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Abstract
Background: The pH is an important parameter influencing technological quality of pig meat, a trait affected by
environmental and genetic factors. Several quantitative trait loci associated to meat pH are described on PigQTL
database but only two genes influencing this parameter have been so far detected: Ryanodine receptor 1 and
Protein kinase, AMP-activated, gamma 3 non-catalytic subunit. To search for genes influencing meat pH we
analyzed genomic regions with quantitative effect on this trait in order to detect SNPs to use for an association
study.
Results: The expressed sequences mapping on porcine chromosomes 1, 2, 3 in regions associated to pork pH were
searched in silico to find SNPs. 356 out of 617 detected SNPs were used to genotype Italian Large White pigs and
to perform an association analysis with meat pH values recorded in semimembranosus muscle at about 1 hour
(pH1) and 24 hours (pHu) post mortem.
The results of the analysis showed that 5 markers mapping on chromosomes 1 or 3 were associated with pH1 and
10 markers mapping on chromosomes 1 or 2 were associated with pHu. After False Discovery Rate correction only
one SNP mapping on chromosome 2 was confirmed to be associated to pHu. This polymorphism was located in
the 3’UTR of two partly overlapping genes, Deoxyhypusine synthase (DHPS) and WD repeat domain 83 (WDR83).
The overlapping of the 3’UTRs allows the co-regulation of mRNAs stability by a cis-natural antisense transcript
method of regulation. DHPS catalyzes the first step in hypusine formation, a unique amino acid formed by the
posttranslational modification of the protein eukaryotic translation initiation factor 5A in a specific lysine residue.
WDR83 has an important role in the modulation of a cascade of genes involved in cellular hypoxia defense by
intensifying the glycolytic pathway and, theoretically, the meat pH value.
Conclusions: The involvement of the SNP detected in the DHPS/WDR83 genes on meat pH phenotypic variability
and their functional role are suggestive of molecular and biological processes related to glycolysis increase during
post-mortem phase. This finding, after validation, can be applied to identify new biomarkers to be used to improve
pig meat quality.
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Background
Meat pH is an important parameter for the quality assessment of fresh and seasoned meat products [1]. The
pH is also influenced by slaughter procedure as well as
post slaughter carcass management and it is also under
genetic control. Phenotypic variation of meat pH is partially regulated by genes as indicated in the review of [2]
who reported 0.16 as the average heritability value for
pH scored at about 1 hour post mortem (pH1) and 0.21
as the average value for pH recorded at 24 hours post
mortem (pHu). Other researches showed that the heritability of pHu in Large White ranged from 0.29 to 0.45
[3,4]. Up to now only two major genes related to pig meat
pH have been identified: Ryanodine receptor 1 (RYR1)
mapped on Sus scrofa chromosome (SSC) 6 [5] and
Protein kinase, AMP-activated, gamma 3 non-catalytic
subunit (PRKAG3), located on SSC13 [6]. In addition to
these evidences showing an effect of single genes, other research reported significant Quantitative Trail Loci (QTL)
for meat pH in several porcine chromosomes as indicated
in Pig QTL database (PigQTLdb) [7-9].
With the aim of searching genes responsible for QTL
effect on pig meat pH, single nucleotide polymorphisms
(SNPs) detected in the transcribed sequences of coding
genes located on three QTL regions (QTLRs) of SSC1
(60–80 cM), SSC2 (55–66 cM) and SSC3 (42–60 cM),
were utilized to perform an association analysis with
meat pH values.
Results and discussion
SNPs detected in transcribed sequences located within
the selected QTL regions

By multiple alignment of the sequences of the selected
UniGene [10] entries we localised 2409 clusters containing
both mRNAs and ESTs sequences and, after filtering as
described in Methods, we retained 1822 clusters (Table 1).
Table 1 Summary of the steps utilized to identify the
genotyped SNPs
Porcine
chromosome

1

2

3

Total

No of
porcine
UniGene
clusters
whitin QTLR

No of
selected
porcine
UniGene
clusters

No of porcine
UniGene
clusters
containing
SNPs

No of
useful
SNPs
within
QTLR

232

154

23

34

224

157

41

53

331

250

37

54

232

188

35

67

563

444

83

104

425

340

61

35

105

81

2

2

297

208

71

30

2409

1822

353

379

Among them we detected 353 UniGene clusters containing SNPs. On the whole 617 SNPs were found and,
after removing those separated by less than 80 nucleotides,
the remaining ones were 379 that decreased to 356 after
checking their suitability to be used on the GoldenGate
system with a score >0.6 (designability rank = 1).
The position of the selected SNPs was precisely defined
on porcine genome (version 10.2) allowing to align the
location of the studied QTLR, based on the linkage map,
to the physical map (Table 2). On SSC1 the examined region was 106.9-215.8 Mb, on SSC2 the considered segment was 32.7-77.9 Mb, and on SSC3 we analyzed the
region 18.7-62.6 Mb. The SNP markers were placed
within the chromosome regions detected by the search in
PigQTLdb. For the SNP placement we used the currently
most updated pig genomic sequence version 10.2 [11]. By
comparing the physical length of the three chromosome
portions and the number of SNPs detected within each of
them we observed that SNPs are not evenly distributed
because we searched all SNPs present in genes and no selection based or equal distribution was carried out in
order to maintain as much polymorphisms as possible.
The average interval between adjacent polymorphisms is
less than 1 Mb. There are differences among chromosomes with intervals between adjacent SNPs ranging from
0.26 Mb on SSC2 to 0.77 Mb on SSC1. On the whole, the
utilized approach for the detection of SNPs on transcribed
sequences allowed to place approximately two to four
markers for each cM, assuming that 1 cM corresponds, on
average, to a segment of 1.3 Mb. This correspondence was
obtained by comparing the total nucleotide length of
the porcine genome of 3,024,658,544 nt reported on
ENSEMBL web site [12] with the length of the linkage
map reported by [13] represented by 2286 cM. The
marker density of the present research is higher than that
usually adopted in QTL studies based on microsatellite
markers: the number of considered markers overcome the
presence of only two alleles for each SNP compared to
many alleles for each microsatellite marker allowing to define an accurate mapping of the considered regions.

