA
study using Haploview version 4.2 (Barrettal. 2005) and the LD blocks were defined by
the criteria of Gabriel et al. (2002).
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Figure 7: Association between drip loss and 46,964 SNP acapgssomes with a
threshold of p < 0.001.
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Figure 11: Linkage disequilibrium plot for the region 40.6 Mhd 41.5 Mb on SSC2.

(A) The values in the boxes are pair wise SNP tatioms (r2) and the colour shows the
degree of correlation. (B) Haplotypes of all SNénirthe LD block. Each line represents a

haplotype and the frequency of them in the popateis given at the end of the line.
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Figure 12: Linkage disequilibrium plot for the region 45.7 Mhd 46.6 Mb on SSC2.

(A) The values in the boxes are pair wise SNP tatioms (r2) and the colour shows the
degree of correlation. (B) Haplotypes of all SNénirthe LD block. Each line represents a
haplotype and the frequency of them in the popatais given at the end of the line.
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Table 2: Phenotypic traits

Trait N mean SD min max
Slaughter age (days) 169 183.7 17.117 150 236
Slaughter weight (kg) 169 86 6.043 71.85 104.2

Drip loss (%) 169 2.011 1.384 0.4 5.3
pH1 h p.m. 169 5.518 0.118 5.3 6.06
pH24 h p.m. 169 6.538 0.022 5.89 7.01

pH decline 169 1.02 0.232 0.04 1.49




Gene Name Chromosome Gene Position SNP SNP Name SNP Position  Add. Effects' VAR SE
NELLI SsC2 35177819-35952290 8 ALGA013106 3551439 07085 5.54% 0.2381
ALGA0013107 35495067
ALGA013110 35570391
ALGAO013116 35644749
ALGA(013122 35675812
ASGA0009967 35601001
ASGA0009972 35752040
DRGA0002%4 1 35461144
SOX6 85C2 39826251-40247509 4 ALGA0013492 39995080 0.4059 4.53% 0.1485
CASI0005092 40020472
DRGA0002974 40072638
MARC0054988 40169024
NBAS SSC3 113396698-113507557 2 ALGA0021460 113572582 0.524 5.13% 0.1832
H3GAD010861 113478423
SHANK1 §8Co 38085752-39116792 I ALGA0122867 39016808 0.6538 4.40% 0.2473
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Gene Name

CARDI14

GAA

SGSH

NEB

CDHI2

0DZ2

CSNK2Al

PTPRA

TCF15

TRIB3

VPS16

Chromosome

SSC12

SSC12

SSC12

S§CI5

S§C16

S§C16

SSC17

S5C17

SSC17

SSC17

SSC17

Gene Position

1260008-1270313

1315074- 1451389

1202710-1363070

133973904-134062152

9383414-9692211

53069753-53282894

36504785-36557774

34211675-34370646

36433889-36439851

36716172-36752493

34376484-34398823

SNP

|

I

I

(-]

SNP Name

MARC0058650

MIGAO015797

MARC0058650

ASGA0071803

MARC0097282

H3GA0053095

ALGA0094690

ASGA0076651

ASGA0076450

DIAS0004607

MARC0090754

ALGA0094684

ASGAD076661

ASGA0076450

SNP Position  Add. Effects’

1263505

1451828

1263505

134011523

9547711

5309539

36518164

36550434

34372013

34236959

34292057

36430579

36715251

34372013

-.5273

-(.5233

-0.5273

0.5707

0.4081

.3946

0.4911

0.4446

-0.4911

-0.4911

-(.4551

VAR SE?

5.70% 0.1745
5.60% 01755
5.70% 0.1745
4.80% 0.1763
4.40% 0.1549
5.21% 0.1369
5.10% 0.172
5.87% 01449
5.10% 01725
5.09% 01725
5.37% 01555
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(sene Name

ESR1

EXDI

[TPKA

PHACTR2

MEGF10

NBAS

ALG14

CPA6

TMEM56

ASPDH

KIR2DLI

Chromosome

SSC 1

S5C 1

SSC 1

SSC 1

SSC2

55C3

SSC4

SSC4

SSC4

SSCo

55C6

(sene Position

15672455-15672871

136534077-136584755

136277482-136285872

22569930-22640591

117876711-118003906

113396698-113507557

126917074-127023023

69822261-69901082

126853819-126830070

49897788

41046734-41057508

SNP

]

]

SNPName ~ SNP Position Add. Effects' VAR’
ASGA0001214 15282738 0.1024 8.76%
ALGA0005984 136563631 007129 6.92%
ASGA0004539 136279728 007129 0.93%
H3GAO001101 22641924 0.06466 6.20%
ASGA0011890 117919789 0.0728 7.06%
DRGA0004285 113408351 0.07068 6.27%
DRGA0005306 126961901 0.1054 1.72%
DRGA0005309 126990548
ASGA0020008 69856928 -0.08021 8.43%
INRA0O14602 (9833962
ASGA0022794 126884310 -0.09878 6.12%
ALGA0122867 39016808 0.1044 6.28%
ASGA0028271 41057960 -0.08507 6.68%

1

SE

0.02573

0.02029

0.02029

0.01936

0.0205

0.02126

0.02836

0.02052

0.03004

0.0313

(1.02468
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Gene Name

MMELI

NCRI

POLDI

PTGER

SHANK1

SSuU72

CMAHP

FAMG65B

KIAA(0247

ADAMTS3

MMP13

KIF26B

RAB20

KCNIJI135

Chromosome

S8C6

SSCe

SS8C6

S8C6

S8C6

S5C6

SSC7

SSC7

SSC7

S5C 8

SSCY

SSC10

S8C 11

SSC13

Gene Position

43145753-43183292

40934296-40940693

51096716-51120965

124888115-124931460

38985752-39116792

58158518-58185386

25081295-25138620

20647367-20873629

101649403-101736004

72590275-72885005

33198282-33209282

20383677-20756612

77468650-77468946

211979422-212022415

SNP

1

[Se]

SNPName  SNP Position Add. Effects’ VAR’ SE’
MARC0016324 43187702 -0.08544 6.77% 0.0246
ALGA0035381 40932540 -0.08507 6.68% 0.02468
ALGA0122867 39016808 -0.1044 6.28% 0.0313
DRGAQ006827 03817943 0.08074 6.38% 0.024
ALGAO122867 39016808 -0.1044 6.28% 0.0313
ALGAO118516 43014111 -0.06469 5.95% 0.01996
ASGA0031709 20036416 0.07203 6.26% 0.02162
H3GA0020222 20868671 -0.05982 5.63% 0.01901
ALGA0043784 101712003 -0.0794 7.16% 0.0222
ASGA0035373 101686817
M1GA0027035 58286355 007574 6.00% 0.02326
MARC0059165 58321296
UMBI10000140 33208949 -0.08589 6.31% 0.02569
ALGA0057607 17923023 0.09223 5.74% 0.02899
H3GA0032794 77473867 0.07631 6.77% 0.02197
ASGA0060081 142443122 0.0587 5.80% 0.01836
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(sene Name

EDNI

RANBP9

SIRTS

ETSI

CHODL

PCYTIA

TMPRSSI15

Chromosome

S8C7

S8C7

S8CT

55CY

SSC13

SSC13

S5C13

Gene Position

9(74488-9080825

10143401-10261724

9985118-10185983

53988258-54053051

131781216-131802686

100603224-100649430

131807103-131950631

SNP

(]

SNPName  SNP Position Add. Effects’  VAR® SE’
ALGA38455 9083961 0.0409 644% 00121
DRGAOOOTI2Z3 10141135 007115 5.63% 002259
DRGAONTI2L 10123678 007115 S64% 002259
DRGAOOTI2Z3 10141135
H3GA0027462 54017672 004381 6.10% 001396
DIASO02702 131807191 006108 6.80% 001756
H3GAO037319 100646053 004578 6.59%  0.01338
DIASO00702 131807191 006108 679% 001756
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Gene Name Chromosome Gene Position SNP SNP Name SNP Position  Add. Effects' VAR SE’

ESRI SSC1 15672455-15672871 2 ALGA0001212 15324789 -0.06267 5.67% 0.01981
ASGA0001214 15282738

EXDI SSC1 136534077-136584755 1 ALGA0003984 136563631 -0.08076 742% 0.02243

ITPKA SSC1 136277482-136285872 1 ASGA0004539 136279728 -0.08076 7.24% 0.02243

MEGFI | SSCI 170966774-171161116 1 MARC0081465 170982070 -0.1087 7.01% 0.03061

PLA2G4E SSCI 135687454-135706137 1 MARC0029067 135699206 -0.07025 5.68% 0.02223

RABIIA SSCI 181463316-181492724 1 MARCD081465 170982070 -0.1087 7.06% 0.03061

RMNDI SSC1 15924855-15968565 1 ASGA0001260 15962275 -0.1059 7.61% 0.02874

SHPRH SSCI 20526290-20598245 1 ALGA0001564 20538317 -0.1503 796% 0.03992

TMX3 SSCI 161049204-161088890 1 DIAS0000468 161087201 -0.1464 7.04% 0.04128

ALG14 SSC4 126917074-127023023 2 DRGA0005306 126961901 -0.1202 8.10% 0.03151
DRGA0005309 126990348

CPA6 SSC4 69822261-69901082 2 ASGA0020008 69856928 -0.08636 7.30% 0.02389
INRAOO14602 69833962

TMEMS56 SSC4 126853819-126880070 1 ASGA0022794 126884310 0.1165 6.94% 0.03312
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(sene Name

KDELR3
ATF6B
CMAHP
DHX16
FAM65B

LRRCI6A

NOTCH4

ZNF193

ADAMTS3

MMPI13

1QUB

Chromosome

S5C5

SSCT

SSCT

SSCT

SSCT

55CT

55CT

55C7

SSC8

S5CY

SSCI8

(vene Position

6786249-6796827

27981853-27992535

25081295-25138620

26985174-27002559

20647367-20873629

21351576-21536235

28070737-28005772

23642080-23646550

72590275-72885005

33198282-33209282
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3.1 Abstract

In this study lean meat water holding capacity (WHE& a Duroc x Pietrain (DuPi)
resource population with corresponding genotypes teemscriptomes were investigated
using the approaches of genetical genomics. WHC wleacterized by drip loss
measured irM. longissimus dorsiThe 60K Illumina SNP chips identified genotypds o
169 k, DuPi animals. Whole genome transcriptomes of neusamples were available for
132 F, animals using the Affymetrix 24K Genechip Porci@enome Array. Performing
genome-wide associations studies (GWAS) of trapsonial profiles, which are correlated
with phenotypes allows elucidatings- and trans+egulation. Expression levels of 1228
genes were significantly correlated with drip lassl were further analyzed for enrichment
of functional annotation groups as defined by G@mtology and KEGG pathways. A
hyper geometric gene set enrichment test was peeir and revealed glycolysis/
glyconeogenesis, pentose phosphate pathway andvgbymetabolism as the most
promising pathways. For 267 selected transcrip@TLle analyses was performed and
revealed 1541 significant associations in totalcddse of positional accordance of the
gene-underlying transcript and the eQTL locatibnyas possible to identify 8 eQTL that
can be assumed ass-regulated. Comparing the results of gene set lement and the
eQTL detection tests, molecular networks and pateoandidate genes, which seemed to
play key roles in the expression of WHC, were detcThea-1-microglobulin / bikunin
precursor (AMBP) gene was assumed to bis+egulated and was part of the gycolyse
metabolism. This approach supports to identifyttagsociated SNP and to understand the

biology of complex traits.
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3.2 Introduction

Water holding capacity (WHC), i.e. the capacity mkat to retain its water during
application of external forces (Hamm 1985) is apanant quality criterion for the meat
processing industries and the consumers. WHC cgprdmicted by measuring drip loss,
which is a fluid consisting of water and proteirpeked from the meat surface without any
mechanical force other than gravity and is infllezhby shrinkage of the myofibrils, pH

value and temperature post mortem (Offer and Kni§igs).

The structural components and the biological preee®f WHC and its associated traits
have been extensively investigated (Greaser 20Qdf-lkdnergan and Lonergan 2005,
2007; Huff Lonergan et al. 2010; Offer and Coudifi82; Rosenvold and Andersen 2003).
However, the genetic mechanisms underlying in WHi€ndj the conversion of muscle to
meat are not fully understood. The presented Hwlitiafor drip loss in different breeds
varied betweent= 0.01 and 0.31 depending on the different measemn¢ methods (e.g.
Borchers et al. 2007; Ciobanu et al. 2011) and chestnate the complexity of this trait.

A genome scan is the most general approach to ifigegénomic regions showing
quantitative trait loci (QTL), classically for coex phenotypic characteristics. Such QTL
regions are generally large and contain thousahpstative genes, which are all candidate
loci for the trait (Wayne and Mcintyre 2002). Untilow, 6397 QTL covering 578
phenotypic traits were identified and submittea iptg QTLdb [www.animalgenome.org,
Release April 12, 2013]. In total, 953 QTL werentiged for drip loss in loin in different
pig populations (Hu et al. 2010). These QTL werestlyadentified via genome scan based
on linkage analyses and microsatellite genotypinget al. (2007; 2008) found 7 QTL for
drip loss Bus scrofachromosome (SSC) 2, 3, 4, 5, 6, 18) in loin mustléhe Duroc x

Pietrain (DuPi) kresource population via applying different statetmethods.

Quantitative expression studies such as microatealinology, can indicate regulatory
variation in genes for complex traits (Wayne andindge 2002). By combining QTL

mapping and microarray analyses, it is possibideatify regulatory networks underlying

the quantitative trait of interest and localizingngmic variation, the so-called genetical
genomics approach (Jansen 2003; Jansen and Nap Eddthermore, a QTL analysis of
expression levels of gene identifies genomic regiovhich are likely to contain at least
one causal gene with a regulatory effect on theesgion level, termed expression QTL

(eQTL). The use of eQTL analyses has been demtedtas a promising tool for
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narrowing the gap between detected phenotype @el®€L regions and confirmed
causative variations for the pig species (Rothdckil al. 2007; Steibel et al. 2011).
Detected eQTL can be classified into a locus, whgHocated close to a genei
regulation) or distant from the genteafisregulation) (Jansen and Nap 2001). Differential
expressed genes, where eQTL mapping indicatesegulation, are more likely to
represent the “cause”, for example the genetic grackd of the trait of interest. Whereas
differential expressed genes revealiransregulation represents the “effect”, for example
pathways that are affected by causal variation (ivams et al. 2010). The largest and most
significant reported eQTL are oftams+egulated. However, sonteansregulated eQTL
seem to control expression in several or many gepesad across the genome. These
findings provide general information on the orgatian of the control of expression
(Haley and de Koning 2006).

Previous results showed eigtis+tegulated eQTL significantly associated with digysd,
which were located on SSC 2, 3, 4 and 6. Additignatight candidate genes were
identified from these results (Ponsuksiial. 2008a). Lobjois et al. (2008) showed in their
study that from 63 genes associated with the WeBnatizler shear force only 22 were
mapped in the pig genome and 12 were located iratbas previously associated with
tenderness (SSC2, 6 and 13). In the study of Stetks. (2011) expression profiles from
loin muscle tissue were combined with linkage asedyof 124 microsatellites showing 62
eQTL including 22cis- regulated eQTL. As shown in these studies, difiees in gene
expression can be used in reverse genetic studiggrierate well-defined hypotheses
regarding downstream effects on molecular, cellafat functional networks, and finally at
the phenotype level (Ciobanu et al. 2011). Howegenetical genomic studies are rarely
applied to investigate the complex genetic striectamd gene regulation of drip loss in
pigs. Therefore, the aim of this study was to idgmiandidate genes related to drip loss by
(1) analyzing the correlation of drip loss and s@pt abundance and (2) combining
genome-wide gene expression profiling and genogypin
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3.3 Materials and methods
3.3.1 Animals and phenotypic traits

In this study, 214 animals of a reciprocal crosghefDuroc and Pietrain breeds were used.
These animals consisted of 169 89 k and 9 parental (P) animals, which came from 59
full and half sib families. All E DuPi animals were kept and performance testetheat t

Frankenforst experimental farm of the UniversityBainn. The phenotypes were recorded
in a commercial slaughterhouse according to thesraff German performance stations
(ZDS 2003). Further information can be found inshedy of Liu et al. (2007).

Drip loss was measured using the bag method ofkebii1986). Therefore, the samples
from M. longissimus dorsivere collected 24 h post mortem (p.m.), weighted &rapped
in plastic bag. After storage for 48 hours at 4th€ samples were re-weighted and drip

loss were calculated as a percentage of weighblassd on the start weight of a sample.

