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Highlights

Casertana is an autochthonous pig genetic resource reared in Central-South of Italy.
Tail shape phenotype variability in the breed was investigated in a GWAS.
A single nucleotide polymorphism on porcine chromosome 12 was associated with this trait.

This marker is close to the SRY-box 9 (SOX9) gene that is essential in skeletogenesis.
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Abstract

Casertana is a local pig breed mainly raised in Central-South regions of Italy. Pigs of this breed
are considered the descendants of the ancient Neapolitan population that largely influenced the
constitution of the modern commercial pigs. The pigs of this breed are usually curly-tailed, like
several other domestic pig populations. However, Casertana population shows some variability for
this trait, including animals having straight tail as observed in wild boars. In this study, we run, for
the first time, a genome wide association study (GWAS) comparing the curly tailed (no. = 53) and
straight tailed (no. = 19) Casertana pigs to identify genomic regions associated with the tail shape
phenotype in Sus scrofa. All animals were genotyped with the Illumina PorcineSNP60 BeadChip v.2.
GEMMA software was used in the GWAS for which we were able to correct for stratification in the
analysed cohort. A single nucleotide polymorphism (rs81439488), located on porcine chromosome
12, was significantly associated with the investigated trait. This marker is close to the SRY-box 9
(SOX9) gene that encodes for a transcription factor that is required during sequential steps of the
chondrocyte differentiation pathway, notochord maintenance and skeletogenesis. As the shape of the
tail could be important in relation to the problem of tail biting in pigs, the obtained results might open
new perspectives for defining selection programs answering indirectly animal welfare issues. This
work demonstrated that autochthonous animal genetic resources might be used to disclose genetic

factors affecting peculiar traits by exploiting segregating phenotypes and genetic variability.

Keywords: Animal genetic resource; autochthonous breed; GWAS; morphological trait; SNP; Sus

scrofa.
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1. Introduction

Conservation of animal genetic resources is mainly aimed to preserve genetic diversity and
associated inheritable phenotypes characterizing different populations that might be interesting for
current or future purposes, including potential use in breeding programs. These resources can be also
useful to understand biological mechanisms determining unique phenotypes derived by diversity in
selection pressures or as result of adaptation to environmental and production conditions (Leroy et
al., 2016).

Casertana pigs constitute a local breed mainly raised in Central-South regions of Italy. Pigs of
this breed are considered the descendants of the ancient Neapolitan pig population that largely
influenced the constitution of the modern commercial pig breeds through introgression of blood into
British pig populations during the 19" century (Porter, 1993). Neapolitan pigs were, in turn,
influenced by Asian blood in the late 18" century (Porter, 1993). Casertana is enlisted among the
endangered animal genetic resources as the herd book of this breed accounts for about 100 boars and
sows currently registered (ANAS, 2016). Animals are mainly raised in extensive or semi-extensive
production systems with possible contacts and crossbreeding with European wild boars that could
have contributed, at least in part, to shape their morphological characteristics. Casertana pigs have a
black or grey coat colour, wrinkled skin, forward ears, and usually a typical hairless phenotype. The
pigs of this breed are usually curly-tailed, like several other domestic pig populations. However,
Casertana population shows some variability for this trait, including animals having straight and wavy
tail as in a few other pig breeds and in wild boars.

Domestication in mammals has been a complex and continuous process associated with a series
of changes in the domesticated animals compared to the wild counterparts, derived by selective
breeding of animals showing favourable production and reproduction performances, and increased
docility that indirectly shaped the genome of domesticated populations (Wiener and Wilkinson, 2011;
Larson and Burger, 2013; Carneiro et al., 2014; Wang et al., 2014; Wilkins et al., 2014). Several

morphological features have been also directly or indirectly selected and, in most cases, fixed in
5
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domesticated populations as result of the domestication process (Darwin, 1868). Coat colour is one
of the most common phenotypic traits that has been modified as result of reduced selective pressure
against colours with low fitness in the wild and of aesthetic preferences of the breeders, sometimes
associated with higher production performances (Clutton-Brock, 1999). Among several other
morphological characters, curliness of the tail and shape has been associated with domestication in
mammals (Trut et al., 2009).