Table 2 Average SNPs distance within each of the three
analyzed QTLRs
Chromosome
1

2

3

QTLR
(cM)
20
(60–80)
11
(55–66)
18
(42–60)

QTLR (Mb)
108.9

SNPs
Average distance
(No) within each QTLR (Mb)
141

0.77

171

0.26

67

0.66

(106.9-215.8)
45.2
(32.7-77.9)
43.9
(18.7-62.6)
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Table 3 Significant markers detected by association analysis with pH1 values using PLINK
SNP (*)
8E_018

Gene symbol

Gene name

Chromosome

KDM3A

lysine-specific demethylase 3A

EPB42 / LOC100525673

E3 ubiquitin-protein ligase UBR1-like

SPINT1

serine peptidase inhibitor, Kunitz type 1

8E_018a
2M_060
2M_059a
2M_040

Mb

3

61.06

P
UNADJ

FDR

0.000837

0.09081

3

61.06

0.000837

0.09081

1

143.13

0.006212

0.352

1

143.13

0.00659

0.352

1

145.62

0.009615

0.352

(*) in this column the laboratory codes of the SNPs identified within UniGene cluster selected are indicated.
UNADJ = nominal P-values.
FDR = P-values after False Discovery Rate correction.

Identification of genes containing SNPs associated with
meat pH

The SNPs detected by the in silico search were used to
identify markers associated with meat pH in the three
genomic regions studied. Results highlighted five
markers significant at a nominal P-value <0.01 for pH1
(Table 3) and ten markers significant at the same nominal P-value for pHu (Table 4).
Out of the five markers associated with pH1 values, two
SNPs detected on the same gene were mapped on SSC3
and three were identified on SSC1. Two of the SNPs
matched two different UniGene clusters but they correspond to the same gene. On the whole, the five SNPs associated to pH1 were detected in three genes that are listed
here from the most significant to the less significant:
KDM3A, EPB42 / LOC100525673, SPINT1. On Table 3
the gene names, their chromosome localization and their
position on the genomic sequence are reported. The
markers associated with pHu values were mapped on

SSC1 and SSC2 and the three most significant located on
chromosome 2. The genes corresponding to the markers
associated to pHu were (from the most significant to the
least significant): DHPS / LOC100519413, Uncharacterized LOC100513647, FARSA / LOC100524304, HERC1,
COL5A3, ACTR10 / LOC100620619, BRD2, TRMT1,
MAN2B1 / LOC100518647. On Table 4 the gene names,
their chromosome localization and their position on the
genomic sequence are reported.
After FDR correction for multiple testing only the
SNP related to pHu that was found in the DHPS gene
remained significant (P = 0.01937).
Using this marker we genotyped the Group 2 of pigs to
analyze the additive effect of the SNP on the studied trait.
The most frequent genotype was the homozygous TT
(228 out of 311 tested pigs) while the frequency of the rarest C allele was 0.15 (Table 5). The TT pigs showed lower
values of pHu than CC and TC animals and the difference
with the other homozygous group (CC) was of 0.13 unit

Table 4 Significant markers detected by association analysis with pHu values using PLINK
SNP (*)

Gene

Gene name

Chromosome

Mb

P
UNADJ

FDR

5E_003

DHPS /
LOC100519413

deoxyhypusine synthase-like

2

66.69

8.926e005

0.01937

5M_105

LOC100513647

uncharacterized LOC100513647

2

65.38

0.001777

0.173

5M_011

FARSA /
LOC100524304

phenylalanyl-tRNA synthetase alpha chain-like

2

66.28

0.002815

0.173

2M_075

HERC1

HECT and RLD domain containing E3 ubiquitin protein ligase family
member 1

1

119.56 0.004006

0.173

5M_006

COL5A3

collagen, type V, alpha 3

2

69.16

0.005301

0.173

3M_020c

ACTR10 /
LOC100620619

actin-related protein 10 homolog

1

208.21 0.007129

0.173

1

208.21 0.008583

0.173

3M_020
5E_019

BRD2

bromodomain containing 2

2

61.87

0.008863

0.173

5M_024

TRMT1

tRNA methyltransferase 1 homolog (S. cerevisiae)

2

66.24

0.00914

0.173

5M_032

MAN2B1 /
LOC100518647

lysosomal alpha-mannosidase-like

2

66.72

0.009565

0.173

(*) in this column the laboratory codes of the SNPs identified within UniGene cluster selected are indicated.
UNADJ = nominal P-values.
FDR = P-values after False Discovery Rate correction.
The P-value significant after FDR correction is indicated in bold.
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Table 5 Association analysis of 5E_003 (DHPS) SNP to pHu
No
311

F
4.71

P
0.010

LSM ± SE
TT (No)

TC (No)

CC (No)

5.731 ± 0.024a (228)

5.808 ± 0.033b (72)

5.866 ± 0.068b (11)

Additive
effect

P
(Add.)

