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1 General introduction

Hereditary defects play a tremendous role in continuance and development of animals.
The ‘Online Mendelian Inheritance in Animals’ (OMIA) database stays abreast of these
changes and illustrates more than 2500 inherited disorders and traits in 135 animal
species. For the pig about 200 genetically influenced diseases and defects are described.
Several of these inherited disorders affect a functional mammary gland. These
hereditary defects constitute markedly important criteria on economics in pig
production. A functional mammary gland in porcine animals for breeding plays a
crucial role. Hence, many dam line breeding programs in pig production focus on udder
quality. In particular, the teat number and functional mammary gland capability are
important selection criteria for increasing the survival rate of piglets. The most frequent
and economically relevant inherited disorder of the mammary gland in pigs is the
inverted teat, resulting in non-functional teats that can normally not be suckled by the
offspring. The inverted teat is characterized by failure of teats to protrude from the
udder surface. The teat channel is held inward, forming a cavity so that milk flow is
prevented (Fig. 1). The defect occurs in commercial pig breeds with frequencies
between 7.6 to 30 % (Brevern ef al. 1994; Jonas et al. 2008; Mayer & Pirchner 1995;
Niggemayer 1993), with 1.2 to 4.6 affected teats (Hittel 1984; Steffens et al. 1996).
Thereby a minimum average number of twelve functional teats can often not be
achieved in affected sows. The selection of gilts because of affected mammary
complexes reduces the capability of selection on production and reproduction traits.
Several authors considered a complex inheritance of the liability to develop the defect
with the presence of a major gene and several minor genes causing this defect during

embryonic mammary gland development (Giinther ez al. 1985; Wiesner & Willer 1978).
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However, the mode of inheritance and the number of genes involved are still unknown.
Heritability was estimated between 0.2 and 0.5 (Brevern ef al. 1994; Mayer 1994).

Embryonic mammary gland development is dependent on reciprocal inductive
interactions between the mesenchyme and overlying ectoderm (Boras-Granic et al.
2006; Foley et al. 2001; Pispa & Thesleff 2003; Robinson et al. 1999; Sakakura et al.
1987). Signals originating in the mesenchyme have been proposed to specify
ectodermal cells to form epithelial mammary placodes (Sakakura 1987). Reciprocal
signaling from the placodes to the underlying mesenchyme then directs condensation of

fibroblasts that form the mammary mesenchyme.

——=————Lobules ar gland =

Diucts

Figure 1 Ultra structure and scheme of a normal developed (A) and an inverted teat (B)

(Steffens 1993).
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Maintenance of these reciprocal signals stimulates further proliferation and
differentiation of the placodes resulting in the development of the ductal mammary
gland (Boras-Granic et al. 2006; Eblaghie et al. 2004). The identification and
characterization of candidate genes involved in regulatory pathways that may influence
the occurrence of the inverted teat defect will help to better understand the assertive
arrangements in functional mammary gland and teat developmental capabilities. These
capabilities have to be seen as a result of a complex interaction between multiple
signaling factors, pathways and different cell types during several major phases of
development (Hovey et al. 2001; Imagawa et al. 1990; Sakakura 1987).

Thus the candidate gene approach is one major opportunity to detect genes, which affect
the development of a functional mammary gland. That approach is based on knowledge
of physiology, biochemistry or pathology, which clearly indicates the mechanism of this
criterion (Rothschild 2003). As an example, the estrogen receptor (ESR) was presumed
to be involved in the genetic variation of reproductive traits. A polymorphism was
detected in the ESR gene and associated with litter size in pigs (Rothschild et al. 1996;
Short et al. 1997). Rothschild (2003) elucidates that the commercial pig industry is
actively using this gene marker information in combination with traditional
performance information to improve pig production by marker-assisted selection
(MAS). For the inverted teat phenotype the number of currently investigated functional
candidate genes is limited. Pathophysiological investigations on this defect would
facilitate the identification of functional candidate genes for the inverted teat phenotype.
Other strategies to list candidate genes are linkage studies in particular families of
affected animals and expression studies of the respective relevant tissue.

The identification of genomic regions for the improvement of different traits is the

primary objective of the quantitative trait loci (QTL) approach. For traits like growth,
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carcass and meat quality QTL on several porcine chromosomes have been detected
(Edwards et al. 2008; Murani et al. 2006). For linkage analyses usually molecular
markers are applied on account of their polymorphic character. Several microsatellites
with defined distances on the chromosomes will be genotyped in an experimental F;
population of a cross between strongly divergent lines, since a high genetic distance
could be expected. Afterwards the significance of linkage will be verified with
logarithm of the odds (LOD) calculations. Due to the population dependent results of
these studies independent validations in commercial populations should be performed
(Gerbens et al. 2000). Despite the increasing economic importance and the number of
ongoing QTL experiments, the information concerning udder quality traits is limited
(Oltmanns 2003; Un 2002). However, QTL for teat number in the pig have been
detected on nearly every chromosome (Cassady et al. 2001; Hirooka ef al. 2001; King
et al. 2003; Rodriguez et al. 2005; Wada et al. 2000). The QTL approach reveals
genomic regions with hundreds of positional candidate genes for a specific trait like
inverted teat, so that this approach should be applied in combination with different
approaches described in this study.

The third application performed in this thesis is the expression analysis approach. The
expression analysis describes the association between the genome and the
transcriptome, more precisely the transcription from DNA to RNA (Velculescu et al.
1997). Thus simply the coding region of the genome is considered. The basis for studies
are differentially expressed genes, which encode the triplets for the different amino
acids for the next level, the proteome (Wasinger et al. 1995; Wilkins 1994). The
abundance of RNA influences the further translational potential of a gene in different
cell types and tissues and can therefore be determined by quantitative real-time PCR

(qQRT-PCR). The microarray analysis includes the simultaneously measurement of
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transcript abundance of various genes and describes their differential expression in
investigated cells or tissues, so that this method may direct in a better understanding of
biological processes that could affect a functional development (Moody et al. 2003; Pas
et al. 2005). This approach is especially of interest for traits like the inverted teat,
because only a few possible concerned candidate genes are known so far (Chomde;j
2005; Jonas et al. 2008). Several studies have demonstrated that these approach may be
an appropriate instrument for the investigation and understanding of biological
processes in a functional mammary gland (Clarkson et al. 2004; Master et al. 2002).
Combinations of such approaches could reduce the number of discovered genes of more
than thousand positional loci on a few often largely unknown candidate genes (Wayne
& MclIntyre 2002), which are involved as functional positional candidate genes in the
mammary gland development.

The objectives of this study were the identification and analysis of functional and
positional candidate genes involved in the occurrence of a functional mammary gland.
Ultimately, genetic markers should be detected that can be applied in a MAS for a more
efficient selection on reproduction traits adapted by different breeding programs for pig

populations.
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2 SNP analysis, genotyping and mapping of the porcine PTHR1 gene to

chromosome 13 (Brief report)

Tetzlaff S, Ponsuksili S, Murani E, Schellander K, Wimmers K.

Published in Archives of Animal Breeding 2007; 3: 320-321
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Background

The parathyroid hormone/parathyroid hormone-like hormone type I receptor (PTHR1)
belongs to the family of G protein-coupled receptors for peptide hormones, including
parathyroid hormone (PTH) and parathyroid hormone-like hormone (PTHLH), which
participate in epithelial-mesenchymal interactions during the formation and
differentiation of epithelial organs (Chomdej et al. 2004; Foley et al. 2001). The
function of PTHRI1 and its ligands suggest its candidacy for traits related to the
development of bones and joints but also of mammary gland. The porcine gene was

screened for SNPs and assigned to SSC13.

Procedures

Primer sequences
PTHR-F: 5’-GCTATGGTCCGATGGTGTCT-3’

PTHR-R: 5’-ACTGTCTCCCACTCCTCCTG-3’

SNP analysis, genotyping and mapping

The PTHRI gene sequence (GenBank accession no. NM_214382) was used to derive
homologous primers every 400-500 bp of the entirce mRNA to screen for
polymorphisms.

The PCR fragments were amplified and sequenced from 5 pig breeds (Duroc,
Hampshire, German Landrace, Pietrain and Berlin-Miniature pig) using standard lab

protocols. PCR programs were: initial denaturation for 5 min 95 °C, 40 cycles each 30 s
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at 95 °C, 30 s at 64 °C and 1 min at 72 °C and 5 min final extension at 72 °C.
Genotyping was performed using the primers PTHR-F and PTHR-R for amplification
and Mboll (Fermentas, Leon-Rot, Germany) for restriction digestion. Physical mapping
was achieved by screening of the IMpRH panel using the same primers for PCR and by
analysis of the results using twopoint and multipoint analysis option of the IMpRH
mapping tool (http://www.toulouse.inra.fr). For linkage mapping 19 informative
families (n  313) of the DUMI F, resource population were genotyped (Hardge et al.
1999). Multipoint linkage map was established using the BUILD option of the CRIMAP

2.4 package.

Results

A C/T non-synonymous SNP (L556F) was detected at nucleotide position 1819 in the
PTHRI gene. Within the DUMI F, generation (n  14) we observed 11 heterozygous
animals and 3 homozygous for allele C; in the DUMI F, generation 116 animals were
homozygous for allele C, 149 animals were heterozygous and 48 animals were
homozygous for allele T. The PTHRI gene was assigned to SSC13 in close proximity to
marker SW1400 by twopoint analysis (20 cR; LOD 13.05) using IMpRH panel (Vector:
1101110000 0000000001 0000000000 0000001000 0001000000 1000010001
0100000001 0000000100 0000000000 0101000011 1011000000 01010000). This
assignment was further confirmed by genetic mapping of PTHRI using multipoint and
twopoint analysis that revealed linkage to S0219 (proximal) and SW344 (distal) with
distances of 38.4 cM (recombination fraction 0.31, LOD  1.83) and 15.5 cM

(recombination fraction 0.15, LOD 12.69), respectively, on the sex averaged map.



SNP analysis, genotyping and mapping of PTHR1 9

Our assignment of PTHRI to the q arm of SSC13 is in agreement with the published

physical and genetic maps.
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3  QTL for the heritable inverted teat defect in pigs

Jonas E, Schreinemachers H-J, Kleinwidchter T, Un C, Oltmanns I, Tetzlaff S,
Jennen D, Tesfaye D, Ponsuksili S, Murani E, Juengst H, Tholen E, Schellander K,

Wimmers K.

Published in Mammalian Genome 2008; 19(2): 127-138
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Abstract

The mothering ability of a sow largely depends on the shape and function of the
mammary gland. The aim of this study was to identify QTL for the heritable inverted
teat defect, a condition characterized by disturbed development of functional teats. A
QTL analysis was conducted in a porcine experimental population based on Duroc and
Berlin Miniature pig (DUMI). The significant QTL were confirmed by linkage analysis
in commercial pigs according to the affected sib pair design and refined by family-based
association test (FBAT). Nonparametric linkage analysis revealed five significant and
seven suggestive QTL for the inverted teat defect in the porcine experimental
population. In commercial dam lines five significant NPL-values were detected. QTL
regions in overlapping marker intervals or close proximity in both populations were
found on SSC3, SSC4, SSC6, and SSCI11. SSC6 revealed QTL in both populations at
different positions indicating the segregation of at least two QTL. The results confirm
the previously proposed polygenic inheritance of the inverted teat defect and, for the
first time, point to genomic regions harboring relevant genes. The investigation revealed
variation of the importance of QTL in the various populations due to either differences
in allele frequencies and statistical power or differences in the genetic background that
modulates the impact of the liability loci on the expression of the disease. The QTL
study enabled us to name a number of plausible positional candidate genes. The
correspondence of QTL regions for the inverted teat defect and previously mapped QTL

for teat number are in line with the etiological relationship of these traits.
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Introduction

Inherited disorders significantly affect animal health and welfare issues and economic
efficiency of livestock breeding. Though the phenotype itself often suggests monogenic
inheritance with the occurrence of either affected or non-affected individuals many
inherited diseases are liability traits with polygenic background. In pig breeding the
number of piglets reared per sow per year is an important characteristic of efficiency.
Next to the number of piglets born alive the mothering ability of the sow, which is
related to the number of functional teats, plays an important role in this. The inverted
teat defect is the most common and most important disorder of the mammary complex
in pig (Brevern et al. 1994; Mayer 1994). This disorder is a condition characterized by
the failure of teats to protrude from the udder surface. The teat canal is held inward,
forming a small crater so that normal milk flow is prevented limiting the rearing
capacity and increasing the risk of mastitis. The inverted teat defect has polygenic
background and heritability estimates range between 0.2 and 0.5 (Brevern et al. 1994;
Mayer 1994). It occurs in commercial pig breeds with frequencies between 8 to 30%
(Mayer 1994; Steffens et al. 1996). In comparison to other hereditary disorders it is
difficult to diagnose during routine selection where young sows are adspected while
standing or moving within an arena (Steffens 1993). Since the mode of inheritance is
not fully understood and the number of genes involved is unknown, it is important to
get more knowledge of the genetic cause of the defect. Moreover identification of
markers for this liability trait offers perspectives to develop efficient DNA-based
selection tools for the improvement of the quality of teats. Therefore the main objective

of this study was to identify chromosomal regions and candidate genes for the inverted
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teat defect by QTL scan in an experimental population and to validate these results in a

commercial population.
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Material and Methods

Animals

Analyses were performed on two different populations, an experimental population and
animals from commercial dam lines. The German Landrace (DL) and Large White (DE)
breeds were chosen for the confirmation studies that are the most commonly used dam
lines in Germany. Accordingly, there is selection against the inverted teat defect in these
lines.

The experimental population was based on a reciprocal cross between Duroc and Berlin
Miniature pig (DUMI population). For the F1 one boar from Duroc breed was mated to
four Miniature Pig sows and one Miniature Pig boar was mated to five Duroc sows to
produce 43 F1 dams and five F1 boars. The F1 boars and dams were mated to finally
produce 905 F2-animals. At 200 days of age two investigators of a team of four trained
and skilled persons observed the phenotypes of the teat traits involved in this study.
Animals were placed on their backs and teats were evaluated by adspection and
palpation. Numbers of functional and inverted teats were recorded. This is similar to
time-point of selection of young sows in breeding companies. At this time in 42.2 % of
the F2 animals the inverted teat defect was detected.

For the commercial population 2160 animals (castrated male pigs) of the breeds
German Landrace (DL) and German Large White (DI) and their crosses were used. The
animals were kept at performance test stations (LPA Haus Diisse and LPA
Frankenforst) under standardized conditions according to the guidelines of the German
performance test (ZDS 2003) and monitored at the slaughter line at an age of 180 days
of life, on average. Two persons of the team of inspectors examined each animal by

adspection and palpation of teats at a separate slaughter line. Out of these 244 animals
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were identified with at least one inverted teat. Samples of some of these animals and
their affected or non-affected full sib were used for QTL analysis. The samples from the
parents of these animals were collected in commercial farms and artificial insemination
station, respectively. Only animals where samples of parents and at least one full sib
were available were used in this study for the verification of QTL detected in DUMI
population. All over 119 families could be analyzed from these samples. Additionally
one hundred animals generating eleven families derived from LPA Grub from the

Bayerische Landesanstalt fiir Landwirtschaft in Bavaria.

Genotyping and mapping

DNA for genotyping was isolated from sperm, muscle or tail using the phenol-
chloroform extraction. Each of the 12.5 ul of PCR reaction contained 50 ng genomic
DNA, 0.2 uM of each primer, 50 uM of each dNTP, 0.5 U of Taq polymerase and 1.5
mM MgCl, in 1xPCR buffer. PCR was performed in the thermal cycler PTC 100 (MJ
Research USA) at 94°C for 3 min, followed by 30 to 40 cycles at 94°C for 1 min, 55°C
to 65°C for 1 min, 72°C for 1 min and final extension at 72°C for 10 min. The annealing
temperature was used depending on the optimal temperature for primer. Seventy-two
type Il markers and twenty-nine type I markers covering the porcine autosomes with
mean interval of 23.1 ¢cM were selected from published linkage maps (USDA-MARC
and PiGMaP) and used in DUMI population. In the commercial population almost the
same set of polymorphic markers was used.

Electrophoresis was performed with LiCor Sequencer System (LI-COR model 4200
automated DNA sequencer) using 12% SequaGel in 1xTBE buffer at a power of 1500V,
50mA, 50W and 50°C temperature. Evaluation of genotypes was done using

OneDScan, version 4.10 (Li-COR Biotechnology). Linkage analysis for build up the
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maps was performed using CRI MAP, version 2.4 (Green ef al. 1990). The genetic map
obtained essentially has been described previously (Wimmers et al. 2006). The QTL
analysis for the quantitative trait inverted teat was performed with the software package
Genehunter, Version 2.0 (Whitehead Institute, Cambridge, Massachusetts, USA)
(Kruglyak et al. 1996). Genehunter calculated a normalized score Z (v) with a mean of
zero and a variance of one under the null hypothesis. The null hypothesis is that there is

no linkage between the disease locus and the marker allele (Kruglyak et al. 1996).

2= 8=

S(&)  Spairs

& mean of Spairs P & Spairs

P a priori probability

s> P& (Spais W

Afterward the null hypothesis is calculated under the normalised test statistic NPL (non

parametric linkage)
NPL EZ(v)xP

P a posteriori probability
The NPL-analysis calculated the part of the shared allele at each loci on the whole

chromosome. These alleles are mentioned as Z0, Z1 and Z2 where is

ZOZa—O, zl =al, Z2=a2(2;t—1)
As

, with

As relative risk for the sibling,
a0 Y,

al % and
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a2 i
Chromosome-wide significance was calculated by Genehunter and transformed to
experiment-wide significance levels using a permutation test (Churchill & Doerge

1994). The experiment-wide significance level was calculated by

=1—(1—Pc)

r

Pg

r length of the specific chromosome/ total length of all chromosomes

Pc chromosome-wide significance level

Further significant and suggestive QTL were defined (Lander & Kruglyak 1995),
whereas in a F2 Population the NPL-score of 4.3 is necessary to reach a significance
level of 1% using a genome-wide investigation, the significance level of 5%
corresponds to a NPL-score of approximately 3.0 (Lander & Kruglyak 1995). The
association analysis was performed using the FBAT (family-based association test), a
modified test based on TDT (transmission disequilibrium test). In this study the FBAT
program (Version 1.4) was used to perform the qualitative and quantitative family-
based analyses of both populations (http://www.biostat.harvard.edu/~fbat/tbat.htm). For
all the quantitative analyses were done under the condition of an additive model
(Horvath et al. 2003). FBAT perform the testing by two-step procedure. First the test
statistic is defined showing the association between the trait locus and the marker locus.
In the second step the distribution of the data of genotypes are tested under the
hypothesis. The genotypes of the offspring are treated as random (Rabinowitz & Laird
2000).

The general FBAT statistic U is based on a linear combination of the genotypes of
offspring and the traits:

U S E[SImitS I TiX
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X;; 1s a function of the genotype of the j-th offspring in family i at the locus tested
(depending on the used genetic model).

Tj; 1s a function of the trait (dependent on possible unknown parameters)

Tij  Yi-ny

Yi; is the observed trait of the j-th offspring in the family i

W;j is a random variable

The general FBAT statistic is calculated under the hypothesis ,,no linkage and no
association between marker and gene®. This depends on Tj and on the genotypes of
parents. Under this hypothesis, U is, as thought before, as E (U) 0.

With the distribution of the genotypes of offspring (Xj; is treated as random and as Tj;
fix),V  Var(U) Var(S) can also be calculated under the hypothesis and can be used
for standardization of U.

If Xjj 1s the scalar sum of the genotypes of an individual, then the total statistic of the
samples is

Z UAV

approximately N(0,1). If Xj; is a vector, then is

> U'V-U

an approximately y>-distribution with the degrees of freedom similar to V (Horvath et
al. 2003). In this study the FBAT was performed under the hypothesis ,,no association

and no linkage*.
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Results

In the F2 of the experimental population mean number of teat was 12.9. The inverted
teat defect occurred at a frequency of 42 % (380 out of 905 animals), with on average
5.2 inverted teats per affected animal at equal frequencies in both sexes. For the
commercial breeds out of 2160 animals monitored in the slaughterhouse 244 animals
(11.3 %) were found showing one and more inverted teats (mean 2.3). In the
commercial dam lines mean numbers of teats were 14.6. Incidence of inverted teats was
slightly higher in DL than in DE and F1 animals (12.5 %, 10.7 %, and 10.5 %). In the
experimental population on all autosomes except SSC17 QTL were detected reaching 5
% chromosome-wide significance. Within these fourteen QTL reached the experiment-
wide significance level. Of these eight were found with highly significant experiment-
wide NPL-value (Table 1). In the experimental population twelve suggestive QTL (NPL
> 3.0) for the inverted teat defect were detected (Lander & Kruglyak 1995). Of these
five significant QTL (NPL > 4.3) were detected. As in the commercial population the
affected sib pair design was used, the p-values of the estimated NPL-values detected by
the Genehunter program were used for definition of the significance levels. Five QTL
positions were found with only one NPL-value exceeding the 5% experiment-wide
significance threshold (Table 2). QTL regions in overlapping marker intervals or close
proximity in both populations were found on SSC3, SSC4, SSC6, and SSC11 (Fig. 1).
The association analysis using the FBAT program revealed more alleles of Duroc origin
having positive influence on the development of normal teats (negative Z-score). The
following alleles from Duroc origin could be shown being highly associated with
normal teat development: on SSC1 allele 165 of marker SW1301 (Z-score  -3.8), on

SSC4 allele 234 of marker S0097 (Z-score  -7.3), on SSC6 allele 154 of marker S0220
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(Z-score  -4.9) and on SSC14 allele 174 (Z-score  -5.1) of marker S0007. On SSC1
the allele 161 of marker SW1301 and on SSC3 allele 286 of marker S0164, originated
from Miniature pig, were shown being highly associated with the inverted teat defect
(Z-scores 7.2 and 2.5, respectively). The Miniature pig originated alleles 207 of
marker SW2443 (SSC2), 302 of marker S0164 (SSC3), and 212 of S0097 (SSC4)
showed positive impact on teat development (Z-scores  -2.6 and -2.3 and 2.0,
respectively). Data of association compared to linkage analysis of both populations are
shown in Table 3. The distal region of SSC1 contained a QTL for the inverted teat
defect with NPL-value reaching the 1 % chromosome-wide significance in DUMI
population (Table 1). There was no QTL found on SSC1 in the commercial dam lines.
However, family based association test revealed significant association and linkage of
marker SW1301 in both the experimental and the commercial population (Table 3). On
SSC2 a significant QTL was detected in the telomeric region showing 5 % experiment-
wide significant NPL-value in animals of the experimental population (Table 1). This
could be confirmed by association analysis of marker SW2443 (Table 3). The QTL
could not be detected when analyzing all animals of commercial population. Linkage
analysis of only families of crossbreeds (DExDL, DLXDE) revealed a QTL with NPL-
value significant at 5 % chromosome-wide level at marker SW1564, central on SSC2.
The distal region on SSC3 showed a highly significant QTL for the inverted teat defect
in the DUMI population (Table 1). The locus was confirmed at 5 % chromosome-wide
significance in the commercial animals as well as by association analysis (Tables 2 and
3). Two alleles (218, 286) were identified, inherited from Duroc and Miniature pig,
respectively, showing an increase of liability for the inverted teat defect (Table 3).
Linkage and association analysis on SSC4 revealed significant QTL with a peak at

marker S0097 in animals of experimental population (Table 1). A significant NPL-value
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could be detected in animals of commercial families in the region between markers
S0214 and S0097, i.e. in close proximity to the QTL found in the DUMI (Table 2).
Family based association tests revealed significant association and linkage of alleles of
marker S0097 in both populations. On chromosome 5 in the region of the microsatellite
marker SW1482 a highly significant QTL was detected (Table 1). The analysis of the
crossbreed animals in commercial group revealed a QTL with NPL-value significant at
5 % chromosome-wide significance level more distal on SSC5 (Table 2). The highest
NPL-value of 9.25 was detected on SSC6 with peak at marker S0220 (Fig. 1). In the
dam lines the highest NPL-value was detect at marker S0059, distal of S0220. This
QTL was the only locus with experiment-wide significance in the commercial animals.
There was a good agreement of the NPL-plots found in the analysis of all commercial
animals and of analysis separated by breeds. An NPL-value of 1.16 implementing
chromosome-wide 5 % significance level was detected in the commercial animals with
peak at marker S0035 telomeric of SSC6. At this position a QTL reaching 5 %
experiment-wide significance level was also obtained in the DUMI population. Alleles
of marker S0220 were significant associated to the defect in both populations, whereas
alleles of S0059 and S0035 showed only association in the commercial and
experimental population, respectively. Results of linkage and association analysis in
both populations indicate that there are at least two QTL segregating on SSC6 affecting
the inverted teat defect. The distal region of SSC7 showed significant NPL-values for
the heritable inverted teat defect, as revealed by full sib analysis, between markers
SO0115 and SO0101 at the experiment-wide 5 % significance level only in the
experimental population. SSC8 carried a QTL at the proximal end in DUMI population.
The region around marker S0086, which is more distal, showed a significant NPL-value

in the analysis of crossbreed animals of commercial population (Table 2). On SSCI11 a
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QTL reaching the 1 % experiment-wide significance in DUMI population was found
surrounding marker S0386 (Table 1). In the commercial animals an NPL-value reaching
the 1 % chromosome-wide significance level was detected in close proximity at SW703.
The peak was also detected in the families including only animals of the German
Landrace breed (Table 2). Both regions could be confirmed by association analysis
revealing alleles of marker S0386 being associated with the defect status in
experimental population and alleles of marker SW703 being associated with the defect
in both populations (Table 3). A significant QTL could be detected on SSC12 between
the markers SW605 and L147 in animals of the DUMI population. The NPL-score of
6.7 was the second highest in this analysis (Table 1). There was no evidence found for a
QTL neither an associated allele in the commercial animals. The chromosome 14
contained a significant QTL next to the marker S0007, but no significant QTL was
detected in the commercial animals (Table 1). Significant association of the marker
S0007 was found in the both population (Table 3). On chromosomes 16 and 18
suggestive QTL were detected in DUMI population, additionally also significant
associated alleles of markers S0061 and SWR414 were found. In the commercial
population significant association of alleles of markers SWR414 on SSC18, was found,
however non on SSC16 (Table 3). Even though the NPL-values calculated on SSC9, 10
and 13 being significant and highly significant at the chromosome-wide level they could
not be defined as QTL according the definition of Lander and Kruglyak (1995).
Significant associated alleles were only detected on the respective markers on SSC9 and

10. On SSC17 no significant QTL was detected.
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Table 1 Evidence for QTL significant at 5 % chromosome-wide' and experiment-wide?

level for the inverted teat defect in the DUMI population

SSC  NPL-value p-value' p-value? closest marker  flanking marker

marker to position®

QTL upper lower
1 4.43 <0.01** 0.09 SW1301 141 S0155 -
2 4.56 <0.01** 0.04* SwW2443 0 - L144
3 3.9 <0.01** <0.01**  S0164 61 SW72 NTAN1
4 52 <0.01%* <0.01**  S0097 120 S0214 -
5 3.83 <0.01** <0.01**  SW1482 40 - SW1134
6 2.81 <0.01** 0.02* S0035 7 - S0087
6 9.25 <0.01** <0.01** 50220 78 S0300 S0059
7 2.63 <0.01** 0.04* S0101 135 S0115 -
8 341 <0.01** <0.01**  SW2410 1 - KIT1
9 2.35 <0.01** 0.12 SWo11 37 Sw21 SW54
10 2.88 <0.01** 0.02* SW2067 128 ITIH2 -
11 3.35 <0.01%* <0.01**  S0386 60 S0071 SW703
12 6.7 <0.01%* <0.01**  S0143 6 - SWg74
13 1.92 0.02* 0.35 SW398 79 SW344 IL12A
14 3.78 <0.01** <0.01**  S0007 60 MBL2 VIN
15 2.44 <0.01%* 0.08 SW936 89 SW1111 SW1119
16 3.14 <0.01** 0.01%* S0061 93 IL12B -
17 0.64 0.23 0.99 SwW2431 94 SW840 -
18 3.23 <0.01** 0.02%* SWR414 58 SwW787 -

*: significant at 5 % level, **: significant at 1 % level, 1chromosome—wide,
Zexperiment-wide, *position of marker closest to QTL on public linkage map (USDA-