3.3.2  Sample preparation, genome-wide genotyping andtywaintrol

DNA was extracted fronM. longissimus dorsusing Genomic DNA Purification Kit of
Fermentas Life Science. DNA concentration was nreasusing NanoDrop ND-8000
(Thermo-Scientific) and concentration was adjusted00 nggl by using double distilled
RNase and DNase free water. lllumina bead arragnogy (Porcine SNP 60K Bead
Chip) was used for genotyping the samples (lllumina., San Diego, CA) in accordance
with the protocol for SNP Infinium HD assay (httpiimina.com). At first 200 ng DNA
was used for genome-wide amplification and fragmusort. After hybridization to the
62163 locus-specific 50mers, the DNA was covalefitlged to the beads, which were
distributed on the surface of the microarray. Sidghse extension of the oligos on the
BeadChip was implemented using the captured DNAeawplate, absorbing detectable
labels on the Bead Chip. The lllumina iScan detktie signals of each wavelength and
converted them to intensity data. In order to ndizeahe intensity data for each SNP and
to specify a cluster position and a genotype, teadiheStudio software (lllumina, Inc.,
San Diego, USA) was used. A quality score for egamhotype was generated. Because of
missing phenotype information, the P and deneration were excluded from further
analyses. In the final step, 169 Famples were used for the genome-wide association
analyses. The quality of the data was measured B4iiNK software (Purcell et al. 2007).

For the quality control following measurement, paeters were chosen: samples with a
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call rate less than 95 %; markers with a low miatele frequency (MAF) <5 % and SNP
with a missing rate of more than 2 % were removdter the quality check of the data,
153 animals as well as 46964 SNP remained in tteesdd.

3.3.3  Whole-genome expression profiling

Gene expression profiling of the.Nbngissimus dorsivas conducted with 100 out of the
169 F, animals. In brief, total RNA of the loin was istdd using TRl Reagent (Sigma,
Taufkirchen, Germany) according to the manufactupebtocol. The RNA was cleaned up
using the RNeasy Kit (Quiagen, Hilden, Germany).ARbbncentration was measured
using NanoDrop ND-8000 (Thermo-Scientific). The ety and the absence of
contamination was check using the Agilent RNA 600fho Kit (Agilent Technologies,
Waghausel - Wiesental, Germany). According to Aff§rix protocols, 500 ng of total
RNA were reversely transcribed into cDNA, transedbnto cRNA and labelled using the
Affymetrix One Cycle Synthesis and Labelling Kitfimetrix, UK) to prepare antisense
biotinylated RNA targets. Muscle expression pattg&rare assessed using GeneChip
Porcine Genome Array (Affymetrix) which contains933 probe sets that interrogate
23256 transcripts in pig, which represents 2020dege Preparation of target products,
hybridization and scanning using the GeneChip seaB800 were performed according to
Affymetrix protocols using qug of total RNA to prepare antisense biotinylated®RRNhe
quality of hybridization was assessed in all saspfellowing the manufacturer's
recommendations. Data were analysed with Affyme®&0OS 1.1.1 software using global
scaling to a target signal of 500.

3.3.4  Microarray data processing

In order to increase the number of muscle transurip data, additional arrays from

previous investigations were added. To combineethe® data sets, it was necessary to
remove outliers and correct for the significanichatffect (Oldham et al. 2008). The whole
microarray processing is described in Supplementisigthods (Appendix). After

microarray processing 132 BuPi animals were left for further investigation.
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3.3.5 Correlation between traits and expression levels

Individual phenotypes of drip loss and expressievels were adjusted for systematic
effects using a general linear model (gim) of Ragafe (www.r-project.org). The linear
model contained as fixed effects “gender”, “seasand “place of slaughter” and as
covariable “age of slaughter” and “weight of slategh Following, Pearson correlation
coefficient were calculated using the residualghaf expression intensities and the trait

drip loss. Genes that showed a significant coiimgP < 0.05) were further analyzed.

3.3.6  Gene set enrichment and pathway analyses

The array contained 23937 probe sets, which repredel2307 UniGene (annotation from
November 2012) to measure the global transcrigts. Horcine Genome Array annotation
available from NetAffix™ Analyses Centre (Porcin@@annot.csv) was used. Additional
and updated annotation was obtained from the Enlsenddiabase, using the biomaRt
package (version 2.14.0) in R (www.r-project.ong).total 8059 probes were able to be
assigned to the group Biological Processes (BPJ98irobes to Cellular Components
(CC) and 8867 probes to Molecular Functions (MF) tbé Gene Ontology (GO;
http://www.geneontology.org/) database.

A hyper geometric gene set enrichment test (GOgpatkage version 2.24.0) was
performed based on the clusters identified in datien analyses. Overrepresentation of
gene sets defined by the particular groups of BE,o€ MF in the GO database or the
Kyoto Encyclopedia of Genes and Genomes database EG(@

http://www.genome.jp/kegg/) was tested using Fishexact test. For this test, only the
significant genes, which were annotated, with atrdzngene ID were included. When a
gene had a duplicate on the array, only a singlee g® was used. A gene-set was

considered significant P < 0.05.

3.3.7 Genome-wide association analyses (GWA)

For the genome-wide association study, the geneession values were corrected for
environmental effects by using a glm of R-softwdree model contained the same effects

used for the correlation analyses.
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The genome-wide association analyses was condwatbdPLINK software, which is
based on the family association tests for quamndatraits (QFAM) and performed
permutation techniques to account for the depereldratween related animals. The
within-sib-ship test of QFAM is robust for populati stratification. Nominal scores were
permuted to receive an empirical p-value while wimg familial correlation between
phenotype and genotype. The permutation procedppéied by QFAM corrected for
relatedness within families and was performed 1@D,0mes. Genetic effects and the

proportion of explained variance were also caladatsing PLINK (Purcell et al. 2007).

Additionally, a false discovery rate (FDR)0.1 were used in order to correct for multiple
testing (Benjamini and Hochberg 1995).

34 Results

Expression profiling and eQTL analyses were perémnon 132 animals of the DuPi
population with 100 animals of our study and 32vais from previous studies (Ponsuksili
et al. 2008a; Ponsuksikt al.2010). The animals were chosen because of a legred of
relationship within the fcrosses and extreme values of drip loss. The amimare
slaughtered at an average of 183.7 days with arageearcass weight of 86 kg. The mean
of drip loss was 2.0 % with a minimum of 0.4 % aamdnaximum of 5.3 %. Using
Affymetrix Porcine Genome Array 24123 expressioragugements were performed from
eachM. longissimus dorsRNA samples of the 132, Fanimals and were corrected for the
batch effects using “ComBat’(Johns@t al. 2007). The preselected data were further
analyzed with the hybrid algorithm of PLIER (AffymniéTechnicalNote 2005) resulting in
20733 probe sets. Pearson correlation was caldufateeach 20733 probe sets and the
drip loss phenotypes. A total of 1228 transcripgsensignificantly correlated with drip loss
(P < 0.05), with 406 negative and 822 positive coreglagenes.

3.4.1 Biological pathways associated with drip loss

We tested the list of significantly positive andgagve correlated gene® € 0.05) for
enrichment in functional annotation groups in thgot® Encyclopedia of Genes and
Genomes (KEGG) (Kanehisa and Goto 2000) and Geneldgy (GO) databases. This
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dataset was represented by 1227 probe sets, wéchsent 688 annotated genes. Eight
significant KEGG pathwaysP(< 0.05) including “Glycolysis/Glyconeogenesis”, “Rese
phosphate pathway” and “Pyruvat metabolism” forgahes significantly associated with
drip loss were found (Table A2). For the negativerelated genes 19 significant KEGG
pathways were observed, which were mostly diseatgeyays (Table 7). Additionally, 10
significant KEGG pathways were identified for pogtcorrelated genes (Table 8).

GO analyses were divided in three parts: BP, C&€ MR. For the biological processes,
114 GO categories of genes with significant expoesievels were found, whereas the GO
categories “Hexose catabolic process”, “Primaryamelic process”, “Gluconeogenesis”,
"Glycolysis”, “Monosaccharide biosynthetic processProtein modification process”,
“Cellular metabolic process”, “Cellular carbohydratcatabolic processes” and
“Carbohydrate catabolic process” showed most ofgémges with a significant association
of drip loss (Table A3).

For the genes, which were negatively correlatech witip loss, 235 GO terms were
identified compared to the genes positively coteglawith drip loss with 129 GO terms.
For the cellular components, only 28 GO categowese observed for all significantly
associated genes (Table A4). The positive and ivegabrrelated genes revealed 45 GO
terms mainly consisting of intracellular componertsd 21 GO terms representing

extracellular components, respectively.

The molecular functions indicated 46 GO categoftesall significant associated genes,
whereas four GO terms “Phosphorylase activity”, if@xeductase activity, acting on the
aldehyde or oxo group of donors”, “Fructose 1, §phbsphate 1-phosphatase activity” and
“Catalytic activity” showed the genes, which wergn#ficantly associated with drip loss
(Table A5). For the genes, which were positivelyrelated with drip los 77 GO categories
were identified compared to the genes negativelyetated with drip loss with 58 GO

terms.

3.4.2 Whole-genome association analyses for transcripteelated with drip loss
(eQTL)
A total of 246 genes, which were highly correlavath drip loss P < 0.01) were selected

for eQTL analyses. Additionally, 21 genes were del® from the gene set enrichment

analyses because of their functional role in thesiggment of drip loss and were added
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for eQTL analyses. In total, 46946 SNP were te$tedassociation to each of the 267
expression transcripts significantly associatedhwlitip loss. The analyses revealed for 30
transcripts 1451 eQTL with a nominal P-value |dent0.0001 and a genome-wide FDR
value of 0.1. The average value for each transevgd 50 eQTL with a minimum of one
eQTL per transcript and a maximum of 943 eQTL pangcript. Four transcripts had only
one eQTL (Table 9). Their calculated correlationthwlrip loss ranged between -0.25 and
0.30. From these 1451 eQTL, 466 eQTL were locatethe same chromosome like the
transcripts. In this study, only 8 eQTL were asstdirag potentiallycistegulated, because
they were located close to the transcript (Table TBeir explained variance ranged from
10 % up to 30 %. Thaeuralized homolog (DrosophilgfNEURL) gene revealed two
potentialcis eQTL, which were located within the gene. The géRé&L which is located
on SSC5 showed the highest significarfee ¢.58E") on SSC12.

3.5 Discussion
3.5.1 Trait dependent expression analyses

The association between the quantitative trait dogs and the gene expression was
analyzed using the Pearson correlation. This apgpreas similarly used in many studies
like Qackenbush (2001), Kraft et al. (2003) and Jbsili et al. (2008a). In the study of
Kraft et al. (2003), a within-family correlation @gses was utilized to remove the effect of
family stratification. In contrast, we used a gehdinear model to correct both drip loss
phenotype and expression levels for environmerftatts in the correlation analyses. In
the further analyses, we used the family approddPLtNK (Purcell et al. 2007) to avoid
the family stratification. For the pathway and G analyses, we considered correlation
significant atP < 0.05 like the studies of Blalock et al. (2004§l@onsuksili et al. (2008a).

In order to control the problem of multiple testirggenome wide Bonferroni correction
may result in high false negatives (Han et al. 200%us instead of a genome wide
Bonferroni correction, which might be overly consdive, we set a more relaxed
threshold using a correction following Benjaminidaikiochberg with a FDR < 0.10

(Benjamini and Hochberg 1995). Since Storey andHirani (2003) propose an adaptation
of the false discovery rate (FDR) targeted at gemarite experiments to provide a better

balance between statistical stringency and poweetect true effects. However, for some
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genes even this method seems to be too stringgntpe the gene solute carrier family 37,
member 4 (SLC37A4). This gene is located in a regio SSC 9 and showed eQTL on
SSC 18 where several promising candidate geneemding drip loss are discussed
(Jennen et al. 2007).

3.5.2 Gene set enrichment of significant correlated gevidsdrip loss

The genetic background of WHC during the converssbrmuscle to meat is not yet
completely understood. One possible explanation tf@se variation obtained in the
structure of the muscle itself (Huff-Lonergan armhkergan 2005). In this study, transcript
level of muscle at slaughter were correlated wiip tbss after slaughter in order to find
biological processes, which are relevant in theettgwnment of drip loss. Functional
annotation analyses are essentially based on thgpelation of pathway information and
gene ontology data of the pig (Ponsukti al. 2008a). In our study, changes were
observed in the genomic regulations of differeniutar pathways, which were correlated
with drip loss. The genes positively correlatinghwdrip loss were genes of the group
belonging to the energy metabolism (Table 8), thmes results were observed in the GO
term analyses. For example, glycolytic metabolisna iprocess characteristic of skeletal
muscle (Hamill et al. 2012). Each muscle consi$tthiee main fibre types, slow-twitch
oxidative, fast-twitch oxido-glycolytic and fastiteh glycolytic fibres (Peter et al. 1972).
The fast-twitch glycolytic fibres are associatedhadrip loss, low vascularisation, reduced
mitochondrial activity and higher glycogen contéitimmers et al. 2006). The negative
correlated transcripts were enriched mostly inasepathways same results were found in

GO analyses.

Taken together, analyses of trait correlated esmasrevealed that the complex
relationships between biological processes taklagepin skeletal muscle and meat quality
like drip loss are driven by the energy reserveshim muscle and their metabolisation
(Ponsuksiliet al.2008a).

3.5.3 Candidate genes for drip loss and their regulgtiiterns

Drip loss is a complex trait, which is geneticatiyntrolled by many different genes. With
the growing knowledge of genome sequences andayem@ation, the eQTL analyses give
insight into the architecture of regulatory netws(lPonsuksili et al. 2010). 8 eQTL of 7
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transcripts were observed as putatigeregulated following the criteria used in the study
of Ponsuksili et al. (2011). In our study, 24 %tloé significantly associated transcripts
were cistegulated and 76 % wetensregulated. This proportion afis-regulated genes
is higher in comparison to the studies of Ponsuksihl. (2008a; 2011; 2010) where 10 %
of all transcripts wereis+egulated.

Thecis+egulated genes are of great interest, becausentiexlying genes are expected to
harbour the genetic variants that influence th&mn expression level and influence the

physiological traits of interest (Gorireg al.2007).

For example, the polypeptidel-microglobulin / bikunin precursofAMBP), which was
located on SSC1, was already known to be involuetie formation of drip loss (Cinar et
al. 2012; Ponsuksili et al. 2008b) and was alsadoto be significantly associated with
drip loss in our study (Figure 13). AMBP is the quesor of Bikunin, which plays an
important role in the stabilization of the extralldar matrix (Tyagi et al. 2002).
Additionally AMBP is important for cell growth, delopment, metabolism, immune
response and the level of intracellular calciume{@l et al. 2005). The extracellular
matrix is reported to influence meat quality (Veten 2000), because signal transduction
from the extracellular matrix to the myoblast playsignificant role in muscle formation
and growth (Velleman 2002). Furthermore the exthalee matrix consist of proteins
including collagens and proteogycans, which ardrdmrnied to increase the WHC in tissue
(Velleman 2002). In the studies of Ponsuksili et @008a; 2008b), AMBP was
differentially expressed in pig muscles with high ow drip loss and low vs. high pH.
These results were confirmed in the study of Citaal. (2012). AMBP is mapped on
SSC1 where QTL for meat quality traits are repoitedifferent pig breeds and crosses
(Hu et al. 2010). In contrast to our results, Ciaaal. (2012) identified AMBP asans
regulated. One reason might be that in the presemty a higher number of genetic
markers were used. However, this high number oéggemarkers may not track perfectly
the causative mutations but they are potentialgfulsools for identifying chromosomal
regions associated with the trait (Cole et al. 2008e functions of the other potent@s-

regulated genes (Table 10) were not yet understopdrcine skeletal muscle.

Many loci aretrans-acting modulators of gene expression (Jansen apd2004) and are
also of great interest because these genes aifg tikeplay a role in explaining trait
variation (Wang and Nettleton 2006). For examgie, gendnsulin -like growth factor 2

(IGF2) located on SSC2 (Figure 14), which was &smd to be differentially expressed in
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pigs with high and low drip loss (Ponsuksi al. 2008b) and the geneiosephosphate
isomeraselTPI1) located on SSC5 (Figure 15).

IGF2 promotes growth and plays a role in regulagomgliferation, differentiation and
apoptosis of cells in many different tissues, sashtskeletal muscle (Pavelic et al. 2002;
van Wyk and Smith 1999). The IGF2 gene is imprintechost mammalian tissues and is
exclusively expressed from the paternal allele {Jeb al. 1999; Nezer et al. 1999).
Additionally, IGF2 is involved in the myogenesisdacontrols primarily the muscle mass
and fat deposition (Jeon et al. 1999; Nezer €1339). It is responsible of 15-30 % of the
phenotypic variation in muscle mass (Van Laerd.€1GD3).

TPI1 gene is a glycolysis enzyme, which play anartgnt role in energy generation for
muscle cells (Solem et al. 2008). In the study ofakiborski et al.(2008) a protein
analyses was performed and TPI1 was positivelyetaterd with drip loss in a Large White
population. The same results (r = 0.27 witkx 0.001)was found in our study using the
DuPi population.