Dominance
effect

0.068 ± 0.034

0.045

NS

a, b: Different superscript letters indicated differences in the estimated pHu values between pairs of genotype class significant at P < 0.05.
F = value of the Fisher test.
P = probability of the Fisher test.
LSM = Leas Square Means.
SE = standard error.
NS = not significant.

of pH (additive effect of 0.065 pHu unit, P < 0.05). In view
of the scarce number of CC genotypes detected (N = 11)
we performed an additional analysis considering together
the TC and CC genotypes. This analysis confirmed the
previous results showing a difference between the TT and
the TC + CC pigs (data not shown; Additional file 1: Table
S1). To detect which part of the total variance of meat
pHu was explained by the significant markers we compared the R2 values obtained by a GLM including the
marker in the model (R2 = 0.18) with those calculated
without the marker in the model (R2 = 0.15). The difference between these two values (0.03) represent the proportion of the variance of pork ultimate pH explained by
the SNP.
Genomic characterization of the most significant SNP
detected

By checking the UniGene cluster in which the SNP was
detected, we found that the gene was Deoxyhypusine
synthase-like (DHPS). The analysis of Sus scrofa 10.2
genomic sequence allowed to found that the polymorphism was located on the ninth and last exon of the gene
within the 3’ untranslated region (3’UTR), nine

nucleotides after the stop codon (Figure 1). The point
mutation detected was located at nucleotide 66,686,842
of the current sequence of porcine chromosome 2
(g.66686842 T > C). This gene is a catalyzer of the first
step of a posttranslational modification characterized by
the transfer of the aminobutyl moiety of polyamine
spermidine to one specific lysine residue of eIF5A precursor, to form an intermediate deoxyhypusine residue [14].
This intermediate product is hydroxylated in a second
reaction by Deoxyhypusine hydroxylase/monooxygenase (DOHH) to obtain Hypusine [Nε-(4-amino-2hydroxybutyl1)-lysine] - eIF5A complex [15,16].
Visualizing the genomic position of DHPS gene using
NCBI MapViewer [17] we observed that its 3’end overlaps part of the 3’UTR of another gene, coded on the
opposite chromosome strand, WD repeat domaincontaining protein 83-like (WDR83 – LOC100519823,
Figure 2). WDR83, called also MORG1 (mitogenactivated protein kinase organizer 1) encodes a member
of the WD-40 protein family and belongs to a modular
scaffold system responsible of the regulation of extracellular signal-regulated kinase (ERK) pathway that has an
important role in the modulation of various cellular

Figure 1 Exon-intron structure of DHPS gene. The position of the detected SNP (g. 66,686,842 T > C) in the 3’ untranslated region present in
exon 9 is indicated in square brackets. The stop codon and the polyadenylation signal are underlined.

Zambonelli et al. BMC Genetics 2013, 14:99
http://www.biomedcentral.com/1471-2156/14/99

Page 5 of 10

Figure 2 Complexity of the region of DHPS and WDR83 genes in pigs. The two genes DHPS and WDR83 are coded on opposite strands of
porcine chromosome 2 between 66.6 and 66.7 Mb of the porcine genomic sequence 10.2. A detail of the overlapping final regions of the two
genes including the 3’UTRs (white rectangles) and the final part of the coding sequences (pale blue rectangles) are enlarged in the red box.

processes, including gene expression, cell growth, cellular differentiation and apoptosis. WDR83 interacts also
with Egl nine homolog 3 gene (EGLN3 also known as
prolyl-hydroxylase domain-containing protein 3, PHD3): an
increase in WDR83 expression activates or stabilizes
the EGLN3 mRNA level [18]. The latter gene, EGLN3, in
normoxic conditions, hydroxylates the product of hypoxiainducible-factor 1 alpha subunit (basic helix-loop-helix transcription factor) gene (HIF1A) allowing the degradation of
HIF1 alpha protein. On the contrary, at lower oxygen concentration WDR83 expression decreases and EGLN3 activity
is reduced with the consequence of a higher stability of