MARCV2).
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Table 3 Overview of results including markers at positions of QTL detected either in

the DUMI population or the commercial dam lines or both

SSC  Marker QTL
(Genehunter) Association study (FBAT)
NPL value
significant allele’ Z value" p value
DUMI comm DUMI comm DUMI comm DUMI comm
1 SW1301 443" 0.69 161" ) 7.197 ) <0.001
163° } 5.604 ) <0.001
1652 } 3.757 ) <0.001 .
1712 171 1.897 2425  0.058 0.015
2 SW2443 456" 043 2033 ) 2.455 : 0.014 .
207" 207 2.568 1.866  0.010 0.062
3 S0164 3.9 1.16* 214° 2.496 0.013
2182 2.958 0.003
266° ns 2.395 ns 0.017 ns
286! 2475 0.013
302! 2.297 0.022
4 S0097 52" 0.67 2053 148 7.19 3.888  <0.001 <0.001
212! 170 1.972 3.458  0.049 <0.001
2342 172 7.296 2513 <0.001 0.012
S0058 1.06" ns ns ns
5 SW1482 3.83" 108 2.465 0.014
110 ns 221 ns 0027 "
6 S0035 2827 116" 179 ns 3.007 ns 0.003 ns
S0059 0.83 1.64" 144 1.896 0.058
ns 146 ns 2.419 ns 0.016
154 2.121 0.034
S0220 925" 0.1 146’ ) 4.248 ) <0.001 .
148 ) 2530 . 0.011
154? ) 4.9 ) <0.001 .
8 SW2410 341° ns ns ns ns ns ns
11 S0386 3.35" 154 s 2.037 s 0.042 s
158 3.889 <0.001
SW703 2.58 1.95% 127 ) 3.741 ) <0.001
133 ) 1.941 ) 0.052 .
135 ) 2236 . 0.025
} 137 ) 2.076 . 0.038
12 S0143 6.7 155 ns 7.673 ns <0.001
157 7.013 <0.001
14 S0007 378" 024 1583 : 5.755 ) <0.001
174? ) 5.149 ) <0.001 .
177 ) 2041 . 0.041
} 187 ) 2064 . 0.039
16 S0061 3.14" 166 s 2.405 s 0.016 s
170 1.899 0.058
18 SWR414 323 0.13 123 ) 2.181 } 0.029
147 } 1.882 : 0.06 .
153 ) 2566 . 0.01

ns: not significant, * QTL accordiﬁg to the definition of Lander and Kruglyak (1995),
i.e. NPL >3; ~ QTL reaching 5 % genome-wide significance; "QTL according to the
chromosome-wide p-values of p < 0.05 in all animals of commercial population, ~
positive Z-scores indicate that alleles can be found more often in affected animals, '
names of alleles derived from their length in bp, 'origin breed Miniature pig, origin

breed Duroc, 3allele inherited from both breeds.
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Discussion

A linkage study was performed for the heritable defect inverted teat in the pig in an
experimental population showing a high incidence of the defect. In order to evaluate the
relevance of the results in commercial pig breeds and to confirm the results the linkage
study was also done in an independent set of animals of the breed German Landrace and
its cross with Large White, that represent the most important dam lines in pig
production in Germany. The study showed that the inverted teat defect is governed by
genetic variation at several loci distributed throughout the genome. This is in agreement
with more recent models of inheritance of the inverted teat defect that propose a
polygenic background while early works suggested autosomal recessive inheritance
with reduced penetrance (Mayer & Pirchner 1995; Nordby 1934). The emergence of
inverted teats depends on insufficient mesenchymal proliferation at the teat ground
during teat development (Giinther 1984). As far as proliferation processes are concerned
the defect of inverted teats is related to the trait of number of teats. Due to this
etiological link of the traits QTL for inverted teats and number of teats can be expected
to be partly identical. The number of teats may also depend on local signaling between
adjacent embryonic tissues that determine the somite patterning and cell fate decisions
leading to the establishment of the mammary bud but being less important for the
liability to express the inverted teat phenotype. There were a few reports on QTL for the
number of teats in the pig that are summarized in a public accessible database,
PigQTLDB (Hu et al. 2005; Hu & Reecy 2007). Most studies used experimental
population of crosses with the breed Meishan (Hirooka et al. 2001; Rodriguez et al.
2005; Rohrer et al. 1999; Yue et al. 2003). Meishan is known for its high number of

teats of about 17.0 on average (Haley ef al. 1995) compared to Large White breed with
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about 14 teats (Clayton et al. 1981; Haley et al. 1995). On SSC1 QTL for number of
teats were detected between marker SJ029 and SWR485 as well as between marker
SW803 and SW373 in resource populations from different groups (Beeckmann et al.
2003b; Cassady et al. 2001; Geldermann et al. 2003; Rohrer ef al. 1999; Wada et al.
2000). In the latter region with upper marker S0155 and peak at marker SW1301 a QTL
for the inverted teat defect was detected in the experimental population in this study.
Comparing the results from different QTL studies, we can conclude that there might be
a number of genes influencing the teat development on chromosome 1 in pig. The
relaxin gene (RLN) maps on SSCI1 at position 1928-q29 showing association with the
inverted teat defect (Wimmers et al. 2002). RLN knockout mice were shown to exhibit
impaired mammary development resulting in a phenotype similar to inverted teats that
cannot be suckled by the offspring (Zhao et al. 1999). Another gene involved in teat
development is the estrogen receptor (ESR) gene, in the region 1p24-p25 where QTL
for number of teats was found (Wada et al. 2000). The ESR gene is already used as
marker for the litter size in different porcine populations (Short et al. 1997). Even
though no QTL could be detected in commercial families, SSC1 contains candidate
genes for the development of functional teats. By the results of association analysis
using the marker SW1301 on SSC1 more evidence was given corroborating this
assumption. QTL for number of teats were located in the proximal region of SSC2
(Hirooka et al. 2001; Lee et al. 2003a) close to the QTL for inverted teats reported here.
Positional candidate genes are insulin-like growth factor 2 (IGF2) and follicle-
stimulating hormone beta (FSHB). Insulin-like growth factor-II (IGF2) is a growth
factor and mediates prolactin induced in mammary gland development showing dose-
dependent mitogenic properties on primary human breast epithelial cells and stroma

cells (Hovey et al. 2003; Strange et al. 2002; Strange et al. 2004). The follicle-
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stimulating hormone (FSH) is essential for normal reproductive function in males and
females; it is more important for female than for male fertility (Tapanainen ef al. 1997).
It was also found in another study that the FSH gene plays a role for the morphological
development of the mammary gland within the lactogenesis (McNeilly 1994). For SSC3
one QTL for number of teats is published at 84 ¢cM with a F-statistics of 15.78 (Rohrer
2000). In the resource population a QTL in the same region next to marker S0164 was
detected. The transforming growth factor alpha gene (TGFA) and the follicle-
stimulating hormone receptor gene (FSHR) map to 3q22-q23 and 3q21, respectively
(Remy et al. 1995). FSHR mediates effects of FSH on mammary development. Growth
promoting TGFA and growth inhibiting TGFB are co-expressed in the bovine
mammary gland. Higher mRNA contents of both factors during mammogenesis and
involution may indicate autocrine or paracrine functions for these growth factors during
proliferation and reorganisation of the mammary tissue (Plath et al. 1997). On SSC4 a
QTL for the inverted teat defect was found in the commercial population where the
thyroid stimulating hormone beta (TSHB) gene at 4g21 is a functional and positional
candidate gene. The metabolic hormone TSH is necessary for alveolar morphogenesis
in proliferation and lactogenesis of the mammary gland. Thyroid hormone is, as well as
prolactin, an important regulator for the functional development of the mammary gland.
Lower level of TSH in the serum leads to a loss of the ductal growth and a lower or
lacking proliferation of alveolar tissue (Bhattacharjee & Vonderhaar 1984; Vonderhaar
& Greco 1979). In studies of Lee and colleagues, a QTL for number of teats was
detected between markers SWR453 and SW2425 on SSCS5 (Lee et al. 2003b). In our
study a high NPL-value for the heritable inverted teat defect was detected in the same
region. The insulin-like growth factor-1 gene (IGF1) is suggested to be a candidate gene

for the teat development in pig, but a microsatellite within IGF1 showed no association
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to the inverted teat defect in this study. Another candidate gene, the parathyroid-
hormone-like hormone gene (PTHLH); is found to be expressed on SSC5 in the stroma
cell of the mammary gland. An overexpression of PTHLH in transgene mice lead to a
mismatch of the gland and ductal growth in different stages (Dunbar er al. 2001;
Wysolmerski et al. 1994; Wysolmerski et al. 1995). It was found that a C/T non-
synonymous single nucleotide polymorphism (S19L) at nucleotide position 375 of the
porcine PTHLH cDNA was associated with the inverted teat defect (Chomdej et al.
2004; Chomdej 2005). In this study two significant QTL in different regions on SSC6
could be detected. The NPL-value had its peak in the DUMI and the commercial
population at the marker S0220 and S0059, respectively. Further in both populations
significant NPL-value could be detected at marker S0035. A QTL for number of teats
was detected in a three-generation resource population between marker DG93 and
SW1328 with peak at 171 cM (Cassady et al. 2001). The result of linkage analysis in
this study was partly verified by the association analysis in both populations. Our
linkage analysis in experimental and commercial families highlight the telomeric region
of SSC6 close to S0035 and the central region close to S0059 and S0220 as regions
containing QTL for the inverted teat defect segregating in both populations. The
comparative map of pig and human indicate synteny of QTL at S0035 with the
telomeric g-arm of HSA16. S0220 and S0059 direct to HSA1 (Meyers et al. 2005).
However, whereas the current status of the comparative map clearly shows
correspondence of the genomic region of S0059 to HSA1, this still has to be proven for
S0220 that may also correspond to HSA19. Establishment of this relationship will
finally contribute to clarification whether the NPL-plot peaks at S0220 in the DUMI
represents the same QTL as the NPL-plot peak at S0059 obtained in the dam lines. But

anyway there were several genes already mapped on pig chromosome 6 being involved
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in the development of the mammary gland. The transforming growth factor beta 1
(TGFB) gene at 6q11-g21 (directing to HSA19) and the leptin receptor (LEPR) gene at
6q33-q35 (directing to HSA1) are suggested to be candidate genes for the teat
development. Leptin receptors have been also shown in mammary epithelial cells and it
has been suggested that leptin is involved in the control of the proliferation of both
breast cells (Dundar et al. 2005). Further candidate genes could be found being located
in the comparative region between marker S0220 and SW59 such as the wingless-type
MMTV integration site family, member 4 (WNT4) gene that is part of the early
development of the mammary gland. The LIM domain only 4 (LMO4) gene was
mapped at HSA1p22.3 a higher expression of this gene could be shown to suppress the
differentiation of epithelial cell in mammary gland (Visvader et al. 2001). The impact of
the protein tyrosine phosphatase, receptor-type, F (PTPTF or LAR) gene was shown in
knockout mice, where female mice with gene deficient could not deliver milk. The
LAR-mediated signaling may have an impact on development and function of
mammary gland (Schaapveld ef al. 1997). Another gene involved in the mammary
gland development mapped on human chromosome 1 is the fatty acid-binding protein 3
(FABP3 or MDGI) also called mammary-derived growth inhibitor. It was the first gene
being identified as growth inhibitor in the lactating bovine mammary gland (Bohmer et
al. 1987). In summary, several positional and functional candidate genes could be
identified, further studies need to be done to identify the exactly position of the QTL on
SSC6 and compare it to the human genome map to detect the regions with the highest
concordance in these two species. Several QTL for the number of teats have been found
on SSC7 (Cassady et al. 2001; Wada et al. 2000). A QTL for the inverted teat defect on
7925 close to marker SO101 was detected only in the experimental population. The

prolactin (PRL) gene on 7p11-p12 is a functional candidate gene for teat characteristics.
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PRL is involved in different physiological processes and a key factor for the
development of mammary gland and lactation (Bole-Feysot ez al. 1998). The activity of
PRL over its receptor in the lactation is essential for the regulation of the metabolism of
the adipose tissue (Ling et al. 2003). On SSC8 different QTL for number of teats were
detected, suggesting that there may be different genes involved in the mammary gland
development (Beeckmann et al. 2003a; Cassady et al. 2001; Hirooka et al. 2001; King
et al. 2003). On SSC8 a QTL with peak at SW268 was suggested (King et al. 2003).
The QTL between SW1070 and S0144 includes the marker S0086, where in our study a
chromosome-wide significant NPL-value was detected in the commercial crossbreed
population (Beeckmann et al. 2003a). A QTL for number of nipples in pigs between
marker SY23 and SW905 was detected, where also a QTL with peak at marker SW2410
was detected in the DUMI population (Cassady et al. 2001). The relaxin receptor
leucin-rich G-protein-coupled receptor 7 (LGR7) was mapped on human chromosome 4
in the comparative region of SSC8. LGR7 is likely to be involved in the development of
the mammary gland and a candidate for the inverted teat defect, as its ligand already
showed association to the defect (Chomdej 2005; Wimmers ef al. 2002). RH mapping
of LGR7 showed that this gene is located next to SW368. QTL for the number of
nipples detected on SSC10 include regions between marker SW1708 and SW2067,
marker SW1991 and SW1626, between marker SWR1849 and SW2000 and between
marker SW1041 and SWO951 (Dragos-Wendrich et al. 2003; Hirooka et al. 2001;
Rodriguez et al. 2005; Rohrer 2000). It can be summarized from these studies that in the
region between marker SWR1849 and SW2067 QTL for number of nipple were found,
in DUMI population the peak of experiment-wide significant NPL-value was detected
also at marker SW2067 (Table 1). There are no candidate genes proposed in these

studies. The orthologous human genomic region on chromosome 10 harbours
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calmodulin-like 3 protein (CALML3), a protein specifically expressed in mammary
epithelial cells, that is regulated during differentiation and might be involved in Ca-
dependent pathways during mammary development (Yaswen et al. 1992). The QTL
with the highest peak at the marker S0386 on SSCI11 could be confirmed in the
commercial families. A QTL for the number of teats was found showing a F-value of
3.25 (Cassady et al. 2001). The breast cancer susceptibility gene (BRCA2) that is
involved in the teat development is detected on SSC11 (Bignell ef al. 1997; Musilova et
al. 2000). QTL for the number of teats were detected in several experimental
populations on different regions on SSC12 (Hirooka et al. 2001; Rodriguez et al. 2005;
Yue et al. 2003). The detected region in the own study promotes the growth hormone to
be as a positional candidate gene for the teat defect. Our detected significant and
suggestive QTL in the experimental population on SSC14, 16 and 18 could not be
confirmed in commercial population. Interestingly alleles of most significant marker
S0007 on SSC14 were shown to be significant and highly significant associated to the
defect status in both populations. Only one publication suggests a QTL region on SSCX
in pig (Cepica et al. 2003). The androgen receptor gene (AR) was mapped to the X
chromosome. This gene shows association to the number of teats but no association to
the inverted teat defect could be detected (Trakooljul ef al. 2004). In the present study
no linkage mapping on SSCX was conducted. The mothering ability of sow plays an
important role for the economic efficiency of pig production. Sows cannot grow up
more piglets than they have functional teats. The teats characteristics are used as
selection criteria in pig breeding, with typically a minimum of 12 to 14 functional teats
and no defect teats requested. To detect the genetic cause of heritable defects, different
approaches can be used. In our study the application of linkage analysis, which is a

priori hypothesis-free, were chosen. The QTL analysis was performed in different
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populations, an experimental population with high defect incidence to increase the
power of this approach, and commercial populations to confirm results and to evaluate
their relevance for commercial breeding. QTL regions in overlapping marker intervals
or close proximity in both populations were found on SSC3, SSC4, SSC6, and SSC11.
Further association analysis of each marker separately provided further evidence of
regions being involved in the phenotype of inverted teat defect. For some regions with
significant NPL-values in both populations or significant QTL in DUMI population
significant association and linkage of different alleles to the defect could be shown by
family-based association test. However, the genetic origin for the inverted teat defect
pig is not detected yet. Future studies are necessary to detect genes that are involved in
the development of the inverted teat defect. Combining these results with current
attempts to identify genes expressed during mammary gland development will facilitate

the detection of causal genes.
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Summary

Parathyroid hormone-like hormone gene (PTHLH) and its receptor, parathyroid
hormone/ parathyroid hormone-like hormone receptor 1 (PTHRI), play a role in
epithelial mesenchymal interactions during growth and differentiation of different
tissues and anatomic structures, including teats. Therefore, PTHLH and PTHRI were
evaluated as functional candidate genes for their effects on number and shape of teats in
pigs. In particular, focus was on the occurrence and number of inverted teats, the most
frequent and economically relevant teat developmental defect in pigs. For this purpose
association and linkage of the PTHLH gene and the PTHRI gene with inverted teat
defect and the total number of teats and inverted teats were studied in an experimental
Duroc and Berlin Miniature pig (DUMI) population. Polymorphism C1819T of PTHRI
was significantly associated with inverted teat phenotype (p  0.014), total number of
teats (p  0.047) and was close to significance with number of inverted teats (p

0.078). Polymorphism C375T of PTHLH was close to significance with the inverted
teat phenotype (p  0.122) and showed no significant association with total number of
teats (p  0.621) and number of inverted teats (p  0.256) in the DUMI population.
Association analyses were also performed for combined effects of PTHLH and PTHRI
in order to address potential interaction, however, revealed no indication of effects of
interaction. The function, the position, and the association shown here promote PTHR1
as a candidate gene for number of teats and in particular for affection by and number of

inverted teats.
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Introduction

Many dam line breeding programs in pig populations focus on udder quality. In
particular, the teat number and functional mammary gland capability are important
selection criteria for increasing the survival rate of piglets. The most frequent and
economically relevant inherited disorder of the mammary complex in pigs is the
inverted teat, resulting in non-functional teats that cannot be suckled by the offspring.
The defect occurs in commercial pig breeds with frequencies between 7.6 to 30 %
(Brevern et al. 1994; Jonas et al. 2008; Mayer & Pirchner 1995; Niggemayer 1993).
Wiesner and Willer (1978) considered a complex inheritance of the liability to develop
the defect with the presence of a major gene and several minor genes causing this
defect. However, the mode of inheritance and the number of genes involved are still
unknown. Heritability was estimated between 0.2 and 0.5 (Mayer 1994). In a Duroc and
Berlin Miniature pig (DUMI) population 53.6 % suffered from mammary gland
abnormalities, 42.2 % had inverted teats and 17.9 % showed extra teats (Hardge et al.
1999).

Parathyroid hormone-like hormone gene (PTHLH) and the parathyroid hormone/
parathyroid hormone-like hormone receptor 1 (PTHRI) were shown to regulate
epithelial mesenchymal interactions during the formation of mammary gland (Foley et
al. 2001). Therefore PTHLH and PTHRI are functional candidate genes for traits
related to mammary gland and teat development.

The aim of this study was to investigate the association and linkage of PTHLH and
PTHRI gene polymorphisms with the inverted teat defect (Chomdej et al. 2004;

Tetzlaff et al. 2007).
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Materials and methods

Animals and Phenotypes

Animals (n 313) of an experimental population based on a reciprocal cross of Duroc
and Berlin Miniature pig (DUMI population) were used. At 200 days of age two
investigators of a team of four trained and skilled persons observed the phenotypes of
the teat traits involved in this study. Animals were placed on their backs and teats were
evaluated by inspection and palpation. Numbers of functional and inverted teats were

recorded.

Genotypes

The PTHLH polymorphism analysis was performed by an allelic discrimination assay
(Assays-by-DesignSM Service; ABI PRISM® 7000, PE Applied Biosystems) using
primers PTHLP-FW: 5’-GAGCGTCGCGGTGTTC-3> and PTHLP-RW: 5’-
AGCGCCCGCAGGAG-3’ for PCR amplification and allele-specific probes PTHLP-
V2: 5-VIC-CTGAGCTATTCGGTGCC-TAMRA-3’ and PTHLP-M2: 5’-FAM-
CTGAGCTATTTGGTGCC-TAMRA-3’ for discrimination of either C or T at nt 375 of
PTHLH (GenBank accession no. AY193782) (Chomdej et al. 2004). PTHRI
polymorphism analysis was conducted by restriction fragment length polymorphism
assay. To amplify the region containing a PTHRI single nucleotide polymorphism
(SNP) primers PTHR-F: 5’-GCTATGGTCCGATGGTGTCT-3" and PTHR-R: 5’-
ACTGTCTCCCACTCCT CCTG-3" were used and PCR fragments were subsequently
incubated with the restriction enzyme Mboll (Fermentas) suitable to discriminate the C
and the T allele at nt 1819 (GenBank accession no. NM_214382) (Tetzlaff et al. 2007).

Amplification reactions were conducted in a final volume of 15 pl, containing 0.5 unit
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of Taqg DNA polymerase, 0.2 mM of each dANTP, 0.2 uM of each primer, 1 x buffer by

manufacturer’s instruction (GeneCraft) and 50 ng DNA.

Expression

In order to survey expression of porcine PTHLH and PTHRI genes in different tissues
and organs quantitative reverse transcriptase PCR (qQRT-PCR) was performed using the
LightCycler® 480 system (Roche). Total RNA was isolated from epithelial teat tissue,
connective teat tissue, liver, kidney, adrenal gland, spleen, tonsil, lymph node, muscle,
hypothalamus and pituitary from adult pigs of German Landrace using Tri-Reagent
(Sigma) and NucleoSpin® RNA II kit (Macherey-Nagel) including DNase treatment
following manufactor’s instructions. RNA samples were visualized on 1.5 %
formaldehyde containing agarose gel to check the integrity and the concentration was
measured by spectrometry with a NanoDrop® ND-1000 spectrophotometer (PEQLAB).
First-strand cDNA was synthesized from 1pg of total RNA using random primers and
oligo (dT)13 N in the presence of Superscript™ III reverse transcriptase (Invitrogen).
The primers for PTHLH, PTHRI and ribosomal protein L.32 (RPL32) as an internal
reference were described in Table 1. Reactions were performed in a final volume of 12
ul using 6.0 pl of LightCycler® 480 SYBR Green I Master (Roche), 600 nM of each
primer and 100 ng cDNA. Amplification conditions were 95 °C for 10 min, 40 cycles of
95 °C for 15 sec, annealing temperature (Table 1) for 10 sec and 72 °C for 15 sec. At
the completion of the amplification protocol, all samples were subjected to a melting

curve to verify the absence of any non-specific products.
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Table 1 Gene-specific primers (5'-3") used for porcine PTHLH and PTHRI gene

amplification in qRT-PCR, RPL32 was treated as internal reference

Primer set  Sequence Annealing Product size
°C) (bp)

PTHLH GCAAGGAGCAGGAAAAGAAG 64 261
AGAGCAATGGGGAGACAGTT

PTHR TGACCTTCTTCCTTTACTTCCTG 60 178
GCTCTCACACTGACCCACAC

RPL32 AGCCCAAGATCGTCAAAAAG 60 165
TGTTGCTCCCATAACCAATG

Statistics

In order to evaluate the genes for association and linkage with total number of teats,
number of inverted teats and the affection status the Family-Based Association Test was
used in the experimental DUMI population (FBAT,
http://www.biostat.harvard.edu/~tbat/default.html). =~ The quantitative association
analyses were done in bi-allelic tests under the condition of an additive genetic model
(Horvath et al. 2001). A statistical evaluation of the interaction between PTHLH and
PTHRI1 gene polymorphisms and their influence on inverted teat trait was executed with
LOGISTIC procedure of the SAS software package 9.1 (SAS Institute, Cary, NC, USA)
using father, mother and gender as additional explanatory variables of interest in the

model.
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Results

Genotype analysis

Two non-synonymous C>T SNPs were detected at nucleotide position 375 (S19L) of
the porcine PTHLH cDNA and at nucleotide position 1819 (L556F) of the porcine
PTHRI cDNA (Chomdej et al. 2004; Tetzlaff et al. 2007). Mendelian inheritance of
these polymorphic sites was monitored in individuals of the experimental DUMI

population. The frequencies of genotype combinations are presented in Table 2.

Table 2 PTHR1/PTHLH genotype combinations at C1819T/C375T and their

frequencies in F2 DUMI resource population (n  200)

Affection Genotype combinations Significance

n (%)

PTHRI CC CC ¢cC ¢Ccr ¢C¢r ¢cr Tr TT T7T

PTHLH CC CT T C€C Ccr Tr CC CT TT

5 19 3 7 18 12 2 6 3
IT n. s.
(2.5 (9.5) (1.5 (3.5 (9.0) (6.0) (1.0) (3.0) (1.5

11 20 10 20 32 10 7 10 5
NIT n. s.
(5.5) (10.0) (5.0) (10.0) (16.0) (5.0) (3.5) (5.0) (2.5

IT, affected at least 1 inverted teat observed; NIT, none affected - no inverted teat
observed; n (%) number and percentage of observed genotype combinations, combined
genotypes of alleles at C1819T and C375T.

Abundance of genotype combination was not significantly different between IT and

NIT.
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Expression of porcine PTHLH and PTHRI genes

The qRT-PCR of 11 tissues including epithelial and connective teat tissue from adult
pigs indicated differential expression of porcine PTHLH and PTHRI genes as shown in
Figure 1. The PTHLH gene was expressed in multiple tissues thereby clearly detectable
in epithelial and connective teat tissue. A lower expression was detected in kidney and
adrenal gland. The expression pattern of PTHRI gene revealed that liver and kidney
were the major sites of expression. Low abundance was observed in muscle and

pituitary.

100000 4

BFTHLH OFTHR1
10000

TR

Tissue

Copy murber

Figure 1 Tissue-specific expression pattern of PTHLH and PTHRI genes assayed by
qRT-PCR. Copy number of RPL32 gene was measured to normalize for equal RNA
amounts. 1, epithelial teat tissue; 2, connective teat tissue; 3, liver; 4, kidney; 5, adrenal

gland; 6, spleen; 7, tonsil; 8, lymph node; 9, muscle; 10, hypothalamus; 11, pituitary.

Association with inverted teat trait

Association analyses were first performed separately for each locus. The results of
SNPs C375T of PTHLH and C1819T of PTHRI with inverted teat as the affection trait
are summarized in Table 3. SNP C1819T of PTHRI gene was significantly associated

with total teat number (p  0.047), the affection trait (p  0.013) and close to
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significance with total inverted teat number (p 0.078). SNP C375T of PTHLH showed

no significant association with total teat number (p  0.621) and total inverted teat

number (p 0.256) but was close to significance with inverted teat as the affection trait

( 0.122).