In this study, the presumabteansregulated geneolute carrier family 37, member 4
(SLC37A4), which is located on SSC 9 is a promistagdidate gene for drip loss but
failed the FDR level of 0.1 (Figure 16). SLC37A4&alknown as glucose-6-phosphate
transporter (G6PT) is expressed in several tiskkeseart, brain and skeletal muscle (Lin
et al. 2000). G6PT translocates glucose-6-phosfl8E), the product of gluconeogenesis
and glycogenolysis, from the cytoplasm to the luraethe endoplasmatic reticulum (ER)
(Arion et al. 1980). Inside the ER, G6Pase catalytre conversion of G6P to glucose.
Therefore, G6PT and G6Pase work in both in theagedomeostasis (Lin et al. 2000).
GG6PT plays a role in the antioxidant protectiorgause a defective G6P transport leads to
an increase of reactive oxygen species (ROS) (lieeizal. 2003), which act also as
important signalling molecules in muscle contractamd adaptation (Musaro et al. 2010).
An increase in ROS production has been demonstusiger osmotic cell swelling, muscle
contraction, anoxia, and sepsis, which may causdegiine and drip loss formation in the
skeletal muscle (Ortenblad et al. 2003).
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3.6 Conclusion

Mapping quantitative traits and unravelling tramstoonal control are challenging, when
applied to one phenotype at a time. In studiesypical quantitative porcine traits like
WHC, strong effects are rarely found. Here we hewepled genomic technologies for
expression profiling with genome-wide genetic magpusing SNP markers, and shown
that specific chromosomal regions contain functicc@ndidate genes. These approaches
and results allowed to investigate and to dissket genetic contribution to natural
variation in porcine gene expression. Beside knoavd already confirmed genes,
additional candidate genes, located in promisimggores were identified. These promising
candidate genes need further validation in othgrpgmpulations and the gene regulation

networks have to be closer investigation.
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Figure 13: eQTL of polypeptidex-1-microglobulin / bikunin precursor (AMBP) across
the autosomes associate with drip loss and isddcah SSC 1 (position:
285708391 — 285725500, ensembl build 10.2)
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Figure 14: eQTL of gene Insulin -like growth factor 2 (IGF2¢rass the autosomes
associate with drip loss and is located on SSC dxifjpn: 2107672 —
2107381, ensembl built 10.2) but showed most siant eQTL on SSC 10
and 12
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Figure 15: eQTL of gene triosephosphate isomerasel (TPI1l)sacthe autosomes
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Figure 16: eQTL of gene solute carrier family 37, member 4 GSLA4) across the
autosomes associate with drip loss and is locatedS8C 9 (position:
51282372-51287727, ensembl built 10.2)
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Table 7:

Significant KEGG identifiers detected based on tiggecorrelated transcripts

with drip loss

KEGGID Pvalue Odds Ratio Exp Count

Count (Size)

Term

4650

4920

5160

4660

5220

4012

4115

4380

5213

5214

4662

4370

4610

5221

4940

5215

600

650

4010

0.0043

0.0055

0.0057

0.0083

0.0115

0.0123

0.0194

0.0227

0.0257

0.0274

0.0293

0.0293

0.0342

0.0372

0.0393

0.0419

0.0421

0.0421

0.0445

5.2191

4.8926

4.0985

4.4085

5.0224

4.9226

4.2459

3.3566

5.1639

5.0230

4.8895

4.8895

3.5168

4.4190

4.3151

3.2810

6.8051

6.8051

2.4945

1.0893

1.1554

1.6505

1.2709

0.8913

0.9078

1.0398

1.6340

0.6437

0.6602

0.6767

0.6767

1.2379

0.7427

0.7592

1.3204

0.3301

0.3301

2.6078

5 (66)

5 (70)
6 (100)

5(77)

4 (54)

4 (55)
4 (63)
5 (99)
3 (39)

3 (40)
3 (41)
3 (41)
4 (75)

3 (45)
3 (46)
4 (80)
2 (20)

2 (20)

6 (158)

Natural killer cell
mediated cytotoxicity

Adipocytokine signalling
pathway

Hepatitis C

T cell receptor signalling
pathway

Chronic myeloid
leukaemia

ErbB signallintppay
p53 signallingnway
Osteoclast difteaton
Endometrial cancer
Glioma

B cell receptor signalling
pathway

VEGF signallingpyway

Complement and
coagulation cascades

Acute myeloid deukia
Type | diabetditose
Prostate cancer
Sphingolipid mdtaivo
Butanate metabolism

MAPK signalling
pathway

A hyper geometric gene set test was performed basetegative correlated transcripts with drip ld3ser

representation of gene sets defined by the KEG@bdat was tested using Fisher’'s exact test. The gpdn

was considered significantff < 0.05
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Table 8: Significant KEGG identifiers detected based on fpaesicorrelated transcripts

with drip loss
KEGGID Pvalue Odds Ratio Exp Count Count (Size) Term
4120 0.0002 3.8293 3.6610 12 (102) Ubiquitin mesdiat
proteolysis
10 0.0003 6.5513 1.3280 7 (37) Glycolysis /
Gluconeogenesis
620 0.0058 4.9405 1.1844 5 (33) Pyruvat metabolism
3040 0.0068 2.7345 4.0558 10 (113) Spliceosome
4130 0.0096 5.5038 0.8614 4 (24) SNARE interactions
vesicular transport
310 0.0236 4.0691 1.1127 4 (31) Lysine degradation
4115 0.0243 29112 2.2612 6 (63) p53 signallingnpat
30 0.0330 4.8240 0.7178 3 (20) Pentose phosphate
pathway
230 0.0335 2.2907 3.7687 8 (105) Purine metabolism
4720 0.0385 3.4286 1.2921 4 (36) Long-term poteatia

A hyper geometric gene set test was performed basqbsitive correlated transcripts with drip loSsier
representation of gene sets defined by the KEG@bdae was tested using Fisher’'s exact test. The gn
was considered significantff< 0.05
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Table 9: Transcripts with their number of potential cis- anans-regulated eQTL and
their correlation coefficient

Estimated Number of

Probe set id Gene name Chromosome .
correlation eQTL
Ssc.11793.1.A1_at ZNF79 1 0.255** 1
Ssc.1801.2.S1 at FNBP1 1 -0.251** 1
Ssc.18261.1.S1_at PSTPIP2 1 0.275*** 45
Ssc.1894.1.S1 at AMBP 1 -0.178* 4
Ssc.19564.1.51 at PCDH9 1 0.242** 943
Ss¢.3339.1.S1_at BCKDHB 1 0.252** 15
Ssc.16250.1.S2_at ILIRN 2 -0.228** 5
Ssc.20525.1.51 at IGF2 2 -0.194* 14
Ssc.30674.1.51 _at PTBP1 2 0.242** 12
Ssc.11624.1.A1_at ATL2 3 0.239** 10
Ssc.14375.1.A1_at RRM2B 4 0.223** 11
Ssc.1589.1.A1 at JTB 4 0.235** 37
Ssc.1297.1.S1_at TPI1 5 0.267** 17
Ssc.15905.1.A1_at GDF11 5 0.240** 11
Ssc.16770.1.S1_at EMG1 5 0.237** 59
Ss€.14396.1.S1 at TAF12 6 0.226** 22
Ssc.8727.1.A1 at RPRD1A 6 0.255** 21
Ssc.30641.1.S1 at ATPS5L 9 0.249** 10
Ssc.10209.1.A1 at CHURC1 10 0.232** 12
Ssc.21622.1.A1_at FBP2 10 0.172* 1
Ssc.3766.1.S1_at RAB18 10 0.222** 4
Ssc.6339.1.A1 at DHTKD1 10 0.230** 1
Ssc.7225.1.A1 _at BAG1 10 0.245** 7

Ssc.7523.1.A1_at PHB 12 0.307*** 5
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Table 9 continued:

Estimated Number of

Probe set id Gene name Chromosome L
correlation eQTL
Ssc.11661.1.A1 at PPP1CC 14 0.210* 46
Ssc.17499.1.S1_at NEURL 14 0.244** 86
Ssc.30435.1.A1_at BAG3 14 0.273*** 38
Ssc.1473.1.S1_at SMARCD3 18 0.227** 3
Ss€.7292.1.S1 at NA 18 0.234** 10

! Number ofSus scrofahromosomes where the gene is located

“The potential candidate genes with their numbesighificant transcripts and their calculated catieh

coefficient of Pearson with the phenotypic traipdoss. *:P < 0.05, **: P < 0.01, ***: P < 0.001
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Table 10: Potentialcistegulated eQTL and their explained variance
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The impact of water-holding capacity traits and irthieiological background were
investigated in a Duroc x Pietrain resource poputatlt was possible to identify several
chromosomal regions and their potential candidaeeg significantly associated with
WHC using GWAS and genetical genomics approacheghis study 9 QTL on six
different porcine chromosomes (SSC2, 3, 6, 12, Is,and 17) were significantly
associated with drip loss.

In GWAS, until now the prediction of the total génevalues considers mainly additive
effects (Meuwissen et al. 2001). However, numempistatic QTL pairs and dominance
effects influencing meat quality traits such as Wi identified, indicating that the
genomic control of meat quality is a complex pracesolving numerous QTL as well as
a complex network of gene interactions (Carlbord &faley 2004; Duthie et al. 2010).
Therefore, a successful implementation of epistatiects leads to an increased squared
coefficient of determination (Hu et al. 2011). Neteless, in our study, it was possible to
identify epistatic QTL regions on SSC2, 3, 8 andfd3pH1, which have been reported
earlier in our population considering epistaticeeté (Grosse-Brinkhaust al. 2010)
independently from a second QTL, because of thén mgmber of genetic markers
provided by the SNP chips. In the studies of Liwaket(2007; 2008) and Edwards et al.
(2008) dominance effects play in addition to additeffects an important role. However,
in this study, dominance effects were not deteatstig GWAS like in other GWAS
studies (Duijvesteijn et al. 2010; Ramos et al.1301

The additive effects as well as the proportion gplained phenotypic variance were
calculated for drip loss, pH1, pH24 and pH dechmee PLINK software. The calculated
additive effects and the explained phenotypic veafor drip loss were quiet high in
comparison to other QTL studies done in the sargepppulation (2.4.4) (Edwards et al.
2008; Liu et al. 2007). Reasons for the higher propn of explained phenotypic variance
could be the marker density of the SNP chips amdhilgher specificity in comparison
other QTL studies using microsatellites, which wenéy partly spread across the genome.
In this study, the size of the SNP effects for pietraits were small, whereas markers in
regions in which causative mutations lie have miacper effects, like the SNP, which are
significantly associated with drip loss. Howevdre tmarkers with the largest associated
effects from a genomic analysis may not track piisffethe causative mutations; on the
other hand, they are potentially useful tools falentifying chromosomal regions
associated with traits (Cot al.2009).
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Another reason for the small size of the SNP edfeaiculated for pH traits might be the
population size of 169 animals. It has been shdwh @TL mapping in small populations

confound the effects of QTL with statistical ar@facaused by sampling. Therefore, the
genetics of complex traits should be studied igdapopulations (Beavis 1994, 1998).
Additionally, almost all QTL mapping procedures atetect QTL with large effects, but

not all can detect QTL with intermediated and snefiiécts. However, quantitative traits

are defined as traits controlled primarily by imediate and small effects (Xu 2003).

Especially in GWAS, the number of animals dependdhe size of the effects that one
wishes to detect. The crucial parameter is the gtamm of the variance explained by the
SNP this parameter combines the allele frequendtly thie mean difference between the
SNP genotypes (Goddard and Hayes 2009). In practaree SNP explain more than 4
%o0f the genetic variance, and so a smaller expatimveuld be sufficient but, in fact, most

SNP associated with complex traits explain lesa th&bo of the genetic variance, and so
over 1800 animals are required (Goddard and Ha@@9;2/isscher 2008).

In the second study, eQTL for drip loss were idexdtion several chromosomal regions
(SSC1, 2, 3,4,5, 6,9, 10, 12, 14 and 18), wie8eaQTL of 7 transcripts were observed
ascis-regulated and found on SSC1, 4, 5, 10 and 14e0QHE. on SSC1, 2, 3, 4, 6, and 18
validated the results of Ponsuksili et al. (200830)8b). These eQTL seemed to play an
important role in the development of drip loss.cbmtrast the eQTL on SSC5, 9, 10, 12
and 14 were presumably novel. This could be duthéofact of the combination of the

different techniques such as GWAS and geneticabigéess.

The recent study is based on 132 uPi animals. In comparison to other published
studies in livestock (Le Mignon et al. 2009; Liatle¢ al. 2011; Ponsuksili et al. 2008a;
Ponsuksili et al. 2008b; Ponsuksili et al. 201®@ mumber of animals used in this study is
quite high or in the same range (Ponsuksili eR@lL1; Steibel et al. 2011). However, the
number of animals used for eQTL studies are stdlgmall in comparison to QTL studies
and providing less power to detect individual eQTecause of the higher costs (de
Koning et al. 2005; Haley and de Koning 2006). Tingtlies a minimum population size
of 200 R to detect major QTL effects, while an experimeh#d00 animals gives good
statistics to detect also smaller effects. Thesgfby combining the two methods GWAS
and genetical genomics the power could be incredsscthuse of the marker density of
both chips.
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With the development of high-throughput sequenang genotyping technologies, the
numbers of markers collected in genetic associatadies is growing rapidly, increasing
the importance of methods for correcting for mudtipypotheses testing (Han et al. 2009).
While the Bonferroni correction provides the singblevay to correct for multiple testing
by assuming independence between markers, perowtatsting is widely considered the
golden standard for accurately correcting for nplatitesting (Westfall and Young 1993).
However, the Bonferroni correction ignores coriielatbetween markers due to linkage
equilibrium and leads to an overly conservativeraction of false positives, which is
exacerbated as the marker density increases aadisathe statistical power (Han et al.
2009). Therefore, a correction for multiple testivgs not performed in the first study
because of high linkage disequilibrium of the SNPSSC2 significantly associated with
the candidate genes NELL1 and SOX6. These QTL lweem identified earlier in the
DuPi population. Liu et al. (2007; 2008) identifi@dL on SSC2, SSC3 and SSC6 related
to drip loss. Because of the repeated detectiadhaxde QTL, it can be assumed that they
play an important role in the expression of dripsloln the second study, instead of a
genome wide Bonferroni correction, which might lvery conservative, a moreluctant
threshold using a correction following Benjamindadochberg (1995) with a FDR < 0.10
was set. Since Storey and Tibshirani (2003) pro@wsadaptation of the false discovery
rate (FDR) targeted at genome-wide experimentsrtwigle a better balance between
statistical stringency and power to detect trueaff. However, for some genes even this
method seems to be too stringent, e.g. for the gehde carrier family 37, member 4
(SLC37A4). This gene is located in a region on SSd showed eQTL on SSC 18 where

several promising candidate gene influencing drgs lare discussed (Jennen et al. 2007).

Mapping quantitative traits and unravelling tramstoonal control are challenging, when
applied to one phenotype at a time. In studiesypical quantitative porcine traits like
WHC, strong effects are rarely found. At first, Bfipg a genome wide association study
using the 60K porcine SNP panel allowed investigathe genetic background of WHC
traits. Several regions in the genome were idetiéiffecting drip loss, pH1, pH24 and pH
decline in the DuPi population. Especially, twoiceg of SSC2 showed high LD and were
clustered in two spans of 0.5 Mb. In these clustenty two genes were located NELL1
and SOX6, which were associated with drip loss. tMafsthe candidate genes were
functionally related to WHC traits. However, theage several genes, which were not

involved in the expression of muscle propertiexalh be assumed that these genes have
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high LD to candidate genes, which were not covdrngdhe SNP chip. Nevertheless, it
could be also possible that the significant SNP@aged with these traits were annotated
in the wrong chromosomal region, which means thatdandidate genes are possibly not
the right ones. In the second step, genomic teolgred for expression profiling with
genome-wide genetic mapping using SNP markers s@upled, and shown that specific
chromosomal regions contain functional candidateege These approaches and results
allowed to investigate and to dissect the genetitrdoution to natural variation in porcine
gene expression. Beside known and already confirgetks like AMBP and IGF2,
additional candidate genes (TPI1 and SLC37A4), temtan promising regions were
identified. (Ponsuksili et al. 2010). 7 of 29 trangts were observed as putatiges-
regulated following the criteria used in the stawdyPonsuksili et al. (2011). Therefore, 24
% of the significantly associated transcripts weigregulated and 76 % wergans

regulated.

In the studies of Christensen (2003) and Otto.gR804) it was shown that the proportion
of drip loss varies between the different measurgmesitions inVl. long. dorsi Drip loss
decreased from caudal end to the cranial end dfitHeng. dorsi.In other muscle groups
such variations in drip loss could also be observdterefore, it could be helpful to
validate the results of this study in other mustieh asMusculus semimembranosims

order to characterize trait specific mutations.

The validation and confirmation of the recent resuin other pig populations is
indispensableThe candidate genes AMBP and IGF2 have been alneglitiated (Cinar et
al. 2012; Ponsuksili et al. 2008b) and might beypsing for a marker-assisted selection of
WHC traits.

In general, further fine mapping and next genenas@quencing technologies are requested
to identify the causative mutations of the undedyiQTL regions (Cole et al. 2009).
Validations of candidate genes are warranted iergbig populations to prove their role in
meat quality traits and the gene regulation netwonave to be closer investigated.
Additionally, proteomic profiling of WHC traits idoin could be used to identify

metabolites and biological background of WHC.
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Water holding capacity (WHC), i.e. the capacity mkat to retain its water during
application of external forces (Hamm 1985) is apantant quality criterion for the meat
processing industries and the consumers. The steu@nd the biological processes of
WHC and its associated traits have been extensiweigstigated (Greaser 2001; Huff-
Lonergan and Lonergan 2005, 2007; Huff Lonergaal.e2010; Offer and Cousins 1992;
Rosenvold and Andersen 2003). However, the gema¢ichanisms underlying in WHC

during the conversion of muscle to meat are ndy fwhderstood.