HIF1A mRNA allowing the activation of downstream metabolic processes essentials to reduce the effect of low oxygen
level in tissues [19,20] as angiogenesis, erythropoiesis, increased expression of glycolytic enzymes and glucose transporters to produce more energy (ATP) from anaerobic
glycolysis.
In humans the genes DHPS and WDR83 are included
in the group for which was reported a bidirectional
regulation of mRNA stability by the natural antisense
transcript (NAT) method of regulation. In particular,
WDR83 and DHPS are an example of cis-NAT regulation i.e. the two transcripts are partially overlapping in
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their 3’UTRs, coded in opposite direction by the same
DNA stretch [18]. With this system of regulation the
mRNA expression and proteins levels are regulated concordantly. The NAT method of regulation was identified
in several mammalian genomes [18,21]. NATs principal
functions are related to the regulation of the expression
of sense transcripts, the hybridization with them, and to
influence mRNA transcription or stability [21,22]. Other
roles proposed for NATs are an involvement in DNA
methylation, chromatin modification and mono allelic
expression. Researches concerning these two genes are
often related to cancer biology [18,23,24].
Little is known about the role of these two genes in
tissues like skeletal muscle but a possible involvement
may be related to the hypoxic conditions occurring in
skeletal muscle due to exercise, stress or in post-mortem
phase. Hypoxya is a condition that was reported to be
present in several conditions: in cancers, when tumor
cells grow rapidly their vascular supply become insufficient leading to hypoxia [25,26] but hypoxic condition
occurs also in ischemic cardiac myocytes [27] and in
skeletal muscle under exercise [28] and in post mortem.
The oxygen reduction and the energy deficit of post
mortem phase will lead to acidosis due to the anaerobic
glycolysis increase that will cause a pH decrease. The
complex DHPS/WDR83 is one of the factors modulating
EGLN3 and then HIF1A [18] and the polymorphism
detected on the common part of the 3’UTR of the two
genes may activate this cascade with different efficiency
between alleles to cause pH decline in the skeletal
muscle cells during post-mortem. In order to validate
this hypothesis further researches, aimed to clarify and
verify the link of the mutation found in the 3’UTR of
DHPS/WDR83 genes with meat pH, are needed before
to consider them as functional candidate genes and not
only positional markers for the studied trait.

Conclusions
In the present work we studied QTLRs of 10–20 cM
and detected some hundreds of SNPs that allowed a
more refined analysis of these regions. Applying FDR to
correct for multiple test a SNP found in the 3’UTR of
DHPS/WDR83 overlapping genes was found to be associated with the ultimate pH of pig meat. This was the

unique SNP showing a significant effect on the studied
trait out of the 251 markers used. Nevertheless this result was useful to confirm the localization of the QTL
for meat pH reported in literature and allowed to identify genes putatively regulating pork ultimate pH mapping on the QTL region of SSC2. The identified
association of the detected marker with meat pH could
represent, after confirmation, a new biomarker useful to
improve pig meat quality.

Methods
Animals, phenotypes and DNA extraction

For this study we sampled a pure-bred population of
Italian Large White sib-tested pigs provided by the
National Association of Pig Breeders (Associazione
Nazionale Allevatori Suini, ANAS) [29]. The pigs farmed
at the ANAS genetic station are all tested for the RYR1
gene (Halothane locus) in order to have the boars selected for the genetic improvement program free from
the recessive allele at this locus. For PRKAG3 gene concerns no genetic test were carried out because in the
Italian Large White pig population the negative (dominant) 200Q allele (RN locus) at this locus is not segregating [30]. The animals were reared on the central ANAS
Sib-Test station from about 30 kg live weight to about
155 kg live weight. The nutritive level utilised was quasi
ad libitum, i.e. about 60% of pigs were able to ingest the
entire supplied ration. For the genetic evaluation of a
boar, full sib triplets (two females and one castrated
male) are performance tested. All pigs were slaughtered
after electrical stunning in the same commercial abattoir
during the year 2008 in 11 different days. Using the 356
SNPs detected in the three QTLRs an association analysis (see PLINK analysis below) on 251 pigs, 170 females and 81 castrated males (Group 1) was performed.
The most significant markers were then tested using the
251 animals of Group 1 plus additional 96 samples
obtaining a larger group of 347 samples (231 females
and 116 castrated males). We refer to this enlarged sample as Group 2. The sex distribution of the animals with
a ratio females: castrated males approximately equal to 2
reflects the sex proportion characteristic of the Italian
selection scheme described above.

Table 6 Statistic describing muscle pH1 values measured in semimembranosus muscle recorded in Italian Large White
pigs
Group 1

Group 2

No (*)

Average

SD (**)

Min

Max

No (*)

Average

SD (**)

Min

Max

All

248

6.19

0.27

5.37

6.78

347

6.21

0.27

5.37

6.91

Females

167

6.19

0.29

5.37

6.78

231

6.21

0.28

5.37

6.91

Castrated males

81

6.20

0.22

5.72

6.69

116

6.21

0.23

5.72

6.81

(*) pH1 values are not available for all samples.
(**) SD = standard deviation.
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Table 7 Statistic describing muscle pHu values measured in semimembranosus muscle recorded in Italian Large White
pigs
Group 1

Group 2

No

Average

SD (**)

Min

Max

No (*)

Average

SD (**)

Min

Max

All

251

5.76

0.23

5.40

6.65

313

5.77

0.23

5.24

6.65

Females

170

5.73

0.21

5.40

6.47

209

5.73

0.21

5.24

6.47

Castrated males

81

5.84

0.24

5.50

6.65

104

5.84

0.25

5.43

6.65

(*) pHu values are not available for all samples.
(**) SD = standard deviation.