Table 3 Association of PTHLH and PTHRI with the affection by inverted teats (AfY),

total number of inverted teats (TIT) and total number of teats (TT) in the DUMI

resource population as revealed by FBAT analysis

allele Freq Aff TT TIT
Marker p P p
PTHLH (C375T) C 0.5 0.122 0.621 0.256
PTHRI (C1819T) C 0.6 0.013 0.047 0.078
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Discussion

This investigation is the first to attend to association and linkage of PTHLH and its
receptor PTHRI with the inverted teat defect in pigs. The emergence of inverted teats
depends on insufficient mesenchymal proliferation at the teat ground during teat
development. As far as proliferation processes are concerned the defect of inverted teats
is related to the trait of number of teats. The number of teats may also depend on local
signaling between adjacent embryonic tissues (Jonas ef al. 2008). Foley et al. (2001)
elucidated the influence of PTHLH and PTHRI on the regulative interaction of
epithelial mesenchymal proliferation during the formation of the mammary gland. Prior
experiments with knockout mice indicated involvement of PTHLH in the ontogenesis of
a functional mammary gland, because these mice developed the inverted teat phenotype
(Dunbar et al. 2001; Wysolmerski et al. 1998). Furthermore the expression results of
both genes in relevant tissues for the inverted teat defect approved the results reported
in other species (Kobayashi et al. 2005; Kong et al. 1994). Thus PTHLH and PTHRI
genes were contemplated as functional positional candidate genes for the inverted teat
phenotype. Our results for the SNP C1819T in PTHRI have revealed a significant
association and linkage to teat number as well as occurrence of inverted teats. However,
association with teat number as well as with inverted teat defect and the SNP C375T in
PTHLH could not be verified. Furthermore the amino acid exchanges of both SNPs
were analyzed by SIFT (sorting intolerant from tolerant;
http://blocks.thcrc.org/sift/SIFT.html). SIFT is based on the premise that important
amino acids will be conserved among sequences in a protein family, so changes at
amino acid conserved in the family should affect protein function (Ng & Henikoff

2002). Thus, phylogenetic relationships do not promote functional impact of the amino
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acid exchanges. However, the amino acid exchanges are between polar (serine) and
neutral (leucine) and neutral (leucine) and aromatic (phenylalanine) amino acids,
respectively, therefore impact on structural and biochemical properties of the proteins
cannot be ruled out. For PTHLH the polymorphism is located in its signal peptide that
directs post-translational transport. The SNP at nt 1819 of PTHRI is located in its
intracellular tail, which is involved in signal transduction. SNPs in coding regions of the
genes are not likely to affect their expression. Any functional effects have to be
confirmed. When analyzing genes of hormones and their receptors effects of interaction
can be expected, however no interaction between PTHLH and PTHRI genotypes were
observed. That might be due to the limited number of animals. Quantitative trait loci
(QTL) for teat traits on Chromosome 5 (SSC5) and 13 (SSC13) have been identified by
several authors (Jonas et al. 2008; Lee ef al. 2003b; Yue et al. 2003). Although PTHLH
and PTHRI were displayed in close proximity to these QTL (Chomdej ef al. 2004;
Tetzlaff et al. 2007), only the SNP in PTHRI gene likely is a marker in close linkage
disequilibrium to a causative polymorphism affecting teat number and liability for the
inverted teat defect; that gene even represent good candidate for the causal
polymorphism. The SNPs of both genes were found to segregate among pigs of
commercial breeds, German Landrace, Large White, Pietrain, Hampshire and Duroc,
with allele ‘C’ at both SNPs being the prominent one (Chomde;j ef al. 2004; Tetzlaff et
al. 2007). Effects of both genes on teat phenotypes but also on other traits will be
evaluated in animals of commercial dam lines in order to further qualify the genes as
functional positional candidate genes in a gene assisted selection. Further analyses of
trait association in other populations as well as functional assays will provide more

insight into the causal nature of the polymorphisms.
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Abstract

The lymphoid enhancer-binding factor-1 (LEFI) belongs to a family of regulatory
proteins that share homology with the high mobility group protein-1 (HMGI). The
LEFI1 gene is a mediator in the canonical Wnt-signaling pathway required for
morphogenesis of early mammary gland during embryogenesis. Here we describe the
molecular characterization of porcine LEFI gene and its association with number of
teats and inverted teats in experimental and commercial populations. The 2357 bp
cDNA sequence contains an 1197 bp open reading frame encoding a protein of 398
amino acids. The porcine LEFI protein shares high identity with other mammalian
LEFI. The LEFI gene contains 12 exons and maps to pig chromosome 8 (SSC8). We
identified two single nucleotide polymorphisms (SNPs), a T1351C transition and an
A1666C transversion, in the 3" end of LEFI. SNP A1666C was highly significant
associated with presence of infected teats (p < 0.01), total number of teats (p < 0.01) and
total number of inverted teats (p < 0.01); SNP T1351C was close to significance with
total number of inverted teats (p < 0.1) in the experimental DUMI population. SNP
T1351C was significantly associated with total number of inverted teats (p  0.04) and
close to significance with affected teats (p 0.06) in commercial populations.
Haplotype analysis confirmed the tendency towards association with affected teats (p

0.06) in the experimental DUMI population. The function, the position, and the
association shown here promote LEF] as a candidate gene for number of teats and in

particular for presence and number of inverted teats.
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Introduction

In dam line breeding programs in pig populations udder quality is a selection criterion
addressed in order to maintain and improve mothering ability. In particular, the teat
number and functional mammary gland capability are important selection criteria for
increasing the survival rate of piglets. The most frequent and economically relevant
inherited disorder of the mammary gland in pigs is the inverted teat, resulting in non-
functional teats that cannot be suckled by the offspring. The defect occurs in
commercial pig breeds with frequencies between 7.6 to 30 % (Brevern ef al. 1994;
Jonas et al. 2008; Mayer & Pirchner 1995; Niggemayer 1993). Several authors
considered a complex inheritance of the liability to develop the defect with the presence
of a major gene and several minor genes causing this defect in the embryonic mammary
gland development (Gtlinther ef al. 1985; Wiesner & Willer 1978). However, the mode
of inheritance and the number of genes involved are still unknown. Heritability was
estimated between 0.2 and 0.5 (Mayer 1994). In an experimental Duroc and Berlin
Miniature pig (DUMI) population 53.6 % suffered from mammary gland abnormalities,
42.2 % had inverted teats and 17.9 % showed misplaced teats (Hardge et al. 1999).
Embryonic mammary gland development is dependent on reciprocal inductive
interactions between the mesenchyme and overlying ectoderm (Boras-Granic et al.
2006; Foley et al. 2001; Pispa & Thesleff 2003; Robinson et al. 1999; Sakakura et al.
1987). Signals originating in the mesenchyme have been proposed to specify
ectodermal cells to form epithelial mammary placodes (Sakakura 1987). Reciprocal
signaling from the placodes to the underlying mesenchyme then directs condensation of

fibroblasts that form the mammary mesenchyme. Maintenance of these reciprocal



Evidence for association of LEF1 with inverted teats ~ 5()

signals stimulates further proliferation and differentiation of the placodes resulting in
the development of the ductal mammary gland (Boras-Granic ef al. 2006).

The lymphoid enhancer-binding factor-1 is one of the earliest known regulators
involved in formation of the mammary gland (Boras-Granic et al. 2006; Mailleux et al.
2002; Vangenderen et al. 1994). LEF] is an architectural protein chaperoning a number
of distinct factors controlling transcription of target genes. In the context of the
canonical Wnt-signaling cascade LEF[-B-catenin-containing complexes, resulting in
activated transcription of Wnt-target genes, replace complexes of LEFI and the
transcriptional repressors (Behrens ef al. 1996; Boras-Granic et al. 2006).

The canonical Wnt-signaling pathway is important for placodes induction and
differentiation of mammary epithelium (Hennighausen & Robinson 2001). A role of
Whnt-induced signaling in mammary bud development is supported by studies of
transgenic mouse embryos (Chu et al. 2004; Veltmaat et al. 2004). During the early
stages of mammary development, LEF] is expressed in epithelial cells of the mammary
bud and is subsequently induced in the mesenchyme surrounding each bud during
embryogenesis (Foley et al. 2001). Induction of LEFI expression in the mammary
mesenchyme is dependent on paracrine signaling from the mammary epithelium by the
parathyroid hormone-like hormone and the parathyroid hormone/ parathyroid hormone-
like hormone receptor 1 (Foley ef al. 2001). Defective mammopoeisis arises in LEFI-
deficient animals; embryos initially exhibit a reduced number of mammary buds and
aborted development of those that do form (Boras-Granic ef al. 2006; Vangenderen et
al. 1994). Therefore LEFI is a functional candidate gene for traits related to mammary

gland and teat development.
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The aim of this study was to characterize the porcine LEFI gene and perform the
association and linkage analysis of identified polymorphisms with the inverted teat

defect.
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Materials and methods

The nucleotide sequence reported in this article has been submitted to GenBank

(accession number EU719607).

cDNA characterization

A BLAST search using the human LEFI mRNA sequence (GenBank accession number
NM 016269) identified overlapping porcine expressed sequence tags (CX063890,
BP162088, AJ958238 and AJ957434). These ESTs were concatenated and gene specific
primers were designed (Table 1). Amplification reactions were conducted in a final
volume of 15 pl, containing 0.5 unit of Taq DNA polymerase (GeneCraft), 0.2 mM of
each ANTP, 0.2 uM of each primer, 1 x reaction buffer (GeneCraft), and 100 ng of liver
cDNA. The cycling protocol was 95 °C for 3 min, followed by 40 cycles of 95 °C for 30
sec, annealing temperature (Table 1) for 30 sec and 72 °C for 1 min, and a final
extension step at 72 °C for 5 min. The PCR products were checked on a 1.5 % agarose
gel, purified with the NucleoSpin Extract II kit (Macherey-Nagel) and bi-directional
sequenced using the BigDye Terminator Cycle Sequencing kit (version 1.1) and an ABI
Prism™ 310 Genetic Analyser (Applied Biosystems). The PCR primers described in
Table 1 were also used for SNP screening in 5 pig breeds (Duroc, Hampshire, German
Landrace, Pietrain and Berlin-Miniature pig).

Annotation of the LEFI exons on the porcine cDNA sequence was done using the
human and murine LEFI mRNA sequence (NM 016269, NM 010703) and the
Evidence Viewer tool (http://www.ncbi.nlm.nih.gov/sutils/evv.cgi/) for cDNA cDNA
sequence comparisons. Translation of the cDNA sequence and analysis of the protein

sequence were done with the Open Reading Frame Finder tool
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(http://www.ncbi.nlm.nih.gov/gorf/gorf.html). Protein sequence alignments were
performed with the MultAlign analysis tool (http://bioinfo.genopole- toulouse.

prd.fr/multalin/multalin.html).

Table 1 Primers used for amplification of porcine LEF1 cDNA in this study

Exon Primer Sequence (5°-3") Annealing Product size
O (bp)

1-2 LEF 1 CCTTCCCTTCCAATTCTCCT 60 322
ACCTCGTGTCCGTTGCTC

1-4 LEF 2 GATTACAGAGTGGTCGGGATG 60 491
GTGATGAGGGGAGTGAGAGG

2-7 LEF 3 AACACCCTGATGACGGAAAG 60 515
ATGAGGGATGCCAGTTGTGT

5-10 LEF 4 TGGACAGATTACCCCACCTC 60 536
TTTCTCTCTCTTCCTCTTCTTTTTC

9-12 LEF 5 TTAGCACGGAAGGAAAGACA 60 476
GCAGAGACAGGGGAGGAAAG

12 LEF 6 GCAGCTTTCCTCCCCTGT 60 799

CAATCGTTAGATGACAGTTTGG

Chromosome localization of the LEF1 gene

The physical mapping of LEF I was performed using the INRA-University of Minnesota
porcine radiation hybrid panel (IMpRH). The chromosomal assignment was calculated
using twopoint and multipoint analysis option of the IMpRH mapping tool
(http://www .toulouse.inra.fr). PCR used for mapping was conducted in a total volume
of 20 pl containing 0.5 unit of Taq DNA polymerase (GeneCraft), 0.2 mM of each
dNTP, 0.2 uM of each primer (5-TGGAAAACGGAGCTCATT-3" and 5'-
GCAGAGACAGGGGAGGAAAG-3’), 1 x reaction buffer (GeneCraft), and 50 ng
panel DNA. The PCR protocol consisted of 95 °C for 3 min, followed by 40 cycles of

95 °C for 30 sec, 60 °C for 30 sec and 72 °C for 1 min, and a final extension step at 72
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°C for 5 min. The PCR products were visualized on a 2 % agarose gel. The linkage map
including the LEFI gene was calculated with the CRIMAP 2.4 software package using
the build and twopoint analysis option (Washington University School of Medicine, St.
Louis, MO, USA) and 19 families (n  200) of the experimental DUMI resource

population that were segregating at the SNP A1666C.

Expression

In order to survey differential expression of porcine LEF[ gene quantitative reverse
transcription PCR (qRT-PCR) was performed using the LightCycler 480 system
(Roche). Total RNA was isolated from epithelial and connective teat tissue from
affected and none affected animals (n  30) of German Landrace in full sib pair design
and additionally from epithelial teat tissue, connective teat tissue, liver, kidney, adrenal
gland, spleen, tonsil, lymph node, muscle, hypothalamus and pituitary from adult pigs
of German Landrace using Tri-Reagent (Sigma) and NucleoSpin RNA II kit (Macherey-
Nagel) including DNase treatment following manufacturer’s instructions. RNA samples
were visualized on 1.5 % formaldehyde containing agarose gel to check the integrity
and the concentration was measured by spectrometry with a NanoDrop ND-1000
spectrophotometer (PEQLAB). First-strand cDNA was synthesized from 1pg of total
RNA using random primers and oligo (dT)13 N in the presence of Superscript III
reverse transcriptase (Invitrogen). The ribosomal protein L32 (RPL32) was treated as an
internal reference. Reactions were performed in a final volume of 12 pl using 6.0 pl of
LightCycler 480 SYBR Green I Master (Roche), 600 nM of each primer (LEF up: 5'-
AAA GAC AAT CAC TGC CAA ACC-3°, LEF dw: 5'-GCA GAC AGA AAC GGA
GAG GA-3’, RPL up: 5'- AGC CCA AGA TCG TCA AAA AG-3" and RPL_dw: 5’'-

TGT TGC TCC CAT AAC CAA TG-3") and 100 ng cDNA. Amplification conditions
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were 95 °C for 10 min, 40 cycles of 95 °C for 15 sec, 60 °C for 10 sec and 72 °C for 15
sec. At the completion of the amplification protocol, all samples were subjected to a

melting curve to verify the absence of any non-specific products.

Animals and Phenotypes

Animals derived from the 'DUMI’ three generation F2 resource population by
reciprocal crossing of Berlin Miniature Pig and Duroc (Hardge ez al. 1999). At 200 days
of age animals (n  375) of the DUMI resource population were placed on their backs
and teats were evaluated by inspection and palpation by two investigators. Numbers of
functional and inverted teats were recorded. To validate the results obtained in the
experimental population, animals of commercial herds (n 458 animals, comprising of
130 full sib families with at least one affected offspring (n  147)) were used. Samples
of German Landrace and German Large White pigs as well as their crossbreeds were
collected from a performance test station and the teat traits were recorded in the

slaughterhouse.

Genotyping

The LEFI polymorphism analysis of T1351C was performed by a Pyrosequencing
assay (Pyrosequencing™ Assay Design Software; PSQ™HS 96A, Biotage AB) using
primers 5’-Biotin-GAC CCC GGG ACC TCT TCT-3" and 5'-GCA GTG ACC TCA
GGG TGA AG-3" for PCR amplification and 5'-CCA TGG AGA TGG GCC-3’ as
sequencing primer. LEF ] polymorphism A1666C was detected by restriction fragment
length polymorphism assay. To amplify the region containing LEFI SNP A1666C
primers 5'-GCA GCT TTC CTC CCC TGT-3" and 5'-GCA GAC AGA AAC GGA

GAG GA-3" were used and PCR fragments were subsequently incubated with the
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restriction enzyme Eco241 (Fermentas) suitable to discriminate the A and the C allele at
nucleotide position 1666 and visualized in a 2 % agarose gel. Naming of both SNPs
refers to the position in the cDNA sequence of LEFI (GenBank accession number

EU719607).

Statistics

In order to evaluate the genes for association and linkage with total number of teats,
total number of inverted teats, and the affection status, i.e. the presence or absence of
inverted teats the Family-Based Association Test was used in the experimental and the
commercial population. Analysis was done for both SNP separately and for the
corresponding haplotypes in the experimental population applying FBAT and HBAT,
accordingly (FBAT, http://www.biostat.harvard.edu/~fbat/default.html). The
quantitative association analyses were done in bi-allelic tests under the condition of an
additive genetic model (Horvath er al. 2001). Frequencies of genotypes and haplotypes
were calculated using Proc ‘freq’ and ‘haplotype’ of the SAS software package 9.1
(SAS Institute, Cary, NC, USA). In the commercial population only SNP 77351C was

segregating.
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Results

cDNA and protein characterization

The LEFI cDNA is composed of 2357 bp, contains an 1197-bp open reading frame
encoding a protein of 398 amino acids with a molecular mass of 44.2 kDa and an
isoelectric point of 6.9; flanked by a 62-bp-long 5"UTR and 1098 bp of 3’'UTR. Using
the human reference cDNA for cDNA c¢cDNA sequence comparisons we deduced that
the porcine LEF1 gene consists of 12 exons in agreement with human and murine LEF'/
exon structure that conform perfectly to the GT/AG rule. The deduced amino acid
porcine LEF[ sequence displays perfect alignment with the human; mouse and rat LEF]

with 98, 98 and 97 % sequence identity, respectively (Fig. 1).

Chromosomal mapping

The LEFI gene was assigned to SSC8 by multipoint analysis using IMpRH panel
(Vector: 1101100011 1100000000 0110000001 0110000010 0000000100 1000011001
0000001000 0011000001 0101000000 0000010100 1100001111 11001100). The
results of twopoint analysis suggest the gene in close proximity to marker SW1337
(26cR; LOD 14.47) presented in Figure 2. This assignment was further confirmed by
linkage mapping of the loci SW2410 (0 cM), S0086 (48.3 cM), LEF'1 (87.9 cM), S0144

(114.8 cM) and SW61 (135.3 cM) on the sex-averaged map of SSC8 (Fig. 2).
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Figure 1 Alignment of different mammalian LEF1 proteins. The deduced amino acid

sequence of the porcine LEF1 is shown aligned to that from human (Homo sapiens,

GenBank accession number NP_057353), mouse (Mus musculus, NP_034833) and rat

(Rattus norvegicus, NP_569113). The numbers represent the position of the amino acids

in the respective protein sequences. Asterisks beneath the alignment indicate identical

amino acid residues in all sequences, while colons and dots represent very similar and

similar amino acids, respectively.
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Expression of porcine LEF1 gene

The qRT-PCR of 12 tissues including epithelial and connective teat tissue from adult
pigs indicated differential expression of porcine LEFI gene as shown in Figure 3. The
LEF1 gene was expressed in multiple tissues thereby clearly detectable in epithelial and
connective teat tissue. The expression pattern of LEF] gene revealed that lymph node
and lymphocyte were the major sites of expression. Analysis towards phenotype
dependent expression of LEF] yield to none significant differences in expression in

epithelial and connective teat tissue of affected and none affected sibs (Fig 4).
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Figure 3 Tissue specific expression pattern of LEF1 gene assayed by qRT-PCR. Copy
number of RPL32 gene was measured to normalize for equal RNA amounts.1, epithelial
teat tissue; 2, connective teat tissue; 3, liver; 4, kidney; 5, adrenal gland; 6, spleen; 7,

tonsil; 8, lymph node; 9, lymphocyte, 10, muscle; 11, hypothalamus; 12, pituitary.
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Table 2 LEFI haplotypes at T1351C/A1666C and their frequencies in F2 DUMI

resource population (n  200)

Population Affection Haplotypes (n (%)) Significance
Status
C-C C-A T-A
DUMI IT 15 (12.0) 41 (32.8) 69 (54.8) n.s.
DUMI NIT 15 (19.3) 26 (34.7) 34 (45.4) n.s.

IT, affected with inverted teat; NIT, none affected with inverted teat; n., number of
observations; haplotypes, haplotypes of alleles at T1351T and C1666A. Abundance of

haplotypes for both groups was not significantly different.
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Figure 4 Phenotype dependent expression pattern of LEF] gene assayed by qRT-PCR.
Copy number of RPL32 gene was measured to normalize for equal RNA amounts. A,
epithelial teat tissue from unaffected animals; B, epithelial teat tissue from normal teat
of affected animals; C, epithelial teat tissue from inverted teats; a, connective teat tissue
from unaffected animals; b, connective teat tissue from normal teat of affected animals;

¢, connective teat tissue from inverted teats.
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Genotype analysis

Two SNPs were detected at nucleotide position 1351 (T > C) and at nucleotide position
1666 (A > C) in the 3" end of the porcine LEFI cDNA. Mendelian inheritance of these
polymorphic sites was monitored in individuals of the experimental DUMI population.

The frequencies of haplotypes are presented in Table 2.

Association with teat traits

Association analyses were first performed separately for each locus. SNP A1666C was
highly significant associated with the presence of inverted teats (p < 0.01), total number
of teats (p < 0.01) and total number of inverted teats (p < 0.01); SNP T1351C was close
to significance for the trait total number of inverted teats (p < 0.1) in the experimental
DUMI population (Table 3). Analysis of the three haplotypes segregating in the
experimental DUMI population confirmed the association with the presence of inverted
teatsatp 0.06 (Table 3). In the commercial population SNP T1351C was significantly
associated with total number of inverted teats (p  0.04) and close to significance with
the affected teats (p  0.06). SNP A1666C did not segregate in the commercial

population (Table 3).
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Table 3 Association of LEF] gene with inverted teats (Aff), total number of inverted
teats (TIT) and total number of teats (TT) in the experimental (DUMI) and commercial

(COM) population as revealed by FBAT analysis

Characteristic Population Allele Freq Aff TT TIT
Marker p p p

T1351C DUMI T 0.5 0.45 0.75 <0.1
A1666C DUMI C 0.4 <0.01 <0.01 <0.01
T1351C CcoM T 0.96 0.06 0.31 0.04

A1666C COM A 1.0 n. a. n. a. n. a.
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Discussion

This investigation is the first to characterize the porcine LEF1 gene and to demonstrate
association and linkage with the inverted teat defect in the pig. The emergence of
inverted teats depends on insufficient mesenchymal proliferation at the teat ground
during teat development. As far as proliferation processes are concerned the defect of
inverted teats is related to the trait of number of teats. The number of teats may also
depend on local signaling between adjacent embryonic tissues (Jonas et al. 2008).
Boras-Granic et al. (2006) elucidated the influence of lymphoid enhancer-binding
factor-1 on the regulative interaction of epithelial and mesenchymal proliferation during
the formation of the mammary gland. Knockout experiments indicated involvement of
LEF1 in the ontogenesis of a functional mammary gland, because LEF[-deficient mice
developed a defective mammary gland with a reduced number of mammary buds and
aborted development of those that do form (Boras-Granic et al. 2006; Vangenderen et
al. 1994). The expression of LEF] gene in epithelial and mesenchymal compartments of
the teats, i.e. tissues relevant for the inverted teat defect, indicates a functional role of
LEF1 in teat development also in pigs and by this approves the results reported in other
species (Boras-Granic et al. 2006; Vangenderen et al. 1994). Also, very high sequence
similarities of the deduced porcine LEF] amino acids sequence with other mammalian
species supports the concept of equivalent biological roles for different regulatory
mechanisms of proliferation during ontogenesis in the various species (Eastman &
Grosschedl 1999; Kratochwil ef al. 1996). Quantitative trait loci (QTL) for teat traits on
chromosome 8 have been identified by several authors (Beeckmann et al. 2003a;
Cassady et al. 2001; Sato et al. 2006). LEF1 was displayed in close proximity to these

QTL and thus is a positional candidate gene. Our results for the SNP A1666C in the
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experimental DUMI population revealed a highly significant association and linkage to
teat number as well as occurrence of inverted teats. Analysis of the SNP T1351C and
the haplotypes support this finding. Moreover, association of LEFI with number of
inverted teats as well as with presence or absence of inverted teats could be verified in
commercial dam lines for the segregating SNP TI1351C at p 0.04 and 0.06,
respectively. The polymorphisms detected are likely markers in close linkage to a
causative polymorphism affecting teat number and liability for the inverted teat defect.
However, the allele frequencies are unfavourable with regard to the power to unravel
association with the SNP A1666C not segregating and the SNP T1351C showing low
frequency in the animals of commercial breeds investigated. In the experimental DUMI
population alleles at both SNPs exist at similar frequencies, but highly significant
association was shown only for SNP A1666C that obviously exhibits consistent linkage
phase to a causative polymorphic site across all families. These different results enhance
the conclusion that different population and family-specific effects are due to genetic
drift and/or recombination between the SNPs of the LEFI gene and the causative
polymorphism (Du et al. 2007; Sved 1971). Moreover, for complex traits, like liable
traits, a single gene often plays a very small role in a complex interaction of many genes
in a pathway that act differently and promote various regulative measures in different
populations or breeds. Thus various modes of compensation may be active in different
individuals. Comparative sequencing revealed no polymorphisms in the coding regions
of the gene, thus polymorphisms affecting the expression of the genes are likely to be
causal for any effects on teat development. SNPs in untranslated regions of genes were
shown to affect expression for example by creating a potential target site for
microRNAs (Clop et al. 2006); however in silico analysis with the TargetScan tool

(predicts biological targets of microRNAs by searching for the presence of conserved
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8mer and 7mer sites that match the recognition region of each microRNA;
http://www.targetscan.org) of the polymorphic sites described here did not indicate
conservation and particular functional roles of the polymorphic sites. While using
samples of peripubertal animals we could not show trait dependent expression, however
this does not rule out polymorphisms effecting the expression of LEFI at other
ontogenetic stages that final lead to different teat phenotypes. In conclusion, whereas
LEF1 was promoted as functional positional candidate gene for the inverted teat defect
the identification of causal polymorphism remains open. Effects of LEFI gene on teat
phenotypes but also on other traits will be evaluated in an increased number of animals
of commercial dam lines in order to further qualify the gene as functional positional
candidate gene in gene assisted selection. Further analyses of trait association in other
populations as well as functional assays will provide more insight into the causal nature

of the polymorphisms.
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Abstract

In this study eight genes of growth factors and their receptors were investigated that are
known to play a significant role in signaling pathways involved in the ontogenetic but
also tumorigenic development of breast and mammary gland. Differential expression of
FGFR2, GHR, HGF, HGFR, PDGFA, PDGFRA, PDGFB, VEGF was analyzed in
mesenchymal and epithelial teat tissue of animals affected and non-affected by inverted
teat defect. Comparisons were made at the level of affection between samples derived
from non-affected animals and affected animals, including specimens of normal and
inverted teats. In addition, comparisons were made at the level of the teat phenotype
with normal teats of non-affected animals vs. either the normal or the inverted teat of
affected animals. All genes tested, expect HGFR, showed significant differential
expression at P < 0.05 in either the mesenchymal and/or the epithelial teat tissue. In
general, we observed more pronounced differences when comparing samples obtained
from inverted tissues vs. samples from normal once. Therefore the results of our study
suggest that the gene expression of the growth factors and their receptors associates
directly with the teat phenotype and rather than on the affection status of the
investigated animals suggesting that local processes and a tissue-specific compensation
by means of differential expression of growth factors and their receptors are responsible

for the development of impaired teat phenotypes.

Keywords: expression profile, inherited disorder, inverted teat, pig, qRT-PCR, signaling

pathways
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Introduction

In pigs a functional mammary gland is an important selection criterion for increasing
the survival rate of piglets. The most relevant inherited disorder of the mammary
complex is the inverted teat, resulting in non-functional teats. The defect occurs in
commercial breeds with frequencies between 7.6 to 30 % (Jonas et al. 2008). The
emergence of inverted teats depends on insufficient mesenchymal proliferation at the
developing teat ground (Jonas et al. 2008). Several authors elucidate the influence of
hormones and other genetic factors on the regulative interaction of epithelial
mesenchymal proliferation during the formation of the mammary gland (Foley et al.
2001; Sakakura 1987).

Feldman et al. (1993) have argued that mammary development depends on interaction
of mammogenic and lactogenic factors. In particular, growth hormone (GH) and its
receptor (GHR) mediate differentiation and development of the immature mammary
gland. Further, the hepatocyte growth factor (HGF) could be shown as a factor with
pleiotropic activities throughout mammary development including stimulation of cell
proliferation in epithelial cells and their interaction with mesenchymal cells during
embryogenesis (Lock et al. 2002; Rosen ef al. 1994). Platelet derived growth factors
(PDGF) and their receptors (PDGFR), vascular endothelial growth factor (VEGF),
belonging to the PDGF/VEGF signaling superfamily, and fibroblast growth factors
(FGF) and their receptors (FGFR) are important regulators for tissue-tissue interactions
to control proliferation of epithelial and mesenchymal cells during development of
epidermal appendages (Hoch & Soriano 2003; Hovey et al. 2001; Sakakura 1987).
Transcript abundance of eight growth factors and receptors known to be relevant for

assertive arrangements in a functional mammary gland was comparatively analyzed in
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epithelial and mesenchymal tissue of normal and inverted teats to provide experimental

evidence for their involvement in the development of the disorder.
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Materials and methods

Tissue collection and RNA preparation

To collect samples of epithelial and mesenchymal teat tissue animals of commercial
herds of crossbreeds of German Landrace (GL), German Large White (LW) and
Pietrain (Pi x (GL x LW)) pigs (n 28 animals, comprising of 14 full sib families with
one affected and one non-affected litter mates) were used. Epithelial and mesenchymal
tissue was gathered from the teat of the non-affected sibling and from a normal teat and
an inverted teat of the affected sibling. A total of 84 tissue samples were collected in an
experimental slaughterhouse where two persons of the team of inspectors examined also
the teat phenotypes by adspection and palpation of teats at a separate slaughter. Tissue
samples were directly frozen in liquid nitrogen and stored at 80 °C.