The tail is considered an extension of the spinal column usually composed of specifically
shaped vertebrae. Spontaneous curly tail phenotypes in mice have been the matter of studies that
investigated the role of embryonic development in this morphological anomaly (Copp et al., 1988;
van Straaten and Copp, 2001; Ohnishi et al., 2017). Curly tail is also commonly observed in many
dog breeds. Vaysse et al. (2011) compared the genome of dog breeds having curly tails with that of
breeds with straight tails using single nucleotide polymorphisms (SNPs) chip data and identified a
genomic region on chromosome 1 significantly associated with these alternative tail shapes.

In pigs, few studies have been reported on the genetic factors affecting tail shape. A putative
recessive genetic defect known as kinky tail (or flexed or screw tail), derived by fused caudal
vertebrae associated in some cases with other defects, has been described in the mid of the last century
(Nordby, 1934; Donald, 1949; Brooksbank, 1958). It is not known if this defect could be, in some
way, related or not to the normal curling of the tail that is common in domestic pigs. This signature
of domestication, however, seems not fixed in all pig breeds (Porter, 1993) but no systematic study
has been conducted so far, probably because the difficulties in retrieving phenotype information due
to the usual practice of tail docking in most herds.

In this study, we took advantage from the variability of the shape of the tail that we recorded in
the Casertana pig population and run a genome wide association study (GWAS) comparing the
genome of curly-tailed and straight tailed animals to identify genomic regions associated with the tail

shape phenotype in Sus scrofa.
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2. Materials and methods
2.1. Animals

A total of 101 Casertana pigs (of about 7 to 20 months old) from six different farms were
evaluated. Photographic records of each animal were obtained to capture information on the tail shape
in standardized restraining conditions (including a direct evaluation of the personnel on this
phenotype during this phase for the biological sampling) for all animals and after release (Figure 1).
Pigs were classified as follows: 53 (25 males and 28 females) showed the curly tail phenotype; 19
(five males and 14 females) showed the straight tail phenotype; 29 were not classified and excluded
from the study as tail docking, that was practised by the farmers as routine before weaning of the

piglets, prevented the recording of any tail phenotype.

2.2. Genotyping

Hairs (with roots) were collected from the investigated pigs. DNA extraction was carried out
using the Wizard® Genomic DNA Purification kit (Promega Corporation, Madison, WI, USA)
following the manufacturer’s instructions. Genotyping of the extracted DNA was obtained with the
Illumina PorcineSNP60 BeadChip v.2 (Illumina, Inc., San Diego, CA, USA) that interrogated 61,565
SNPs. Single nucleotide polymorphisms were assigned to the Sscrofall.l genome version, as
previously described (Fontanesi et al., 2012). PLINK 1.9 software (Chang et al., 2015) was used to
filter SNPs and genotyping data using the following criteria already used in a similar study (Schiavo
et al.,, 2018): genotyping call rate >0.9, minor allele frequency >0.01 and Hardy-Weinberg

equilibrium P>0.001.

2.3. Data analysis and genome wide association
To evaluate distance relationships among the animals of the investigated cohort,
multidimensional scaling (MDS) was obtained with the PLINK 1.9 software (Chang et al., 2015).

Genome wide association study was carried out by applying the univariate mixed model of GEMMA
7
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(Zhou and Stephens, 2012) that can accommodate the centered relatedness matrix calculated from
SNP genotypes to correct for population stratification in a case and control analysis. The model also
included the farm and the sex as fixed effects. To be able to identify associated markers in this
experiment that included a low number of animals (derived by the fact that the analysed pigs were
almost a complete representation of the whole population of the Casertana breed) and that used a SNP
chip that might originally have an ascertain bias (as local breeds were not used for the selection of
the informative SNPs), the significant threshold was defined at the Pnominal value<5.00E-05 level,
according to the Wellcome Trust Case Control Consortium (2007) and as also applied in several other
GWAS in livestock (e.g. Fontanesi et al., 2012; Sanchez et al., 2014). Genomic inflation factor (A)
and quantile—quantile (Q—Q) plot were obtained with GenABEL (Aulchenko et al., 2007). Gene
annotation information was retrieved from the Sscrofall.1l genome version available at the Ensembl

database (http://www.ensembl.org/Sus_scrofa/Info/Index), release 91.