Samples of semimembranosus muscle were collected at
slaughterhouse from the right ham of the 347 animals
and immediately frozen in liquid nitrogen. Genomic
DNA was extracted from these samples using a standard
protocol [31]. Within about 1 hour post mortem the
meat pH value (pH1) was recorded on the same muscle.
Furthermore, at 24 hours post mortem the ultimate pH
(pHu) was measured. The statistics of the recorded pH
values are reported in Tables 6 and 7.
QTL selection, SNP detection and genotyping

We selected the QTL influencing porcine meat pH by
searching in literature and by browsing the PigQTLdb.
The most relevant QTL and the correspondent genomic
positions were chosen according to these rules: a) significant effect described by different papers and in different swine populations: if a QTL was detected on the
same genomic region using different crossing scheme
and different breeds it should be relevant for the whole
swine species and not limited to a single or few breeds,
b) a relevant part of the phenotypic variance explained
by the QTL. Only three chromosome regions satisfied
both criteria and were selected to be analysed. The extension of the three QTLR we selected was between 11
and 20 cM: SSC1 from 60 to 80 cM, SSC2 from 55 to
66 cM, SSC3 from 42 to 60 cM. A complete list of the
literature utilised for the QTL selection is reported on
Table 8.
Map intervals were defined by searching for the position
of the most significant markers reported in each original
paper in the USDA-MARC linkage map [44] that includes
all available microsatellite and DNA markers so far
analysed. Furthermore, this map is implemented both in
PigQTLdb and in NCBI map viewer. In this way it was
possible to compare the data contained in both websites.
The alignment of porcine and human chromosomes was
first performed using pig and human radiation hybrid
maps using the tool available within PigQTLdb website,
then the aligned regions were visualized using the NCBI
map viewer. The obtained output was used to choose in
each QTLR all expressed sequences (both mRNAs and
expressed sequence tags, ESTs) located in the identified
corresponding genomic regions that were grouped
according to UniGene clusters. The obtained clusters were

filtered to retain only those represented by at least eight
sequences, then putative SNPs were searched in silico by a
multiple alignment of all members of each cluster using
BLASTN [45] with the algorithm MegaBLAST. We
marked as putative SNP a mutation detected in at least
three sequences to avoid inconsistencies due to sequencing errors and also to exclude SNPs with a rare allele.
Moreover, the obtained multiple alignments were manually scored in order to detect those suitable to be analysed
by the high throughput Illumina GoldenGate Genotyping
Assay system [46]. When more than one polymorphism
was detected within each cluster we discarded those closer
more than 80 nucleotides because they were not suitable
to design the probes to be used with this genotyping system. These SNPs were finally scored with the specific
Illumina software to establish the SNP score of each sequence used to calculate the parameter indicated as
designability rank. In this way we obtained a customized
array of new SNPs detected in the transcribed region of
messenger RNAs. Genotyping of 251 samples of Group 1
was carried out by an outsource company (CBM, Cluster
in biomedicine, Trieste, Italy, [47]). Genotypes of the samples included in Group 2 were obtained by High
Resolution Melting (HRM), that is an efficient technique
Table 8 Genetic crosses and bibliographic references
utilized to identify the QTL regions used for this research
Chromosome Breeds

Reference

SSC1

Duroc x Berlin Miniature

[32]

SSC1

Duroc x Pietrain

[33]

SSC2

Meishan x Pietrain

[34]

SSC2

Large White

[35]

SSC2

Duroc x Landrace

[36]

SSC2

Duroc x Pietrain

[37]

SSC2

Duroc x Pietrain

[33]

SSC2

White Duroc x Erhualian resource
population

[38]

SSC2

Commercial crossbred population

[39]

SSC3

Wild Boar x Pietrain

[40]

SSC3

Iberian x Landrace

[41]

SSC3

Duroc x Berlin Miniature

[42]

SSC3

Duroc x Pietrain

[43]
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to determine a genotype using the melting profile of small
amplicons [48,49]. For this aim, primers flanking the polymorphism were designed, to amplify a 181 bp fragment
(For: 5’- GCCCGAAAAGAACGAGGA -3’, Rev: 5’- ACCC
ACTACCAAGGACACAGA -3’). Amplifications were
performed with Rotor-Gene TM 6000 (Corbett Research,
Mortlake, New South Wales, Australia), in a total volume
of 20 μl containing 2 μl of 10× standard buffer, 3 mM
MgCl2, 0.3 μM of each primer, 160 μM dNTP, 1 U
EuroTaq polymerase, 1 U EvaGreen TM (Biotium Inc.,
Hayward, CA, USA) and 50–100 ng of template DNA.
Cycling conditions were: initial denaturation at 95°C for
5 min, 40 cycles of 95°C for 30 s, 56°C for 15 s and 72°C
for 2 min, followed by a final extension step of 72°C for
2 min. Fluorescence was acquired at the end of each extension step to ensure that all reactions reached the plateau
stage. After a holding step at 50°C for 60 s, a HRM analysis
was performed heating the samples from 83 to 88°C, at a
rate of 0.1°C each 4 s, with continuous fluorescence acquisition. The HRM data were analysed by Rotor-Gene TM
6000 software. Fluorescence vs. temperature plots were
normalized by selecting linear regions before and after the
melting transition. Genotypes were determined setting
known genotypes samples as reference and using a reliability threshold of 0.90 for the genotype assignment.
Statistical analyses