Therefore, two studies were performed to investig&tHC traits in the DuPi population.
The aim of the first study was to detect QTL regi@nd promising candidate genes for
WHC traits using a genome-wide association approddéte proportion of explained
phenotypic variance determined the importance ef ittentified QTL regions. In the
second part, the correlation between drip lossthadexpression level was calculated and

the biological background of WHC was observed.

In the first step, 169 FDuPi animals were genotyped and four meat qualgis (drip
loss, pH1, pH24 and pH decline) were used to inyat& the genetic background of WHC.
49 significant SNP were observed (P < 0.001) fap tbss, 40 SNP for pH1, 9 SNP for
pH24 and 33 SNP for pH decline in loin. Analysesesded 14 putative functional
candidate genes significantly associated with trgs. 26, 7 and 22 candidate genes were
identified for pH1, pH24 and pH decline, respediiveThe genes NELL1 and SOX6
located on SSC2 were significantly associated wiitip loss and showed more than 3
point-mutations each with high linkage disequilion. The proportion of explained
phenotypic variance ranged between 4.4 % and 8.4% tdentified SNP of all four traits.
Applying a genome wide association analysis usireg@0K porcine SNP panel allowed
investigating the genetic background of WHC tra8sveral regions in the genome were
identified affecting drip loss, pH1, pH24 and pHcliee in the DuPi population. In
GWAS, the most natural trait to be associated withvariation in the genome should be
the product of the transcribed genes (MRNA). Sutlagproach combines GWAS with
genetical genomics for investigating the biologibatkground of the complex traits such
as WHC.

Therefore, in the second step, WHC was characterine drip loss measured INl.
longissimus dorsi Performing genome wide associations studies (GWAS
transcriptional profiles for 132,FDuPi animals, which were correlated with phenosype

allows elucidatingcis- and transregulation. Expression levels of 1228 genes were
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significantly correlated with drip loss and wererther analyzed for enrichment of
functional annotation groups as defined by genelogy and KEGG pathways. A hyper
geometric gene set enrichment test was performedd amevealed

glycolysis/glyconeogenesis, pentose phosphate patlamd pyruvat metabolism as most
promising pathways. For 267 selected transcript3le@nalyses was performed and
revealed 1541 significant associations in totalcdimse of positional accordance of the
gene underlying transcript and the eQTL locatibnyas possible to identify 8 eQTL that
can be assumed to bis-regulated. Comparing the results of gene set lement and the

eQTL detection tests molecular networks and paerctndidate genes, which seem to
play key roles in the expression of WHC, were detcThea-1-microglobulin / bikunin

precursor (AMBP) gene was assumed to lés+egulated, is part of the gycolyse

metabolism, and has been identified in previoudistu

In conclusion, applying a genome wide associatioalyasis using the 60K porcine SNP
panel allowed investigating the genetic backgroah®#VHC traits in this study. Several
regions in the genome were identified affecting doss, pH1, pH24 and pH decline in the
DuPi population. Combing the genome-wide associatmalysis with the genetical
genomics approach supports to identify trait-asgedi SNP and to understand the biology
of complex traits. In this study, several promisicendidate genes (NELL1, SOX6 and
AMBP) could be identified affecting WHC. Howeveurther investigations such as RNA

deep sequencing will still needed to validate grmults of this study.



84




85

Chapter 6

References



86 References

Affymetrix Inc. CIM plier: Implements the AffymexriPLIER algorithm. .

AffymetrixTechnicalNote (2005) Guide to probeloghmic intensity error (PLIER)
estimation. Affymetrix, Santa Clara, CA

Ali S, Chopra R, Manvati S, Singh YP, Kaul N, Behux, Mahajan A, Sehajpal P, Gupta
S, Dhar MK, Chainy GBN, Bhanwer AS, Sharma S, Baan®&N\K (2013) Replication of
type 2 diabetes candidate genes variations in tlgesgraphically unrelated Indian
population groups. PLoS One 8, e58881

Andersson L (2001) Genetic dissection of phenotgprersity in farm animals. Nat. Rev.
Genet. 2, 130-138

Andersson L (2007) The molecular basis for phenotgpanges during pig domestication.
In Pigs and humans: 10,000 years of interactiorilbarella, K. Dobney, A. Ervynck, P.
Rowley-Conwy, eds. (New York: Oxford Universtiy Bsg, pp 42-54

Andersson L (2009) Genome-wide association anaipsgomestic animals: a powerful
approach for genetic dissection of trait loci. Gerael36, 341-349

Andersson L, Georges M (2004) Domestic-animal geosntdeciphering the genetics of
complex traits. Nat. Rev. Genet. 5, 202-212

Arion WJ, Lange AJ, Walls HE, Ballas LM (1980) Eeitte for the participation of
independent translocation for phosphate and glu&@gdosphate in the microsomal
glucose-6-phosphatase system. Interactions of ytbera with orthophosphate, inorganic
pyrophosphate, and carbamyl phosphate. J. BiolnCB&5, 396-406

Babak T, Garrett-Engele P, Armour CD, Raymond ClgjJlé¢ MP, Chen R, Rohl CA,
Johnson JM, Attie AD, Fraser HB, Schadt EE (201@&né&ic validation of whole-
transcriptome sequencing for mapping expressioactdtl by cis-regulatory variation.
BMC Genomics 11, 473

Baron D, Magot A, Ramstein G, Steenman M, FayeCk&valier C, Jourdon P, Houlgatte
R, Savagner F, Pereon Y (2011) Immune responsenatathondrial metabolism are
commonly deregulated in DMD and aging skeletal feugeLoS One 6, €26952

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

Beavis WD (1994) The power to detect and deceiQ®L experiments: lessons from
comparitive QTL studies. In Forty-Ninth Annual Co& Sorghum Industry Research
Conference (Washington, DC.: Seed Trait Associgtipp 250-266

Beavis WD (1998) QTL analyses: power, precisiom aoccuracy. In Molecular Dissection
of Complex Traits, A.H. Paterson, ed. (New York:©CRress), pp 145-162

Becker D, Tetens J, Brunner A, Burstel D, GanteKijas J, Drogemiller C, Consortium
ISG (2010) Microphthalmia in Texel sheep is asgedavith a missense mutation in the
paired-like homeodomain 3 (PITX3) gene. PLoS One8639



Chapter 6 87

Benjamini Y, Hochberg Y (1995) Controlling the falsliscovery rate - a practical and
powerful approach to multiple testing. J Roy Stebisc Ser B 57, 289-300

Bertram HC, Petersen JS, Andersen HJ (2000) Resdtip between RN- genotype and
drip loss in meat from Danish pigs. Meat Sci. 3555

Blalock EM, Geddes JW, Chen KC, Porter NM, Markegb&R, Landfield PW (2004)
Incipient Alzheimer's disease: Microarray correlatanalyses reveal major transcriptional
and tumor suppressor responses. Proc. Natl. AcdUSS. A. 101, 2173-2178

Borchers N, Otto G, Kalm E (2007) Genetic relattopsof drip loss to further meat
quality traits in purebred Pietrains. Arch. TieAzch. Anim. Breed. 50, 84-91

Brigelius-Flohe R (2009) Commentary: oxidative ssreeconsidered. Genes Nutr 4, 161-
163

Brocks L, Klont RE, Buist W, de Greef K, Tieman ®ngel B (2000) The effects of
selection of pigs on growth rate vs leanness ototii®mical characteristics of different
muscles. J. Anim. Sci. 78, 1247-1254

Brunner RM, Srikanchai T, Murani E, Wimmers K, Poksli S (2012) Genes with
expression levels correlating to drip loss proveoamtion of their polymorphism with
water holding capacity of pork. Mol. Biol. Rep. 3%,-107

Cadieu E, Ostrander EA (2007) Canine genetics ®ifiew mechanisms for the study of
human cancer. Cancer Epidemiol. Biomarkers Prey2181-2183

Cénovas A, Pena RN, Gallardo D, Ramirez O, Amill|sMintanilla R (2012) Segregation
of regulatory polymorphisms with effects on the tgis medius transcriptome in a
purebred pig population. PLoS One 7, e35583

Carlborg O, Haley CS (2004) Epistasis: too oftegleeted in complex trait studies? Nat.
Rev. Genet. 5, 618-625

Cerletti M, Molloy MJ, Tomczak KK, Yoon S, RamoniRvIKho AT, Beggs AH, Gussoni
E (2006) Melanoma cell adhesion molecule is a navatker for human fetal myogenic
cells and affects myoblast fusion. J. Cell Sci.,B1017-3127

Charlier C, Coppieters W, Rollin F, Desmecht D, Agégm JS, Cambisano N, Carta E,
Dardano S, Dive M, Fasquelle C, Frennet JC, HaRsétubin X, Jorgensen C, Karim L,
Kent M, Harvey K, Pearce BR, Simon P, Tama N, Njevdndeputte S, Lien S, Longeri
M, Fredholm M, Harvey RJ, Georges M (2008) Highffeetive SNP-based association
mapping and management of recessive defects istdigle. Nature Genet. 40, 449-454

Cheng Y, Quinn JF, Weiss LA (2013) An eQTL mappeggproach reveals that rare
variants in the SEMAS5A regulatory network impactisim risk. Hum. Mol. Genet., Epub
ahead of print

Christensen LB (2003) Drip loss sampling in poramelongissimus dorsi. Meat Sci. 63,
469-477



88 References

Cinar MU, Kayan A, Uddin MJ, Jonas E, Tesfaye DatBara C, Ponsuksili S, Wimmers
K, Tholen E, Looft C, Jungst H, Schellander K (2D¥ssociation and expression
quantitative trait loci (eQTL) analysis of porciddViBP, GC and PPP1R3B genes with
meat quality traits. Mol. Biol. Rep. 39, 4809-4821

Ciobanu DC, Lonergan SM, Huff-Lonergan EJ (2011)n&ies of meat quality and
carcass traits. In The Genetics of the Pig, M.RhRthild, A. Ruvinsky, eds. (New York:
CAB International)

Cole JB, VanRaden PM, O'Connell JR, Van Tassell &hstegard TS, Schnabel RD,
Taylor JF, Wiggans GR (2009) Distribution and lomatof genetic effects for dairy traits.
J. Dairy Sci. 92, 2931-2946

Connell S, Meade KG, Allan B, Lloyd AT, Downing ©O'Farrelly C, Bradley DG (2013)
Genome-wide association analysis of avian resistatoc Campylobacter jejuni
colonization identifies risk locus spanning the CI3yene. G3 3, 881-890

Connor F, Wright E, Denny P, Koopman P, Ashwortfil895) The Sry-related Hmg box-
containing gene Sox6 is expressed in the adulstastl developing nervous-system of the
mouse. Nucleic Acids Res. 23, 3365-3372

Cox DG, Kraft P (2006) Quantification of the powef Hardy-Weinberg equilibrium
testing to detect genotyping error. Hum. Hered.1®t14

Daetwyler HD, Schenkel FS, Sargolzaei M, RobinsdB (2008) A genome scan to detect
quantitative trait loci for economically importamtaits in Holstein cattle using two
methods and a dense single nucleotide polymorphiam J. Dairy Sci. 91, 3225-3236

de Koning DJ, Carlborg O, Haley CS (2005) The gendissection of immune response
using gene-expression studies and genome mappetg.Iidmunol. Immunopathol. 105,
343-352

de Koning DJ, Harlizius B, Rattink AP, Groenen MARrascamp EW, van Arendonk
JAM (2001) Detection and characterization of guatitie trait loci for meat quality traits
in pigs. J. Anim. Sci. 79, 2812-2819

Dimas AS, Deutsch S, Stranger BE, Montgomery SBeB@G, Attar-Cohen H, Ingle C,
Beazley C, Arcelus MG, Sekowska M, Gagnebin M, Risld, Deloukas P, Dermitzakis
ET, Antonarakis SE (2009) Common regulatory vasiaimpacts gene expression in a cell
type-dependent manner. Science 325, 1246-1250

Dittmer J (2003) The biology of the Ets1 proto-ogeone. Mol. Cancer 2, 29

Dorn CR (1976) Epidemiology of canine and felinetus. Comp Cont Educ Pract Vet 12,
307-312

Drogemiuller C, Reichart U, Seuberlich T, OevermaAnBaumgartner M, Boghenbor KK,
Stoffel MH, Syring C, Meylan M, Muller S, Muller MGredler B, Solkner J, Leeb T
(2011) An unusual splice defect in the mitofusing@ne (MFN2) is associated with
degenerative axonopathy in Tyrolean Grey cattl&3?One 6, €18931



Chapter 6 89

Duan YY, Ma JW, Yuan F, Huang LB, Yang KX, Xie Wu GZ, Huang LS (2009)
Genome-wide identification of quantitative traitidor pork temperature, pH decline, and
glycolytic potential in a large-scale White Duro€kinese Erhualian resource population.
J. Anim. Sci. 87, 9-16

Duijvesteijn N, Knol EF, Merks JWM, Crooijmans RPM&roenen MAM, Bovenhuis H,
Harlizius B (2010) A genome-wide association stuaty androstenone levels in pigs
reveals a cluster of candidate genes on chromosoBEIC Genet. 11, 42

Durinck S, Huber W, Davis S (2012) Interface to Mat databases (e.g. Ensembl,
Wormbase and Gramene). (Biocondudttbp://bioconductor.org

Duthie C-A, Simm G, Doeschl-Wilson A, Kalm E, KnBpV, Roehe R (2010) Quantitative
trait loci for meat quality traits in pigs considey imprinting and epistatic effects. Meat
Sci. 87, 394-402

Edwards DB, Ernst CW, Raney NE, Doumit ME, Hoge NBajes RO (2008) Quantitative
trait locus mapping in an F-2 Duroc x Pietrain tese population: Il. Carcass and meat
quality traits. J. Anim. Sci. 86, 254-266

Emilsson V, Thorleifsson G, Zhang B, Leonardson &8k F, Zhu J, Carlson S, Helgason
A, Walters GB, Gunnarsdottir S, Mouy M, Steinthato V, Eiriksdottir GH,
Bjornsdottir G, Reynisdottir I, Gudbjartsson D, Badlottir A, Jonasdottir A, Styrkarsdottir
U, Gretarsdottir S, Magnusson KP, Stefansson Hsda<R, Kristjansson K, Gislason HG,
Stefansson T, Leifsson BG, Thorsteinsdottir U, Lai®) Gulcher JR, Reitman ML, Kong
A, Schadt EE, Stefansson K (2008) Genetics of gaipeession and its effect on disease.
Nature 452, 423 - 428

Fan B, Onteru SK, Du ZQ, Garrick DJ, Stalder KJfHgohild MF (2011) Genome-wide
association study identifies loci for body compiositand structural soundness traits in
pigs. PLoS One 6, €14726

Fischer K (2007) Drip loss in pork: influencing facs and relation to further meat quality
traits. J. Anim. Breed. Genet. 124, 12-18

Fu JY, Wolfs MGM, Deelen P, Westra HJ, Fehrmann R8Berman GJT, Buurman WA,
Rensen SSM, Groen HJM, Weersma RK, van den Berg \léidink J, Ophoff RA,
Snieder H, van Heel D, Jansen RC, Hofker MH, Wijge&, Franke L (2012) Unraveling
the regulatory mechanisms underlying tissue-dependgenetic variation of gene
expression. PLoS Genet. 8, €1002431

Fujii J, Otsu K, Zorzato F, de Leon S, Khanna VKeilst JE, O'Brien PJ, MacLennan DH
(1991) Identification of a mutation in porcine ryaiine receptor associated with malignant
hyperthermia. Science 253, 448 - 451

Fuller TF, Ghazalpour A, Aten JE, Drake TA, Lusig, Aorvath S (2007) Weighted gene
coexpression network analysis strategies appliechdase weight. Mamm. Genome 18,
463-472

Gabriel SB, Schaffner SF, Nguyen H, Moore JM, ReyBlumenstiel B, Higgins J,
DeFelice M, Lochner A, Faggart M, Liu-Cordero SNgtigi C, Adeyemo A, Cooper R,



90 References

Ward R, Lander ES, Daly MJ, Altshuler D (2002) Htructure of haplotype blocks in the
human genome. Science 296, 2225-2229

Gaffney D, Veyrieras J-B, Degner J, Pique-Regi &,/ Crawford G, Stephens M, Gilad
Y, Pritchard J (2012) Dissecting the regulatoryhéecture of gene expression QTLs.
Genome Biol. 13, R7

Gentleman RC, Carey VJ, Bates DM, Bolstad B, DejtiM, Dudoit S, Ellis B, Gautier L,
Ge YC, Gentry J, Hornik K, Hothorn T, Huber W, lac8, Irizarry R, Leisch F, Li C,
Maechler M, Rossini AJ, Sawitzki G, Smith C, Sm@&hTierney L, Yang JYH, Zhang JH
(2004) Bioconductor: open software development fmmputational biology and
bioinformatics. Genome Biol. 5, R80

Gerrits A, Li Y, Tesson BM, Bystrykh LV, Weersing Busema A, Dontje B, Wang XS,
Breitling R, Jansen RC, de Haan G (2009) Expresgqioemtitative trait loci are highly
sensitive to cellular differentiation state. PLo&n@&t. 5, e10000692

Gibbs JR, van der Brug MP, Hernandez DG, TraynqrN&lls MA, Lai SL, Arepalli S,
Dillman A, Rafferty IP, Troncoso J, Johnson R, K&lHR, Ferrucci L, Longo DL,
Cookson MR, Singleton AB (2010) Abundant quant#atitrait loci exist for DNA
methylation and gene expression in human brainSREenet. 6, e10000952

Glubb D, Dholakia N, Innocenti F (2012) Liver exgsen quantitative trait loci: a
foundation for pharmacogenomic research. Fronte@enetics 3, 153

Goddard ME, Hayes BJ (2009) Mapping genes for cermphits in domestic animals and
their use in breeding programmes. Nat. Rev. Gdiet381-391

Goring HHH, Curran JE, Johnson MP, Dyer TD, Chavtash J, Cole SA, Jowett JBM,
Abraham LJ, Rainwater DL, Comuzzie AG, Mahaney Mmnasy L, MacCluer JW,
Kissebah AH, Collier GR, Moses EK, Blangero J (20Drscovery of expression QTLs
using large-scale transcriptional profiling in humgmphocytes. Nature Genet. 39, 1208-
1216

Graw J (2003) The genetic and molecular basis nfiepital eye defects. Nat. Rev. Genet.
4, 876-888

Greaser ML (2001) Postmortem muscle chemistry ImatMeience and applications, Y.H.
Hui, W.-k. Nip, R.W. Roger, O.A. Young, eds. (NewrK: Marcel Dekker, Inc.)