Total RNA from each tissue was isolated using Tri-Reagent (Sigma-Aldrich,
Taufkirchen, Germany) and NucleoSpin RNA II kit (Macherey-Nagel, Diiren,
Germany) including DNase treatment. RNA samples were visualized on 1.5 %
formaldehyde containing agarose gel to check the integrity and the concentration was
measured by spectrometry with a NanoDrop ND-1000 spectrophotometer (PEQLAB,
Erlangen, Germany). In addition absence of DNA contamination was checked using the
RNA as a template in a PCR amplifying a fragment of the glyceraldehydes-3-phosphate
dehydrogenase (GAPDH) gene. All RNAs were stored at 80 °C until downstream

analysis was performed.
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Quantitative real-time PCR (qRT-PCR)

In order to survey differential expression of the epithelial and mesenchymal tissue
samples qRT-PCR was performed using the LightCycler® 480 system (Roche,
Mannheim, Germany). First-strand cDNA was synthesized from 1pg of total RNA
using random primers and oligo d(T) 13VN in the presence of Superscript III reverse
transcriptase (Invitrogen, Karlsruhe, Germany). The ribosomal protein L32 (RPL32)
and the general transcription factor IIIC, polypeptide 2, (GTF3C2) were treated as
internal references. Reactions were performed in a final volume of 12 pl using 6.0 ul of
LightCycler 480 SYBR Green I Master (Roche), 600 nM of each primer (Table 1) and
100 ng cDNA. Amplification conditions were 95 °C for 10 min, 40 cycles of 95 °C for
15 sec, annealing (Table 1) for 10 sec and 72 °C for 15 sec. At the completion of the
amplification protocol, all samples were subjected to melting curve analyses and gel
electrophoresis to verify the absence of any non-specific product. PCR products from
each of the respective transcripts were used to generate external standard curves for the
calculation of copy numbers. Normalization for each sample used the geometric means
of the relative concentration of each internal reference gene (RPL32 and GTF3C2). For
statistical analysis of qRT-PCR data tissue-specific normalized means of transcript
abundance levels were compared with Student’s #-test. Differences between tissue

samples were considered significant at P < 0.05 (Figures 1 and 2).
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Table 1 Primers used for qRT-PCR
Gene Sequence 5°-3° Accession no. T Size
°O (bp)

FGFR2 f GGATTACAACTCGCCTCTCCT AB271924 62 196
r GCTTCCTTGGGCTTCTCTTT

GHR f GAAGACATTTACATCACCACAGAAA NM214254 64 197
r ACATAGCCACACGATGAGAGAAAC

GTF3C2' f TTGAAAGCCAAGCCCACTTC CK466410 64 230
r  GGGGAGGCAGGTCTAAAGGT

HGF f ATGGTACTTGGTGTCATTGTTCCT CU656003 62 183
r TTGATGTAAAGAGAGTTGTGTTAATGG

HGFR f CCCACCCTCATTACATCACC EWS531089 62 245
r TTCTTCCTCATCCATCATTTACAAC

PDGFA f GCACAGTCAGATCCACAGCA BP439777 62 163
r  GATGCTTCTCTTCCTCCGAAC

PDGFRA f ACAAGCTGTATCACTGCCTTTGTTT EW193418 62 179
r CTTCCTGTCGCGTTAGTTCTC

PDGFB f CGTCTGTCTCGATGCCTGATT EW082988 62 169
r GTCAGTAGAGGAAGAGAGCGATG

RPL32’ f AGCCCAAGATCGTCAAAAG AY550039 62 165
r TGTTGCTCCCATAACCAATG

VEGF f GACGAAGGTCTGGAGTGTGTG AF318502 62 157

T

TTTCTTGCCTCGCTCTATCTT

T
Reference genes.
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Results

Our investigation was performed on eight genes using mesenchymal and epithelial
tissue samples from discordant animals of commercial populations. All genes tested,
expect HGFR, showed significant differential expression at P < 0.05 in terms of the
inverted teat defect (Figures 1 and 2). In this study a total of 26 significant differences
in expression could be found in mesenchymal and epithelial tissue. In particular,
FGFR2, HGF, PDGFA, PDGFRA and VEGF were significant differential expressed in
mesenchymal tissue of total normal teat (B) and inverted teat (E); furthermore, FGFR2,
HGF, PDGFA and PDGFRA exhibited significant differential expression in
mesenchymal teat tissue of non-affected sibs (C) in comparison with inverted teat tissue
(E) of the affected sibs; HGF and PDGFRA showed significant differential expression
in normal (D) and inverted (E) mesenchymal teat tissue of the affected animals. A
significant differential expression profile of mesenchymal tissue from affected animals
(A) compared with non-affected animals (C) could be demonstrated for HGF and
PDGFA (Figure 1). Six of our investigated genes showed significant differences of
expression in epithelial teat tissue; HGF, GHR, PDGFA, PDGFRA and VEGF were
significant differential expressed in epithelial tissue of total normal teat (B) and inverted
teat (E); furthermore, HGF, PDGFA, PDGFRA, PDGFB and VEGF exhibited
significant differential expression in epithelial teat tissue of non-affected sibs (C) in
comparison with inverted teat tissue of the affected sibs (E); HGF and PDGFRA
showed significant differential expression in comparison of normal (D) and inverted
epithelial teat tissue (E) from the affected animals. A significant differential expression
between epithelial teat tissue of affected animals (A) and non-affected animals (C)

could be demonstrated in the PDGFA gene (Figure 2).
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Figure 2 Gene expression profiles of epithelial teat tissue: Transcript abundance was determined by gR'T-PCE fom epithelial teat tissue samples

of non-affected animals (n= 14}, fom normal teat tissue of affected animals (n = 14) and inverted teat tissue (n = 14). Mean abundance and

standard errors are shown A&, expression value of tizsue from affected animals; B, total normal teat tizsue;, ) teat tissue from non-affected

animals; D, normal teat tissue from affected animals; E, inverted teat tissue; *, p = 0.05, **, p = 0.07;, ** p = 0.001.
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Discussion

Teat developmental and functional mammary gland capabilities have to be seen as a
result of a complex interaction between multiple factors, signaling pathways and
different cell types during several major phases of development (Hovey et al. 2001;
Imagawa et al. 1990; Sakakura 1987). In particular, a number of paracrine growth
factors have been proposed to be involved in teat and mammary gland development.
Microarray analyses revealed that signaling pathways of several growth factors are
involved in normal and inverted teat development with several genes along the
signaling pathways showing trait dependent regulation (Figure 3; manuscript in
preparation). The hierarchical superior components of these pathways, the growth
factors and their receptors are not fully covered be the microarray. Here we aimed to
quantify the transcripts of eight growth factors and growth factor receptors depending
on the affection status of the organism and the teat phenotype using the more to exact
and sensitive real-time PCR technique.

Seven out of eight genes addressed here showed differential expression in either the
mesenchymal and/or the epithelial teat tissue. In general, we observed more pronounced
differences when comparing samples obtained from inverted tissues vs. samples from
normal once. Therefore, the results of our study suggest that the gene expression of the
growth factors and their receptors associates directly to the teat phenotype and rather
than to the affection status of the investigated animals. This indicates that local
processes and tissue-specific compensation by means of differential expression of
growth factors and their receptors in the explicit teat are the main drivers of inverted

teat development (Figures 1 and 2).
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Mucleus

Figure 3 Simplified canonical pathways of growth factor signaling involved in the

development of a functional mammary gland: Genes in bold letters are described in this
investigation. * indicates fold change > 1.2; ** indicates regulation significant at p < 0.05 in previous

own microarray experiments. AP1, activator protein 1; C-fos, C-fos protein; C-JUN, C-JUN
transcription factor; CRK, V-CRK sarcoma virus CT10 oncogene homolog; ELKI,
member of ETS oncogene family; ERK1-2, extracellular signal-regulated kinase 1-2;
GABI1, GRB2-associated binding protein 1; GAP, glyceraldehyde-3-phosphate
dehydrogenase; GRB2, growth factor receptor bound protein 2; JAK1-2, Janus tyrosine
kinase 1-2; JNKI1, Jun N-terminal kinase 1; JNKK1, Jun N-terminal kinase kinase 1;
MAP4K1, mitogen-activated protein kinase kinase kinase kinase 1; MEK1-2, mitogen-
activated protein kinase kinase 1-2; MEKK1, mitogen-activated protein kinase kinase
kinase 1; p120, catenin, delta 1; PYK2, pyruvate kinase 2; RAF1, V-RAF-1 murine
leukemia viral oncogene homolog 1;RAS, rat sarcoma viral oncogene homolog; SHC,

SHC (Src homology 2 domain containing) transforming protein 1;
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SHP1-2, SHPI-2 containing protein tyrosine phosphatase; SOCS, suppressor of
cytokine signaling; SOS-1, son of sevenless homolog 1; SRF, serum response factor;

STATI-5, signal transducer and activator of transcription 1-5; TCF, transcription factor.

FGFR?2 belongs to the family of four fibroblast growth factor receptors in mammals.
This gene is known to be expressed during early mammary gland development and
plays roles in regulation of cell proliferation and differentiation in mammary epithelial
and mesenchymal cells (Eblaghie et al. 2004; Kim et al. 2007). Several genes encoding
FGF ligands like FGF7 and FGF10 are known to bind to FGFR?2 as the receptor, which
has been reported to be already expressed in mammary ectoderm (Mailleux et al. 2002).
Mouse embryos lacking FGFI0 gene function fail to develop mammary placodes,
suggesting that FGF10 signaling through its receptor FGFR2 is required to initiate
development of mammary glands (Mailleux ef al. 2002). The FGFR2 protein consists of
an extracellular region, composed of three immunglobulin-like domains, a single
hydrophobic membrane-spanning segment and a cytoplasmatic tyrosine kinase domain.
The extracellular part of the protein interacts with FGF10, starting a cascade of
downstream signals, ultimately influencing the development of mammary glands. The
significant differences in expression between normal vs. inverted mesenchymal teat
tissue suggest its importance for a functional mammary gland not only through
development in embryogenesis. Human FGFR2 maps to a region that is syntenic to the
distal arm of SSC14 (Table 2), where a quantitative trait loci (QTL) for inverted teats

was found in an experimental cross population (Jonas ef al. 2008).
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Table 2 List of candidate genes, their functions and chromosomal assignments

Gene Function Porcine Human
chromosomal chromosomal
assignment assignment

FGFR2 (fibroblast growth early embryonic SSCl4q HSA10qg26

factor receptor 2) development

GHR (growth hormone Differentiation and SSCl16q1.3-1.4! HSA5pl13

receptor) development

HGF (hepatocyte growth Cell proliferation, SSC9q212 HSA7q21.1

factor) cell-cell interaction

HGFR (hepatocyte growth Cell proliferation, SSC9q15-21 HSA7q31

Jactor receptor) cell-cell interaction

PDGFA (platelet-derived Regulation of cell SSC3p HSA7p22.3

growth factor alpha) proliferation

PDGFRA (platelet-derived Regulation of cell SSC8p12° HSA4ql11

growth factor receptor alpha)  proliferation

PDGFB (platelet-derived Regulation of cell SSC5p HSA22q13.1

growth factor beta) proliferation

VEGF (vascular endothelial Cell proliferation and SSC7ql1-13 HSA6p21.3

growth factor) growth

! Chowdhary et al. (1994).

? Pinton et al. (2000).

3 Johansson et al. (1992).

The GHR gene encodes a protein that is a transmembrane receptor for growth hormone

and has been found in mammary glands of pigs (Jammes et al. 1991). Binding of

growth hormone to the receptor leads to receptor dimerization and a further activation

of an intra- and intercellular transduction pathway for growth and development of the

mammary gland (Feldman ez al. 1993). Feldman et al. (1993) elucidate its central and

primary role in mammary gland development. Growth hormone together with its

receptor can act directly on mammary tissue stimulating cell growth and further the end

bud formation (Silberstein & Daniel 1987). The position of GHR on SSC16 announced

by Chowdhary et al. (1994) fell in the confidence interval of the QTL for inverted teats

in commercial breeds reported by Jonas et al. (2008).
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Hepatocyte growth factor is a mesenchymally derived factor with pleiotropic activities
mediated through its HGF receptor. HGF stimulates cell proliferation in a wide range of
cellular targets, including epithelial cells as well as epithelial-mesenchymal interactions
during embryogenesis (Lock ef al. 2002; Rosen ef al. 1994). However, it is unclear how
the HGF receptor conducts the signaling pathways leading to its pleiotropic activities.
Maroun et al. (2000) have demonstrated that for promotion of epithelial morphogenesis
recruitment of the Gab family of docking proteins (Gabl and Gab2) are necessary but
not sufficient. These proteins are phosphorylated through tyrosine kinase downstream
from the HGF receptor, activated by HGF. The differential expression of HGF in
mesenchymal and epithelial teat tissue (Figures 1 and 2) confirms its role in biological
pathways involved in the occurrence of a functional mammary gland. HGFR gene
expression was not found to be different in the investigated teat tissues. This might
indicate that HGFR with its ligands has eminent relevance for distinct pathways for
motility, growth, and/or morphogenesis in various tissues. Local effects at the teat and
mammary gland are regulated on the level of the growth factor, whereas general effects
are determined at the receptor level or more distally. Moreover, the chromosomal
assignment of HGF (Pinton et al. 2000) and HGFR to the proximal region of SSC9
(Table 2) revealed no allocation to a QTL for teat developmental traits.

Platelet derived growth factors and their receptors are important regulators for tissue-
tissue interactions to control proliferation of epithelial and mesenchymal cells during
embryonic development of epidermal appendages (Hoch & Soriano 2003; Karlsson et
al. 1999; Sakakura 1987; Xu et al. 2005). PDGFs have characteristic domains, which
include eight conserved cysteines that are involved in inter- and intramolecular bonds.
The signaling network consists of four homo- or heterodimers of two subunit proteins,

A-, B-, C- and D-chain. Their receptors are two tyrosine kinases (PDGFRA and
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PDGFRB) that are able to form homo- or heterodimers after the binding of PDGF
ligand. Different studies suggest that PDGFB has a limited function in regulating
organogenesis, whereas PDGFA and its PDGFRA receptor are more broadly required
during embryogenesis (Hoch & Soriano 2003; Xu et al. 2005). Functionally, PDGFA
and PDGFRA signaling plays an important role in cell proliferation, cell migration and
in regulating epithelial-mesenchymal interactions during developmental processes (Xu
et al. 2005). In addition, Table 2 presents the chromosomal assignment of PDGFA to
the distal region of SSC3 and PDGFRA to SSC8pl12, as described in Johansson et al.
(1992). This assignment for PDGFA revealed no allocation to a QTL for teat
developmental traits. However, PDGFRA fell in the confidence interval of QTL for
inverted teats and number of teats (Beeckmann ez al. 2003a; Jonas et al. 2008).
Furthermore, the chromosomal assignment by means of published human-porcine
comparative maps allocates PDGFB to the distal region of SSC5 (Table 2). That region
exhibits several QTL for mammary gland capabilities, including a QTL for inverted
teats and a QTL for teat number (Jonas et al. 2008; Rodriguez et al. 2005).

Vascular endothelial growth factor belongs to the PDGF/VEGF signaling superfamily.
VEGF is involved in functional development of the mammary gland via the
establishment and maintenance of a vascular supply to support the mammary fat pad
and associated epithelial proliferation (Hoch & Soriano 2003; Hovey ef al. 2001).
VEGF as a glycosylated homodimer stimulates vascular permeability and promotes cell
proliferation through liberation of several proteases (Hovey ef al. 2001). VEGF assigned
to the proximal region of SSC7 (Table 2), where no QTL for inverted teats is located
(Jonas et al. 2008). QTL for teat number were found close to VEGF on SSC7 (Sato et

al. 2006; Wada et al. 2000).
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Expression analyses of the porcine transcriptome in terms of teat developmental and
functional mammary gland capabilities revealed a number of functional candidate genes
that show specific differential expression profiles of epithelial and mesenchymal tissue
of normal and inverted teats, which is in line with their known physiological function.
Furthermore, their assignment to QTL regions for teat developmental and mammary
gland capabilities corroborate its candidacy for the occurrence of the inverted teat

defect.

Acknowledgements

The authors would like to thank the Federal Ministry of Education and Research
(BMBF) and the Forderverein  Biotechnologieforschung der  Deutschen
Schweineproduktion e.V. (FBF) for financial support (FUGATO - HeDiPig, FKZ
0313392A). The experiments described in this study were performed in accordance with

all appropriate regulations.



General discussion 84

7  General discussion

The subjects of animal genomics and genetics are rapidly developing through the last
decades. Recent technological advances are improving, especially the accessibility of
the genome in identifying genes, fast and efficient screening of genetic variation present
in the genome, gene expression profiling, and statistical methods to identify and use
genomic regions of particular interest for breeding purposes. The investigations
described in this thesis contribute to these subjects but furthermore to a better
understanding of the assertive arrangements in functional mammary gland and teat
developmental capabilities. In this chapter results that have been obtained in this
investigation will be exploited and discussed in retrospect with the original objectives
and future prospects will be given. At first the aspect and the enormous impact of the
inverted teat defect will be discussed followed by a discussion of the main findings.

Finally, the main conclusions and implications are exposed.

The inverted teat defect

The reasoning of the investigation described in this thesis is that the inverted teat defect
is one of the most frequent and economically relevant hereditary defects in pig
populations (Blendl ef al. 1980). This defect that reduces the number of functional teats
and associated results in reduction of raising performance in breeding herds (Wiesner &
Willer 1978). In German pig populations up to 30 % of animals suffer from inverted
teats (Brevern et al. 1994; Mayer & Pirchner 1995; Niggemayer 1993). It is a fact that
the inverted teat defect has a genetic background, but the number of genes involved and
their hereditary is still unknown. Heritability estimates range from 0.2 to 0.5 (Brevern et

al. 1994, Hittel 1984; Mayer 1994). The inverted teat is characterized by failure of teats
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to protrude from the udder surface. This incidence of inverted teats depends on
insufficient mesenchymal proliferation at the teat ground during embryogenesis and
postnatal development (Glinther 1984). As far as proliferation processes are concerned
the defect of inverted teats is related to the trait of number of teats, which may also
depend on local signaling between adjacent embryonic tissues that determine the somite
patterning and cell fate decisions leading to the establishment of the mammary bud
(Jonas et al. 2008). The regulation of mammary development is affected by complex
interactions of different hormones, their receptors and other genetic factors which
collaborate in multiple signaling pathways and different cell types during several major
phases of development (Hovey et al. 2001; Imagawa et al. 1990; Sakakura 1987).
Furthermore, the influence of hormones and different genetic factors on a functional
mammary gland have been investigated in several mammalian species (Boras-Granic et
al. 2006; Eblaghie et al. 2004; Foley et al. 2001; Sakakura 1987). Thus knowledge of
physiology and genetic background of a functional mammary gland are the major
origins for identification and analysis of functional candidate genes, implemented in this

thesis.

Functional candidate gene analysis

In several previous studies a number of different candidate genes have been
successfully investigated in identifying linkage association or causative relations. Thus,
a detected polymorphism in the ESR gene is associated with litter size in pigs
(Rothschild et al. 1996; Short et al. 1997). Furthermore, the myostatin gene (GDFS)
could be ascertained as responsible for a marked increase in skeletal muscle mass in
mammalian species (Grobet ef al. 1997; Kambadur ef al. 1997; McPherron ef al. 1997;

Welle et al. 2007). This phenotype evolves from five mutations that destruct the
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myostatin protein in cattle (Grobet et al. 1998). The farthest studied and discussed gene
in the pig is the ryanodine receptor 1 gene (RYRI). Fuji et al. (1991) discovered a point
mutation that affects the stress susceptibility and accompanying a decreased meat
quality in pigs.

In this thesis the parathyroid hormone/parathyroid hormone-like hormone type I
receptor was investigated as the receptor of parathyroid hormone and parathyroid
hormone-like hormone, which participate in the formation and differentiation of the
mammary gland (Chomdej et al. 2004; Foley et al. 2001). Several investigations with
knockout mice indicated involvement of PTHLH and its receptor in the ontogenesis of a
functional mammary gland, because these mice developed the inverted teat phenotype
(Dunbar et al. 2001; Wysolmerski et al. 1998). The polymorphism in the PTHRI gene
has revealed a significant association and linkage to occurrence of inverted teats as well
as teat number. The point mutation of PTHRI is located in its intracellular tail, which is
involved in signal transduction. When analyzing genes of hormones and their receptors
effects of interaction can be expected, however no interactions between PTHLH and
PTHRI genotypes were observed in the investigated experimental DUMI population.
Furthermore lymphoid enhancer-binding factor-1 revealed a regulative influence on the
formation of the mammary gland (Boras-Granic et al. 2006). Experiments in other
species indicated involvement of LEF in the ontogenesis of a functional mammary
gland (Boras-Granic et al. 2006; Vangenderen ef al. 1994). One of the detected two
polymorphisms in the experimental DUMI population revealed a highly significant
association and linkage to teat number as well as occurrence of inverted teats. Analyses
of the haplotypes support this finding. Moreover, association of LEFI with inverted
teats could be verified in commercial dam lines. The polymorphisms detected are likely

markers in close linkage to a causative polymorphism affecting teat number and liability
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for the inverted teat defect. However, the reverse association exhibits consistent linkage
phase to a causative polymorphic site across all families. These different findings
enhance the conclusion that different population and family-specific effects are due to
genetic drift and/or recombination between the polymorphisms of the LEFI gene and

the causative polymorphism (Du et al. 2007; Sved 1971).

QTL analysis

Quantitative trait loci analyses are usually combined with candidate genes and require
validation in several populations. Different studies of QTL for reproduction, milk yield
or meat quality traits in other species account for that approach (Jennen et al. 2005;
Jiang et al. 2005). Thus, detected QTL in commercial broiler lines could be confirmed
and showed consequently the potential for applying these results in a marker-assisted
selection (de Koning ef al. 2003). Studies in dairy cattle offered QTL for milk yield and
composition on bovine chromosome 26 (BTA26) and the transcription factor 7-like 2
gene (TCF7L2) as a marker for that QTL could be demonstrated as a significantly
associated positional candidate gene for protein yield in milk. Furthermore, these results
could be assigned and confirmed in several bovine populations (Jiang et al. 2005).

In the pig the strategy of developing experimental populations from divergent breeds is
applied to increase heterozygosity (Geldermann er al. 1996; Hardge er al. 1999).
Thereby linkage disequlibria are generated between the molecular markers and the
QTL. That describes the assumption to identify QTL (Lynch & Walsh 1997). Several
QTL for different traits on nearly every chromosome in pig populations could be
detected (Hu ef al. 2005). Thus QTL fot the inverted teat defect in an experimental
DUMI population were detected on several chromosomes (Oltmanns 2003; Un 2002).

Because of the absence of confirmed QTL analyses for the inverted teat phenotype in
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other experimental and commercial populations these data were used and reanalyzed to
perform the analyses parallel to the QTL analyses in a commercial population (Jonas et
al. 2008). The strongly decreased number of QTL in the commercial population is likely
caused by the eminent selection pressure that generates homozygosity on several with
the QTL linked loci. Although, these results for the inverted teat QTL in the commercial
population elucidate that QTL for inverted teat could be confirmed in different pig
populations. Due to the experimental design and different heterozygosity of molecular
markers loci may not be detected or different loci for quantiative traits may be
discovered (Silva et al. 2008; Wattrang et al. 2005). Consequentially, such verified
QTL may be exploited in MAS programs in commercial populations and their
molecular basis may be revealed by positional cloning (Evans et al. 2003).

The functional candidate gene PTHRI was displayed in close proximity to the QTL for
inverted teat on SSC13, so that the polymorphism in the PTHRI gene likely is a marker
in close linkage disequilibrium to a causative polymorphism affecting teat number and
liability for the inverted teat phenotype. Thus PTHRI was contemplated as a functional
positional candidate gene for the inverted teat phenotype. Furthermore, QTL for teat
traits on chromosome 8 have been identified by several authors (Beeckmann et al.
2003a; Cassady ef al. 2001; Sato et al. 2006). LEF'I was displayed in close proximity to

these QTL and thus is not only a functional, but also a positional candidate gene.

Expression analysis

Gene expression describes the transcription of the information covered in the DNA
(Velculescu et al. 1997). The basis for studies are different expressed genes, which
influence in their transcript abundance the further translational potential of a gene in

different cell types and tissues and can therefore be determined by several techniques.
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In this thesis the microarray technology combined with the quantitative real-time PCR
were used. Microarrays simultaneously measure the transcript abundance from
thousands of genes and made it possible to study complex regulatory processes within
the target cell (Master et al. 2002). Own microarray results in mesenchymal and
epithelial teat tissue of animals affected and non-affected by the inverted teat defect
showed more than 300 differentially regulated genes in epithelial and more than 200
differentially regulated genes in mesenchymal teat tissue. To interpret such large
amounts of generated data, algorithms have been used to organize genes into groups of
related expression patterns (Eisen ef al. 1999; Tamayo et al. 1999). The expression
patterns of our microarrays indicated differential expression of genes of biological
processes like ‘development’, ‘cell communication’, ‘signal transduction and
intracellular signaling cascades” for comparisons at the level of affection between
samples derived from non-affected animals and affected animals. For comparisons
between specimens of normal vs. inverted teats, the microarray results suggested
biological processes involved in “cell growth’, “cell junction’, ‘growth regulation and
development’. These clustered expression analyses are used to identify groups of genes
that function in common pathways and identify significant molecular differences
between the investigated cells or tissues (Master et al. 2002). Mammary development is
characterized by consecutive stages of cell growth, differentiation, high metabolic
activity and apoptosis. This comprises tremendous variances in epithelial and
mesenchymal tissue architecture, morphogenesis, vascularization and organized
remodeling (Clarkson et al. 2004). Visvader and Lindemann (2003) elucidate in the
mouse model that these events are stringently controlled at the transcriptional level by
circulating hormones and locally derived factors. Many growth factors have been shown

to affect this developmental progress (Carvalho et al. 2005; Eroglu et al. 2006; Lim et
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al. 2005). The in this thesis investigated expression patterns of porcine mammary
tissues confirmed the involvement of regulative signaling pathways in the occurrence of
a functional mammary gland, as ascertained for the mouse model. Thus, signaling
pathways, like the FGF, GH, HGF, PDGF and VEGF signaling pathway, could be
shown to activate through their growth factors related cascades and mechanisms on
intracellular level or more distally (Eblaghie et al. 2004; Feldman ef al. 1993; Hoch &
Soriano 2003; Hovey et al. 2001; Lock et al. 2002). Based on the microarray analyses
growth factors and their receptors were selected for further quantitative real-time
analyses. In addition, to minimize the enormous costs of the microarray analyses the
studies were combined with qRT-PCR. The benefit of this technique is that more
samples could be detected, quantified and the differential expression of single genes
could be analyzed precisely. This approach results in significant differentially expressed
growth factors and receptors. Gene expression depends directly on the teat phenotype.
This indicates that locally derived factors and receptors are mainly responsible for
inverted teat development (Visvader & Lindeman 2003). Primarily the HGF and
PDGFRA genes with their highly significant differential expression in the investigated
mesenchymal and epithelial tissues are very interesting candidate genes for additional
studies. Furthermore, several of that growth factors and receptors fell in the confidence
interval of QTL for inverted teat and teat number in the experimental and the
commercial population. Thus, these genes are not only functional candidate genes but

also positional candidate genes.

Conclusions and future prospects
In this thesis the PTHRI gene and its role in the occurrence of the inverted teat

phenotype has been described. Therefore associations of the detected polymorphism in
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an experimental pig population could be demonstrated. Effects of the interacting
PTHLH gene and its receptor PTHRI could not be verified. Prospective the association
on teat phenotypes but also on other traits should be evaluated in animals of commercial
dam lines in order to further qualify the gene as a functional positional candidate gene
in a marker-assisted selection.

Furthermore, the LEFI gene was discussed as a functional and positional candidate
gene for the inverted teat phenotype. Polymorphisms, identified in animals of an
experimental and a commercial pig population, left no conclusions from the causal
polymorphism that remains open. Effects of the LEF/ gene on teat phenotypes but also
on other traits should be evaluated in an increased number of animals from the
commercial population. In addition, trait associations in further pig populations should
be verified in order to supplementary succeed the gene as functional and positional
candidate gene in a marker-assisted selection.

Further analyses of trait associations of the investigated genes in other populations as
well as functional assays will provide more insight into the causal nature of the
polymorphisms in the development of a functional mammary gland in the pig but these
findings could be also interesting for other species.