The association study including the markers detected within
the analysed QTLRs was performed with PLINK whole genome association analysis toolset [50,51]. The genotypes of
animals belonging to Group 1 were filtered before the association analysis. All markers having a minor allele frequency
below 0.01 (N = 162) were discarded. Furthermore HardyWeinberg equilibrium was tested and four SNPs were
discarded because not in equilibrium (p < =0.01). After filtering, 218 markers and all 251 individuals (Group 1) were
retained. To correct for stratification of the considered
population a clustering method based on an identical by
state (IBS) approach included in PLINK was used. Furthermore, a stratified association analysis was performed using
the Cochran-Mantel-Haenszel test implemented in PLINK.
The significant markers were further assayed for multiple
testing using the False Discovery Rate (FDR) correction
using as significance threshold P < 0.05.
The significant marker detected by PLINK was further
analysed to validate the association between pH values
and the genotypes scored on Group 2 of pigs using the
MIXED procedure of SAS release 9.2 (SAS, Institute
Inc., Cary, NC). The model included genotype of the
analysed markers, sex, and day of slaughter as fixed effects and sire as random effect:
pHu ¼ μþSNPi þ Sexj þ Day k þ Sire þ εijk
where: pHu = ultimate pH; μ = overall mean; SNP = fixed
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effect of each genotype (i = 1–3); Sex = fixed effect of sex
(j = 1,2); Day = fixed effect of day of slaughter (k = 1–11);
Sire = random effect of the sire; ε = residual error.
Finally, the GLM procedure of SAS release 9.2 (SAS,
Institute Inc., Cary, NC) was used to calculate the part
of total variance explained by the SNP (R2). In order
to estimate the proportion of the genetic variance
explained by the analysed SNP we compared the R2 of a
fixed model including genotypes of the marker, sex, and
day of slaughter with a reduced model without genotypes including as fixed effects sex, and day of slaughter.
The difference between the two R2 indicates the total
variance of pork ultimate pH explained only by the SNP.
The first model was:
pHu ¼ μþSNPi þ Sexj þ Day k þ εijk
where: pHu = ultimate pH; μ = overall mean; SNP = fixed
effect of each genotype (i = 1–3); Sex = fixed effect of sex
(j = 1,2); Day = fixed effect of day of slaughter (k = 1–11);
ε = residual error.
The second model was:
pHu ¼ μþSexi þ Day j þ εij
where: pHu = ultimate pH; μ = overall mean; Sex = fixed
effect of sex (i = 1,2); Day = fixed effect of day of slaughter (j = 1–11); ε = residual error.

Additional file
Additional file 1: Table S1. Association analysis of 5E_003 (DHPS) to
pHu SNP performed using two genotype classes.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
PZ performed the in silico and statistical analyses and drafted the manuscript;
MB, LFdP and SB carried out the molecular genetic analysis; LB and MG
contributed providing samples and genetic indexes; LB contributed to the
statistical analyses of the data; VR and RD participated in the design of the
study, coordinated the project and contributed both to draft and to revise
the manuscript. All authors read and approved the final manuscript.
Acknowledgements
This research was supported by project AGER-HEPIGET (grant N. 2011–0279).
Author details
1
Dipartimento di Scienze e Tecnologie Agro-alimentari (DISTAL), Università di
Bologna, Via Fratelli Rosselli, 107, 42123 Reggio Emilia, Italia. 2Consiglio per la
Ricerca e la sperimentazione in Agricoltura, Via Salaria 31, Monterotondo
Scalo, 00015 Roma, Italia. 3Associazione Nazionale Allevatori Suini (ANAS), via
Lazzaro Spallanzani 4/6, 00161 Roma, Italia.
Received: 19 March 2013 Accepted: 20 September 2013
Published: 8 October 2013
References
1. Russo V, Nanni-Costa L: Suitability of pig meat for salting and the production
of quality processed products. Pigs News Inf 1995, 16:17N–26N.

Zambonelli et al. BMC Genetics 2013, 14:99
http://www.biomedcentral.com/1471-2156/14/99

2.

3.

4.

5.

6.

7.
8.
9.

10.
11.

12.
13.
14.

15.

16.

17.
18.

19.

20.
21.

22.

23.

24.