Greenawalt DM, Dobrin R, Chudin E, Hatoum IJ, Su@eBeaulaurier J, Zhang B, Castro
V, Zhu J, Sieberts SK, Wang S, Molony C, Heymsfi®lkl Kemp DM, Reitman ML, Lum
PY, Schadt EE, Kaplan LM (2011) A survey of the gf&s of stomach, liver, and adipose
gene expression from a morbidly obese cohort. GenRas. 21, 1008-1016

Grewal JS, Tsai JY, Khan SR (2005) Oxalate-indec®MBP gene and its regulatory
mechanism in renal tubular epithelial cells. Biaohd. 387, 609-616

Grosse-Brinkhaus C, Jonas E, Buschbell H, PhatSargesfaye D, Jungst H, Looft C,
Schellander K, Tholen E (2010) Epistatic QTL paassociated with meat quality and
carcass composition traits in a porcine Duroc xr&ie population. Genet. Sel. Evol. 42



Chapter 6 91

Hagiwara N, Ma B, Ly A (2005) Slow and fast fibesoform gene expression is
systematically altered in skeletal muscle of thg6Smutant, p(100H). Dev. Dyn. 234, 301-
311

Hagiwara N, Yeh M, Liu A (2007) Sox6 is requirea foormal fiber type differentiation of
fetal skeletal muscle in mice. Dev. Dyn. 236, 2@826

Haley C, de Koning DJ (2006) Genetical genomicdivastock: potentials and pitfalls.
Anim. Genet. 37 Suppl 1, 10-12

Hamill RM, McBryan J, Mcgee C, Mullen AM, Sweeney Tlalbot A, Cairns MT, Davey
GC (2012) Functional analysis of muscle gene esmas profiles associated with
tenderness and intramuscular fat content in pogat\dci. 92, 440-450

Hamm R (1985) Wasserbindugsvermégen des Fleisché@spekte eines wichtigen
Qualitdtsmerkmals. MitteilungsblaBAFF 88, 6383-6387

Han B, Kang HM, Eskin E (2009) Rapid and accuratdtiple testing correction and
power estimation for millions of correlated markd?60S Genet. 5, 10000456

Hasenstein JR, Hassen AT, Dekkers JCM, Lamont 808§2High resolution, advanced
intercross mapping of host resistance to Salmogel@anization. In AGAH, pp 213-218

Hazra A, Kraft P, Selhub J, Giovannucci EL, ThofadHoover RN, Chanock SJ, Hunter
DJ (2008) Common variants of FUT2 are associatatl piasma vitamin B-12 levels.
Nature Genet. 40, 1160-1162

Heap GA, Trynka G, Jansen RC, Bruinenberg M, Swiifz Dinesen LC, Hunt KA,
Wijmenga C, vanHeel DA, Franke L (2009) Complexunatof SNP genotype effects on
gene expression in primary human leucocytes. BM@.NBEnomics 2, 1

Hirschhorn JN, Daly MJ (2005) Genome-wide assammastudies for common diseases
and complex traits. Nat. Rev. Genet. 6, 95-108

Honikel KO (1987) Water binding-capacity of medeischwirtschaft 67, 418

Honikel KO, Kim CJ, Hamm R, Roncales P (1986) Sarewme shortening of prerigor
muscles and its influence on drip loss. Meat $&j.267-282

Hu Z, Park CA, Fritz ER, Reecy JM (2010) QTLdb: Anmmprehensive database tool
building bridges between genotypes and phenotypesihe 9th World Congress on
Genetics Applied to Livestock Production (LeipZiggrmany)

Hu ZQ, Li YG, Song XH, Han YP, Cai XD, Xu SZ, Li WR011) Genomic value
prediction for quantitative traits under the egistenodel. BMC Genet. 12, 15

Huff-Lonergan E, Lonergan SM (1999) Postmortem rae@dms of meat tenderization:
the roles of the structural proteins and calpaistesy. In Quality attributes of muscle
foods, Y.L. Xiong, C.-T. Ho, F. Shahidi, eds. (N&wrk: Kluwer Academic / Plenum
Publishers), pp 229-251



92 References

Huff-Lonergan E, Lonergan SM (2005) Mechanisms atex-holding capacity of meat:
The role of postmortem biochemical and structunainges. Meat Sci. 71, 194-204

Huff-Lonergan E, Lonergan SM (2007) New frontiensuinderstanding drip loss in pork:
recent insights on the role of postmortem musctehemistry. J. Anim. Breed. Genet.
124, 19-26

Huff-Lonergan E, Mitsuhashi T, Beekman DD, Parfsl, Olson DG, Robson RM (1996)
Proteolysis of specific muscle structural protddgsmu-calpain at low pH and temperature
Is similar to degradation in postmortem bovine nfeis¢. Anim. Sci. 74, 993-1008

Huff Lonergan E, Zhang W, Lonergan SM (2010) Bioulstry of postmortem muscle -
Lessons on mechanisms of meat tenderization. M2a8&, 184-195

Innocenti F, Cooper GM, Stanaway IB, Gamazon ER{I&aD, Mirkov S, Ramirez J, Liu
WQ, Lin YS, Moloney C, Aldred SF, Trinklein ND, Sa#itz E, Nickerson DA, Thummel
KE, Rieder MJ, Rettie AE, Ratain MJ, Cox NJ, Brow@D (2011) Identification,
replication, and functional fine-mapping of expieasquantitative trait loci in primary
human liver tissue. PLoS Genet. 7, €1002078

Jansen RC (2003) Studying complex biological systesing multifactorial perturbation.
Nat. Rev. Genet. 4, 145-151

Jansen RC, Nap JP (2001) Genetical genomics: tthedachlue from segregation. Trends
Genet. 17, 388-391

Jansen RC, Nap JP (2004) Regulating gene expressioprises still in store. Trends
Genet. 20, 223-225

Jennen DGJ, Brings AD, Liu G, Jungst H, Tholen &has E, Tesfaye D, Schellander K,
Phatsara C (2007) Genetic aspects concerning dsip and water-holding capacity of
porcine meat. J. Anim. Breed. Genet. 124, 2-11

Jeon JT, Carlborg O, Tornsten A, Giuffra E, AmargeChardon P, Andersson-Eklund L,

Andersson K, Hansson I, Lundstrom K, Andersson 29@) A paternally expressed QTL

affecting skeletal and cardiac muscle mass in pigps to the IGF2 locus. Nature Genet.
21, 157-158

Johnson WE, Li C, Rabinovic A (2007) Adjusting bagffects in microarray expression
data using empirical Bayes methods. Biostatistjcdkl8-127

Jonas E, Schreinemachers H-J, Kleinwachter T, U@I@nanns |, Tetzlaff S, Jennen D,
Tesfaye D, Ponsuksili S, Murani E, Juengst H, Tihndle Schellander K, Wimmers K
(2008) QTL for the heritable inverted teat defecpigs. Mamm. Genome 19, 127-138

Ka S, Markljung E, Ring H, Albert FW, Harun-Or-Ra&$iM, Wahlberg P, Garcia-Roves
PM, Zierath JR, Denbow DM, Paabo S, Siegel PB, Assten L, Hallbook F (2013)
Expression of carnitine palmitoyl-CoA transferagei$ influenced by a cis-acting eQTL
in two chicken lines selected for high and low bedight. Physiol. Genomics 1, 367-376



Chapter 6 93

Kabakchiev B, Silverberg MS (2013) Expression qitative trait loci analysis identifies
associations between genotype and gene expressimman intestine. Gastroenterology
144, 1488-1496

Kanehisa M, Goto S (2000) KEGG: Kyoto encyclopeafiggenes and genomes. Nucleic
Acids Res. 28, 27-30

Karlsson EK, Baranowska I, Wade CM, Salmon HillbedtHC, Zody MC, Anderson N,
Biagi TM, Patterson N, Pielberg GR, Kulbokas EJnStock KE, Keller ET, Mesirov JP,
von Euler H, Kampe O, Hedhammar A, Lander ES, Asstam R, Andersson L, Lindblad-
Toh K (2007) Efficient mapping of mendelian traits dogs through genome-wide
association. Nature Genet. 39, 1321-1328

Karns R, Zhang G, Sun GY, Indugula SR, Cheng H,addaAugustin D, Novokmet N,
Rudan D, Durakovic Z, Missoni S, Chakraborty R, BudP, Deka R (2012) Genome-wide
association of serum uric acid concentration: ogpion of sequence variants in an island
population of the Adriatic coast of Croatia. Anrurdl. Genet. 76, 121-127

Karyadi DM, Karlins E, Decker B, vonHoldt BM, Canpero-Ramirez G, Parker HG,
Wayne RK, Ostrander EA (2013) A copy number variahtthe KITLG locus likely
confers risk for canine squamous cell carcinomiefdigit. PLoS Genet. 9, e1003409

Kauffman RG, Sybesma W, Smulders FJM, Eikelenbogrki@el B, van Laack RLIM,

Hoving-Bolink AH, Sterrenburg P, Nordheim EV, WaisP, van der Wal PG (1993) The
effectiveness of examining early post-mortem muegcué to predict ultimate pork quality.
Meat Sci. 34, 283-300

Khanna C, Lindblad-Toh K, Vail D, London C, Bergm@nBarber L, Breen M, Kitchell
B, McNeil E, Modiano JF, Niemi S, Comstock KE, @ster E, Westmoreland S,
Withrow S (2006) The dog as a cancer model. Natte8hnol. 24, 1065-1066

Kim JJ, Zhao HH, Thomsen H, Rothschild MF, Dekk#&edM (2005) Combined line-cross
and half-sib QTL analysis of crosses between odtbnes. Genet. Res. 85, 235-248

Kim S, Cho H, Lee D, Webster MJ (2012) Associatietween SNPs and gene expression
in multiple regions of the human brain. Trans| Psatry 2, €113

Kizilkaya K, Tait R, Garrick D, Fernando R, Reecy2D13) Genome-wide association
study of infectious bovine keratoconjunctivitisAngus cattle. BMC Genet. 14, 23

Klein RJ, Zeiss C, Chew EY, Tsai JY, Sackler RSyrés C, Henning AK, SanGiovanni
JP, Mane SM, Mayne ST, Bracken MB, Ferris FL, QtBarnstable C, Hoh J (2005)
Complement factor H polymorphism in age-related utercdegeneration. Science 308,
385-389

Kolbehdari D, Wang Z, Grant JR, Murdoch B, Prasadltv Z, Marques E, Stothard P,
Moore SS (2008) A whole-genome scan to map quéwgtéait loci for conformation and
functional traits in Canadian Holstein Bulls. Jify&ci. 91, 2844-2856

Kraft P, Schadt E, Aten J, Horvath S (2003) A fanrtihsed test for correlation between
gene expression and trait values. Am. J. Hum. G&2et1l323-1330



94 References

Kuroda S, Tanizawa K (1999) Involvement of epiddrgwth factor-like domain of
NELL proteins in the novel protein-protein intetiaat with protein kinase C. Biochem.
Biophys. Res. Commun. 265, 752-757

Kwasiborski A, Sayd T, Chambon C, Sante-LhouteMeRocha D, Terlouw C (2008) Pig
Longissimus lumborum proteome: part Il: relatiopshbetween protein content and meat
quality. Meat Sci. 80, 982-996

Lalonde E, Ha KCH, Wang ZB, Bemmo A, Kleinman Clw#n T, Pastinen T, Majewski
J (2011) RNA sequencing reveals the role of sgig@onlymorphisms in regulating human
gene expression. Genome Res. 21, 545-554

Lander ES, Schork NJ (1994) Genetic dissectionoohfex traits. Science 265, 2037-
2048

Le Bihan-Duval E, Nadaf J, Berri C, Pitel F, Grdug Godet E, Leroux SY, Demeure O,
Lagarrigue S, Duby C, Cogburn LA, Beaumont CM, @scdMJ (2011) Detection of a cis
eQTL controlling BMCO1 gene expression leads to lidentification of a QTG for
chicken breast meat color. PLoS One 6, 14825

Le Mignon G, Desert C, Pitel F, Leroux S, Demeuré3Qernec G, Abasht B, Douaire M,
Le Roy P, Lagarrigue S (2009) Using transcriptomadiling to characterize QTL regions
on chicken chromosome 5. BMC Genomics 10, 575

Leuzzi R, Banhegyi G, Kardon T, Marcolongo P, Cape®L, Burger HJ, Benedetti A,
Fulceri R (2003) Inhibition of microsomal glucosgbosphate transport in human
neutrophils results in apoptosis: a potential exgli@n for neutrophil dysfunction in
glycogen storage disease type 1b. Blood 101, 238%-2

Levy D, Larson MG, Benjamin EJ, Newton-Cheh C, wWang Hwang SJ, Vasan RS,
Mitchell GF (2007) Framingham Heart Study 100K BPabj genome-wide associations for
blood pressure and arterial stiffness. BMC Med. &ke® Suppl 1, 53

Li Q, Seo J-H, Stranger B, McKenna A, Pe'er |, laafboise T, Brown M, Tyekucheva S,
Freedman MatthewA L (2013) Integrative eQTL-basedlyses reveal the biology of
breast cancer risk loci. Cell 152, 633-641

Liaubet L, Lobjois V, Faraut T, Tircazes A, Bennel&nnuccelli N, Pires J, Glenisson J,
Robic A, Le Roy P, SanCristobal M, Cherel P (20GBEnetic variability of transcript
abundance in pig peri-mortem skeletal muscle: e@dalized genes involved in stress
response, cell death, muscle disorders and mesaioBMC Genomics 12, 548

Lilehammer M, Hayes BJ, Meuwissen THE, Goddard {2B09) Gene by environment
interactions for production traits in Australianrgacattle. J. Dairy Sci. 92, 4008-4017

Lin BC, Pan CJ, Chou JY (2000) Human variant gleeégphosphate transporter is active
in microsomal transport. Hum. Genet. 107, 526-529

Liu G, Jennen DGJ, Tholen E, Juengst H, KleinwachteHolker M, Tesfaye D, Un G,

Schreinemachers HJ, Murani E, Ponsuksili S, KimSghellander K, Wimmers K (2007)
A genome scan reveals QTL for growth, fatness,neas and meat quality in a Duroc-
Pietrain resource population. Anim. Genet. 38, 282-



Chapter 6 95

Liu GS, Kim JJ, Jonas E, Wimmers K, Ponsuksili Syrdhi E, Phatsara C, Tholen E,
Juengst H, Tesfaye D, Chen JL, Schellander K (2@8nbined line-cross and half-sib
QTL analysis in Duroc-Pietrain population. Mamm.n@me 19, 429-438

Lobjois V, Liaubet L, SanCristobal M, GlenissonF&ve K, Rallieres J, Le Roy P, Milan
D, Cherel P, Hatey F (2008) A muscle transcriptoaralysis identifies positional
candidate genes for a complex trait in pig. Anirené. 39, 147-162

Luo W, Chen S, Cheng D, Wang L, Li Y, Ma X, SonglXy X, Li W, Liang J, Yan H,
Zhao K, Wang C, Zhang L (2012a) Genome-wide asBoniastudy of porcine
hematological parameters in a Large White x MinE2uresource population. Int J Biol
Sci 8, 870-881