3. Results and discussion

A recent phenotypic characterization of the endangered Casertana pig population that we
carried out noted several morphological differences among distinct animals of this autochthonous
breed (data not shown). For example, in addition to the hairless or hypotrichotic condition (that is the
characteristic phenotype of the Casertana animals), we already described the presence of haired pigs
in this population and this morphological variability was used for a GWAS that we have recently
reported (Schiavo et al. 2018). Despite a limited number of animals was included in that study, we
were able to identify genomic regions associated with the hairless phenotype, demonstrating that local
animal genetic resources can be used to genetically describe phenotypic variability of simple traits
(Schiavo et al., 2018).

Another morphological trait that is not fixed in this breed is the shape of the tail (Figure 1). Of
the animals for which we could record this phenotype, 26% (19 out of 72) showed a straight tail

without any curls, similarly to the usual shape of wild boars. This shape was clearly different from
8
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the curly tails reported in the remaining investigated pigs (74%). There was no age effect and the two
groups included a comparable number of males and females so that sex did not explain the tail shape
phenotype. In addition, we could exclude the possible effect of the behavioral change of tail posture
on this phenotype (Zonderland et al., 2009). The recording system was based on standardized
conditions and subsequent photographic records of the animals confirmed, at least for the
photographic time point, their assignment to one or to the other group of tail shape phenotype. The
two groups were observed in animals from all six farms. Limited pedigree record prevented the
possibility to evaluate any potential founder effect.

A total of 36,533 autosomal SNPs, mapped to a unique position in the Sscrofall.l genome
version, was used for MDS. The obtained MDS plot showed some structures not well defined in the
analysed pigs that however did not clearly separate the curly and straight tailed Casertana pigs (Figure
2). A stratified sample could be a critical point in GWAS in a very small population where, to some
extent, all animals might be related. Figure S1 reports the genomic inflation factor (1) and Q—Q plot
that did not show any biased test statistic distribution, suggesting that the investigated cohort was
corrected for a possible stratification effect.

Figure 3 reports the Manhattan plot obtained in this GWAS. One significant SNP (P=2.3E-05)
was identified on porcine chromosome 12 (SSC12). This marker indicated as ALGA0064877
(rs81439488 C/A) is located at position 10,301,075 of this chromosome. Allele A of this SNP was
more frequent in the straight tail group (0.17) than in the curly tailed group (0.03).

The complete list of genes annotated around the ALGA0064877 marker (with known functions)
is reported in Table S1. Figure S2 report a screenshot of this SSC12 region retrieved from ENSEMBL
database with the annotated genes. One of the closest gene in this desert chromosome region is the
SRY-box 9 (SOX9) gene (positions 8,641,629-8,647,764, encoded by the -1 strand; actually the closest
upstream gene to the significant SNP), that, according to its function, might be the most plausible
candidate gene, explaining the recorded phenotypic variability. It is well established that the

expression of this gene at the embryonal level marks the onset of cartilage differentiation (Wright et
9
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al., 1995; Healy et al., 1996). SOX9 encodes for a transcription factor that is required during sequential
steps of the chondrocyte differentiation pathway, notochord maintenance and skeletogenesis
(Akiyama et al., 2002; Barrionuevo et al., 2006; Montero et al., 2017). Continued expression of Sox9
in differentiated chondrocytes is essential for subsequent hypertrophy and sustains chondrocyte-
specific survival mechanisms (Ikegami et al., 2011). Although SOX9 seems to be a master gene for
chondrocytes differentiation, the whole region surrounding the marker ALGA0064877 is downstream
closer to a few genes [i.e. potassium voltage-gated channel subfamily J member 2 (KCNJ2), 61169
bp of distance from the SNP; potassium voltage-gated channel subfamily J member 16 (KCNJ16),
147461 bp of distance; mitogen-activated protein kinase kinase 6 (MAP2K®6), 570407 bp of distance].
Alterations in the genes of this region have been also observed to affect the Wnt pathway (Kurth et
al., 2009). Heterozygous mutations within and around human SOX9 cause campomelic dysplasia that
is a malformation syndrome characterized by cartilage derived skeletal structure defects (Foster et
al., 1994; Wagner et al., 1994). These mutations, most of which reduce the level of expression of this
gene, are located upstream spanning a large region (from 50 kb to more than 1 Mb) in which
regulatory elements are present (Wunderle et al., 1998; Bagheri-Fam et al., 2006). Close upstream
mutations produce more severe defects whereas far upstream mutations cause mild defects (Pfeifer
et al., 1999; Velagaleti et al., 2005; Leipoldt et al., 2007). About 40 k SNPs, located between SOX9
and MAP2KG®, are reported in the Sscrofall.l genome version and could be considered for future
studies to identify the causative mutation(s). Among them, 20 are also present in the PorcineSNP60
BeadChip but only ALGA0064877 reached the threshold of significance, probably due to the biased
chip design that might not be able to capture particular haplotype structures of this breed.