Prior polymorphic genes or genomic regions may be applied in breeding programs
supported by marker-assisted selection following criteria should be validated. First trait
associations in the regarding pig population need to be verified. Furthermore, the
linkage phase between the unfavourable allele and the mutation responsible for the
genetic variation of the inverted teat phenotype should be ascertained.

Moreover, the QTL analyses with the additional fine mapping of microsatellites on
chromosomes 3, 4, 6 and 11 showed consensuses in genomic regions of the

experimental and the commercial population. Thus, these loci may be seen as
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interesting regions for further analyses of positional candidate genes for the inverted
teat defect. Effects of that QTL should be validated as well in further populations,
before implementing in a marker-assisted selection.

The microarray technology was used to identify groups of genes that function in
common pathways involved in the occurrence of the inverted teat phenotype and
identify significant expression differences between the teat tissues. In conclusion, the in
this thesis described signaling pathways showed significant differences in the
investigated teat tissues. Consequentially, the growth factors and receptors activating
further cascades were investigated with the quantitative real-time PCR method. These
results revealed functional candidate genes for further investigations. Thus, SNP
screenings and trait associations could be performed in experimental and commercial
pig populations.

The constantly increasing number of functional and positional candidate genes for the
inverted teat phenotype elucidates that the cause of this inherited disorder is an
argument for the complexity of that defect and that further investigations for detection
of the basically causative gene are necessary and promising. In the future identifications
and investigations of candidate genes should be advanced. Furthermore, major
developmental phases, prenatal but also postnatal, of the mammary gland should be
considered in further investigation, because several studies clarify the crucial influence
of major phases in mammary gland development and the occurrence of the inverted teat
phenotype. The ongoing of the porcine genome sequencing project established the
chance to implement the information of more than 1500 positional candidate genes
integrated in the detected and confirmed QTL regions for inverted teats on
chromosomes 3, 4, 6 and 11 via the microarray technology on a specific custom-made

array for that defect. In addition, to the porcine whole genome microarray from
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Affymetrix company this enables the simultaneously analysis of more than thousand
positional candidate genes to discover further regulative mechanisms and involved
candidate genes that are specific for the occurrence of inverted teat.

Finally, the development of the SNP chip technology will facilitate the detection of
genetic variations on a genome wide level to discover genes or more precisely their
variations responsible for specific traits. Though, this technique should be further
advanced to exhibit a powerful tool in the implementation for researchers in genetically

influenced diseases and inherited disorders.
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8 Summary

Genetic disorders in mammals play a tremendous role in continuance and development
of animals. Different investigations document a multitude of genetically influenced
diseases, which could not be fully elucidated until now. In the pig the inverted teat is
one of the economically relevant inherited defects. This thesis covers the identification
and analysis of functional candidate genes involved in the occurrence of the inverted
teat defect.

A detected SNP in the functional candidate gene PTHRI, which is involved with its
ligand PTHLH in mesenchymal/epithelial interactions during mammary gland
development, could be shown as significantly associated with the inverted teat
phenotype as well as teat number in an experimental pig population. The physical
mapping on SSC13 revealed PTHRI in close proximity to a QTL for inverted teats.

The LEFI gene is involved in the ontogenesis of a functional mammary gland, as
indicated in other species. Due to molecular characterization of LEFI two SNP could be
detected. One SNP in the experimental DUMI population revealed a highly significant
association and linkage to teat number as well as occurrence of inverted teats.
Moreover, association of LEFI with inverted teats could be verified in a commercial
population. The detected SNP are likely markers in close linkage to a causative
polymorphism affecting teat number and liability for the inverted teat defect. The QTL
analyses for inverted teat phenotype in an experimental and a commercial pig
population revealed significant QTL on twelve chromosomes for the experimental and
on five chromosomes for the commercial population. QTL with overlapping intervals in
both populations could be detected on SSC3, SSC4, SSC6 and SSCI11. These QTL

results confirm the formerly elucidated polygenic inheritance of inverted teats and
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enable the information of novel positional candidate genes. Adjacent microarray
analyses of epithelial and mesenchymal teat tissue of commercial animals in an affected
sib pair design offered differentially regulated genes involved in biological processes
like growth, development and cell communication. Constitutive expression analyses of
eight genes: FGFR2, GHR, HGF, HGFR, PDGFA, PDGFRA, PDGFB and VEGF
revealed significant differential expressions. No differential expression was detected for
HGFR in the compared animals with normal against inverted teats. These expression
results elucidate local effect on the teat and mammary gland determined by growth
factors and their receptors.

In summary, the in this thesis identified and analyzed genes may be established as

functional and in part positional candidate genes for the inverted teat defect.
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9 Zusammenfassung

Genetische Defekte in Sdugetieren nehmen eine bedeutende Rolle in ihrem Fortbestand
und ihrer Entwicklung ein. Verschiedene Untersuchungen belegen eine Vielzahl von
genetisch verursachten Krankheitsbildern, die zum Teil bis heute nicht vollstindig
wissenschaftlich aufgekldrt werden konnten. Beim Schwein stellt der Gendefekt
“Stiilpzitze” einen der am okonomisch relevantesten dar. Diese Arbeit beinhaltet die
Identifizierung und Analyse von funktionellen Kandidatengenen fiir die Auspriagung der
Stiilpzitze beim Schwein.

Ein detektierter SNP im funktionellen Kandidatengen PTHRI, welches mit seinem
Liganden PTHLH an mesenchymalen/epithelialen Interaktionen wihrend der
Entwicklung der Milchdriise beteiligt ist, zeigte signifikante Assoziationen mit dem
Phénotyp Stiilpzitze als auch mit der Zitzenzahl in einer experimentellen
Schweinepopulation. Die physische Kartierung auf SSC13 ergab iiberdies eine Lage in
die Ndhe zu einem QTL fiir die Stiilpzitze. Des Weiteren ist das LEF! Gen in die
Ontogenese einer funktionellen Milchdriise involviert, was bereits an anderen Spezies
nachgewiesen wurde. Beruhend auf der molekularen Charakterisierung von LEF]
wurden zwei SNP entdeckt. Ein SNP war in der experimentellen Population mit der
Zitzenzahl als auch der Stiilpzitze hoch signifikant assoziiert und gekoppelt. Dariiber
hinaus lie3 sich die Assoziation mit der Stiilpzitze in einer kommerziellen Population
verifizieren. Die entdeckten SNP sind hochst wahrscheinlich gekoppelte Marker eines
kausalen Polymorphismus, der die Zitzenzahl und die Ausprigung der Stiilpzitze
beeinflusst. QTL Analysen fiir das Merkmal Stiilpzitze sowohl in einer experimentellen
als auch kommerziellen Population zeigten QTL Regionen auf zwolf Chromosomen der

experimentellen und auf fiinf Chromosomen der kommerziellen Population. Auf den
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Chromosomen 3, 4, 6 und 11 wurden QTL mit {iberlappenden Intervallen in beiden
Populationen ermittelt. Diese Ergebnisse bestdtigen die Hypothese einer polygenen
Vererbung der Stiilpzitze und ermdoglichen die Information iiber und weitere Nutzung
neuer positioneller Kandidatengene. AnschlieBende Mikroarray Untersuchungen
epithelialen und mesenchymalen Zitzengewebes kommerzieller Tiere im affected sib
pair Design ergaben differentiell regulierte Gene, die in biologische Prozesse wie
Wachstum, Entwicklung und Zellkommunikation involviert sind. Konstitutive
Expressionsanalysen von acht aus den Mikroarrayergebnissen hervorgehenden
funktionellen Kandidatengenen: FGFR2, GHR, HGF, HGFR, PDGFA, PDGFRA,
PDGFB und VEGF zeigten signifikant differentielle Expressionen. Lediglich HGFR
lieB keinerlei Expressionsunterschiede in den miteinander verglichenen Zitzengeweben
von betroffenen und nicht Dbetroffenen Geschwistertieren erkennen. Die
Expressionsergebnisse der untersuchten Wachstumsfaktoren und ihrer Rezeptoren
deuten auf einen Effekt lokalen Ursprungs im betroffenen Zitzengewebe hin.

Zusammenfassend ldsst sich herausstellen, dass die in dieser Arbeit untersuchten Gene
fir den Erbdefekt der Stiilpzitze als funktionelle und zum Teil auch positionelle

Kandidatengene zu sehen sind.
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SNP analysis, genotyping and mapping of the porcine PTHR1

gene to chromosome 13 (Brief report)
(SNP-Analyse, Genotypisierung und Kartierung des porcinen PTHRI Gens auf
Chromosom 13)

Background: The parathyroid hormone/parathyroid hormone like hormone type I
receptor (PTHR1) belongs to the family of G protein-coupled receptors for peptide
hormones, including parathyroid hormone (PTH) and parathyroid hormone like
hormone (PTHLH), which participate in epithelial-mesenchymal interactions during
the formation and differentiation of epithelial organs (FOLEY et al., 2001; CHOMDEJ
et al., 2004). The function of PTHRI and its ligands suggest its candidacy for traits
related to the development of bones and joints but also of mammary gland. The
porcine gene was screened for SNPs and assigned to SSC13.

Procedures:

Primer sequences:

PTHR-F: 5’-GCTATGGTCCGATGGTGTCT-3’

PTHR-R: 5’-ACTGTCTCCCACTCCTCCTG-3’

SNP analysis, genotyping and mapping:

The PTHRI gene sequence (GenBank accession no. NM_214382) was used to derive
homologous primers every 400-500 bp of the entire mRNA to screen for
polymorphisms.

The PCR fragments were amplified and sequenced from 5 pig breeds (Duroc,
Hampshire, German Landrace, Pietrain and Berlin-Miniature pig) using standard lab
protocols. PCR programs were: initial denaturation for 5 min 95 °C, 40 cycles each 30
s at 95 °C, 30 s at 64 °C and 1 min at 72 °C and 5 min final extension at 72 °C.
Genotyping was performed using the primers PTHR-F and PTHR-R for amplification
and Mboll (Fermentas, Leon-Rot, Germany) for restriction digestion. Physical
mapping was achieved by screening of the IMpRH panel using the same primers for
PCR and by analysis of the results using twopoint and multipoint analysis option of
the IMpRH mapping tool (http://www.toulouse.inra.fr). For linkage mapping 19
informative families (n=313) of the DUMI F, resource population were genotyped
(HARDGE et al., 1999). Multipoint linkage map was established using the BUILD
option of the CRIMAP 2.4 package.

Results: A C/T non-synonymous SNP (L556F) was detected at nucleotide position
1819 in the PTHRI gene. Within the DUMI F; generation (n=14) we observed 11
heterozygous animals and 3 homozygous for allele C; in the DUMI F, generation 116
animals were homozygous for allele C, 149 animals were heterozygous and 48 animals
were homozygous for allele T. The PTHRI gene was assigned to SSCI13 in close
proximity to marker SW1400 by twopoint analysis (20cR; LOD 13.05) using IMpRH
panel (Vector: 1101110000 0000000001 0000000000 0000001000 0001000000
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1000010001 0100000001 0000000100 0000000000 0101000011 1011000000
01010000). This assignment was further confirmed by genetic mapping of PTHRI
using multipoint and twopoint analysis that revealed linkage to S0219 (proximal) and
SW344 (distal) with distances of 38.4 ¢cM (recombination fraction=0.31, LOD=1.83)
and 15.5 cM (recombination fraction=0.15, LOD=12.69), respectively, on the sex
averaged map. Our assignment of PTHR]I to the q arm of SSC13 is in agreement with
the published physical and genetic maps.
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Abstract The mothering ability of a sow largely depends
on the shape and function of the mammary gland. The aim
of this study was to identify QTL for the heritable inverted
teat defect, a condition characterized by disturbed devel-
opment of functional teats. A QTL analysis was conducted
in a porcine experimental population based on Duroc and
Berlin Miniature pigs (DUMI). The significant QTL were
confirmed by linkage analysis in commercial pigs accord-
ing to the affected sib pair design and refined by family-
based association test (FBAT). Nonparametric linkage
(NPL) analysis revealed five significant and seven sug-
gestive QTL for the inverted teat defect in the porcine
experimental population. In commercial dam lines five
significant NPL values were detected. QTL regions in
overlapping marker intervals or close proximity in both
populations were found on SSC3, SSC4, SSC6, and SSC11.
SSC6 revealed QTL in both populations at different posi-
tions, indicating the segregation of at least two QTL. The
results confirm the previously proposed polygenic inheri-
tance of the inverted teat defect and, for the first time, point
to genomic regions harboring relevant genes. The investi-
gation revealed variation of the importance of QTL in the
various populations due to either differences in allele fre-
quencies and statistical power or differences in the genetic
background that modulates the impact of the liability loci
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on the expression of the disease. The QTL study enabled us
to name a number of plausible positional candidate genes.
The correspondence of QTL regions for the inverted teat
defect and previously mapped QTL for teat number are in
line with the etiologic relationship of these traits.

Introduction

Inherited disorders significantly affect animal health and
welfare issues and economic efficiency of livestock
breeding. Although the phenotype itself often suggests
monogenic inheritance with the occurrence of either
affected or nonaffected individuals, many inherited dis-
eases are liability traits with polygenic background. In pig
breeding the number of piglets reared per sow per year is
an important characteristic of efficiency. Next to the
number of piglets born alive, the mothering ability of the
sow, which is related to the number of functional teats,
plays an important role in this. The inverted teat defect is
the most common and most important disorder of the
mammary complex in pig (Brevern et al. 1994; Mayer
1995). This disorder is a condition characterized by the
failure of teats to protrude from the udder surface. The teat
canal is held inward, forming a small crater so that normal
milk flow is prevented, thus limiting the rearing capacity
and increasing the risk of mastitis. The inverted teat defect
has a polygenic background and heritability estimates
range between 0.2 and 0.5 (Brevern et al. 1994; Mayer
1995). It occurs in commercial pig breeds with frequencies
between 8% and 30% (GroBe Beilage et al. 1996; Mayer
1995). In comparison to other hereditary disorders, it is
difficult to diagnose during routine selection where young
sows are inspected while standing or moving within an
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arena (Steffens 1993). Since the mode of inheritance is not
fully understood and the number of genes involved is
unknown, it is important to get more knowledge of the
genetic cause of the defect. Moreover, identification of
markers for this liability trait offers perspectives to develop
efficient DNA-based selection tools for the improvement of
the quality of teats. Therefore, the main objective of this
study was to identify chromosomal regions and candidate
genes for the inverted teat defect by a QTL scan in an
experimental population and to validate these results in a
commercial population.

Material and methods
Animals

Analyses were performed on two different populations, an
experimental population and animals from commercial
dam lines. The German Landrace (DL) and Large White
(DE) breeds were chosen for the confirmation studies that
are the most commonly used dam lines in Germany.
Accordingly, there is selection against the inverted teat
defect in these lines.

The experimental population was based on a reciprocal
cross between Duroc and Berlin Miniature pigs (DUMI
population). For F; one boar from the Duroc breed was
mated to four Miniature pig sows and one Miniature pig
boar was mated to five Duroc sows to produce 43 F; dams
and five F; boars. The F; boars and dams were mated to
finally produce 905 F, animals. At 200 days of age the
phenotypes of the teat traits were observed by two inves-
tigators of a team of four trained and skilled persons
involved in this study. Animals were placed on their backs
and teats were evaluated by inspection and palpation.
Numbers of functional and inverted teats were recorded.
This is similar to the time-point of selection of young sows
in breeding companies. At this time the inverted teat defect
was detected in 42.2% of the F, animals.

For the commercial population, 2160 animals (castrated
male pigs) of the German Landrace (DL) and German
Large White (DE) breeds and their crosses were used. The
animals were kept at performance test stations (LPA Haus
Dusse and LPA Frankenforst) under standardized condi-
tions according to the guidelines of the German
performance test (ZDS 2003) and monitored at the
slaughter line when 180 days old on average. Each animal
was examined by two inspectors by inspection and palpa-
tion of teats at a separate slaughter line. Of these, 244
animals were identified with at least one inverted teat.
Samples of some of these animals and their affected or
nonaffected full-sibs were used for QTL analysis. The
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samples from the parents of these animals were collected in
commercial farms and the artificial insemination station,
respectively. Only animals for which samples of parents
and at least one full-sib were available were used in this
study for the verification of QTL detected in DUMI pop-
ulation. Overall, 119 families could be analyzed from these
samples. In addition, 100 animals generating 11 families
derived from LPA Grub from the Bayerische Landesanstalt
fur Landwirtschaft in Bavaria.

Genotyping and mapping

DNA for genotyping was isolated from sperm, muscle, or
tail using phenol-chloroform extraction. Each of the
12.5 pl of PCR reaction contained 50 ng genomic DNA,
0.2 uM of each primer, 50 pM of each ANTP, 0.5 U of Tagq
polymerase, and 1.5 mM MgCl, in 1x PCR buffer. PCR
was performed in the thermal cycler PTC 100 (MJ
Research, Waltham, MA) at 94°C for 3 min, followed by
30 40 cycles at 94°C for 1 min, 55 65°C for 1 min, 72°C
for 1 min, and final extension at 72°C for 10 min. The
annealing temperature was used depending on the optimal
temperature for primer. Seventy-two type II markers and
29 type I markers covering the porcine autosomes with a
mean interval of 23.1 cM were selected from published
linkage maps (USDA-MARC and PiGMaP) and used in the
DUMI population. In the commercial population, almost
the same set of polymorphic markers was used.

Electrophoresis was performed with the LI-COR model
4200 automated DNA sequencer (LI-COR Biosciences,
Lincoln, NE) using 12% SequaGel in 1 x TBE buffer at a
power of 1500 V, 50 mA, and 50 W at 50°C. Evaluation of
genotypes was done using OneDScan v4.10 (LI-COR
Biosciences). Linkage analysis for building of the maps
was performed using CRIMAP v2.4 (Green 1992). The
genetic map obtained has been described previously
(Wimmers et al. 2006). The QTL analysis for the inverted
teat quantitative trait was performed with the software
package Genehunter v2.0 (Whitehead Institute, Cambridge,
MA) (Kruglyak et al. 1996). Genehunter calculated a
normalized score Z(v) with a mean of zero and a variance
of one under the null hypothesis. The null hypothesis is that
there is no linkage between the disease locus and the
marker allele (Kruglyak et al. 1996).

Z(.?C) _ [S(j) — :u]
N
S(é) = Spairs
é = mean of Spairs = péspairs

p = a priori probability
52 = pé(Spairs 'u)2
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Afterward the null hypothesis is calculated under the
normalised test statistic NPL (nonparametric linkage)

NPL = &Z(v) x P
P = a posteriori probability

The NPL analysis calculated the part of the shared allele at
each loci on the whole chromosome. These alleles are
mentioned as Z0, Z1, and Z2 where

aop (2) — 1)
20 :/1—s7 <) =4ap; 22 :azT
where J is the relative risk for the sibling, ag =%, a; = %,
and a, = %. Chromosome-wide significance was
calculated using Genehunter and transformed to
experiment-wide significance levels using a permutation
test (Churchill and Doerge 1994). The experiment-wide
significance level was calculated by

1- (1 —P c)

P, = —
where r is the length of the specific chromosome divided
by the total length of all chromosomes and P. is the
chromosome-wide significance level.

Further significant and suggestive QTL were defined
(Lander and Kruglyak 1995), whereas in a F, population
the NPL score of 4.3 is necessary to reach a significance
level of 1% using a genome-wide investigation, the sig-
nificance level of 5% corresponds to a NPL score of
approximately 3.0 (Lander and Kruglyak 1995).

The association analysis was performed using the
FBAT (family-based association test), a modified test
based on TDT (transmission disequilibrium test). In this
study the FBAT program (version 1.4) was used to
perform the qualitative and quantitative family-based
analyses of both populations (http://www.biostat.harvard.
edu/ ~fbat/fbat.htm). For all, the quantitative analyses
were done under the condition of an additive model
(Horvath et al. 2003). FBAT performed the testing by a
two-step procedure. First, the test statistic was defined
showing the association between the trait locus and the
marker locus. Second, the distribution of the geno-
type data is tested under the hypothesis. The genotypes
of the offspring are treated as random (Rabinowitz and
Laird 2000). The general FBAT statistic U is based on a
linear combination of the genotypes of offspring and the
traits:

U=5—E[s|
S = Z, T;X;j

where X;; is a function of the genotype of the jth offspring
in family i at the locus tested (depending on the used

genetic model) and Tj; is a function of the trait (dependent
on possible unknown parameters).

Tj =Y —

where Y;;is the observed trait of the jth offspring in the family
i and pi; is a random variable. The general FBAT statistic is
calculated under the hypothesis that there is “no linkage and
no association between marker and gene.” This depends on
T; and on the genotypes of the parents. Under this
hypothesis, U is such that E(U) = 0. With the distribution
of the genotypes of offspring (Xj; is treated as random and as
T; fixed), V = Var(U) = Var(S) can also be calculated
under the hypothesis and can be used for the standardization
of U.If Xj;1s the scalar sum of the genotypes of an individual,
then the total statistic of the samples is

Z=U/\V
approximately N(0,1). If X;; is a vector, then
L =UV-U

an approximately y” distribution with the degrees of free-
dom similar to V (Horvath et al. 2003). In this study the
FBAT was performed under the hypothesis: “no associa-
tion and no linkage.”

Results

In the F, of the experimental population, the mean number
of teats was 12.9. The occurrence of the inverted teat defect
was 42% (380 of 905 animals), with on average 5.2
inverted teats per affected animal at equal frequencies in
both sexes. For the commercial breeds, of the 2160 animals
monitored in the slaughterhouse, 244 animals (11.3%) were
found to have one and more inverted teats (mean = 2.3). In
the commercial dam lines, the mean number of teats was
14.6. The incidence of inverted teats was slightly higher in
DL than in DE and F; animals (12.5%, 10.7%, and 10.5%,
respectively).

In the experimental population, QTL were detected on
all autosomes except SSC17, reaching 5% chromosome-
wide significance. Fourteen QTL reached the experiment-
wide significance level. Of these 14, eight were found with
highly significant experiment-wide NPL values (Table 1).
In the experimental population, 12 suggestive QTL
(NPL > 3.0) for the inverted teat defect were detected
(Lander and Kruglyak 1995). Of these, five significant QTL
(NPL > 4.3) were detected. As in the commercial popu-
lation, the affected sib-pair design was used and the p
values of the estimated NPL values detected by the
Genehunter program were used for definition of the sig-
nificance levels. Five QTL positions were found, with only
one NPL value exceeding the 5% experiment-wide
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Table 1 Evidence for QTL significant at 5% chromosome wide® and experiment wide” levels for the inverted teat defect in the DUMI

population
SSC NPL value p value® )4 value” Closest marker Marker Flanking marker
to QTL position®

Upper Lower
1 4.43 <0.01%* 0.09 SW1301 141 S0155
2 4.56 <0.01%* 0.04%* Sw2443 0 L144
3 39 <0.01%* <0.01%** S0164 61 SW72 NTANI1
4 5.2 <0.01%* <0.01** S0097 120 S0214
5 3.83 <0.01%%* <0.01%%* SW1482 40 SW1134
6 2.81 <0.01%* 0.02%* S0035 7 S0087
6 9.25 <0.01%* <0.01** 50220 78 S0300 S0059
7 2.63 <0.01%* 0.04* S0101 135 SO0115
8 3.41 <0.01%* <0.01** SW2410 1 KIT1
9 2.35 <0.01%* 0.12 SWI11 37 SW21 SW54
10 2.88 <0.01%* 0.02%* SW2067 128 ITIH2
11 3.35 <0.01%* <0.01** S0386 60 S0071 SW703
12 6.7 <0.01%* <0.01** S0143 6 SW874
13 1.92 0.02%* 0.35 SW398 79 SW344 IL12A
14 3.78 <0.01%* <0.01** S0007 60 MBL2 VIN
15 2.44 <0.01%* 0.08 SW936 89 SWI1111 SW1119
16 3.14 <0.01%* 0.01%* S0061 93 IL12B
17 0.64 0.23 0.99 SW2431 94 SW840
18 3.23 <0.01%* 0.02%* SWR414 58 SW787

* Significant at 5% level; ** significant at 1% level

* Chromosome wide, " experiment wide, © position of marker closest to QTL on public linkage map (USDA MARCv2)

significance threshold (Table 2). QTL regions in overlap-
ping marker intervals or close proximity in both
populations were found on SSC3, SSC4, SSC6, and SSC11
(Fig. 1).

The association analysis using the FBAT program
revealed more alleles of Duroc origin with a positive
influence on the development of normal teats (negative Z
score). The following alleles of Duroc origin could be
shown to be highly associated with normal teat develop-
ment: on SSCI, allele 165 of marker SWI1301 (Z
score = —3.8); on SSC4, allele 234 of marker S0097 (Z
score = —7.3); on SSC6, allele 154 of marker S0220
(Z score = —4.9); and on SSC14, allele 174 of marker
S0007 (Z score = —5.1). The allele 161 of marker
SW1301 on SSCI and the allele 286 of marker SO0164 on
SSC3 originated from the Miniature pig and were shown
to be highly associated with the inverted teat defect
(Z scores = 7.2 and 2.5, respectively). The Miniature pig-
originated alleles 207 of marker SW2443 (SSC2), 302 of
marker S0164 (SSC3), and 212 of S0097 (SSC4) showed
positive impact on teat development (Z scores = —2.6,
—2.3, and —2.0, respectively). Data of association com-
pared to linkage analysis of both populations are shown in
Table 3.
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The distal region of SSCI contained a QTL for the
inverted teat defect with NPL value reaching the 1%
chromosome-wide significance in the DUMI population
(Table 1). No QTL were found on SSC1 in the commercial
dam lines. However, the family-based association test
revealed significant association and linkage of marker
SW1301 in both the experimental and the commercial
population (Table 3).

A significant QTL was detected on SSC2 in the telo-
meric region with a 5% experiment-wide significant NPL
value in animals of the experimental population (Table 1).
This could be confirmed by association analysis of the
marker SW2443 (Table 3). The QTL could not be detected
when analyzing all animals of the commercial population.
Linkage analysis of only families of crossbreeds (DE x
DL, DL x DE) revealed a QTL with a NPL value signif-
icant at the 5% chromosome-wide level at marker SW1564,
central on SSC2.

The distal region on SSC3 showed a highly significant
QTL for the inverted teat defect in the DUMI population
(Table 1). The locus was confirmed at 5% chromosome-
wide significance in the commercial animals as well as by
association analysis (Tables 2 and 3). Two alleles (218,
286) were identified, inherited from Duroc and Miniature
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Table 2 Evidence for QTL significant at 5% chromosome wide® and experiment wide® level for the inverted teat defect in the commercial dam

lines

SSC NPL Closest Marker Flanking marker p value
value marker position® 3 7 p
to QTL Upper Lower All DL DL x DE/ DE x DL
chr® exp” chr® exp® chr® exp®
1 0.69 SW1301 141 S0155 0.11 0.48 0.21 0.75 0.18 0.69
2 0.61 SW1564 55 SW240 SW834 0.15 0.96 0.4 0.99 0.05%* 0.62
3 1.16 S00164 61 SW72 SW2570 0.02%* 0.36 0.56 0.99 0.05%* 0.63
4 1.06 S0214 120 S0214 SW857 0.02%* 0.33 0,.7 0.69 0.09 0.78
5 1.45 SWI67 146 IGF1 0.07 0.75 0.28 0.99 0.01°%* 0.19
6 1.16 S0035 7 S0087 0.02* 0.16 0.18 0.87 0.07 0.52
6 1.64 S0059 93 S0220 S0003 <0.01%* 0.02* 0.03* 0.27 0.05* 0.41
7 0.77 S0101 135 SO0115 0.1 0.75 0.17 0.92 0.13 0.84
8 0.9 S0086 62 SW2611 S0144 0.06 0.8 0.06 0.79 0.02* 0.79
9 0.36 SW54 67 SWI11 S0109 0.33 0.99 0.19 0.97
10 0.64 SW830 0 S0070 0.14 0.92 0.07 0.73 0.29 0.99
11 1.95 SW703 76 S0009 <0.01%%* 0.24 0.04* 0.83 0.05 0.90
12 0.74 SWg74 65 GH SW605 0.21 0.99 0.17 0.99
13 0.73 SW344 35 S0219 PIT1 0.2 0.97 0.42 0.99 0.04* 0.44
14 0.51 SW857 7 S0007 0.21 0.99 0.12 0.99 0.43 0.99
15 0.77 SW936 89 SWI1111 SW1119 0.08 0.99 0.15 0.99 0.24 0.99
16 0.5 SO111 0 S0026 0.20 0.99 0.31 0.99 0.28 0.99
17 0.7 SW840 49 SW335 GHRH 0.12 0.85 0.19 0.96 0.13 0.89
18 0.17 SW1023 32 LEP 0.37 0.99 0.29 0.99 0.42 0.99

* Significant at 5% level; ** significant at 1% level

* Chromosome wide, " experiment wide, © position of marker closest to QTL on public linkage map (USDA MARCv2)

4 All

pig, respectively, showing an increase of liability for the
inverted teat defect (Table 3).