Luo W, Cheng D, Chen S, Wang L, Li Y, Ma X, SonglXy X, Li W, Liang J, Yan H,
Zhao K, Wang C, Zhang L (2012b) Genome-wide asfiooiaanalysis of meat quality
traits in a porcine Large White x Minzhu intercrgggoulation. Int J Biol Sci 8, 580-595

Mackay TFC (2001) Quantitative trait loci in Drosala. Nat. Rev. Genet. 2, 11-20

Majewski J, Pastinen T (2011) The study of eQTLataons by RNA-seq: from SNPs to
phenotypes. Trends Genet. 27, 72-79

Maraganore DM, de Andrade M, Lesnick TG, Strain Kajrer MJ, Rocca WA, Pant
PVK, Frazer KA, Cox DR, Ballinger DG (2005) Highsaution whole-genome
association study of Parkinson disease. Am. J. Heemet. 77, 685-693

Markljung E, Braunschweig MH, Karlskov-MortensenBtuun CS, Sawera M, Cho IC,
Hedebro-Velander I, Josell A, Lundstrom K, von S&hJorgensen CB, Fredholm M,
Andersson L (2008) Genome-wide identification ofantitative trait loci in a cross
between Hampshire and Landrace II: Meat qualitystr8MC Genet. 9, 22

McCarthy MI, Abecasis GR, Cardon LR, Goldstein DBiftle J, loannidis JPA,
Hirschhorn JP (2008) Genome-wide association ssutbe complex traits: consensus,
uncertainty and challenges. Nat. Rev. Genet. 9,386

Merlo DF, Rossi L, Pellegrino C, Ceppi M, Cardallity, Capurro C, Ratto A, Sambucco
PL, Sestito V, Tanara G, Bocchini V (2008) Caneeidence in pet dogs: Findings of the
animal tumor registry of Genoa, Italy. J. Vet. mmteMed. 22, 976-984

Meuwissen THE, Hayes BJ, Goddard ME (2001) Preafictif total genetic value using
genome-wide dense marker maps. Genetics 157, 1819-1

Milan D, Jeon JT, Looft C, Amarger V, Robic A, Taetler M, Rogel-Gaillard C, Paul S,
lannuccelli N, Rask L, Ronne H, Lundstrom K, Remd¢, Gellin J, Kalm E, Roy PL,
Chardon P, Andersson L (2000) A mutation in PRKA#&3ociated with excess glycogen
content in pig skeletal muscle. Science 288, 124361

Moffatt MF, Kabesch M, Liang LM, Dixon AL, Strachdh Heath S, Depner M, von Berg
A, Bufe A, Rietschel E, Heinzmann A, Simma B, Fnec T, Willis-Owen SAG, Wong

KCC, lllig T, Vogelberg C, Weiland SK, von Mutius Bbecasis GR, Farrall M, Gut IG,
Lathrop GM, Cookson WOC (2007) Genetic variantsulating ORMDL3 expression

contribute to the risk of childhood asthma. Na#4&, 470-473



96 References

Musaro A, Fulle S, Fano G (2010) Oxidative stresd muscle homeostasis. Curr Opin
Clin Nutr Metab Care 13, 236-242

Nezer C, Collette C, Moreau L, Brouwers B, Kim @Giuffra E, Buys N, Andersson L,
Georges M (2003) Haplotype sharing refines thetionaof an imprinted quantitative trait
locus with major effect on muscle mass to a 25@&lmmosome segment containing the
porcine IGF2 gene. Genetics 165, 277-285

Nezer C, Moreau L, Brouwers B, Coppieters W, Detid J, Hanset R, Karim L, Kvasz A,
Leroy P, Georges M (1999) An imprinted QTL with wragffect on muscle mass and fat
deposition maps to the IGF2 locus in pigs. Natueedd. 21, 155-156

Nicolae DL, Gamazon E, Zhang W, Duan S, Dolan MBx GlJ (2010) Trait-associated
SNPs are more likely to be eQTLs: annotation toaeck discovery from GWAS. PLoS
Genet. 6, €1000888

O'Seaghdha CM, Yang Q, Glazer NL, Leak TS, DehgharBmith AV, Kao WHL,
Lohman K, Hwang S-J, Johnson AD, Hofman A, Uittedkn AG, Chen Y-DI, The GC,
Brown EM, Siscovick DS, Harris TB, Psaty BM, CoreklGudnason V, Witteman JC, Liu
YM, Kestenbaum BR, Fox CS, Kottgen A (2010) Commaanants in the calcium-sensing
receptor gene are associated with total serumuraltgvels. Hum. Mol. Genet. 19, 4296-
4303

Offer G, Cousins T (1992) The mechanism of drip doition - formation of 2
compartments of extracellular-space in muscle pogaem. J. Sci. Food Agric. 58, 107-
116

Offer G, Knight P, eds. (1988) The structural badisvater-holding capacity in meat. Part
1: general principles and water uptake in meatgssing. (New York: Elsevier Applied
Science)

Oldham MC, Konopka G, Iwamoto K, Langfelder P, KatoHorvath S, Geschwind DH
(2008) Functional organization of the transcriptomehuman brain. Nat. Neurosci. 11,
1271-1282

Onteru SK, Fan B, Nikkila MT, Garrick DJ, Stalded,KRothschild MF (2011) Whole-
genome association analyses for lifetime reprodediiaits in the pig. J. Anim. Sci. 89,
988-995

Ortenblad N, Young JF, Oksbjerg N, Nielsen JH, LamhbH (2003) Reactive oxygen
species are important mediators of taurine reléase skeletal muscle cells. Am J Physiol
Cell Physiol 284, C1362-1373

Ostrander EA (2012) Both ends of the leash - thedrulinks to good dogs with bad
genes. N. Engl. J. Med. 367, 636-646

Otto G, Roehe R, Looft H, Thoelking L, Kalm E (20@omparison of different methods
for determination of drip loss and their relatioipsh to meat quality and carcass
characteristics in pigs. Meat Sci. 68, 401-409



Chapter 6 97

Patterson DF, Haskins ME, Jezyk PF, Giger U, Mayallen VN, Aguirre G, Fyfe JC,
Wolfe JH (1988) Research on genetic-diseases praal benefits to animals and man.
AVMA 193, 1131-1144

Pavelic K, Bukovic D, Pavelic J (2002) The rolein$ulin-like growth factor 2 and its
receptors in human tumors. Mol. Med. 8, 771-780

Pavlath GK (2010) Spatial and functional restrictiof regulatory molecules during
mammalian myoblast fusion. Exp Cell Res 316, 306723

Pearson TA, Manolio TA (2008) How to Interpret anGme-wide Association Study.
JAMA 299

Peter JB, Gillespi.Ca, Barnard RJ, Stempel KE, BEdgeVR (1972) Metabolic profiles of
3 fiber types of skeletal-muscle in Guinea-pigs matibits. Biochemistry 11, 2627-2633

Pickrell JK, Marioni JC, Pai AA, Degner JF, EngetitaBE, Nkadori E, Veyrieras JB,
Stephens M, Gilad Y, Pritchard JK (2010) Undersitaganechanisms underlying human
gene expression variation with RNA sequencing. a4, 768-772

Ponsuksili S, Chomdej S, Murani E, Blaser U, Sciemiachers HJ, Schellander K,
Wimmers K (2005) SNP detection and genetic mapmhgoorcine genes encoding
enzymes in hepatic metabolic pathways and evaluatiolinkage with carcass traits.
Anim. Genet. 36, 477-483

Ponsuksili S, Du Y, Murani E, Schwerin M, Wimmers(R012) Elucidating molecular
networks that either affect or respond to plasnréism concentration in target tissues of
liver and muscle. Genetics 192, 1109-1122

Ponsuksili S, Jonas E, Murani E, Phatsara C, Sha&nT, Walz C, Schwerin M,
Schellander K, Wimmers K (2008a) Trait correlatggression combined with expression
QTL analysis reveals biological pathways and caateicdgenes affecting water holding
capacity of muscle. BMC Genomics 9, 367

Ponsuksili S, Murani E, Brand B, Schwerin M, Wimm&t (2011) Integrating expression
profiling and whole-genome association for dissecf fat traits in a porcine model. J.
Lipid Res. 52, 668-678

Ponsuksili S, Murani E, Phatsara C, Jonas E, WalzS¢hwerin M, Schellander K,
Wimmers K (2008b) Expression profiling of muscleveals transcripts differentially
expressed in muscle that affect water-holding d@pac pork. J. Agric. Food Chem. 56,
10311-10317

Ponsuksili S, Murani E, Schwerin M, SchellandenMimmers K (2010) Identification of
expression QTL (eQTL) of genes expressed in pofginngissimus dorsi and associated
with meat quality traits. BMC Genomics 11:572

Powell JE, Henders AK, McRae AF, Caracella A, Sn#thWright MJ, Whitfield JB,
Dermitzakis ET, Martin NG, Visscher PM, Montgom&yV (2012) The Brisbane systems
genetics study: genetical genomics meets compdétxgenetics. PLoS One 7, e35430



98 References

Price AL, Helgason A, Thorleifsson G, McCarroll SKpng A, Stefansson K (2011)
Single-tissue and cross-tissue heritability of gemeression via identity-by-descent in
related or unrelated individuals. PLoS Genet. D04B17

Pueyo N, Ortega FJ, Mercader JM, Moreno-NavarrsteShbater M, Bonas S, Botas P,
Delgado E, Ricart W, Martinez-Larrad MT, Serran@fM, Torrents D, Fernandez-Real
JM (2013) Common genetic variants of surfactantgmeD (SP-D) are associated with
type 2 diabetes. PLoS One 8, e60468

Purcell S, Neale B, Todd-Brown K, Thomas L, Fead#AR, Bender D, Maller J, Sklar
P, de Bakker PIW, Daly MJ, Sham PC (2007) PLINK:td®l set for whole-genome
association and population-based linkage analyses.J. Hum. Genet. 81, 559-575

Quackenbush J (2001) Computational analysis ofcarcay data. Nat. Rev. Genet. 2, 418-
427

Quiat D, Voelker KA, Pei JM, Grishin NV, Grange RW®assel-Duby R, Olson EN (2011)
Concerted regulation of myofiber-specific gene espion and muscle performance by the
transcriptional repressor Sox6. Proc. Natl. Acadl. 8. S. A. 108, 10196-10201

Ramos AM, Duijvesteijn N, Knol EF, Merks JWM, Bovens H, Crooijmans RPMA,
Groenen MAM, Harlizius B (2011) The distal end @irgine chromosome 6p is involved
in the regulation of skatole levels in boars. BMénét. 12, 35

Ren J, Duan Y, Qiao R, Yao F, Zhang Z, Yang B, Gu&iao S, Wei R, Ouyang Z, Ding
N, Ai H, Huang L (2011) A missense mutation in PHABauses a major QTL effect on
ear size in pigs. PLoS Genet. 7, €1002043

Rosenvold K, Andersen HJ (2003) Factors of sigaifee, for pork quality - a review.
Meat Sci. 64, 219-237

Rothschild MF (2004) Porcine genomics delivers nesls and results: this little piggy did
more than just go to market. Genet. Res. 83,1 -6

Rothschild MF, Hu ZL, Jiang Z (2007) Advances inlQWapping in pigs. Int J Biol Sci 3,
192-197

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

Salmon Hillbertz NHC, Isaksson M, Karlsson EK, e E, Pielberg GR, Savolainen P,
Wade CM, Von Euler H, Gustafson U, Hedhammar Ksédth M, Lindblad-Toh K,
Andersson L, Andersson G (2007) Duplication of FGF&F4, FGF19 and ORAOV1
causes hair ridge and predisposition to dermoidssin Ridgeback dogs. Nature Genet. 39,
1318-1320

Schadt EE, Molony C, Chudin E, Hao K, Yang X, LuM, Kasarskis A, Zhang B, Wang
S, Suver C, Zhu J, Millstein J, Sieberts S, LamuhaThakurta D, Derry J, Storey JD,
Avila-Campillo I, Kruger MJ, Johnson JM, Rohl CAarvNas A, Mehrabian M, Drake TA,
Lusis AJ, Smith RC, Guengerich FP, Strom SC, SehieRushmore TH, Ulrich R (2008)
Mapping the genetic architecture of gene expressitiuman liver. PLoS Biol 6, e107



Chapter 6 99

Schroder A, Klein K, Winter S, Schwab M, Bonin MglZ A, Zanger UM (2011)
Genomics of ADME gene expression: mapping exprasgiantitative trait loci relevant
for absorption, distribution, metabolism and exoret of drugs in human liver.
Pharmacogenomics J 13, 12-20

Solem C, Koebmann B, Jensen PR (2008) Control sisabf the role of triosephosphate
iIsomerase in glucose metabolism in Lactococcussld&iT Syst. Biol. 2, 64-72

Steibel JP, Bates RO, Rosa GJ, Tempelman RJ, RitingD, Ragavendran A, Raney NE,
Ramos AM, Cardoso FF, Edwards DB, Ernst CW (201dndme-wide linkage analysis of
global gene expression in loin muscle tissue idfiestcandidate genes in pigs. PLoS One
6, 16766

Storey JD, Tibshirani R (2003) Statistical sigrafice for genomewide studies. Proc. Natl.
Acad. Sci. U. S. A. 100, 9440-9445

Stranger BE, Montgomery SB, Dimas AS, Parts L, [8t€D, Ingle CE, Sekowska M,
Smith GD, Evans D, Gutierrez-Arcelus M, Price Aj RaNisbett J, Nica AC, Beazley C,
Durbin R, Deloukas P, Dermitzakis ET (2012) Patieai cis regulatory variation in
diverse human populations. PLoS Genet. 8, e1002639

Tholen E, Jiingst H, Schultze-Langenhorst C, Samd#iaK (2005) Genetic foundation of
meat quality traits of station tested slaughtesspigNorth Rhine-Westphalia (Germany).
Arch. Tierz.-Arch. Anim. Breed. 48, 123-130

Thomsen H, Lee HK, Rothschild MF, Malek M, DekkdGM (2004) Characterization of
quantitative trait loci for growth and meat qualitya cross between commercial breeds of
swine. J. Anim. Sci. 82, 2213-2228

Thorleifsson G, Walters GB, Gudbjartsson DF, Stergdottir V, Sulem P, Helgadottir A,
Styrkarsdottir U, Gretarsdottir S, Thorlacius Snsidottir I, Jonsdottir T, Olafsdottir EJ,
Olafsdottir GH, Jonsson T, Jonsson F, Borch-JohnserHansen T, Andersen G,
Jorgensen T, Lauritzen T, Aben KK, Verbeek ALM, Roeld N, Kampman E, Yanek
LR, Becker LC, Tryggvadottir L, Rafnar T, Becker DNbulcher J, Kiemeney LA,
Pedersen O, Kong A, Thorsteinsdottir U, Stefandsd2009) Genome-wide association
yields new sequence variants at seven loci thatcegs with measures of obesity. Nature
Genet. 41, 18-24

Tyagi S, Salier JP, Lal SK (2002) The liver-specifihuman alpha(1)-
microglobulin/bikunin precursor (AMBP) is capablé self-association. Arch. Biochem.
Biophys. 399, 66-72

Uimari P, Sironen A, Sevon-Aimonen ML (2011) Whagierome SNP association analysis
of reproduction traits in the Finnish Landrace Ipiged. Genet. Sel. Evol. 43, 42

Vaidya TB, Weyman CM, Teegarden D, Ashendel CL,arapsky EJ (1991) Inhibition
of myogenesis by the H-Ras oncogene - implicatioa mle for protein-kinase-C. J. Cell
Biol. 114, 809-820

van Laack RL, Kauffman RG (1999) Glycolytic potahtof red, soft, exudative pork
longissimus muscle. J. Anim. Sci. 77, 2971-2973



100 References

Van Laere AS, Nguyen M, Braunschweig M, Nezer Cllédte C, Moreau L, Archibald
AL, Haley CS, Buys N, Tally M, Andersson G, Geordgds Andersson L (2003) A
regulatory mutation in IGF2 causes a major QTL affen muscle growth in the pig.
Nature 425, 832-836

van Wijk HJ, Dibbits B, Baron EE, Brings AD, Hailis B, Groenen MAM, Knol EF,
Bovenhuis H (2006) Identification of quantitativeit loci for carcass composition and
pork quality traits in a commercial finishing crods Anim. Sci. 84, 789-799

van Wyk JJ, Smith EP (1999) Commentary - Insuke-lgrowth factors and skeletal
growth: Possibilities for therapeutic interventiods Clin. Endocrinol. Metab. 84, 4349-
4354

Velleman SG (2000) The role of the extracellulatnxran skeletal development. Poult.
Sci. 79, 985-989

Velleman SG (2002) Role of Extracellular Matrix (BT in Growth and Development:
Role of the extracellular matrix in muscle growtidadevelopment. J. Anim. Sci. 80, E8-
E13

Verdugo RA, Farber CR, Warden CH, Medrano JF (208@jious limitations of the
QTL/Microarray approach for QTL gene discovery. B®I. 8, 96

Verma AS, FitzPatrick DR (2007) Anophthalmia anccmophthalmia. Orphanet J. Rare
Dis. 2, 47