Sellier P: Genetics of meat and carcass traits. In The genetics of the pig.
Edited by Rothschild MF, Ruvinsky A. Oxon (UK): CAB International;
1998:463–510.
Nguyen NH, McPhee CP, Trout GR: Responses in carcass lean pH at 24
hours post-mortem in lines of Large White pigs selected for growth rate
on a fixed ration over a set time. Livest Sci 2006, 100:84–90.
Rosendo A, Druet T, Péry C, Bidanel JP: Correlative responses for carcass
and meat quality traits to selection for ovulation rate or prenatal survival
in French Large White pigs. J Anim Sci 2010, 88:903–911.
Fujii J, Otsu K, Zorzato F, de Leon S, Khanna VK, Weiler JE, O’Brien PJ,
MacLennan DH: Identification of a mutation in porcine ryanodine receptor
associated with malignant hyperthermia. Science 1991, 253:448–451.
Milan D, Jeon JT, Looft C, Amarger V, Robic A, Thelander M, Rogel-Gaillard C,
Paul S, Iannuccelli N, Rask L, Ronne H, Lundström K, Reinsch N, Gellin J, Kalm E,
Roy PL, Chardon P, Andersson L: A mutation in PRKAG3 associated with
excess glycogen content in pig skeletal muscle. Science 2000, 288:1248–1251.
PigQTL database: http://www.animalgenome.org/cgi-bin/QTLdb/SS/index.
Hu Z-L, Reecy J: Animal QTLdb: beyond a repository. Mamm Genome
2007, 18:1–4.
Hu Z-L, Park CA, Fritz ER, Reecy JM: QTLdb: a comprehensive database
tool building bridges between genotypes and phenotypes. In Invited
Lecture with full paper published electronically on the 9th World Congress on
Genetics Applied to Livestock Production. Leipzig, Germany: Gesellschaft für
Tierzuchtwissenschaften e. V. (German Society for Animal Science); 2010.
0017. ISBN 978-3-00-031608-1.
UniGene: http://www.ncbi.nlm.nih.gov/unigene.
Groenen MA, Archibald AL, Uenishi H, Tuggle CK, Takeuchi Y, Rothschild MF,
Rogel-Gaillard C, Park C, Milan D, Megens HJ, Li S, Larkin DM, Kim H, Frantz LA,
Caccamo M, Ahn H, Aken BL, Anselmo A, Anthon C, Auvil L, Badaoui B,
Beattie CW, Bendixen C, Berman D, Blecha F, Blomberg J, Bolund L, Bosse M,
Botti S, Bujie Z, et al: Analyses of pig genomes provide insight into porcine
demography and evolution. Nature 2012, 491:393–398.
ENSEMBL: http://www.ensembl.org/Sus_scrofa/Info/Annotation/#assembly.
Rohrer GA, Alexander LJ, Hu Z, Smith TP, Keele JW, Beattie CW: A
comprehensive map of the porcine genome. Genome Res 1996, 6:371–391.
Park MH, Nishimura K, Zanelli CF, Valentini SR: Functional significance of
eIF5A and its hypusine modification in eukaryotes. Amino Acids
2010, 38:491–500.
Jao DL, Chen KY: Tandem affinity purification revealed the hypusinedependent binding of eukaryotic initiation factor 5A to the translating
80S ribosomal complex. J Cell Biochem 2006, 97:583–598.
Wolff EC, Kang KR, Kim YS, Park MH: Posttranslational synthesis of
hypusine: evolutionary progression and specificity of the hypusine
modification. Amino Acids 2007, 33:341–350.
NCBI MapViever: http://www.ncbi.nlm.nih.gov/projects/mapview/.
Su W-Y, Li J-T, Cui Y, Hong J, Du W, Wang Y-C, Lin Y-W, Xiong H, Wang J-L,
Kong X, Gao Q-Y, Wei L-P, Fang J-Y: Bidirectional regulation between
WDR83 and its natural antisense transcript DHPS in gastric cancer.
Cell Res 2012, 22:1374–1389.
Hopfer U, Hopfer H, Jablonski K, Stahl RA, Wolf G: The novel WD-repeat
protein Morg1 acts as a molecular scaffold for hypoxia-inducible factor
prolyl hydroxylase 3 (PHD3). J Biol Chem 2006, 281:8645–8655.
Boulahbel H, Durán RV, Gottlieb E: Prolyl hydroxylases as regulators of cell
metabolism. Biochem Soc Trans 2009, 37:291–294.
Zhang Y, Liu XS, Liu QR, Wei L: Genome-wide in silico identification and
analysis of cis natural antisense transcripts (cis-NATs) in ten species.
Nucleic Acids Res 2006, 34:3465–3475.
Katayama S, Tomaru Y, Kasukawa T, Waki K, Nakanishi M, Nakamura M,
Nishida H, Yap CC, Suzuki M, Kawai J, Suzuki H, Carninci P, Hayashizaki Y,
Wells C, Frith M, Ravasi T, Pang KC, Hallinan J, Mattick J, Hume DA,
Lipovich L, Batalov S, Engström PG, Mizuno Y, Faghihi MA, Sandelin A,
Chalk AM, Mottagui-Tabar S, Liang Z, Lenhard B, Wahlestedt C,
RIKEN Genome Exploration Research Group, Genome Science Group
(Genome Network Project Core Group), FANTOM Consortium: Antisense
transcription in the mammalian transcriptome. Science 2005,
309:1564–1566.
Rossignol F, Vaché C, Clottes E: Natural antisense transcripts of hypoxiainducible factor 1alpha are detected in different normal and tumour
human tissues. Gene 2002, 299:135–140.
Span PN, Rao JU, Oude Ophuis SBJ, Lenders JWM, Sweep FCGJ, Wesseling P,
Kusters B, van Nederveen FH, de Krijger RR, Hermus ARMM, Timmers HJLM:

Page 9 of 10

25.
26.

27.

28.
29.
30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.
46.
47.