Based on these studies in other species it is tempting to suggest a possible regulatory mechanism
affecting SOX9 expression in porcine developing chondrocytes that would, in turn, produce a mild
cartilage/skeletal effect determining the shape of the tail. This hypothesis might be worth of further
investigation starting from a precise characterization of the structure and morphology of the pig tail

with different shapes for which, at present, there is no detailed investigation. Our phenotype records
10



210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

were based only on an external morphological evaluation of the shape of the tail. Furthermore,
analysis of gene expression of SOX9 at different developmental stages should be also carried out to
evaluate the role of this gene in the phenotype observed in pigs.

The results we obtained might have broader impacts than those that would be limited to a simple
morphological characterization. The shape of the tail could be important in relation to the problem of
tail biting in pigs. Tail biting is a widespread behavioral vice with significant animal welfare
implications and economic losses in commercial pig farms (Bracke et al., 2004). A few studies have
established correlations between tail posture and tail biting incidence suggesting limited damages and
related welfare complications with behaviors of the pigs that tended to have a tail posture up that
those with tail posture down (Zonderland et al., 2009; Lahrmann et al., 2018). It would be interesting
to evaluate if pigs with genetically determined curly tails (as a possible adaptation derived by the

domestication process) are less affected by tail biting damages than pigs with straight tails.

4. Conclusions

This work demonstrated that autochthonous animal genetic resources, even constituted by very
small populations, might be used to disclose genetic factors affecting peculiar traits by exploiting
segregating phenotypes and genetic variability. To our knowledge, this is the first study that reported
a frequency distribution of the tail shape phenotype in a pig population. Our results indicated that this
morphological trait is associated with a marker close to an important gene involved in embryonic
development, opening other hypothesis, worth of further investigations. It will be important to
validate the results we obtained in this GWAS in other breeds and populations, including a more
precise anatomical characterization of this trait, to further extend the impact of the results reported in
Casertana pigs. It would be however first needed to know if diversity for this morphological
characteristic is common in commercial pig populations as at present, there is not information on this
aspect, mainly due to the usual practice of tail docking that prevents the recording of this phenotype.

Considering the potential relationship between tail shape and tail biting damages (that, however,
11



236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

remains to be formally demonstrated), it could be possible to envisage practical applications of the
identified marker in selection programs aimed to respond to animal welfare issues. From this study it
emerges that conservation strategies of autochthonous pig genetic resources should take also into
account the preservation of phenotypic variability within populations. Our study represents one of the
few examples of exploitation of animal genetic resources to recover information that might have

potential impacts in commercial populations.
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Figure 1. Tail shape of Casertana pigs: a) curly tail; b) straight tail.
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Figure 2. Multidimensional scaling (MDS) with represented the pigs (dots) included in this study

divided in the two groups of tail shape.
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381  Figure 3. Manhattan plot obtained for the genome wide association study.
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Supplementary material

Figure S1. Quantile—quantile (Q—Q) plot obtained from the genome wide association analysis.
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392

Figure S2. Graphical representation of the annotated genes in the porcine chromosome 12 region
around the ALGAO0064877 (rs81439488 C/A; nucleotide position 10,301,075. The screenshot has

been retrieved from the ENSEMBL database (http://www.ensembl.org/index.html; release 93, July
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393

394

395

Table S1. List of genes annotated in the Sscrofall.1 genome version around the ALGAQ0064877

(rs81439488 C/A; nucleotide position 10,301,075) marker (2 Mbp on both directions) on porcine

chromosome 12.

Position

Gene symbol

Gene name

Role/function?