Linkage and association analyses of SSC4 revealed
significant QTL with a peak at marker S0097 in animals of
the experimental population (Table 1). A significant NPL
value could be detected in animals of commercial families
in the region between markers S0214 and S0097, i.e., in
close proximity to the QTL found in the DUMI (Table 2).
Family-based association tests revealed significant associ-
ation and linkage of alleles of marker S0097 in both
populations.

On SSCS5 a highly significant QTL was detected in the
region of the microsatellite marker SW 1482 (Table 1). The
analysis of the crossbreed animals in the commercial group
revealed a QTL on SSC5 with a NPL value significant at a
5% chromosome-wide significance level more distal
(Table 2).

The highest NPL value of 9.25 was detected on SSC6
with a peak at marker S0220 (Fig. 1). In the dam lines the
highest NPL value was detected at marker S0059, distal of
S0220. This QTL was the only locus with experiment-wide
significance in the commercial animals. There was good
agreement between the NPL plots found in the analysis of

merged analysis of German Landrace and F; (DL*DE/DE*DL); DL~ German Landrace; DE ~ Large White

all commercial animals and analysis separated by breeds. A
NPL value of 1.16 implementing a chromosome-wide 5%
significance level was detected in the commercial animals
with a peak at marker S0035 telomeric of SSC6. At this
position a QTL reaching a 5% experiment-wide signifi-
cance level was also obtained in the DUMI population.
Alleles of marker S0220 were significantly associated with
the defect in both populations, whereas alleles of markers
S0059 and S0035 showed association only in the com-
mercial and experimental populations, respectively.
Results of linkage and association analyses in both popu-
lations indicate that there are at least two QTL segregating
on SSC6 that affect the inverted teat defect.

The distal region of SSC7 showed significant NPL
values for the heritable inverted teat defect, as revealed by
full-sib analysis, between markers SO115 and SO101 at the
experiment-wide 5% significance level only in the experi-
mental population.

SSCS8 carried a QTL at the proximal end in the DUMI
population. The region around marker S0086, which is
more distal, showed a significant NPL value in the analysis
of crossbreed animals of the commercial population
(Table 2).
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On SSCI11 a QTL reaching the 1% experiment-wide
significance level in the DUMI population was found sur-
rounding marker S0386 (Table 1). In the commercial
animals, a NPL value reaching the 1% chromosome-wide
significance level was detected in close proximity at
SW703. The peak was also detected in the families that
included only animals of the German Landrace breed
(Table 2). Both regions could be confirmed by association
analysis that revealed alleles of marker S0386 being
associated with the defect status in the experimental

@ Springer

population and alleles of marker SW703 being associated
with the defect in both populations (Table 3).

A significant QTL could be detected on SSCI12
between the markers SW605 and L147 in animals of the
DUMI population. The NPL score of 6.7 was the second
highest in this analysis (Table 1). There was no evidence
found for a QTL nor an associated allele in the com-
mercial animals.

SSC14 contained a significant QTL next to the marker
S0007, but no significant QTL was detected in the
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Table 3 Overview of results, including markers at positions of QTL detected in either the DUMI population or the commercial dam lines or both

SSC Marker QTL (Genehunter) NPL value Association study (FBAT)
Significant allele® Z value? P value
DUMI comm DUMI comm DUMI comm DUMI comm
1 SW1301 443" 0.69 161" . 7.197 . <0.001
163° . 5.604 . <0.001
165° . 3.757 . <0.001 )
1717 171 1.897 2425 0.058 0.015
2 SW2443 4.56° 0.43 203% . 2455 . 0.014 .
207" 207 2568 1.866 0.010 0.062
3 S0164 3.9 1.16° 214% ns 2.496 ns 0.013 ns
218> 2.958 0.003
266° 2395 0.017
286" 2475 0.013
302" 2297 0.022
4 S0097 5.2° 0.67 205° 148 7.19 3.888 <0.001 <0.001
212! 170 1.972 3.458 0.049 <0.001
2342 172 7.296 2.513 <0.001 0.012
S0058 1.06° ns ns ns
5 SW1482 3.83° 108 ns 2.465 ns 0.014 ns
110 221 0.027
6 S0035 2.82° 1.16° 179 ns 3.007 ns 0.003 ns
S0059 0.83 1.64° ns 144 ns 1.896 ns 0.058
146 2419 0.016
154 2.121 0.034
$0220 9.25 0.1 146° . 4.248 . <0.001 :
148 ) 2.530 . 0.011
1542 . 49 . <0.001 .
8 SW2410 3.41° ns ns ns ns ns ns
11
S0386 3.35% 154 ns 2.037 ns 0.042 ns
158 3.889 <0.001
SW703 2.58 1.95¢ 127 . 3.741 . <0.001
133 . 1.941 . 0.052 .
135 . 2236 . 0.025
. 137 ) 2.076 . 0.038
12 S0143 6.7% 155 ns 7.673 ns <0.001 ns
157 7.013 <0.001
14 S0007 3.78% 0.24 1583 . 5.755 . <0.001
1747 . 5.149 . <0.001 )
177 ) 2.041 . 0.041
. 187 ) 2.064 . 0.039
16 S0061 3.14° 166 ns 2.405 ns 0.016 ns
170 1.899 0.058
18 SWR414 3.23 0.13 123 . 2.181 . 0.029
147 . 1.882 . 0.06 .
153 ) 2.566 . 0.01

ns  not significant

* QTL according to the definition of Lander and Kruglyak (1995), i.e., NPL > 3, ® QTL reaching 5% genome wide significance, © QTL
according to the chromosome wide p value of <0.05 in all animals of commercial population, ¢ Positive Z scores indicate that alleles can be
found more often in affected animals, © Names of alleles derived from their length in bp, ! Origin breed Miniature pig, > Origin breed Duroc,
* Allele inherited from both breeds
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commercial animals (Table 1). Significant association of
the marker SO007 was found in both populations (Table 3).

On SSC16 and SSC18 suggestive QTL were detected in
DUMI population; in addition, significant associated alleles
of markers S0061 and SWR414 were also found. In the
commercial population, significant association of alleles of
markers SWR414 on SSC18 was found, however, none
were found on SSC16 (Table 3).

Even though the NPL values calculated on SSC9, 10 and
13 were significant and highly significant at the chromo-
some-wide level, they could not be defined as QTL
according the definition of Lander and Kruglyak (1995).
Significant associated alleles were detected only on the
respective markers on SSC9 and 10. On SSCI17 no sig-
nificant QTL was detected.

Discussion

A linkage study was performed for the heritable defect
inverted teat in the pig in an experimental population that
showed a high incidence of the defect. To evaluate the
relevance of the results in commercial pig breeds and to
confirm the results, a linkage study was done in an inde-
pendent set of animals of the German Landrace breed and
its cross with Large White; these breeds represent the most
important dam lines in pig production in Germany. The
study showed that the inverted teat defect is governed by
genetic variation at several loci distributed throughout the
genome. This is in agreement with more recent models of
inheritance of the inverted teat defect that propose a
polygenic background, while early works suggested auto-
somal recessive inheritance with reduced penetrance
(Nordby 1934; Mayer and Pirchner 1995).

The emergence of inverted teats depends on insufficient
mesenchymal proliferation at the teat ground during teat
development (Giinther 1984). As far as proliferation pro-
cesses are concerned, the defect of inverted teats is related
to the number-of teats trait. Because this etiologic link of
the traits, QTL for inverted teats and number of teats can be
expected to be partly identical. The number of teats may
also depend on local signaling between adjacent embryonic
tissues that determine the somite patterning and cell fate
decisions leading to the establishment of the mammary bud
but is less important for the liability to express the inverted
teat phenotype. There are a few reports on QTL for the
number of teats in the pig that are summarized in a publicly
accessible database, PigQTLDB (Hu and Reecy 2007; Hu
et al. 2005). Most studies used an experimental population
of crosses with the breed Meishan (Hirooka et al. 2001;
Rodriguez et al. 2005; Rohrer et al. 1999; Yue et al. 2003).
Meishan is known for its high number of teats, about 17.0
on average (Haley et al. 1995), compared with that of the
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Large White breed, with about 14 teats (Clayton et al.
1981; Haley et al. 1995).

On SSC1 QTL for the number of teats were detected
between markers SJ029 and SWR485 and between markers
SW803 and SW373 in resource populations from different
groups (Beeckmann et al. 2003b; Cassady et al. 2001;
Geldermann et al. 2003; Rohrer et al. 1999; Wada et al.
2000). In the latter region with upper marker S0155 and
peak at marker SW1301, a QTL for the inverted teat defect
was detected in the experimental population in this study.
Comparing the results from different QTL studies, we can
conclude that there might be a number of genes influencing
teat development on SSC1. The relaxin gene (RLN) maps
to SSC1 at position 1928 29, showing association with
the inverted teat defect (Wimmers et al. 2002). RLN
knockout mice were shown to exhibit impaired mammary
development resulting in a phenotype similar to inverted
teats that cannot be suckled by the offspring (Zhao et al.
1999). Another gene involved in teat development is the
estrogen receptor (ESR) gene, in the region 1p24 p25
where a QTL for the number of teats was found (Wada
et al. 2000). The ESR gene is already used as a marker for
the litter size in different porcine populations (Short et al.
1997). Even though no QTL could be detected in com-
mercial families, SSC1 contains candidate genes for the
development of functional teats. By the results of associ-
ation analysis using the marker SW1301 on SSC1, there is
more evidence corroborating this assumption.

QTL for the number of teats were located in the prox-
imal region of SSC2 (Hirooka et al. 2001; Lee et al.
2003a), close to the QTL for inverted teats reported here.
Positional candidate genes are insulin-like growth factor 2
(IGF2) and follicle-stimulating hormone beta (FSHB).
Insulin-like growth factor-2 is a growth factor that medi-
ates prolactin induced in mammary gland development that
shows dose-dependent mitogenic properties on primary
human breast epithelial cells and stroma cells (Hovey et al.
2003; Strange et al. 2002, 2004). The follicle-stimulating
hormone (FSH) is essential for normal reproductive func-
tion in males and females; it is more important for female
than for male fertility (Tapanainen et al. 1997). In another
study it was also found that the FSH gene plays a role in
the morphologic development of the mammary gland
within lactogenesis (McNeilly 1994).

For SSC3 one QTL for the number of teats is published
at 84 cM with an F statistic of 15.78 (Rohrer 2000). In the
resource population a QTL in the same region next to
marker S0164 was detected. The transforming growth
factor alpha (TGFA) gene and the follicle-stimulating
hormone receptor (FSHR) gene map to 3q22 23 and
3q21, respectively (Remy et al. 1995). FSHR mediates
effects of FSH on mammary development. Growth-pro-
moting TGFA and growth-inhibiting TGFB are
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coexpressed in the bovine mammary gland. Higher mRNA
contents of both factors during mammogenesis and invo-
lution may indicate autocrine or paracrine functions for
these growth factors during proliferation and reorganiza-
tion of the mammary tissue (Plath et al. 1997).

On SSC4 a QTL for the inverted teat defect was found in
the commercial population where the thyroid-stimulating
hormone beta (TSHB) gene at 4q21 is a functional and
positional candidate gene. The metabolic hormone TSH is
necessary for alveolar morphogenesis in proliferation and
lactogenesis of the mammary gland. Thyroid hormone, as
well as prolactin, is an important regulator of the functional
development of the mammary gland. A lower level of TSH
in the serum leads to a loss of the ductal growth and a
lower or no proliferation of alveolar tissue (Bhattacharjee
and Vonderhaar 1984; Vonderhaar and Greco 1979).

In studies by Lee et al. (2003b), a QTL for the number
of teats was detected between markers SWR453 and
SW2425 on SSCS. In our study a high NPL value for the
heritable inverted teat defect was detected in the same
region. The insulin-like growth factor-1 (IGFI) gene is
suggested to be a candidate gene for teat development in
pig; however, a microsatellite within /GFI showed no
association with the inverted teat defect in this study.
Another candidate gene, the parathyroid-hormone-like
hormone (PTHLH) gene on SSCS5 is found to be expressed
in the stroma cell of the mammary gland. An overexpres-
sion of PTHLH in transgene mice leads to a mismatch of
the gland and ductal growth in different stages (Dunbar
et al. 2001; Wysolmerski et al. 1994, 1995). It was found
that a C/T nonsynonymous single nucleotide polymor-
phism (S19L) at nucleotide position 375 of the porcine
PTHLH cDNA was associated with the inverted teat defect
(Chomdej 2005; Chomdej et al. 2004).

In this study two significant QTL in different regions on
SSC6 could be detected. The NPL value had its peak in the
DUMI and the commercial population at markers S0220
and S0059, respectively. Furthermore, in both populations
a significant NPL value could be detected at marker S0035.
A QTL for the number of teats was detected in a three-
generation resource population between markers DG93 and
SW1328 with a peak at 171 ¢cM (Cassady et al. 2001). The
result of linkage analysis in this study was partly verified
by the association analysis in both populations.

Our linkage analysis in experimental and commercial
families highlight the telomeric region of SSC6 close to
marker S0035 and the central region close to markers
S0059 and S0220 as regions containing QTL for the
inverted teat defect segregating in both populations. The
comparative map of pig and human indicate synteny of
QTL at marker S0035 with the telomeric g-arm of HSA16.
S0220 and S0059 direct to HSA1 (Meyers et al.2005).
However, whereas the current status of the comparative

map clearly shows correspondence of the genomic region
of S0059 to HSAL, it still has to be proven that S0220 may
also correspond to HSA19. Establishment of this relation-
ship will finally contribute to clarification of whether the
NPL plot peak at S0220 in the DUMI represents the same
QTL as the NPL plot peak at SO059 obtained in the dam
lines. There were several genes already mapped on SSC6
that are involved in the development of the mammary
gland. The TGFB gene at 6ql1 21 (directing to HSA19)
and the leptin receptor (LEPR) gene at 6q33 q35 (directing
to HSA1) are suggested to be candidate genes for teat
development. Leptin receptors have been also appeared in
mammary epithelial cells and it has been suggested that
leptin is involved in the control of the proliferation of both
breast cells (Dundar et al. 2005). Other candidate genes,
such as the wingless-type MMTYV integration site family,
member 4 (WNT4) gene, which plays a part in the early
development of the mammary gland, could be found in the
comparative region between markers S0220 and SW59.
The LIM domain only 4 (LMO4) gene was mapped at
HSA1p22.3; a higher expression of this gene could be
shown to suppress the differentiation of epithelial cells in
mammary gland (Visvader et al. 2001). The impact of the
protein tyrosine phosphatase, receptor-type, F (PTPTF or
LAR) gene was shown in knockout mice, in which female
mice could not deliver milk. LAR-mediated signaling may
have an impact on development and function of the
mammary gland (Schaapveld et al. 1997). Another gene
involved in mammary gland development that mapped
onto HSAI is the fatty acid-binding protein 3 (FABP3 or
MDG]I) gene, also called mammary-derived growth inhib-
itor. It was the first gene identified as a growth inhibitor in
the lactating bovine mammary gland (Bohmer et al. 1987).
In summary, several positional and functional candidate
genes could be identified; further studies need to be done to
identify the exact position of the QTL on SSC6 and com-
pare it to the human genome map to detect the regions with
the highest concordance in these two species.

Several QTL for the number of teats have been found on
SSC7 (Cassady et al. 2001; Wada et al. 2000). A QTL for
the inverted teat defect on 7q25 close to marker SO101 was
detected only in the experimental population. The prolactin
(PRL) gene on 7pll pl2 is a functional candidate gene for
teat characteristics. PRL is involved in different physio-
logic processes and is a key factor for the development of
mammary gland and lactation (Bole-Feysot et al. 1998).
The activity of PRL over its receptor in lactation is
essential for the regulation of the metabolism of the adi-
pose tissue (Ling et al. 2003).

Different QTL for the number of teats were detected on
SSC8, suggesting that there may be different genes
involved in mammary gland development (Beeckmann
et al. 2003a; Cassady et al. 2001; Hirooka et al. 2001;
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King et al. 2003). On SSC8 a QTL with a peak at SW268
was suggested (King et al. 2003). The QTL between
SW1070 and S0144 includes the marker S0086, where in
our study a chromosome-wide significant NPL value was
detected in the commercial crossbreed population (Bee-
ckmann et al. 2003a). A QTL for the number of nipples in
pigs between markers SY23 and SW905 was detected, and
a QTL with a peak at marker SW2410 was detected in the
DUMI population (Cassady et al. 2001). The relaxin
receptor leucin-rich G-protein-coupled receptor 7 (LGR7)
was mapped on HSA4 in the comparative region of SSC8.
LGR7 is likely to be involved in the development of the
mammary gland and is a candidate for the inverted teat
defect, because its ligand showed an association with the
defect (Chomdej 2005; Wimmers et al. 2002). Radiation
hybrid (RH) mapping of LGR7 showed that this gene is
located next to SW368.

QTL for the number of nipples detected on SSC10
include regions between markers SW1708 and SW2067,
between markers SW1991 and SW1626, between markers
SWR1849 and SW2000, and between markers SW1041
and SWO951 (Dragos-Wendrich et al. 2003; Hirooka et al.
2001; Rodriguez et al. 2005; Rohrer 2000). It can be
summarized from these studies that in the region between
markers SWR1849 and SW2067, QTL for the number of
nipples were found. In DUMI population the peak of the
experiment-wide significant NPL value was detected at
marker SW2067 (Table 1). There are no candidate genes
proposed in these studies. The orthologous human genomic
region on chromosome 10 harbors calmodulin-like 3 pro-
tein (CALML3), a protein specifically expressed in
mammary epithelial cells that is regulated during differ-
entiation and might be involved in Ca-dependent pathways
during mammary development (Yaswen et al. 1992).

The QTL with the highest peak at the marker S0386 on
SSCI11 could be confirmed in the commercial families. A
QTL for the number of teats was found with an F value of
3.25 (Cassady et al. 2001). The breast cancer susceptibility
(BRCA2) gene, which is involved in teat development, was
detected on SSC11 (Bignell et al. 1997; Musilova et al.
2000).

QTL for the number of teats were detected in several
experimental populations in different regions of SSC12
(Hirooka et al. 2001; Rodriguez et al. 2005; Yue et al.
2003). The detected region in our own study promotes the
growth hormone as a positional candidate gene for the teat
defect.

Our detected significant and suggestive QTL in the
experimental population on SSC14, 16, and 18 could not be
confirmed in the commercial population. Interestingly,
alleles of most significant markers SO007 on SSC14 were
shown to be significantly and highly significantly associ-
ated with the defect status in both populations.

@ Springer

Only one publication suggests a QTL region on SSCX in
pig (Cepica et al. 2003). The androgen receptor (AR) gene
was mapped to the X chromosome. This gene shows an
association with the number of teats but no association with
the inverted teat defect could be detected (Trakooljul
2004). In the present study no linkage mapping on SSCX
was conducted.

The mothering ability of a sow plays an important role
in the economic efficiency of pig production. Sows cannot
raise more piglets than they have functional teats. The teat
characteristics are used as selection criteria in pig breeding,
with typically a minimum of 12 to 14 functional teats and
no defect teats requested.

To detect the genetic cause of heritable defects, different
approaches can be used. In our study the application of
linkage analysis, which is a priori hypothesis-free, was
chosen. The QTL analysis was performed in different
populations: an experimental population with high defect
incidence to increase the power of this approach, and
commercial populations to confirm results and to evaluate
their relevance for commercial breeding. QTL regions in
overlapping marker intervals or close proximity in both
populations were found on SSC3, SSC4, SSC6, and SSC11.
Further association analysis of each marker separately
provided further evidence of regions being involved in the
phenotype of the inverted teat defect. For some regions
with significant NPL values in both populations or signif-
icant QTL in the DUMI population, significant association
and linkage of different alleles to the defect could be shown
by the family-based association test. However, the genetic
origin of the inverted teat defect has not been detected yet.
Future studies are necessary to detect genes that are
involved in the development of the inverted teat defect.
Combining these results with current attempts to identify
genes expressed during mammary gland development will
facilitate the detection of the causal genes.
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Introduction

Summary

Parathyroid hormone-like hormone gene (PTHLH) and its receptor,
parathyroid hormone/ parathyroid hormone-like hormone receptor 1
(PTHRI), play a role in epithelial mesenchymal interactions during
growth and differentiation of different tissues and anatomic structures,
including teats. Therefore, PTHLH and PTHRI were evaluated as func-
tional candidate genes for their effects on number and shape of teats in
pigs. In particular, focus was on the occurrence and number of inverted
teats, the most frequent and economically relevant teat developmental
defect in pigs. For this purpose, association and linkage of the PTHLH
gene and the PTHRI gene with inverted teat defect and the total num-
ber of teats and inverted teats were studied in an experimental Duroc
and Berlin Miniature pig (DUMI) population. Polymorphism C1819T of
PTHRI was significantly associated with inverted teat phenotype
(p = 0.014), total number of teats (p = 0.047) and was close to signifi-
cance with the number of inverted teats (p = 0.078). Polymorphism
C375T of PTHLH was close to significance with the inverted teat pheno-
type (p = 0.122) and showed no significant association with the total
number of teats (p=0.621) and the number of inverted teats
(p = 0.256) in the DUMI population. Association analyses were also per-
formed for combined effects of PTHLH and PTHRI in order to address
potential interaction, however, revealed no indication of effects of inter-
action. The function, position and the association shown here promote
PTHRI as a candidate gene for number of teats and in particular for
affection by and number of inverted teats.

economically relevant inherited disorder of the
mammary complex in pigs is the inverted teat,

Many dam line breeding programmes in pig popula-
tions focus on udder quality. In particular, the teat
number and functional mammary gland capability
are important selection criteria for increasing the
survival rate of piglets. The most frequent and
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resulting in non-functional teats that cannot be
suckled by the offspring. The defect occurs in com-
mercial pig breeds with frequencies between 7.6%
and 30% (Niggemayer 1993; Brevern et al. 1994;
Mayer & Pirchner 1995; Jonas et al. 2008). Wiesner
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and Willer (1978) considered a complex inheritance
of the liability to develop the defect with the pres-
ence of a major gene and several minor genes caus-
ing this defect. However, the mode of inheritance
and the number of genes involved are still
unknown. Heritability was estimated to be between
0.2 and 0.5 (Mayer 1994). In a Duroc and Berlin
Miniature pig (DUMI) population, 53.6% suffered
from mammary gland abnormalities, 42.2% had
inverted teats and 17.9% showed extra teats (Hardge
et al. 1999).

Parathyroid hormone-like hormone gene (PTHLH)
and the parathyroid hormone/parathyroid hormone-
like hormone receptor 1 (PTHRI) were shown to
regulate epithelial mesenchymal interactions during
the formation of the mammary gland (Foley et al
2001). Therefore, PTHLH and PTHRI are functional
candidate genes for traits related to mammary gland
and teat development. The aim of this study was to
investigate the association and linkage of PTHLH and
PTHRI gene polymorphisms with the inverted teat
defect.

Materials and methods
Animals and phenotypes

Animals (n =313) of an experimental population
based on a reciprocal cross of the DUMI population
were used. At 200 days of age, two investigators of a
team of four trained and skilled persons observed
the phenotypes of the teat traits involved in this
study. The animals were placed on their backs and
teats were evaluated by inspection and palpation.
The numbers of functional and inverted teats were
recorded. Animals without inverted teats were classi-
fied as ‘non-affected” animals while those with at
least one inverted teat were categorized as ‘affected’.

Genotypes

The PTHLH polymorphism analysis was performed
by an allelic discrimination assay (Assays-by-
DesignSM Service; ABI PRISM® 7000; PE Applied
Biosystems, Darmstadt, Germany) using primers
PTHLP-FW: 5-GAGCGTCGCGGTGTTC-3" and PTHLP-
RW: 5-AGCGCCCGCAGGAG-3" for polymerase
chain reaction (PCR) amplification and allele-specific
probes PTHLP-V2: 5’-VIC-CTGAGCTATTCGGTGCC-
TAMRA-3" and PTHLP-M2: 5-FAM-CTGAGCTAT-
TTGGTGCC-TAMRA-3’ for discrimination of either
C or T at nt 375 of PTHLH (GenBank accession
no. AY193782; Chomdej et al. 2004). PTHRI poly-
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morphism analysis was conducted by restriction
fragment length polymorphism assay. To amplify
the region containing a PTHRI single nucleotide
polymorphism (SNP) primers PTHR-F: 5’-GCTATG-
GTCCGATGGTGTCT-3" and PTHR-R: 5’-ACTGTCT-
CCCACTCCTCCTG-3" were used and PCR fragments
were subsequently incubated with the restriction
enzyme Mboll (Fermentas, St. Leon-Rot, Germany)
suitable to discriminate the C and the T alleles at nt
1819 (GenBank accession no. NM 214382; Tetzlaff
et al. 2007). Amplification reactions were conducted
in a final volume of 15 ul, containing 0.5 unit of Taq
DNA polymerase, 0.2 mm of each dNTP, 0.2 um of
each primer, 1x buffer according to the manufac-
turer’s instruction (GeneCraft, Cologne, Germany)
and 50 ng of DNA.

Expression

In order to survey expression of porcine PTHLH and
PTHRI genes in different tissues and organs, quanti-
tative reverse transcriptase PCR (qRT-PCR) was per-
formed using the LightCycler® 480 system (Roche,
Penzberg, Germany). Total RNA was isolated from
epithelial teat tissue, connective teat tissue, liver,
kidney, adrenal gland, spleen, tonsil, lymph node,
muscle, hypothalamus and pituitary from adult pigs
of German Landrace using Tri-Reagent (Sigma, Tauf-
kirchen, Germany) and NucleoSpin® RNA II kit
(Macherey-Nagel, Diiren Germany) including DNase
treatment following the manufacturer’s instructions.
RNA samples were visualized on 1.5% formaldehyde
containing agarose gel to check the integrity and the
concentration was measured by spectrometry with a
NanoDrop® ND-1000 spectrophotometer (PEQLAB).
First-strand ¢cDNA was synthesized from 1 pg of total
RNA using random primers and oligo (dT)13N in the
presence of SuperscriptTM III reverse transcriptase
(Invitrogen, Hamburg, Germany). The primers for
PTHLH, PTHRI and ribosomal protein L32 (RPL32) as

Table 1 Gene specific primers (5" 3") used for porcine PTHLH and
PTHR1 gene amplification in qRT PCR, RPL32 was treated as internal
reference

Primer Annealing  Product size

set Sequence (°C) (bp)

PTHLH GCAAGGAGCAGGAAAAGAAG 64 261
AGAGCAATGGGGAGACAGTT

PTHR TGACCTTCTTCCTTTACTTCCTG 60 178
GCTCTCACACTGACCCACAC

RPL32 AGCCCAAGATCGTCAAAAAG 60 165
TGTTGCTCCCATAACCAATG

© 2009 The Authors
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an internal reference were described in Table 1. The
reactions were performed in a final volume of 12 ul
using 6.0 ul of LightCycler® 480 SYBR Green I Mas-
ter (Roche), 600 nm of each primer and 100 ng of
¢DNA. Amplification conditions were 95°C for
10 min, 40 cycles of 95°C for 15 s, annealing tem-
perature (Table 1) for 10 s and 72°C for 15 s. At the
completion of the amplification protocol, all samples
were subjected to a melting curve to verify the
absence of any non-specific products.

Statistics

In order to evaluate the genes for association and
linkage with total number of teats, number of
inverted teats and the affection status of the Family-
Based Association Test (FBAT) was used in the
experimental DUMI population with the empirical
variance option and the null hypothesis stating ‘no
association, but linkage” (FBAT, http://www.
biostat.harvard.edu/~fbat/default. html). The quanti-
tative association analyses were performed in bi-alle-
lic tests under the condition of an additive genetic
model (Horvath et al. 2001). A statistical evaluation
of the interaction between PTHLH and PTHRI gene
polymorphisms and their influence on inverted teat
trait was executed with LOGISTIC procedure of the
SAS software package 9.1 (Cary, NC, USA) using
father, mother and gender as additional explanatory
variables of interest in the model.