Overexpression of the natural antisense hypoxia-inducible factor-1alpha
transcript is associated with malignant pheochromocytoma/
paraganglioma. Endocr Relat Cancer 2011, 18:323–331.
Gourley M, Williamson JS: Angiogenesis: new targets for the development
of anticancer chemotherapies. Curr Pharm Des 2000, 6:417–439.
Griffioen AW, Molema G: Angiogenesis: potentials for pharmacologic
intervention in the treatment of cancer, cardiovascular diseases, and
chronic inflammation. Pharmacol Rev 2000, 52:237–268.
Graham RM, Frazier DP, Thompson JW, Haliko S, Li H, Wasserlauf BJ,
Spiga M-G, Bishopric NH, Webster KA: A unique pathway of cardiac myocyte
death caused by hypoxia-acidosis. J Exp Biol 2004, 207:3189–3200.
Wagner PD: Skeletal muscle angiogenesis. A possible role for hypoxia.
Adv Exp Med Biol 2001, 502:21–38.
National Association of Pig Breeders: (Associazione Nazionale Allevatori
Suini). http://www.anas.it.
Fontanesi L, Davoli R, Nanni Costa L, Scotti E, Russo V: Study of candidate
genes for glycolytic potential of porcine skeletal muscle: identification
and analysis of mutations, linkage and physical mapping and association
with meat quality traits in pigs. Cytogenet Genome Res 2003, 102:145–151.
Sambrook J, Fritschi EF, Maniatis T: Molecular cloning: a laboratory manual.
New York: Cold Spring Harbor Laboratory Press; 1989.
Ponsuksili S, Chomdej S, Murani E, Bläser U, Schreinemachers H-J,
Schellander K, Wimmers K: SNP detection and genetic mapping of
porcine genes encoding enzymes in hepatic metabolic pathways and
evaluation of linkage with carcass traits. Anim Genet 2005, 36:477–483.
Liu G, Jennen DGJ, Tholen E, Juengst H, Kleinwächter T, Hölker M, Tesfaye D,
Un G, Schreinemachers H-J, Murani E, Ponsuksili S, Kim J-J, Schellander K,
Wimmers K: A genome scan reveals QTL for growth, fatness, leanness and
meat quality in a Duroc-Pietrain resource population. Anim Genet 2007,
38:241–252.
Lee SS, Chen Y, Moran C, Cepica S, Reiner G, Bartenschlager H, Moser G,
Geldermann H: Linkage and QTL mapping for Sus scrofa chromosome 2.
J Anim Breed Genet 2003, 120:11–19.
de Koning DJ, Pong-Wong R, Varona L, Evans GJ, Giuffra E, Sanchez A,
Plastow G, Noguera JL, Andersson L, Haley CS: Full pedigree quantitative
trait locus analysis in commercial pigs using variance components.
J Anim Sci 2003, 81:2155–2163.
Rohrer GA, Thallman RM, Shackelford S, Wheeler T, Koohmaraie M: A
genome scan for loci affecting pork quality in a Duroc-Landrace F
population. Anim Genet 2006, 37:17–27.
Jennen DGJ, Brings AD, Liu G, Jüngst H, Tholen E, Jonas E, Tesfaye D,
Schellander K, Phatsara C: Genetic aspects concerning drip loss and
water-holding capacity of porcine meat. J Anim Breed Genet
2007, 124(Suppl 1):2–11.
Duan YY, Ma JW, Yuan F, Huang LB, Yang KX, Xie JP, Wu GZ, Huang LS:
Genome-wide identification of quantitative trait loci for pork
temperature, pH decline, and glycolytic potential in a large-scale White
Duroc x Chinese Erhualian resource population. J Anim Sci 2009, 87:9–16.
Heuven HCM, van Wijk RHJ, Dibbits B, van Kampen TA, Knol EF, Bovenhuis
H: Mapping carcass and meat quality QTL on Sus Scrofa chromosome 2
in commercial finishing pigs. Genet Sel Evol 2009, 41:4.
Beeckmann P, Schröffel J, Moser G, Bartenschlager H, Reiner G,
Geldermann H: Linkage and QTL mapping for Sus scrofa chromosome 3.
J Anim Breed Genet 2003, 120:20–27.
Ovilo C, Clop A, Noguera JL, Oliver MA, Barragán C, Rodriguez C, Silió L,
Toro MA, Coll A, Folch JM, Sánchez A, Babot D, Varona L, Pérez-Enciso M:
Quantitative trait locus mapping for meat quality traits in an Iberian x
Landrace F2 pig population. J Anim Sci 2002, 80:2801–2808.
Wimmers K, Murani E, Schellander K, Ponsuksili S: Combining QTL- and
expression-analysis: identification of functional positional candidate
genes for meat quality and carcass traits. Arch Tierz 2005, 48:23–31.
Edwards DB, Ernst CW, Raney NE, Doumit ME, Hoge MD, Bates RO:
Quantitative trait locus mapping in an F2 Duroc x Pietrain resource
population: II. Carcass and meat quality traits. J Anim Sci 2008,
86:254–266.
USDA-MARC linkage map: http://www.ncbi.nlm.nih.gov/projects/mapview/
maps.cgi?TAXID=9823&MAPS=MARC.
BLASTN: http://blast.ncbi.nlm.nih.gov/.
Illumina GoldenGate Genotyping Assay system: http://www.illumina.com/
technology/goldengate_genotyping_assay.ilmn.
CBM, Cluster in biomedicine, Trieste, Italy: http://www.cbm.fvg.it/.

Zambonelli et al. BMC Genetics 2013, 14:99
http://www.biomedcentral.com/1471-2156/14/99

Page 10 of 10

48. Wittwer CT, Reed GH, Gundry CN, Vandersteen JG, Pryor RJ: High-resolution
genotyping by amplicon melting analysis using LCGreen. Clin Chem 2003,
49:853–860.
49. Liew M, Pryor R, Palais R, Meadows C, Erali M, Lyon E: Genotyping of
single-nucleotide polymorphisms by high-resolution melting of small
amplicons. Clin Chem 2004, 50:1156–1164.
50. PLINK whole genome association analysis toolset: http://pngu.mgh.
harvard.edu/~purcell/plink/.
51. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D, Maller J,
Sklar P, de Bakker PIW, Daly MJ, Sham PC: PLINK: a tool set for whole-genome
association and population-based linkage analyses. Am J Hum Genet
2007, 81:559–575.
doi:10.1186/1471-2156-14-99
Cite this article as: Zambonelli et al.: SNPs detection in DHPS-WDR83
overlapping genes mapping on porcine chromosome 2 in a QTL region
for meat pH. BMC Genetics 2013 14:99.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