Vidal O, Varona L, Oliver MA, Noguera JL, SanchezAmills M (2006) Malic enzyme 1
genotype is associated with backfat thickness aaalt muality traits in pigs. Anim. Genet.
37, 28-32

Visscher PM (2008) Sizing up human height variatidature Genet. 40, 489-490

Wang D, Nettleton D (2006) ldentifying genes asstd with a quantitative trait or
quantitative trait locus via selective transcripabprofiling. Biometrics 62, 504-514

Wang JY, Luo YR, Fu WX, Lu X, Zhou JP, Ding XD, LiF, Zhang Q (2012) Genome-
wide association studies for hematological traitswine. Anim. Genet. 44, 34-43

Wang K, Zhang HT, Ma DQ, Bucan M, Glessner JT, Abras BS, Salyakina D,
Imielinski M, Bradfield JP, Sleiman PMA, Kim CE, HdACP, Frackelton E, Chiavacci R,
Takahashi N, Sakurai T, Rappaport E, Lajonchere ®Mnson J, Estes A, Korvatska O,
Piven J, Sonnenblick LI, Retuerto AIA, Herman Ebrig HM, Hutman T, Sigman M,
Ozonoff S, Klin A, Owley T, Sweeney JA, Brune CWar@or RM, Bernier R, Gilbert JR,
Cuccaro ML, McMahon WM, Miller J, State MW, Wassifikd, Coon H, Levy SE,
Schultz RT, Nurnberger JI, Haines JL, Sutcliffe @8pk EH, Minshew NJ, Buxbaum JD,
Dawson G, Grant SFA, Geschwind DH, Pericak-Vance ,M&chellenberg GD,
Hakonarson H (2009) Common genetic variants on 3paddsociate with autism spectrum
disorders. Nature 459, 528-533

Wayne ML, Mcintyre LM (2002) Combining mapping amdraying: An approach to
candidate gene identification. Proc. Natl. Acad. BcS. A. 99, 14903-14906



Chapter 6 101

Westfall PH, Young SS (1993) Resampling-based pieltesting. (New York: Wiley)

Wimmers K, Fiedler |, Hardge T, Murani E, Schellandk, Ponsuksili S (2006) QTL for
microstructural and biophysical muscle propertiad &ody composition in pigs. BMC
Genet. 7, 15

Wimmers K, Murani E, Ponsuksili S (2010) Functiogahomics and genetical genomics
approaches towards elucidating networks of genksctafg meat performance in pigs.
Brief. Funct. Genomics 9, 251-258

Wimmers K, Murani E, tePas MFW, Chang KC, Davoli Rerks JWM, Henne H,
Muraniova M, da Costa N, Harlizius B, SchellanderBoll I, Braglia S, de Wit AAC,
Cagnazzo M, Fontanesi L, Prins D, Ponsuksili S 720Bssociations of functional
candidate genes derived from gene-expression @sofif prenatal porcine muscle tissue
with meat quality and muscle deposition. Anim. GeB8, 474-484

Wolf U (1997) Identical mutations and phenotypiciaton. Hum. Genet. 100, 305-321
Xu S (2003) Theoretical basis of the Beavis eff@anetics 165, 2259-2268

Yoon S, Molloy MJ, Wu MP, Cowan DB, Gussoni E (2D@760RF32 is upregulated
during muscle cell differentiation and induces themation of cellular filopodia. Dev.
Biol. 301, 70-81

Yue G, Stratil A, Kopecny M, Schroffelova D, ScHedfJ, Hojny J, Cepica S, Davoli R,
Zambonelli P, Brunsch C, Sternstein |, Moser G t@&aschlager H, Reiner G, Geldermann
H (2003) Linkage and QTL mapping for Sus scrofaoalwsome 6. J. Anim. Breed. Genet.
120, 45-55

Zeller T, Wild P, Szymczak S, Rotival M, Schillékt Castagne R, Maouche S, Germain
M, Lackner K, Rossmann H, Eleftheriadis M, Sinni@R, Schnabel RB, Lubos E,

Mennerich D, Rust W, Perret C, Proust C, Nicaud.&5calzo J, Hubner N, Tregouet D,

Munzel T, Ziegler A, Tiret L, Blankenberg S, Cambie (2010) Genetics and beyond - the
transcriptome of human monocytes and disease dilstigp PLoS One 5, €10693

Zentralverband der Deutschen Schweineproduktion SiZ[R003) Richtlinie fur die
Stationsprifung auf Mastleistung, Schlachtkorpetwerd Fleischbeschaffenheit beim
Schwein, 10.12.2003. (Bonn, Germany)

Zentralverband der Deutschen SchweineproduktionS)Z[2006) Stressstabilitat in der
Tierzucht.http://www.zds-bonn.de/stressstabilitaet in derwsthezucht.html




102




103

Chapter 7 Appendix



104 Appendix

Method supplement for Chapter 3:

A genetical genomics approach reveals new candidatel confirms known candidate

genes for drip loss in a porcine resource populatio

Hanna Heidt, Mehmet Ulas Cinar, Jasim Uddin, CiamstLooft, Heinz Jingst, Dawit
Tesfaye, Ernst Tholen, Astrid Becker, Andreas Zimnkarl Schellander and Christine

GrofRe-Brinkhaus

Here we present additional details on the micrgadata pre-processing steps performed
prior to the analysis of co-expression betweenstapts and the phenotype drip loss as
well as the GWAS using gene expression abundarue pie-processing steps follow the
description of Oldham et al. (2008).

In order to increase the number of microarray sas)grevious obtained data were added
to the 100 muscle expression profiles generatethi;mstudy. In order to combine these
two datasets, first outliers of each had to be redoln a second step the jointed data was
corrected for a batch effect. Gene expression aizalgspecially in the case of correlation
calculations, is particular sensitive to the preseof outlier samples and systematic biases
in microarray data (BLLER et al.2007; QDHAM et al.2008).

It was not necessary to scale both datasets teahee average intensity, because both
datasets were scaled to a target signal of 500reSgmn values were generated for each
data set in R using the “expresso” function of‘@éy” package (&NTLEMAN et al.2004,

www.bioconductor.org) with “mas” settings and namalization.

The main statistical criteria for the identificati@f potential outlying samples was the
inter-array correlation (IAC), which was defined the Pearson correlation coefficient of
the expression levels for a given pair of microggrdn general, samples with an average
IAC < 2.0 standard deviations below the mean IACte dataset were removed. Samples
were also hierarchically clustered using averagjalje and 1-IAC as a distance metric to
identify outliers. This process was repeated fahedataset until no outliers were evident.
In general this approach was described as an etbiaethod for the identification and

removal of samples with aberrant gene expressi@id€éQ.DHAM et al.2008).
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In the following parts the different steps of thetler removal of each dataset and the
correction of the batch effect are described. Aarelew how many samples were left after

each step is given in table Al.

Table Al: Overview of the number of expression profile saraplsed in this study

no. samples no. samples after take out SNP data

Arrays before pre- after pre- duplicate available for
processing processing animals no array
Dataset 1 Porcine
Genome 100 97 93 93
(study data) Array
(Ponsuksiliet ~ Genome 74 72 64 39
al. 2008a) Array

The outlier removal was performed for dataset 1 tuamtained before the analysis 100
samples. In a first step the distribution of th&€BA\of dataset 1 was examined (Figure Al).
It can be seen that the distribution is not nordistiributed and has a long tail on the left.

This indicates the presence of outliers.
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Histogram of IAC
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Figure Al:Histogram of IAC of dataset 1 before outlier remova
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Cluster Dendrogram
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Figure A2: Cluster dendrogram of raw samples, before outtisraval (dataset 1)

The hierarchical clustering (average linkage) usthg 1-IAC as a distance metric
confirmed possible outliers (Figure A2). The sars@ee labelled from 1 to 100. There are
three clear outliers at left (41, 82 and 66). Adliadnal way to visualize outliers is to

calculate the mean IAC for each array and invesigias distribution. In figure 3 one can
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see that the three outliers depicted above aresdge outliers identified in the initial

dendrogram.
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Figure A3:Plot of the number of samples deviated from thermA& (dataset Al)

There three outliers are removed and a new IACim#trcalculated. The distribution of
IACs is not anymore strong right shifted and theam#ACs have improved (Figure A4).

In addition, the hierarchical cluster dendrogramasinot reveal any outliers (Figure A5).
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Histogram of IAC
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Figure A4:Histogram of AIC of dataset 1 after outlier removal
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Cluster Dendrogram
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The same procedures for outlier detection and ramasxere performed for dataset 2
comprising the expression profiles from an eadierdy (Ponsuksilet al. 2008a). Before

the analysis dataset 2 contained 74 samples.

Histogram of IAC
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Figure A6: Histogram of AIC of dataset 2 before outlier remova
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Comparable to dataset 1, dataset 2 also showedgatdd on the left of the distribution
(Figure A6). In the hierarchical cluster dendrogramo possible outliers were detected
(DRIP_114 G5 und DRIP26pHhigh (Figure A7).

Cluster Dendrogram

s}
o
o
T
o
uy
wl
=T
=
|
o
x
K]
=
w =]
Q T
e =
&
o
o
a
=t
o
o
.
=
=)
QL
I
S 3
7 E] @
o 8 zl
o g
o =
g' 533
3 = . -
i % N
I 3 o8
z N =
: 3 5|3 oF
g o | ar
g o £33 | |28 853 55 | 133 £e
; B82__ T| |z 'B8Iww 28 888 — 1T E
88%55 8 88Ton2°8_ | |BSEa0is N z
© T5688 3| 188555000767 ELWEN‘_NINJ__TSE % B NORE N EE I 8EERE HTT
= :33802 IEIJ:E‘ . P i@ __ B ) 3 — M8 B A E‘,,N' 3T
N R e A R e SR e X PRSP
e &1 OSZTLBROLRO o -z — 35 N jootd by Figd e -
£C B ETRLEfERLTRCNAIES DpLRuSaGE8 Ln BOseeaBorksn PeboR. L Page b
& E 2 i T o ] =] Ba ey TEES 7
If mE @oli-ESPor¥iaocsr4 £ L! L, Ng e - l-;'n_tm O zg
2L No rEoOfaEnorOnT FpLOTE ol Fl o~on & =L b, LK & By S as2
oo B¢ ofelpopEEtls EFe sl ofp ExBS, LRe Ypro~opan 2OPEIBY ooa 2
o0 ¢ gocEEipoS Zr SBETE "ES “GuhiiEranf.hBESEahGX i ooy Xxx  Fa
DD ELE xro =] Og rroo O%—IIDEE OolFw e oo I
[ o Lz z
Ex © ko ] oo
fala] =
as.dist(1 = IAC)

helust (*, "average")

Figure A7:Cluster dendrogram of raw samples, before outlisraval (dataset 2)
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The same result revealed the plot of the mean I@&&gire A8). These two outliers were
removed and the distribution and the mean IAC imedo(Figure A9). At this point no

clear outliers were detectable in the final hienaral cluster dendrogram (Figure A10).
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Figure A8:Plot of the number of samples deviated from themA& (dataset 2)
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Histogram of IAC
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Figure A9: Histogram of AIC of dataset 1 after outlier removal
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Cluster Dendrogram
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Figure A10:Cluster dendrogram after removal of the outlieetddet 2)
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Normalization and correction of the batch effect

Following outlier removal, quantile normalizatiorasvperformed for each dataset using

the function “plier ” in R (AFYMETRIX INC.).

Average linkage hierarchical clustering using 1-I1&€ a distance metric revealed that
most samples clustered by study, indicating thesearee of significant batch effects
between the two datasets (Figure All). To correct the batch effects, additional
normalization was performed using the R packagenikat” (Johnson et al. 2007,
http://statistics.byu.edu/johnson/ComBat/). Normation procedures do not adjust the
data for batch effects, so when combining batchetata, particular batches that contain
large batch-to-batch variation, normalization i$ swfficient for adjusting for batch effects
and other procedures must be applied. Each datesetssigning a single batch number.
ComBat successfully eliminated batch effects irhedataset as evidenced by hierarchical

clustering and significant improvement of mean IAC.



Chapter 7 117

Cluster Dendrogram
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Figure A11:Cluster dendrogram after normalization, before tbatorrection (red circle

dataset 1 and green circle dataset 2).
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After correcting for the batch effect, the hieraceth cluster dendrogram revealed one
homogeneous dataset (Figure Al12). In a last st2padtitional samples were removed

because these belonged to the same animals.
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Figure A12:Cluster dendrogram after batch correction.
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Table A2: Significant KEGG identifiers detected based on i§icemtly correlated
transcripts with drip loss

KEGGID P value Odds Ratio Exp Count Count (Size) Term
10 0.0005 5.1552 1.9387 8 (37) Glycolysis / Gluagenesis
4115 0.0014 3.5392 3.3010 10 (63) p53 signallirthyay
4120 0.0023 2.7558 5.3445 13 (102) Ubiquitin mexigiroteolysis
30 0.0183 45931 1.0479 4 (20) Pentose phosphtteaa
4650 0.0207 2.5568 3.4582 8 (66) Natural killet ceddiated
cytotoxicity
620 0.0269 3.2866 1.7291 5(33) Pyruvat metabolism
4130 0.0341 3.6704 1.2575 4 (24) SNARE interactiongsicular
transport
5322 0.0437 2.1746 3.9822 8 (76) Systemic lupuhemnyatosus

A hyperactive geometric gene set test was perforbeeskd on significantly correlated
transcripts with drip loss. Over representatiorgehe sets defined by the KEGG database
was tested using Fisher’s exact test. The gensasetonsidered significantff< 0.05



120 Appendix

Table A3: Significant GO Term identifiers for the biologicptocesses (BP) detected
based on significantly correlated transcripts wiitip loss

GOBPID P value Odds Ratio Exp Count Count (Size) Term
GO0:0009438  0.00001 Inf 0.22781 4 (4) methylglyaxaitabolic
process
GO0:0017014  0.00004 14.35539 0.74037 6 (13) protigiosylation
G0:0035606  0.00012 16.71779 0.56952 5 (10) peptigsieine S-
trans-nitrosylation
G0:0018198  0.00016 10.04508 0.91123 6 (16) peptgsieine
modification
GO0:0019320 0.00019 3.47941 4.67005 14 (82) hexatsdalic process
GO0:0044238  0.00025 1.42179 313.86142 350 (5511) mawyi metabolic
process
G0:0006094  0.00026 4.11709 3.18930 11 (56) gluogereesis
G0:0006096  0.00035 3.95634 3.29135 11 (58) glyeslys
G0:0046364  0.00036 3.94093 3.30320 11 (58) monbsaicie
biosynthetic process
GO:0070367  0.00070  49.97352 0.22781 3(4) negatigelation of
hepatocyte

differentiation

GO:0060999 0.00070  49.97352 0.22781 3(4) posiggelation of
dendritic spine
development

GO0:0060359 0.00109 8.35378 0.85428 5 (15) responasmmonium
ion
G0:0016458 0.00115 3.97602 2.67674 9 (47) genecsilg
G0:0030422 0.00168 24.98371 0.28476 3(5) producfsiRNA
involved in RNA
interference

GO0:0036211  0.00312 1.36388 94.71086 119 (1663)  eprotodification
process

GO0:0001833  0.00323 16.65377 0.34171 3 (6) innémaass cell
proliferation

GO0:0021957 0.00324 Inf 0.11390 2(2) corticospiredt
morphogenesis




Chapter 7 121

Table A3 continued:

GOBPID P value Odds Ratio Exp Count Count (Size) Term
GO0:0030091 0.00324 Inf 0.11390 2 (2) protein repair
GO:0006513 0.00351 4.77693 1.53770 6 (27) protein

monoubiquitination
GO0:0021955 0.00356 8.33878 0.68342 4 (12) central nervous system
neuron axonogenesis
GO0:0050773 0.00512 4.36048 1.65160 6 (29) regulation of dendrite
development
GO:0034770 0.00541 12.48880 0.39866 3(7) histone H4-K20
methylation

G0:0044237 0.00543 1.29025 310.15956 337 (5446) cellular metabolicess

G0:0044275 0.00576 3.01732 3.36016 9 (59) cellular carbohydrate
catabolic process
GO:0007190 0.00658 6.66939 0.79733 4 (14) activation of adenylate
cyclase activity
GO0:0051642 0.00829 9.98982 0.45561 3(8) centrosome localization
GO:0060056 0.00829 9.98982 0.45561 3(8) mammary gland
involution
GO:0070570 0.00829 9.98982 0.45561 3(8) regulation of neuron
projection regeneration
G0O:0097061 0.00829 9.98982 0.45561 3(8) dendritic spine
organization
GO0:0019852 0.00858 6.06234 0.85428 4 (15) L-ascorbic acid metabolic
process
GO0:0045862 0.00859 3.04377 2.96149 8 (52) positive regulation of
proteolysis
GO0:0016052 0.00915 2.77597 3.60302 9 (64) carbohydrate catabolic
process
GO:0035988 0.00934 33.24797 0.17086 2 (3) chondrocyte proliferation
G0:0032864 0.00934 33.24797 0.17086 2(3) activation of Cdc42

GTPase activity

GO:0051081 0.00934 33.24797 0.17086 2 (3) nuclear envelope
disassembly
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Table A3 continued:

GOBPID

P value Odds Ratio Exp Count Count (Size)

Term

G0:0043170 0.01017

G0:0006333 0.01059

G0O:0007029 0.01093

G0:0031098 0.01122

G0:0010388 0.01631

G0:0008038 0.01631

G0:0018022 0.01631

G0:0061037 0.01631

G0O:0005980 0.01672

G0:0031281 0.01679

G0:0051349 0.01679

GO0:0031344 0.01788

G0:0048619 0.01799

G0:0015760 0.01799

GO0:0015748 0.01799

G0:0045820 0.01799

G0:0030423 0.01799

1.26110

2.54007

5.55646

2.00987

7.13384

7.13384

7.13384

7.13384

3.79160

4.76152

4.76152

1.93914

16.62195

16.62195

16.62195

16.62195

16.62195

208.81628

4.32834

0.91123

8.54277

0.56952

0.56952

0.56952

0.56952

1.53770

1.02513

1.02513

8.25801

0.22781

0.22781

0.22781

0.22781

0.22781

233 (3762)

10 (76)

4 (16)

16 (150)

3 (10)
3 (10)
3 (10)

3 (10)

5 (27)

4 (18)

4 (18)

15 (145)

2(4)

2(4)

2(4)

2(4)

2(4)

macromolecule metboli
process

chromatin assembly or
disassembly

endoplasmic reticulum
organization

stress-activated protein
kinase signalling cascade

cullin deneddylation
neuron recognition
peptidyl-lysine methylation

negative regulation of
cartilage development

glycogen catabolic process

positive regulation of cyela
activity

positive regulation of lyase
activity

regulation of cell progect
organization

embryonic hindgut
morphogenesis

glucose-6-phosphate
transport

organophosphate ester
transport

negative regulation of
glycolysis

targeting of mMRNA for

destruction involved in RNA

interference
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Table A3 continued:

GOBPID Pvalue 0Odds Ratio Exp Count Count (Size) Term
G0:0030819 0.01943 3.62630 1.59465 5 (28) positive regulatibcAMP
biosynthetic process
G0:0018410 0.02034 4.44354 1.08208 4 (19) C-terminal proteima
acid modification
GO0:0034728 0.02105 6.29442 0.62153 3(11) nucleosome orgaorzat
G0:0090103 0.02149 6.24134 0.62647 3(11) cochlea morphogenesi
G0:0046685 0.02149 6.24134 0.62647 3 (11 response to arsenic-
containing substance
G0:0031050 0.02149 6.24134 0.62647 3 (11 dsRNA fragmentation
G0:0060070 0.02159 2.14343 5.52433 11 (97) canonical Wnt riecep
signalling pathway
GO0:0006349 0.02241 3.47478 1.65160 5(29) regulation of geqpeassion
by genetic imprinting
GO0:0003407 0.02431 4.16531 1.13904 4 (20) neural retina deveént
GO:0006505 0.02431 4.16531 1.13904 4 (20) GPI anchor metabolic
process
G0:0044257 0.02526 1.57328 17.37030 26 (305) cellular protetabolic
process
GO0:0030810 0.02567 3.33538 1.70855 5 (30) positive regulatibn
nucleotide biosynthetic
process
GO:0070979 0.02567 3.33538 1.70855 5 (30) protein K11-linked
ubiquitination
G0:0021795 0.02747 5.54718 0.68342 3(12) cerebral cortexnaigitation
GO0:0048557 0.02747 5.54718 0.68342 3(12) embryonic digedtiaet
morphogenesis
G0:0051865 0.02871 3.91981 1.19599 4 (21) protein autoubigafibn
GO:0045761 0.02871 3.91981 1.19599 4 (21) regulation of adsnyl
cyclase activity
GO0:0072520 0.02885  11.07995 0.28476 2 (5) seminiferous tubule

development
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Table A3 continued:

GOBPID P value Odds Ratio Exp Count Count (Size) Term
G0O:0030970  0.02885  11.07995 0.28476 2 (5) retregpadtein
transport, ER to cytosol
G0:0000185 0.02885  11.07995 0.28476 2 (5) actimafdAPKKK
activity
G0:0046689  0.02885  11.07995 0.28476 2 (5) respons@rcury ion
G0:0046639  0.02885  11.07995 0.28476 2 (5) negatigelation of

alpha-beta T cell
differentiation

GO0O:0031054  0.02885 11.07995 0.28476 2(5) pre-miRkbEessing

GO0:0031122  0.02885 11.07995 0.28476 2 (5) cytoplasticrotubule
organization

GO:0060575 0.02885 11.07995 0.28476 2 (5) intdstipighelial cell
differentiation

G0:0006344  0.02885 11.07995 0.28476 2(5) maintanah
chromatin silencing

G0:0032042  0.02885 11.07995 0.28476 2 (5) mitochiahDNA
metabolic process

GO:0030801  0.02922 3.20670 1.76551 5(31) posiggelation of
cyclic nucleotide
metabolic process

G0:0001824  0.02922 3.20670 1.76551 5 (31) blastarelopment

GO0:1900544  0.02922 3.20670 1.76551 5 (31) posiggelation of
purine nucleotide
metabolic process

GO:0000096  0.02961 2.54165 3.01845 7 (53) sulfunaracid
metabolic process

GO0:0050821  0.03241  2.48726  3.07540 7 (54) protadilization

G0:0070647  0.03242 1.47583 21.98340 31 (386) proteidification by
small protein
conjugation or removal

GO0:0007528 0.03424 4.99185 0.74037 3 (13) neuroatarsitinction
development
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Table A3 continued:

GOBPID P value 0Odds Ratio Exp Count Count (Size) Term
G0:0009057 0.03482 1.34268 40.49274 52 (711) mauewule
catabolic process
G0:0006334 0.03539 2.43515 3.13235 7 (55) nucleesasaembly
G0:0042493 0.03573 1.51692 17.93982 26 (315) resptndrug
G0:0010951 0.03584 2.04042 5.23957 10 (92) negegiyelation of
endopeptidase activity
G0:0019941 0.03607 1.54322 16.28822 24 (286) meaditin-
dependent protein
catabolic process
G0:0070936 0.03722 2.97692 1.87941 5(33) prot&id-knked
ubiquitination
G0:0007254 0.04066 1.91779 6.09384 11 (107) JNKaches
G0:0044267 0.04123 1.21469 109.88622 126 (1973) lulaeprotein
metabolic process
G0:0072498 0.04167 8.30894 0.34171 2 (6) embrysketetal
joint development
G0:0051597 0.04167 8.30894 0.34171 2 (6) respanse t
methylmercury
G0:0043501 0.04167 8.30894 0.34171 2 (6) skeletisicie
adaptation
G0:0070389 0.04167 8.30894 0.34171 2 (6) chaperofaetor-
dependent protein
refolding
G0:0000389 0.04167 8.30894 0.34171 2 (6) nuclealAB-
splice site recognition
G0:0060306 0.04167 8.30894 0.34171 2 (6) regulatfon
membrane
repolarization
G0:0060236 0.04167 8.30894 0.34171 2 (6) regulatfanitotic
spindle organization
G0:0046633 0.04167 8.30894 0.34171 2 (6) alpha-betll

proliferation
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Table A3 continued:

GOBPID P value Odds Ratio Exp Count Count (Size)

Term

G0:0006734 0.04167

GO0O:0061001 0.04167

G0:0042518 0.04167

G0:0007216 0.04167

G0:0048680 0.04167

G0:0050854 0.04178

GO0O:0016311 0.04276

G0:0021537 0.04450

G0:0048522 0.04720

GO0:0051402 0.04814

GO0:0031329 0.04918

8.30894

8.30894

8.30894

8.30894

8.30894

4.53749

1.64951

2.15532

1.19766

1.85898

1.46433

0.34171

0.34171

0.34171

0.34171

0.34171

0.79733

10.82084

3.98663

120.85174

6.26470

18.50934

2 (6) NADH metabolic preces
2 (6) regulation of derdsjpine
morphogenesis
2 (6) negative regulatfon o
tyrosine phosphorylation of
Stat3 protein
2 (6) G-protein coupletbghate
receptor signalling pathway
2 (6) positive regulatibaxon
regeneration
3 (14) regulation of antige
receptor-mediated signalling
pathway
17 (190) dephosphorylation
8 (70) telencephalon dpusdot
137 (2122) positive e of
cellular process
11 (110) neuron apoptoticgss
26 (325) regulation dbizel

catabolic process

A hyper geometric gene set test was performed basetgnificantly correlated transcripts with dhgss.

Over representation of gene sets defined by thel@8&base was tested using Fisher's exact tesigdie

set was considered significant if P < 0.05
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Table A4: Significant GO Term identifiers for the cell compmrts (CC) detected based
on significantly correlated transcripts with drgs$

GOCCID P value OddsRatio Exp Count Count (Size) Term

integral to endoplasmic

GO0:0030176 0.0047 2.9073 3.8608 10 (67) reticulum membrane

clathrin sculpted gamma-
G0:0061202 0.0086 9.8656 0.4610 3(8) aminobutyric acid transport
vesicle membrane
condensed nuclear
GO0:0000780 0.0086 9.8656 0.4610 3(8) chromosome, centromeric
region
G0:0044424 0.0112 1.3465 393.7287 413 (6934) iatiiar part
GO0:0031300 0.0143 2.0557 7.3182 14 (127) intritsicrganelle membrane
G0:0043227 0.0169 1.2330 308.2287 331 (5349) memekpaunded organelle
GO:0000786 0.0175 3.7443 1.5558 5(27) nucleosome
GO0:0001741 0.0184 16.4157 0.2305 2(4) XY body

DNA-directed RNA

GO:0005736 0.0184 16.4157 0.2305 2(4)
polymerase | complex

GO0O:0005634 0.0189 1.2209 185.6056 208 (3221) nacleu

GO:0000151 0.0290 1.9662 6.5115 12 (113) ubigligasse complex
GO:0030062 0.0295 10.9424  0.2881 2 (5) mitochondrial tricarboxylic acid
cycle enzyme complex
calcium- and calmodulin-
GO0:0005954 0.0295 10.9424 0.2881 2 (5) dependent protein kinase
complex
G0:0016272 0.0295 10.9424 0.2881 2 (5) prefoldmpuex
GO0:0031527 0.0295 10.9424 0.2881 2 (5) filopodiuembrane
GO0:0032589 0.0298 3.8710 1.2101 4 (21) neuron gtioje membrane
G0:0016581 0.0298 3.8710 1.2101 4 (21) NuRD complex

endoplasmic reticulum

GO0O:0005789 0.0340 1.5004 19.5344 28 (339) membrane
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Table A4 continued:

GOCCID P value Odds Ratio Exp Count Count (Size) Term
G0:0005681 0.0345 1.8550 7.4334 13 (129) spliceosomal complex
GO:0017109 0.0426  8.2058 0.3457 2@) ~ Ylutamate-cysteine ligase

complex
G0:0005688 0.0426 8.2058 0.3457 2 (6) U6 snRNP
glycosylphosphatidylinositol-
GO:0000506 0.0426 8.2058 0.3457 2 (6) N- .
acetylglucosaminyltransferase
(GPI-GNnT) complex
GO:0016442 0.0426  8.2058 0.3457 2 (6) RNA-induced silencing
complex
GO:0071565 0.0426 8.2058 0.3457 2 (6) nBAF complex
GO:0005669 0.0430  4.4811 0.8067 3(14)y  lranscription factor TFIID
complex
G0:0060198 0.0430 4.4811 0.8067 3(14) clathrin sculpted Vesic
G0:0010008 0.0481 1.8034 7.0301 12 (122) endosome membrane

A hyper geometric gene set test was performed basetgnificantly correlated transcripts with dhgss.

Over representation of gene sets defined by thel@&base was tested using Fisher’s exact testgdie

set was considered significant if P < 0.05
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Table A5: Significant GO Term identifiers for the moleculaunttion (MF) detected

based on significantly correlated transcripts wiitip loss

GOMFID P value Odds Ratio Exp Count Count (Size)

G0:0004365 0.0001

G0:0035605 0.0001

G0:0004462 0.0002

G0:0004645 0.0003

G0:0016903 0.0018

G0:0042132 0.0033

G0:0004040 0.0033

G0:0015152 0.0033

G0:0070012 0.0033

G0:0004719 0.0033

G0:0048273 0.0033

G0:0042799 0.0055

G0:0016893 0.0067

G0:0003824 0.0083

G0:0016595 0.0084

16.6473

16.6473

Inf

22.1586

4.6685

Inf

Inf

Inf

Inf

Inf

Inf

12.4387

6.6422

1.2607

9.9498

0.5715

0.5715

0.1715

0.4001

1.8289

0.1143

0.1143

0.1143

0.1143

0.1143

0.1143

0.4001

0.8001

177.4927

0.4572

Term

5 (10) glyceraldehyde-3-phaisp
dehydrogenase (NAD+)
(phosphorylating) activity
5 (10) peptidyl-cysteinet8aylase
activity
33 lactoylglutathione lyase
activity
4(7) phosphorylase activity
7 (32) oxidoreductase actigitying
on the aldehyde or oxo group
of donors
2(2) fructose 1,6-bisphosphate 1
phosphatase activity
2(2) amidase activity
2(2) glucose-6-phosphate
transmembrane transporter
activity
2(2) oligopeptidase activity
2(2) protein-L-isoaspartate (D-
aspartate) O-methyltransferase
activity
2(2) mitogen-activated protein
kinase p38 binding
3(7) histone methyltranstera
activity (H4-K20 specific)
4 (14) endonuclease actiityye
with either ribo- or
deoxyribonucleic acids and
producing 5'-
phosphomonoesters
203 (3169) catalytic agtivit

3(8) glutamate binding
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Table A5 continued:

GOMFID P value Odds Ratio Exp Count Count (Size)

G0:0035256 0.0094

G0:0048408 0.0094

G0:0004525 0.0094

G0:0030160 0.0094

G0:0004842 0.0098

G0:0016874 0.0107

G0:0090079 0.0120

G0:0016881 0.0169

G0:0004521 0.0170
G0:0051287 0.0226
G0:0032947 0.0227

G0:0048306 0.0227

G0:0030170 0.0248

G0:0003725 0.0260

G0:0004722 0.0260

G0:0005165 0.0277

G0:0019203 0.0290

G0:0010340 0.0290

33.1175

33.1175

33.1175

33.1175

1.9936

1.6917

8.2905

1.7960

4.7422
2.7085
3.4605

3.4605

2.9335

3.3217

3.3217

5.5251

11.0366

11.0366

0.1715

0.1715

0.1715

0.1715

9.1444

16.9171

0.5144

11.2232

1.0287
2.8576
1.6574

1.6574

2.2861

1.7146

1.7146

0.6858

0.2858

0.2858

2(3)

2(3)

2(3)

2 (3)

17 (160)

27 (296)

3 (9)

19 (197)

4 (18)
7 (50)
5 (29)

5 (29)

6 (40)
5 (30)

5 (30)

3 (12)

2 (5)

2 (5)

Term

G-protein coupled ghatiz
receptor binding

epidermal growth factor
binding

ribonuclease Il attivi

GKAP/Homer scaffold
activity

ubiquitin-proteiasg
activity

ligase activity

translation regulattivigy,
nucleic acid binding

acid-amino acicskga
activity

endoribonuclease activi
NAD binding
protein complex scdffol

calcium-dependent prote
binding

pyridoxal phosphatdibm

double-stranded RNA
binding

protein serine/thremnin
phosphatase activity

neurotrophin receptor
binding
carbohydrate phosphatas
activity

carboxyl-O-
methyltransferase activity




Chapter 7 131

Table A5 continued:

GOMFID P value Odds Ratio Exp Count Count (Size) Term
G0:0017176 0.0290 11.0366 0.2858 2 (5) phosphatidylinositol N-
acetylglucosaminyltransferase
activity
G0:0016757 0.0305 1.8412 8.0585 14 (141) transferase activity,
transferring glycosyl groups
G0:0016866 0.0335 3.0749 1.8289 5 (32) intramolecular trarser
activity
G0O:0070742 0.0346 4.9720 0.7430 3(13) C2H2 zinc finger domain
binding
G0:0031014 0.0419 8.2765 0.3429 2 (6) troponin T binding
G0:0004095 0.0419 8.2765 0.3429 2 (6) carnitine O-
palmitoyltransferase activity
G0:0034235 0.0419 8.2765 0.3429 2 (6) GPI anchor binding
G0:0004357 0.0419 8.2765 0.3429 2(6) glutamate-cysteine ligase
activity
G0:0008195 0.0419 8.2765 0.3429 2 (6) phosphatidate phosphatas
activity
G0O:0005047 0.0419 8.2765 0.3429 2 (6) signal recognition phati
binding
G0:0010181 0.0422 4.5195 0.8001 3(14) FMN binding
G0:0005246 0.0451 3.3172 1.3717 4 (24) calcium channel regulat
activity
G0:0004222 0.0462 2.2815 3.3148 7 (58) metalloendopeptidatbetsc

A hyper geometric gene set test was performed basezignificantly correlated transcripts with digss.
Over representation of gene sets defined by thed@&@base was tested using Fisher’'s exact testgdihe

set was considered significanfif< 0.05
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