Results
Genotype analysis

Two non-synonymous C>T SNP were detected at
nucleotide position 375 (S19L) of the porcine PTHLH
¢DNA and at nucleotide position 1819 (L556F) of
the porcine PTHRI c¢DNA (Chomdej et al. 2004;
Tetzlaff et al. 2007). Mendelian inheritance of these

Association of porcine PTHLH and PTHR1 with teat traits

polymorphic sites was monitored in individuals of
the experimental DUMI population. The frequencies
of genotype combinations are presented in Table 2.

Expression of porcine PTHLH and PTHR1 genes

The qRT-PCR of 11 tissues including epithelial and
connective teat tissues from adult pigs indicated dif-
ferential expression of porcine PTHLH and PTHRI
genes as shown in Figure 1. The PTHLH gene was
expressed in multiple tissues thereby clearly detect-
able in epithelial and connective teat tissues.
A lower expression was detected in the kidney and
adrenal gland. The expression pattern of PTHRI gene
revealed that liver and kidney were the major sites
of expression. Low abundance was observed in the
muscle and pituitary.

Association with inverted teat trait

Association analyses were first performed separately
for each locus. The results of SNP C375T of PTHLH
and C1819T of PTHR! with inverted teat as the
affection trait are summarized in Table 3. SNP
C1819T of PTHRI gene was significantly associated
with total teat number (p = 0.047), the affection
trait (p = 0.013) and close to significance with total
inverted teat number (p =0.078). SNP C375T of
PTHLH showed no significant association with total
teat number (p =0.621) and total inverted teat
number (p = 0.256) but was close to significance
with inverted teat as the affection trait (p = 0.122).

Discussion

This investigation is the first to attend to association
and linkage of PTHLH and its receptor PTHRI with
the inverted teat defect in pigs. The emergence of
inverted teats depends on insufficient mesenchymal

Table 2 PTHR1 PTHLH genotype combinations at C1819T/C35T and their frequencies in F2 DUMI resource population (n 200)
Genotype combinations
Affection n (%)
PTHR1 cc cc cc CcT CcT CcT T T T
PTHLH cc CT T cC CT T cc CcT T Significance
IT 5 (2.5) 19 (9.5) 3(1.5) 7 (3.5) 18 (9.0) 12 (6.0) 2 (1.0) 6 (3.0) 3(1.5) n.s.
NIT 11 (5.5) 20 (10.0) 10 (5.0) 20 (10.0) 32 (16.0) 10 (5.0) 7 (3.5) 10 (5.0) 5 (2.5) n.s.

IT, affected at least 1 inverted teat observed; NIT, none affected no inverted teat observed; n (%); number and percentage of observed genotype
combinations, combined genotypes of alleles at C1819T and C375T. Abundance of genotype combination was not significantly different between

IT and NIT.

© 2009 The Authors

Journal compilation © 2009 Blackwell Verlag GmbH e J Anim Breed Genet 126 (2009) 237 241

239



Association of porcine PTHLH and PTHR1 with teat traits

S. Tetzlaff et al.

W PTHLH @ PTHR1

1000000
100000

Copy number

10000+
1000 4
100+
104
1 4 i O G = s Tt =I5 - e
1 2 3 4 5 6 7 8 9 10 "

Tissue

Figure 1 Tissue specific expression pattern of PTHLH and PTHRI genes assayed by gRT PCR. Copy number of RPL32 gene was measured to nor
malize for equal RNA amounts.1, epithelial teat tissue; 2, connective teat tissue; 3, liver; 4, kidney; 5, adrenal gland; 6, spleen; 7, tonsil; 8, lymph

node; 9, muscle; 10, hyopthalamus; 11, pituitary.

proliferation at the teat ground during teat develop-
ment. As far as proliferation processes are concerned,
the defect of inverted teats is related to the trait of
the number of teats. The number of teats may also
depend on local signalling between adjacent
embryonic tissues (Jonas et al. 2008). Foley et al.
(2001) elucidated the influence of PTHLH and
PTHRI on the regulative interaction of epithelial
mesenchymal proliferation during the formation of
the mammary gland. Prior experiments with knock-
out mice indicated involvement of PTHLH in the
ontogenesis of a functional mammary gland, because
these mice developed the inverted teat phenotype
(Wysolmerski et al. 1998; Dunbar et al. 2001).
Furthermore, the expression results of both genes in
relevant tissues for the inverted teat defect approved
the results reported in other species (Kong et al.
1994; Kobayashi et al. 2005). Thus, PTHLH and
PTHRI genes were contemplated as functional
positional candidate genes for the inverted teat phe-
notype. Our results for the SNP C1819T in PTHRI
have revealed a significant association and linkage to
teat number as well as occurrence of inverted teats.
However, association with teat number as well as
inverted teat defect and the SNP C375T in PTHLH
could not be verified. Furthermore, the amino acid
exchanges of both SNP were analysed by SIFT (Sort-
ing Intolerant from Tolerant; http://blocks.thcrc.org/
sift/ SIFT. html). SIFT is based on the premise that

Table 3 Association of PTHLH and PTHR1 with the affection by
inverted teats (AF), total number of inverted teats (TIT) and total num
ber of teats (TT) in the DUMI resource population as revealed by FBAT
analysis

Aff T TIT
Marker allele Freq p p p
PTHLH(C375T) C 0.5 0.122 0.621 0.256
PTHR1 (C1819T) C 0.6 0.013 0.047 0.078

important amino acids will be conserved among
sequences in a protein family, so changes at amino
acid conserved in the family should affect protein
function (Ng & Henikoff 2002). Thus, phylogenetic
relationships do not promote functional impact of
the amino acid exchanges. However, the amino acid
exchanges are between polar (serin) and neutral
(leucine) and neutral (leucine) and aromatic (phen-
ylalanine) amino acids, respectively, therefore
impact on structural and biochemical properties of
the proteins cannot be ruled out. For PTHLH, the
polymorphism is located in its signal peptide that
directs post-translational transport. The SNP at nt
1819 of PTHRI 1is located in its intracellular tail,
which is involved in signal transduction. SNP in the
coding regions of the genes are not likely to affect
their expression. Any functional effects have to be
confirmed. When analysing genes of hormones and
their receptors effects of interaction can be expected,
however no interaction between PTHLH and PTHRI
genotypes were observed. That might be because of
the limited number of animals. PTHLH was mapped
slightly distal of quantitative trait loci (QTL) for
number of nipples and the inverted teat defect on
SSC5 (Lee et al. 2003; Chomdej et al. 2004; Rodri-
guez et al. 2005; Jonas et al. 2008), whereas PTHRI
was displayed in close proximity to a QTL for the
inverted teat defect on SSC13 (Tetzlaff et al. 2007;
Jonas et al. 2008). The SNP in PTHRI likely is a mar-
ker in close linkage disequilibrium to a causative
polymorphism affecting the liability for the inverted
teat defect; PTHRI even represents a good candidate
for the causal polymorphism. The SNP of both genes
were found to segregate among pigs of commercial
breeds, German Landrace, Large White, Pietrain,
Hampshire and Duroc, with allele ‘C’ at both SNP
being the prominent one (Chomdej et al. 2004; Tetz-
laff et al. 2007). Effects of both genes on teat pheno-
types but also on other traits will be evaluated in
animals of commercial dam lines in order to further

© 2009 The Authors

240 Journal compilation © 2009 Blackwell Verlag GmbH e J Anim Breed Genet 126 (2009) 237 241



S. Tetzlaff et al.

qualify the genes as functional positional candidate
genes in a gene-assisted selection. Further analyses
of trait association in other populations as well as
functional assays will provide more insight into the
causal nature of the polymorphisms.
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Abstract

The lymphoid enhancer-binding factor-1 (LEF1) belongs to
a family of regulatory proteins that share homology with
the high mobility group protein-1 (HMG1). The LEFT gene is
a mediator in the canonical Wnt-signalling pathway re-
quired for morphogenesis of early mammary gland during
embryogenesis. Here we describe the molecular character-
isation of the porcine LEFT gene and its association with
number of teats and inverted teats in experimental and
commercial populations. The 2357-bp cDNA sequence con-
tains an 1197-bp open reading frame encoding a protein of
398 amino acids. The porcine LEF1 protein shares high iden-
tity with LEF1 in other mammalian species. The LEFT gene
contains 12 exons and maps to pig chromosome 8 (SSC8).
We identified two single nucleotide polymorphisms (SNPs),
a T1351C transition and an A1666C transversion, in the 3’
end of LEF1. Associations of the SNP A1666C with presence
of inverted teats (P < 0.01), total number of teats (P < 0.01)
and total number of inverted teats (P < 0.01) were highly
significant; SNP T1351C showed near significance with total
number of inverted teats (P < 0.1) in the experimental DUMI
population. SNP T1351C was significantly associated with
total number of inverted teats (P = 0.04) and close to sig-
nificance with affected teats (P = 0.06) in commercial popu-

lations. Haplotype analysis confirmed the tendency towards
association with affected teats (P=0.06) in the experimental
DUMI population. The function, position, and associations
shown here promote LEFT as a candidate gene for number
of teats and in particular for presence and number of invert-

ed teats. Copyright © 2009 S. Karger AG, Basel

In dam-line breeding programs for pigs, udder qual-
ity is a selection criterion addressed in order to maintain
and improve mothering ability. In particular, the teat
number and functional mammary gland capability are
important selection criteria for increasing the survival
rate of piglets. The most frequent and economically rel-
evant inherited disorder of the mammary gland in pigs
is the inverted teat, resulting in non-functional teats that
cannot be suckled by the offspring. The defect occurs in
commercial pig breeds with frequencies between 7.6 and

This work was supported by the Federal Ministry of Education and
Research (BMBF) and the Férderverein Biotechnologieforschunge.V.
(FBF) (FUGATO).

KARG E R © 2009 S. Karger AG, Basel
1424-8581/09/1242-0139$26.00/0
Fax +41 61 306 12 34
E-Mail karger@karger.ch

www.karger.com

Accessible online at:
www.karger.com/cgr

Klaus Wimmers

Research Institute for the Biology of Farm Animals, Research Unit

‘Molecular Biology’, Wilhelm-Stahl-Allee 2, DE-18196 Dummerstorf (Germany)
telephone: +49 38208 68700; fax: +49 38208 68702

e-mail: wimmers@fbn-dummerstorf.de



30% (Niggemayer, 1993; Brevern et al., 1994; Mayer and
Pirchner, 1995; Jonas et al., 2008). Several authors con-
sidered a complex inheritance of the liability to develop
the defect with the presence of a major gene and several
minor genes causing this defect in embryonic mammary
gland development (Wiesner and Willer, 1978; Giinther
et al., 1985). However, the mode of inheritance and the
number of genes involved are still unknown. Heritabil-
ity was estimated between 0.2 and 0.5 (Mayer, 1994). In
an experimental Duroc X Berlin Miniature pig (DUMI)
population 53.6% suffered from mammary gland abnor-
malities, 42.2% had inverted teats and 17.9% showed
misplaced teats (Hardge et al., 1999). Embryonic mam-
mary gland development is dependent on reciprocal in-
ductive interactions between the mesenchyme and over-
lying ectoderm (Sakakura et al., 1987; Robinson et al.,
1999; Foley et al., 2001; Pispa and Thesleff, 2003; Boras-
Granic et al., 2006). Signals originating in the mesen-
chyme have been proposed to specify ectodermal cells to
form epithelial mammary placodes (Sakakura, 1987).
Reciprocal signalling from the placodes to the underly-
ing mesenchyme then directs condensation of fibroblasts
that form the mammary mesenchyme. Maintenance of
these reciprocal signals stimulates further proliferation
and differentiation of the placodes resulting in the devel-
opment of the ductal mammary gland (Boras-Granic et
al., 2006).

The lymphoid enhancer-binding factor-1 is one of the
earliest known regulators involved in formation of the
mammary gland (Vangenderen et al., 1994; Mailleux et
al., 2002; Boras-Granic et al., 2006). LEF1 is an architec-
tural protein chaperoning a number of distinct factors
controlling transcription of target genes. In the context
of the canonical Wnt-signalling cascade LEF1-f3-catenin-
containing complexes, resulting in activated transcrip-
tion of Wnt-target genes, replace complexes of LEF1 and
the transcriptional repressors (Behrens et al., 1996; Bo-
ras-Granic et al., 2006).

The canonical Wnt-signalling pathway is important
for placode induction and differentiation of mammary
epithelium (Hennighausen and Robinson, 2001). A role
of Wnt-induced signalling in mammary bud develop-
ment is supported by studies of transgenic mouse em-
bryos (Chu et al., 2004; Veltmaat et al., 2004). During
the early stages of mammary development, LEFI is ex-
pressed in epithelial cells of the mammary bud and is
subsequently induced in the mesenchyme surrounding
each bud during embryogenesis (Foley et al., 2001). In-
duction of LEF1 expression in the mammary mesen-
chyme is dependent on paracrine signalling from the

140 Cytogenet Genome Res 2009;124:139-146

mammary epithelium by the parathyroid hormone-like
hormone and the parathyroid hormone/parathyroid
hormone-like hormone receptor 1 (Foley et al., 2001).
Defective mammopoeisis arises in LEF1-deficient ani-
mals; embryos initially exhibit a reduced number of
mammary buds and aborted development of those that
do form (Vangenderen et al., 1994; Boras-Granic et al,,
2006). Therefore LEFI is a functional candidate gene
for traits related to mammary gland and teat develop-
ment.

The aim of this study was to characterize the porcine
LEFI gene and perform the association and linkage anal-
ysis of identified polymorphisms with the inverted teat
defect.

Materials and methods

The nucleotide sequence reported in this article has been sub-
mitted to GenBank (accession number EU719607).

cDNA characterization

A BLAST search using the human LEFI mRNA sequence
(GenBank accession number NM_016269) identified overlapping
porcine expressed sequence tags (CX063890, BP162088, AJ958238
and AJ957434). These ESTs were concatenated and gene-specific
primers were designed (Table 1). Amplification reactions were
conducted in a final volume of 15 pl, containing 0.5 unit of Taq
DNA polymerase (GeneCraft), 0.2 mM of each dNTP, 0.2 uM of
each primer, 1X reaction buffer (GeneCraft), and 100 ng of liver
cDNA. The cycling protocol was 95°C for 3 min, followed by
40 cycles of 95°C for 30 s, annealing temperature (Table 1) for
30 s and 72°C for 1 min, and a final extension step at 72°C for
5 min. The PCR products were checked on a 1.5% agarose gel, pu-
rified with the NucleoSpin Extract II kit (Macherey-Nagel) and
bi-directionally sequenced using the BigDye Terminator Cycle
Sequencing kit (version 1.1) and an ABI Prism™ 310 Genetic An-
alyzer (Applied Biosystems). The PCR primers described in Ta-
ble 1 were also used for SNP screening in five pig breeds (Duroc,
Hampshire, German Landrace, Pietrain and Berlin Miniature
pig).

Annotation of the LEFI exons on the porcine cDNA sequence
was done using the human and murine LEFI mRNA sequence
(NM_016269, NM_010703) and the Evidence Viewer tool (http://
www.ncbi.nlm.nih.gov/sutils/evv.cgi/) for cDNA - cDNA se-
quence comparisons. Translation of the cDNA sequence and
analysis of the protein sequence were done with the Open Read-
ing Frame Finder tool (http://www.ncbi.nlm.nih.gov/gorf/gorf.
html). Protein sequence alignments were performed with the
MultAlign analysis tool (http://bioinfo.genopole-toulouse.prd.fr/
multalin/multalin.html).

Chromosome localization of the LEF1 gene

The physical mapping of LEFI was performed using the
INRA-University of Minnesota porcine radiation hybrid panel
(IMpRH). The chromosomal assignment was calculated using
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Table 1. Primers used for amplification

of porcine LEFI cDNA in this study Exon P rtimer Sequence (5'-3') élér)lealing Pl;oc?;;t)
se size

1-2 LEF_1 CCTTCCCTTCCAATTCTCCT 60 322
ACCTCGTGTCCGTTGCTC

1-4 LEF 2 GATTACAGAGTGGTCGGGATG 60 491
GTGATGAGGGGAGTGAGAGG

2-7 LEF_3 AACACCCTGATGACGGAAAG 60 515
ATGAGGGATGCCAGTTGTGT

5-10 LEF_4 TGGACAGATTACCCCACCTC 60 536
TTTCTCTCTCTTCCTCTTCTTTTTC

9-12 LEF 5 TTAGCACGGAAGGAAAGACA 60 476
GCAGAGACAGGGGAGGAAAG

12 LEF 6 GCAGCTTTCCTCCCCTGT 60 799

CAATCGTTAGATGACAGTTTGG

the twopoint and multipoint analysis option of the IMpRH map-
ping tool (http://www.toulouse.inra.fr). PCR used for map-
ping was conducted in a total volume of 20 w1 containing 0.5 unit
of Tag DNA polymerase (GeneCraft), 0.2 mM of each dNTP,
0.2 wM of each primer (5"-TGGAAAACGGAGCTCATT-3" and
5'-GCAGAGACAGGGGAGGAAAG-3'), 1X reaction buffer
(Gene-Craft), and 50 ng panel DNA. The PCR protocol consisted
of 95°C for 3 min, followed by 40 cycles of 95°C for 30s, 60°C
for 30 sand 72°C for 1 min, and a final extension step at 72°C for
5 min. The PCR products were visualized on a 2% agarose gel.
Thelinkage map including the LEFI gene was calculated with the
CRIMAP 2.4 software package using the build and twopoint
analysis option (Washington University School of Medicine,
St. Louis, MO, USA) and 19 families (n = 200) of the experimen-
tal DUMI resource population that were segregating at the
SNP A1666C.

Expression

In order to survey differential expression of porcine LEFI gene
quantitative reverse transcription PCR (QRT-PCR) was performed
using the LightCycler 480 system (Roche). Total RNA was iso-
lated from epithelial and connective teat tissue from affected and
unaffected animals (n = 30) of German Landrace in full sib pair
design and additionally from epithelial teat tissue, connective teat
tissue, liver, kidney, adrenal gland, spleen, tonsil, lymph node,
muscle, hypothalamus and pituitary from adult pigs of German
Landrace using Tri-Reagent (Sigma) and NucleoSpin RNA 1I kit
(Macherey-Nagel) including DNase treatment following manu-
facturer’s instructions. RNA samples were visualized on 1.5%
formaldehyde containing agarose gels to check the integrity and
the concentration was measured by spectrometry with a Nano-
Drop ND-1000 spectrophotometer (PEQLAB). First-strand
cDNA was synthesized from 1 pg of total RNA using random
primers and oligo(dT)13 N in the presence of Superscript III re-
verse transcriptase (Invitrogen). The ribosomal protein L32
(RPL32) was treated as an internal reference. Reactions were per-
formed in a final volume of 12 pl using 6.0 pl of LightCycler 480
SYBR Green I Master (Roche), 600 nM of each primer (LEF_up:
5-AAAGACAATCACTGCCAAACC-3', LEF_dw: 5-GCAGA-
CAGAAACGGAGAGGA-3’, RPL_up: 5'-AGCCCAAGATCGT-

Association of LEFI with number of teats
in pigs

CAAAAAG-3" and RPL_dw: 5-TGTTGCTCCCATAACCA-
ATG-3') and 100 ng cDNA. Amplification conditions were 95°C
for 10 min, 40 cycles of 95°C for 15 s, 60°C for 10 s and 72°C for
15 s. At the completion of the amplification protocol, all samples
were subjected to a melting curve to verify the absence of any non-
specific products.

Animals and phenotypes

Animals derived from the ‘DUMTI three generation F2 re-
source population by reciprocal crossing of Berlin Miniature Pig
and Duroc (Hardge et al., 1999). At 200 days of age animals (n =
375) of the DUMI resource population were placed on their backs
and teats were evaluated by inspection and palpation by two in-
vestigators. Numbers of functional and inverted teats were re-
corded. To validate the results obtained in the experimental pop-
ulation, animals of commercial herds (n = 458 animals, compris-
ing 130 full sib families with at least one affected offspring
(n = 147)) were used. Samples of German Landrace and German
Large White pigs as well as their crossbreeds were collected from
a performance test station and the teat traits were recorded in the
slaughterhouse.

Genotyping

The LEFI polymorphism analysis of T1351C was performed
by a Pyrosequencing assay (Pyrosequencing™ Assay Design Soft-
ware; PSQ™HS 96A, Biotage AB) using primers 5'-Biotin-
GACCCCGGGACCTCTTCT-3" and 5'-GCAGTGACCTCAGG-
GTGAAG-3" for PCR amplification and 5-CCATGGAGATG-
GGCC-3' as sequencing primer. LEF] polymorphism A1666C
was detected by restriction fragment length polymorphism assay.
To amplify the region containing LEFI SNP A1666C primers
5-GCAGCTTTCCTCCCCTGT-3" and 5-GCAGACAGAAAC-
GGAGAGGA-3' were used and PCR fragments were subsequent-
ly incubated with the restriction enzyme Eco24I (Fermentas) suit-
able to discriminate the A and the C allele at nucleotide position
1666 and visualized in a 2% agarose gel. Naming of both SNPs
refers to the position in the cDNA sequence of LEFI (GenBank
accession number EU719607).

Cytogenet Genome Res 2009;124:139-146 141



mouse MPQLSG--GGGGGDPELCATDEMIPFKDEGDPQKEKIFAEISHPEEEGDLADIKSSLVNE 58
rat MPQLSG--GGGGGDPELCATDEMIPFKDEGDPQKEKIFAEISHPEEEGDLADIKSSLVNE 58
pig MPQLSGA-GGGGGDPELCATDEMI PFKDEGDPQKEKIFAEISHPEEEGDLADIKSSLVNE 59
human MPQLSGGGGGGGGDPELCATDEMIPFKDEGDPQKEKIFAEISHPEEEGDLADIKSSLVNE 60
kokhkkkk  kkhkkkkkkhkhkkkhhkhkhkkkhhhkkkkhkhkhkkkhkhkkkkkhkhkkkkk Kk kkkk*
mouse SEIIPASNGHEVVRQAPSSQEPYHDKAREHPDEGKHPDGGLYNKGPSYSSYSGYIMMPNM 118
rat SEIIPASNGHEVVGQTQSSQEPYHDKAREHPDDGKHPDGGLYNKGPSYSSYSGYIMMPNM 118
pig SEIIPASNGHEVARQAQSSQESYHDKAREHPDDGKHPDGGLYNKGPSYSSYSGYIMMPNM 119
human SEIIPASNGHEVARQAQTSQEPYHDKAREHPDDGKHPDGGLYNKGPSYSSYSGYIMMPNM 120
KKKk KKK KKKk ke kok k| Kok kR ok ok kK ok ok 1k ok ok kK ok ok kK ok ok K ok ok kK ok ok kK ok Rk Kk
mouse NSDPYMSNGSLSPPIPRTSNKVPVVQPSHAVHPLTPLITYSDEHFSPGSHPSHIPSDVNS 178
rat NSDPYMSNGSLSPPIPRTSNKVPVVQPSHAVHPLTPLITYSDEHFSPGSHPSHIPSEVNP 178
pig NNDPYMSNGSLSPPIPRTSNKVPVVQPSHAVHPLTPLITYSDEHFSPGSHPSHIPSDVNS 179
human NNDPYMSNGSLSPPIPRTSNKVPVVQPSHAVHPLTPLITYSDEHFSPGSHPSHIPSDVNS 180
Kk K Kk ok K Kk ok K Kk ok K Kk ok K Kk kK R Kk R Kk R R Kk R R Kk R R Kk R R Kk R Rk ok kR Kk s k|
mouse KOGMSRHPPAPEIPTFYPLSPGGVGQITPPIGWQGQPVYPITGGFRQPYPSSLSGDTSMS 238
rat KQOGMSRHPPAPEMPTFYPLSPGGVGQITPPLGWQGQPVYPITGGFRQAYPSSLSGDTSMS 238
pig KQGMSRHPPAPEIPTFYPLSPGGVGQITPPLGWQGQPVYPITGGFRQPYPSSLSVDTSMS 239
human KOGMSRHPPAPDIPTFYPLSPGGVGQITPPLGWQGQPVYPITGGFRQPYPSSLSVDTSMS 240
***********: :**‘k*k**‘k***‘k***‘k*k*:***********‘k****‘****** * Kk kK
mouse RESHHMIPGPPGPHTTGIPHPAIVTPQVKQEHPHTDSDLMHVKPQHEQRKEQEPKRPHIK 298
rat REFSHHMIPGPPGPHTTGIPHPAIVTPQVKQEHPHTDSDLMHVKPEHEQRKEQEPKRPHIK 298
pig REFSHHMIPGPPGPHTTGIPHPAIVTPQVKQEHPHTDSDLMHVKPQHEQRKEQEPKRPHIK 299
human RFSHHMIPGPPGPHTTGIPHPAIVTPQVKQEHPHTDSDLMHVKPQHEQRKEQEPKRPHIK 300
KKK K Kk K Kk K Kk kK K ok ok K K Kk K K ok ok K K ok ok K K Kk K Kk kR Rk Kk ok K Rk kK Rk kK R
mouse KPLNAFMLYMKEMRANVVAECTLKESAAINQILGRRWHALSREEQAKYYELARKERQLHM 358
rat KPLNAFMLYMKEMRANVVAECTLKESAAINQILGRRWHALSREEQAKYYELARKERQLHM 358
pig KPLNAFMLYMKEMRANVVAECTLKESAAINQILGRRWHALSREEQAKYYELARKERQLHM 359
human KPLNAFMLYMKEMRANVVAECTLKESAAINQILGRRWHALSREEQAKYYELARKERQLHM 360
Kok ok kkkkkkhkkkkkkkkkkkkkhkkkkkkhkhkkkkkkhkkxkkkkhkkxkkkkkkkkkkkkx*
mouse QLYPGWSARDNYGKKKKRKREKLQESTSGTGPRMTAAYI 397
rat QLYPGWSARDNYGKKKKRKREKLQESTSGTGPRMTAAYI 397
pig QLYPGWSARDNYGKKKKRKREKLQESTSGTGPRMTAAYI 398
human QLYPGWSARDNYGKKKKRKREKLQESASGTGPRMTAAYI 399
R A R L

Fig. 1. Alignment of different mammalian LEF1 proteins. The deduced amino acid sequence of porcine LEF1
is shown aligned to that of human (Homo sapiens, GenBank accession number NP_057353), mouse (Mus mus-
culus, NP_034833) and rat (Rattus norvegicus, NP_569113). The numbers represent the position of the amino
acidsin the respective protein sequences. Asterisks beneath the alignment indicate identical amino acid residues
in all sequences, while colons and dots represent very similar and similar amino acids, respectively.

Statistics

In order to evaluate the genes for association and linkage with
total number of teats, total number of inverted teats, and the af-
fection status, i.e. the presence or absence of inverted teats the
family-based association test was used in the experimental and
the commercial population. Analysis was done for both SNP sep-
arately and for the corresponding haplotypes in the experimental
population applying FBAT and HBAT, accordingly (FBAT, http://
www.biostat.harvard.edu/~fbat/default.html). The quantitative
association analyses were done in bi-allelic tests under the condi-
tion of an additive genetic model (Horvath et al., 2001). Frequen-
cies of genotypes and haplotypes were calculated using Proc

142 Cytogenet Genome Res 2009;124:139-146

‘freq’ and ‘haplotype’ of the SAS software package 9.1 (SAS Insti-
tute, Cary, NC, USA). In the commercial population only SNP
T1351C was segregating.

Results

cDNA and protein characterisation

The LEF1 cDNA is composed of 2357 bp, contains an
1197-bp open reading frame encoding a protein of 398
amino acids with a molecular mass of 44.2 kDa and an
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isoelectric point of 6.9; flanked by a 62-bp-long 5" UTR
and 1098 bp of 3" UTR. Using the human reference cDNA
for cDNA-cDNA sequence comparisons we deduced that
the porcine LEFI gene consists of 12 exons in agreement
with human and murine LEFI exon structure that con-
form perfectly to the GT/AG rule. The deduced amino
acid porcine LEFI sequence displays perfect alignment
with the human, mouse and rat LEFI with 98,98 and 97%
sequence identity, respectively (Fig. 1).