8,641,629-8,647,764

SOX9

SRY-box 9

The encode protein is
involved in chondrocyte
differentiation and, with
steroidogenic factor 1,
regulates transcription of
the anti-Muellerian
hormone (AMH) gene.
Deficiencies lead to the
skeletal malformation
syndrome campomelic
dysplasia

10,351,715-10,362,244

KCNJ2

potassium voltage-gated
channel subfamily J
member 2

The protein is an integral
membrane protein and
inward-rectifier type
potassium channel. It
probably participates in
establishing action
potential waveform and
excitability of neuronal
and muscle tissues.
Mutations in this gene
have been associated with
Andersen syndrome in
humans, which is
characterized by periodic
paralysis, cardiac
arrhythmias, and
dysmorphic features.

10,393,179-10,448,536

KCNJ16

potassium voltage-gated
channel subfamily J
member 16

Similar to the function of
the previous gene
product. It may act in
fluid and pH balance
regulation.

10,897,104-11,018,943

MAP2K6

mitogen-activated
protein kinase kinase 6

It encodes for a member
of the dual specificity
protein kinase family,
which functions as a
mitogen-activated protein
(MAP) kinase kinase.
MAP kinases, also known
as extracellular signal-
regulated kinases (ERKS),
act as an integration point
for multiple biochemical
signals. This gene is
involved in many cellular
processes such as stress
induced cell cycle arrest,
transcription activation
and apoptosis.

11,018,687-11,152,913

ABCAS

ATP binding cassette
subfamily A member 5

The encode protein is is a
member of the
superfamily of ATP-
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binding cassette (ABC)
transporters. ABC
proteins transport various
molecules across extra-
and intracellular
membranes. lts function
is not well known.

11,169,809-11,211,801 ABCA10 ATP-binding cassette Similar to the previous
(ENSSSCG00000032844) sub-family A member 10 | gene.
11,225,408-11,286,018 ABCAG ATP binding cassette Similar to the previous
subfamily A member 6 gene.
11,295,697-11,359,520 ABCA9 ATP-binding cassette Similar to the previous
sub-family A member 9 gene.
11,374,028-11,447,292 ABCAS8 ATP-binding cassette Similar to the previous
sub-family A member 8 | gene.
11,607,233-11,657,737 FAM20A FAM20A, golgi This gene encodes a
associated secretory protein that is likely
pathway pseudokinase secreted and may
function in
hematopoiesis. A
mutation at this locus has
been associated with
amelogenesis imperfecta
and gingival hyperplasia
syndrome in humans.
11,661,872-11,681,435 PRKAR1A protein kinase CAMP- This gene encodes for
dependent type | one of the regulatory
regulatory subunit alpha | subunits of the kinase
holoenzyme. This protein
was found to be a tissue-
specific extinguisher that
down-regulates the
expression of several
liver genes. Mutations in
this gene cause Carney
complex (CNC) in
humans. Other functions
have been inferred based
on the protein structure.
11,715,274-11,752,377 WIPI1 WD repeat domain, It encodes a WD40 repeat
phosphoinositide protein, which is a key
interacting 1 components of many
essential biologic
functions, by regulating
the assembly of
multiprotein complexes.
11,826,578-11,827,867 ENSSSCG00000034083 Novel gene Not known
11,857,792-11,875,313 SLC16A6 solute carrier family 16 Not well defined.
member 6
11,882,800-11,895,486 AMZ2 archaelysin family The encoded protein is a

metallopeptidase 2

zinc metalloprotease that
displays some activity
against angiotensin-3.
The encoded protein is
inhibited by the
aminopeptidase inhibitor
amastatin, as well as by
the general inhibitors o-
phenanthroline and
batimastat. Defects in this
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gene may be associated
with lung tumorigenesis.

11,922,572-11,966,747 GNA13 G protein subunit alpha Not well defined.
13
11,996,142-12,089,466 RGS9 regulator of G protein This gene encodes a

signaling 9

member of the RGS
family of GTPase
activating proteins that
function in various
signaling pathways by
accelerating the
deactivation of G
proteins. This protein is
anchored to
photoreceptor membranes
in retinal cells and
deactivates G proteins in
the rod and cone
phototransduction
cascades. Mutations in
this gene result in
bradyopsia in humans.

396  !Information has been adapted from the NCBI Gene database (https://www.ncbi.nlm.nih.gov/gene/; August 2018).
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