Chromosomal mapping
The LEFI gene was assigned to SSC8 by multipoint

analysis using IMpRH panel (Vector: 1101100011
1100000000 0110000001 0110000010 0000000100
1000011001 0000001000 0011000001 0101000000

0000010100 1100001111 11001100). The results of two-
point analysis suggest the gene is in close proximity to
marker SW1337 (26¢cR; LOD 14.47) presented in Fig. 2.
This assignment was further confirmed by linkage map-
ping of the loci SW2410 (0 cM), S0086 (48.3 cM), LEF1
(87.9 cM), S0144 (114.8 cM) and SW61 (135.3 cM) on the
sex-averaged map of SSC8 (Fig. 2).

Association of LEFI with number of teats
in pigs

Fig. 2. Comparative mapping of Sus scrofa chromosome 8. The RH map (in cR) pro-
vided by INRA Toulouse is compared to the linkage map (in Kosambi cM) obtained
from the F2 DUMI resource population. Position of the LEFI gene is displayed in italic

Fig. 3. Tissue-specific expression pattern of the LEFI gene assayed by qRT-PCR. Copy
€ number of the RPL32 gene was measured to normalize for equal RNA amounts. 1, Epi-
thelial teat tissue; 2, connective teat tissue; 3, liver; 4, kidney; 5, adrenal gland; 6, spleen;
7, tonsil; 8, lymph node; 9, lymphocyte, 10, muscle; 11, hypothalamus; 12, pituitary.

Expression of porcine LEF1 gene

The qRT-PCR of 12 tissues including epithelial and
connective teat tissue from adult pigs indicated differen-
tial expression of LEFI as shown in Fig. 3. The LEFI gene
was expressed in multiple tissues and thereby clearly de-
tectable in epithelial and connective teat tissue. The ex-
pression pattern of LEFI revealed that lymph nodes and
lymphocytes were the major sites of expression. Analysis
of phenotype dependent expression of LEFI yielded no
significant differences in expression in epithelial and
connective teat tissue of affected and unaffected sibs
(Fig. 4).

Genotype analysis

Two SNPs were detected at nucleotide position 1351
(T > C) and at nucleotide position 1666 (A > C) in
the 3’ end of the porcine LEFI cDNA (Table 2). Mende-
lian inheritance of these polymorphic sites was moni-
tored in individuals of the experimental DUMI popula-
tion. The frequencies of haplotypes are presented in Ta-
ble 3.
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Fig. 4. Phenotype-dependent expression pattern of the LEFI gene
assayed by qRT-PCR. Copy number of the RPL32 gene was mea-
sured to normalize for equal RNA amounts. A, Epithelial teat
tissue from unaffected animals; B, epithelial teat tissue from nor-
mal teat of affected animals; C, epithelial teat tissue from inverted
teats; a, connective teat tissue from unaffected animals; b, con-
nective teat tissue from normal teat of affected animals; ¢, con-
nective teat tissue from inverted teats.

Table 2. Association of LEFI gene with inverted teats (Aff), total
number of inverted teats (TIT) and total number of teats (TT) in
the experimental (DUMI) and commercial (COM) population as
revealed by FBAT analysis

Characteristic Popula- Allele Freq Aff(P) TT (P) TIT (P)
(Marker) tion

T1351C DUMI T 0.5 0.45 0.75 <0.1
A1666C DUMI C 04 <0.01 <0.01 <0.01
T1351C COM T 096 0.06 0.31 0.04
A1666C COM A 1.0 n. a. n. a. n. a.

Table 3. LEFI haplotypes at T1351C/A1666C and their frequen-
cies in F2 DUMI resource population (n = 200)

Popula- Affection Haplotypes, n (%)® Signifi-
1 a

tion status c-C C-A T-A cance

DUMI 1T 15(12.0) 41(32.8) 69 (54.8) n.s.

DUMI NIT 15(19.3) 26(34.7) 34 (45.4) n.s.

21T = affected with inverted teat; NIT = unaffected with in-
verted teat.

b n = number of observations; haplotypes, haplotypes of alleles
at T1351Cand C1666A. Abundance of haplotypes for both groups
was not significantly different.
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Association with teat traits

Association analyses were first performed separately
for each locus. SNP A1666C was highly significantly as-
sociated with the presence of inverted teats (P < 0.01),
total number of teats (P < 0.01) and total number of in-
verted teats (P < 0.01); SNP T1351C was close to signifi-
cance for the trait total number of inverted teats (P < 0.1)
in the experimental DUMI population (Table 2). Analy-
sis of the three haplotypes segregating in the experimen-
tal DUMI population confirmed the association with the
presence of inverted teats at P = 0.06 (Table 3). In the
commercial population SNP T1351C was significantly
associated with total number of inverted teats (P = 0.04)
and close to significance with the affected teats (P = 0.06).
SNP A1666C did not segregate in the commercial popu-
lation (Table 2).

Discussion

This investigation is the first to characterize the por-
cine LEFI gene and to demonstrate association and link-
age with the inverted teat defect in the pig. The emer-
gence of inverted teats depends on insufficient mesen-
chymal proliferation at the teat ground during teat
development. As far as proliferation processes are con-
cerned the defect of inverted teats is related to the trait of
number of teats. The number of teats may also depend on
local signalling between adjacent embryonic tissues (Jo-
nas et al., 2008). Boras-Granic et al. (2006) elucidated the
influence of lymphoid enhancer-binding factor-1 on the
regulative interaction of epithelial and mesenchymal
proliferation during the formation of the mammary
gland. Knockout experiments indicated involvement of
LEFI in the ontogenesis of a functional mammary gland,
because LEFI-deficient mice developed a defective mam-
mary gland with a reduced number of mammary buds
and aborted development of those that do form (Vangen-
deren et al., 1994; Boras-Granic et al., 2006). The expres-
sion of the LEFI gene in epithelial and mesenchymal
compartments of the teats, i.e. tissues relevant for the in-
verted teat defect, indicates a functional role of LEFI in
teat development also in pigs and by this confirms the
results reported in other species (Vangenderen et al,
1994; Boras-Granic et al., 2006). Also, very high sequence
similarities of the deduced porcine LEF1 amino acids se-
quence with other mammalian species supports the con-
cept of equivalent biological roles for different regulatory
mechanisms of proliferation during ontogenesis in the
various species (Kratochwil et al., 1996; Eastman and
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Grosschedl 1999). Quantitative trait loci (QTL) for teat
traits on chromosome 8 have been identified by several
authors (Cassadyetal., 2001; Beeckmann et al., 2003; Sato
et al.,, 2006). LEFI was displayed in close proximity to
these QTL and thus is a positional candidate gene. Our
results for the SNP A1666C in the experimental DUMI
population revealed a highly significant association and
linkage to teat number as well as occurrence of inverted
teats. Analysis of the SNP T1351C and the haplotypes
support this finding. Moreover, association of LEFI with
number of inverted teats as well as with presence or ab-
sence of inverted teats could be verified in commercial
dam lines for the segregating SNP T1351C at P = 0.04 and
0.06, respectively. The polymorphisms detected are likely
markers in close linkage to a causative polymorphism af-
fecting teat number and liability for the inverted teat de-
fect. However, the allele frequencies are unfavourable
with regard to the power to unravel association with the
SNP A1666C not segregating and the SNP T1351C show-
ing low frequency in the animals of commercial breeds
investigated. In the experimental DUMI population al-
leles at both SNPs exist at similar frequencies, but highly
significant association was shown only for SNP A1666C
that obviously exhibits consistent linkage phase to a caus-
ative polymorphic site across all families. These different
results enhance the conclusion that different population-
and family-specific effects are due to genetic drift and/or
recombination between the SNPs of the LEFI gene and
the causative polymorphism (Sved, 1971; Du et al., 2007).
Moreover, for complex traits, like liable traits, a single
gene often plays a very small role in a complex interaction
of many genes in a pathway that can perform differently
and promote various regulative measures in different
populations or breeds. Thus various modes of compensa-
tion may be active in different individuals. Comparative
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ABSTRACT

In this study 8 genes of growth factors and their receptors were investigated that are known to
play a significant role in signaling pathways involved in the ontogenetic, but also tumorigenic,
development of breast and mammary glands. Differential expression of FGFR2, GHR, HGF,
HGFR, PDGFA, PDGFRA, PDGFB, and VEGF was analyzed in mesenchymal and epithelial
teat tissue of peripubertal pigs affected and non-affected by the inverted teat defect. Comparisons
were made at the level of affection between samples derived from non-affected animals and
affected animals, including specimens of normal and inverted teats. In addition, comparisons
were made at the level of the teat phenotype with normal teats of non-affected animals vs. either
the normal or the inverted teat of affected animals. All genes tested, except HGFR, showed
significant differential expression at P < 0.05 in either the mesenchymal and/or the epithelial teat
tissue. In general, we observed more pronounced differences when comparing samples obtained
from inverted tissues vs. samples from normal ones. Therefore, results of our study suggest that
gene expression of the growth factors and their receptors associates directly with the teat
phenotype rather than with the affection status of the investigated animals, suggesting that local
processes and tissue-specific compensation by means of differential expression of growth factors

and their receptors are responsible for the development of impaired teat phenotypes.

Key words: expression profile, inherited disorder, inverted teat, pig, QRT-PCR, signaling

pathways
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INTRODUCTION

In pigs a functional mammary gland is an important selection criterion for increasing the
survival rate of piglets. The most relevant inherited disorder of the mammary complex is the
inverted teat, resulting in non-functional teats. The defect occurs in commercial breeds with
frequencies between 7.6 and 30% (Jonas et al., 2008). The emergence of inverted teats depends
on insufficient mesenchymal proliferation at the developing teat ground (Jonas et al., 2008).
Several authors have elucidated the influence of hormones and other genetic factors on the
regulative interaction of epithelial mesenchymal proliferation during the formation of the
mammary gland (Sakakura, 1987; Foley et al., 2001).

Feldman et al. (1993) have argued that mammary development depends on interaction of
mammogenic and lactogenic factors. In particular, growth hormone (GH) and its receptor (GHR)
mediate differentiation and development of the immature mammary gland. Further, the
hepatocyte growth factor (HGF) could be shown as a factor with pleiotropic activities throughout
mammary development, including stimulation of cell proliferation in epithelial cells and their
interaction with mesenchymal cells during embryogenesis (Rosen et al.,1994; Lock et al., 2002).
Platelet derived growth factors (PDGF) and their receptors (PDGFR), vascular endothelial
growth factor (VEGF), belonging to the PDGF/VEGEF signaling superfamily, and fibroblast
growth factors (FGF) and their receptors (FGFR) are important regulators for tissue-tissue
interactions to control proliferation of epithelial and mesenchymal cells during development of
epidermal appendages (Sakakura, 1987; Hovey et al., 2001; Hoch and Soriano, 2003; Eblaghie et
al., 2004).

Transcript abundance of 8 growth factors and receptors known to be relevant for assertive

arrangements in a functional mammary gland were comparatively analyzed in epithelial and
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mesenchymal tissue of normal and inverted teats to provide experimental evidence for their

involvement in the development of the disorder.

MATERIALS AND METHODS
Tissue Collection and RNA Preparation

To collect samples of epithelial and mesenchymal teat tissue, animals of commercial
herds of crossbreeds of German Landrace (GL), German Large White (LW), and Pietrain (Pi x
(GL x LW)) pigs (n 28 animals comprising 14 full sib families with 1 affected and 1 non-
affected litter mate; castrated males of 169 d of age on average) were used. Epithelial and
mesenchymal tissue was gathered from the teat of the non-affected sibling and from a normal
teat and an inverted teat of the affected sibling. On average, affected siblings showed 2.9 (1 to 5)
inverted teats. A total of 84 tissue samples were collected in an experimental slaughterhouse
where 2 persons of the team of inspectors also examined the teat phenotypes by adspection and
palpation of teats at a separate slaughter. Tissue samples were directly frozen in liquid nitrogen
and stored at  80°C.

Total RNA from each tissue was isolated using the Tri-Reagent (Sigma-Aldrich,
Taufkirchen, Germany) and NucleoSpin RNA II kit (Macherey-Nagel, Diiren, Germany)
including DNase treatment. RNA samples were visualized on 1.5% formaldehyde containing
agarose gels to check the integrity, and the concentration was measured by spectrometry with a
NanoDrop ND-1000 spectrophotometer (PEQLAB, Erlangen, Germany). In addition, absence of
DNA contamination was checked using the RNA as a template in a PCR amplifying a fragment
of the glyceraldehydes-3-phosphate dehydrogenase (GAPDH) gene. All RNAs were stored at

80°C until downstream analysis was performed.
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Quantitative Real-Time PCR (qRT-PCR)

In order to survey differential expression of the epithelial and mesenchymal tissue
samples, qRT-PCR was performed using the LightCycler® 480 system (Roche, Mannheim,
Germany). First-strand cDNA was synthesized from 1ug of total RNA using random primers and
oligo d(T) 13VN in the presence of Superscript III reverse transcriptase (Invitrogen, Karlsruhe,
Germany). The ribosomal protein L32 (RPL32) and the general transcription factor IIIC,
polypeptide 2, (GTF3C2) were treated as internal references. Reactions were performed in a final
volume of 12 pL using 6.0 pL of LightCycler 480 SYBR Green I Master (Roche), 600 nM of
each primer (Table 1), and 100 ng of cDNA. Amplification conditions were 95°C for 10 min, 40
cycles of 95°C for 15 sec, annealing (Table 1) for 10 sec, and 72°C for 15 sec. At the completion
of the amplification protocol, all samples were subjected to melting curve analyses and gel
electrophoresis to verify the absence of any non-specific product. PCR products from each of the
respective transcripts were used to generate external standard curves for the calculation of copy
numbers. Normalization for each sample used the geometric means of the relative concentration
of each internal reference gene (RPL32 and GTF3C2). For statistical analysis of qRT-PCR data,
tissue-specific normalized means of transcript abundance levels were compared with Student’s #-
test (paired samples). Differences between tissue samples were considered significant at P < 0.05

(Figures 1 and 2).
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RESULTS

Our investigation was performed on 8 genes using mesenchymal and epithelial tissue
samples from discordant animals of commercial populations. All genes tested, expect HGFR,
showed significant differential expression at P < 0.05 in terms of the inverted teat defect (Figures
1 and 2). In this study, a total of 25 significant differences in expression could be found in
mesenchymal and epithelial tissue. In particular, FGFR2, HGF, PDGFA, PDGFRA, and VEGF
were significantly differentially expressed in mesenchymal tissue of total normal teat (B) and
inverted teat (E); furthermore, FGFR2, HGF, PDGFA, and PDGFRA exhibited significant
differential expression in mesenchymal teat tissue of non-affected sibs (C) in comparison with
inverted teat tissue (E) of the affected sibs; HGF and PDGFRA showed significant differential
expression in normal (D) and inverted (E) mesenchymal teat tissue of the affected animals. A
significant differential expression profile of mesenchymal tissue from affected animals (A)
compared with non-affected animals (C) could be demonstrated for HGF and PDGFA (Figure 1).
Six of our investigated genes showed significant differences of expression in epithelial teat
tissue; HGF, GHR, PDGFA, PDGFRA, and VEGF were significantly differentially expressed in
epithelial tissue of total normal teat (B) and inverted teat (E); furthermore, HGF, PDGFA,
PDGFRA, PDGFB, and VEGF exhibited significant differential expression in epithelial teat
tissue of non-affected sibs (C) in comparison with inverted teat tissue of the affected sibs (E);
HGF and PDGFRA showed significant differential expression in comparison to normal (D) and
inverted epithelial teat tissue (E) from the affected animals. Significant differential expression
between epithelial teat tissue of affected animals (A) and non-affected animals (C) was

demonstrated in the PDGFA gene (Figure 2).
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DISCUSSION

Teat developmental and functional mammary gland capabilities have to be seen as a
result of a complex interaction among multiple factors, signaling pathways, and different cell
types during several major phases of development (Sakakura, 1987; Imagawa et al., 1990; Hovey
et al., 2001). In particular, a number of paracrine growth factors have been proposed to be
involved in teat and mammary gland development. Microarray analyses revealed that signaling
pathways of several growth factors are involved in normal and inverted teat development with
several genes along the signaling pathways showing trait dependent regulation (Figure 3;
manuscript in preparation). The hierarchical superior components of these pathways, the growth
factors and their receptors are not fully covered by the microarray. Here we aimed to quantify the
transcripts of 8 growth factors and growth factor receptors, depending on the affection status of
the organism and the teat phenotype using the more exact and sensitive real-time PCR technique.

Seven of 8 genes addressed here showed differential expression in either the
mesenchymal and/or the epithelial teat tissue. In general, we observed more pronounced
differences when comparing samples obtained from inverted tissues vs. samples from normal
ones. Therefore, results of our study suggest that gene expression of the growth factors and their
receptors associates directly with the teat phenotype rather than with the affection status of the
investigated animals. This indicates that local processes and tissue-specific compensation by
means of differential expression of growth factors and their receptors in the explicit teat are the
main drivers of inverted teat development (Figures 1 and 2). Almost consistently, expression
levels of the transcripts were greater in epithelial and mesenchymal inverted teat tissue than in
normal teat tissue. Greater transcription levels of the growth factors and their receptors may

point to greater differentiation and proliferative activity of inverted teats in the crosstalk between
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both tissue compartments. This may represent compensatory processes taking place in order to
catch up the retarded developmental progress of inverted teats.

FGFR?2 belongs to the family of 4 fibroblast growth factor receptors in mammals. This
gene is known to be expressed during early mammary gland development and plays roles in
regulation of cell proliferation and differentiation in mammary epithelial and mesenchymal cells
(Eblaghie et al., 2004; Kim et al., 2007). Several genes encoding FGF ligands like FGF7 and
FGF10 are known to bind to FGFR?2 as the receptor, which has been reported to be already
expressed in mammary ectoderm (Mailleux et al., 2002). Mouse embryos lacking FGF'10 gene
function fail to develop mammary placodes, suggesting that FGF10 signaling through its
receptor FGFR? is required to initiate development of mammary glands (Mailleux et al., 2002).
The FGFR2 protein consists of an extracellular region, composed of 3 immunglobulin-like
domains, a single hydrophobic membrane-spanning segment, and a cytoplasmatic tyrosine kinase
domain. The extracellular part of the protein interacts with FGF10, starting a cascade of
downstream signals, ultimately influencing the development of mammary glands. The significant
differences in expression between normal vs. inverted mesenchymal teat tissue suggest its
importance for a functional mammary gland not only through development in embryogenesis.
Human FGFR2 maps to a region that is syntenic to the distal arm of SSC14 (Table 2), where a
quantitative trait locus (QTL) for inverted teats was found in an experimental cross population
(Jonas et al., 2008).

The GHR gene encodes a protein that is a transmembrane receptor for growth hormone
and has been found in mammary glands of pigs (Jammes et al., 1991). Binding of growth
hormone to the receptor leads to receptor dimerization and further activation of an intra- and

intercellular transduction pathway for growth and development of the mammary gland (Feldman
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et al., 1993). Feldman et al. (1993) elucidate its central and primary role in mammary gland
development. Growth hormone together with its receptor can act directly on mammary tissue
stimulating cell growth and further the end bud formation (Silberstein and Daniel, 1987). The
position of GHR on SSC16 announced by Chowdhary et al. (1994) fell in the confidence interval
of the QTL for inverted teats in commercial breeds reported by Jonas et al. (2008).

Hepatocyte growth factor is a mesenchymally derived factor with pleiotropic activities
mediated through its HGF receptor. HGF stimulates cell proliferation in a wide range of cellular
targets, including epithelial cells, as well as epithelial-mesenchymal interactions during
embryogenesis (Rosen et al., 1994; Lock et al., 2002). However, it is unclear how the HGF
receptor conducts the signaling pathways leading to its pleiotropic activities. Maroun et al.
(2000) have demonstrated that, for promotion of epithelial morphogenesis, recruitment of the
Gab family of docking proteins (Gabl and Gab2) is necessary, but not sufficient. These proteins
are phosphorylated through tyrosine kinase downstream from the HGF receptor, activated by
HGF. The differential expression of HGF in mesenchymal and epithelial teat tissue (Figures 1
and 2) confirms its role in biological pathways involved in the occurrence of a functional
mammary gland. HGFR gene expression was not found to be different in the investigated teat
tissues. This might indicate that HGFR with its ligands has eminent relevance for distinct
pathways for motility, growth, and/or morphogenesis in various tissues. Local effects at the teat
and mammary gland are regulated on the level of the growth factor, whereas general effects are
determined at the receptor level or more distally. Moreover, the chromosomal assignment of
HGF (Pinton et al., 2000) and HGFR to the proximal region of SSC9 (Table 2) revealed no

allocation to a QTL for teat developmental traits.
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Platelet derived growth factors and their receptors are important regulators of tissue-
tissue interactions to control proliferation of epithelial and mesenchymal cells during embryonic
development of epidermal appendages (Sakakura, 1987; Karlsson et al., 1999; Hoch and Soriano,
2003; Xu et al., 2005). PDGFs have characteristic domains, which include 8 conserved cysteines
that are involved in inter- and intramolecular bonds. The signaling network consists of 4 homo-
or heterodimers of 2 subunit proteins, A-, B-, C- and D-chain. Their receptors are 2 tyrosine
kinases (PDGFRA and PDGFRB) that are able to form homo- or heterodimers after binding of
the PDGF ligand. Different studies suggest that PDGFB has limited function in regulating
organogenesis, whereas PDGFA and its PDGFRA receptor are more broadly required during
embryogenesis (Hoch and Soriano, 2003; Xu et al., 2005). Functionally, PDGFA and PDGFRA
signaling plays an important role in cell proliferation, cell migration, and in regulating epithelial-
mesenchymal interactions during developmental processes (Xu et al., 2005). In addition, Table 2
presents the chromosomal assignment of PDGFA to the distal region of SSC3 and PDGFRA to
SSC8p12, as described in Johansson et al. (1992). This assignment for PDGFA revealed no
allocation to a QTL for teat developmental traits. However, PDGFRA fell in the confidence
interval of QTL for inverted teats and number of teats (Beeckmann et al., 2003; Jonas et al.,
2008). Furthermore, chromosomal assignment by means of published human-porcine
comparative maps allocates PDGFB to the distal region of SSC5 (Table 2). That region exhibits
several QTL for mammary gland capabilities, including a QTL for inverted teats and a QTL for
teat number (Rodriguez et al., 2005; Jonas et al., 2008).

Vascular endothelial growth factor belongs to the PDGF/VEGEF signaling superfamily.
VEGEF is involved in functional development of the mammary gland via the establishment and

maintenance of a vascular supply to support the mammary fat pad and associated epithelial
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proliferation (Hovey et al., 2001; Hoch and Soriano, 2003). VEGF as a glycosylated homodimer
stimulates vascular permeability and promotes cell proliferation through liberation of several
proteases (Hovey et al., 2001). VEGF is assigned to the proximal region of SSC7 (Table 2),
where no QTL for inverted teats is located (Jonas et al., 2008). QTL for teat number were found
close to VEGF on SSC7 (Wada et al., 2000; Sato et al., 20006).

Expression analyses of the porcine transcriptome in terms of teat developmental and functional
mammary gland capabilities revealed a number of functional candidate genes that show specific
differential expression profiles of epithelial and mesenchymal tissue of normal and inverted
teats, which is in line with their known physiological function. It is uncertain to what extent
differences on the RNA level relate to differences in the level of proteins. However, it is
remarkable that our microarray experiments showed trait associated regulation of a significant
number of members of the corresponding signalling pathways. This indicates that the
transcriptional differences described here are associated with transcriptional differences of
downstream members of signalling pathways promoting the biological and physiological
significance of our findings. Moreover, assignment of the growth factors and receptors to QTL
regions for teat developmental and mammary gland capabilities corroborate their candidacy for

the occurrence of the inverted teat defect.
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Table 1. Primers used for qRT-PCR

Gene Sequence 5°-3° Accessionno. T (°C) Size (bp)

FGFR2  for GGATTACAACTCGCCTCTCCT AB271924 62 196
rev. GCTTCCTTGGGCTTCTCTTT

GHR for GAAGACATTTACATCACCACAGAAA NM214254 64 197
rev. ACATAGCCACACGATGAGAGAAAC

GTF3C2' for TTGAAAGCCAAGCCCACTTC CK466410 64 230
rev. GGGGAGGCAGGTCTAAAGGT

HGF for ATGGTACTTGGTGTCATTGTTCCT CU656003 62 183
rev. TTGATGTAAAGAGAGTTGTGTTAATGG

HGFR for CCCACCCTCATTACATCACC EW531089 62 245
rev. TTCTTCCTCATCCATCATTTACAAC

PDGFA  for GCACAGTCAGATCCACAGCA BP439777 62 163
rev. GATGCTTCTCTTCCTCCGAAC

PDGFRA for ACAAGCTGTATCACTGCCTTTGTTT EW193418 62 179
rev. CTTCCTGTCGCGTTAGTTCTC

PDGFB  for CGTCTGTCTCGATGCCTGATT EW082988 62 169
rev. GTCAGTAGAGGAAGAGAGCGATG

RPL32'  for AGCCCAAGATCGTCAAAAG AY550039 62 165
rev. TGTTGCTCCCATAACCAATG

VEGF for GACGAAGGTCTGGAGTGTGTG AF318502 62 157

rev. TTTCTTGCCTCGCTCTATCTT

1
Reference genes.
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Table 2. List of candidate genes, their functions, and chromosomal assignments

Porcine chromosomal

Human chromosomal

Gene Function . :
assignment assignment
FGFR? (fibroblast ~ Early embryonic development SSCl4q HSA10q26
growth factor
receptor 2)
GHR (growth Differentiation and development SSC16ql.3-1.4" HSA5p13
hormone
receptor)
HGF (hepatocyte Cell proliferation, cell-cell interaction ~ SSC9q217 HSA7q21.1
growth factor)
HGFR (hepatocyte  Cell proliferation, cell-cell interaction =~ SSC9q15-21 HSA7q31
growth factor
receptor)
PDGFA (platelet- Regulation of cell proliferation SSC3p HSA7p22.3
derived growth
factor alpha)
PDGFRA (platelet-  Regulation of cell proliferation SSC8p12° HSA4ql1
derived growth
factor receptor
alpha)
PDGFB (platelet- Regulation of cell proliferation SSC5p HSA22q13.1
derived growth
factor beta)
VEGF (vascular Cell proliferation and growth SSC7ql11-13 HSA6p21.3
endothelial
growth factor)
! Chowdhary et al. (1994).
? Pinton et al. (2000).
> Johansson et al. (1992).
17
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Mucleus

Figure 3. Simplified canonical pathways of growth factor signaling involved in the development
of a functional mammary gland: Genes in bold letters are described in this investigation. *
indicates fold change > 1.2; ** indicates regulation significant at P < 0.05 in previous own
microarray experiments. AP1, activator protein 1; C-fos, C-fos protein; C-JUN, C-JUN
transcription factor; CRK, V-CRK sarcoma virus CT10 oncogene homolog; ELK1, member of
ETS oncogene family; ERK1-2, extracellular signal-regulated kinase 1-2; GAB1, GRB2-
associated binding protein 1; GAP, glyceraldehyde-3-phosphate dehydrogenase; GRB2, growth
factor receptor bound protein 2; JAK1-2, Janus tyrosine kinase 1-2; JNK1, Jun N-terminal kinase
1; INKK1, Jun N-terminal kinase kinase 1; MAP4K1, mitogen-activated protein kinase kinase
kinase kinase 1; MEK1-2, mitogen-activated protein kinase kinase 1-2; MEKK 1, mitogen-
activated protein kinase kinase kinase 1; p120, catenin, delta 1; PYK2, pyruvate kinase 2; RAF1,
V-RAF-1 murine leukemia viral oncogene homolog 1;RAS, rat sarcoma viral oncogene
homolog; SHC, SHC (Src homology 2 domain containing) transforming protein 1; SHP1-2,
SHP1-2 containing protein tyrosine phosphatase; SOCS, suppressor of cytokine signaling; SOS-
1, son of sevenless homolog 1; SRF, serum response factor; STAT1-5, signal transducer and
activator of transcription 1-5; TCF, transcription factor.
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basierte Karte kalkuliert. Darauthin erfolgten mittels der Genehunter Software, Version
2.0 Kopplungsanalysen (quantitative trait loci, QTL Analysen) mit chromosomen-
weitem Signifikanzlevel. Der Permutationstest wurde zur weiteren Ermittlung eines
experiment-weiten Signifikanzlevels genutzt. Die Ergebnisse verdeutlichten die
Anwesenheit einer signifikanten QTL Region auf dem Chromosom 6 in der

untersuchten experimentellen als auch in der kommerziellen Population.



