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Three isoforms of pig PDE4B were cloned and classified as
two forms: PDE4B1 and PDE4B3, which contain UCR1 and
UCR2; and PDE4B2, which contains only UCR2. The amino
acid sequences of each isoform showed good conservation in
human and rat. PDE4B2 is expressed in a wide range of tis-
sues, but PDE4B1 and PDE4B3 are not. Using an informative
SNP for the Iberian x Landrace intercross detected from intron
12, a linkage map was constructed. The location of PDE4B
was estimated at 123.6 cM outside of the QTL-CI (124-128
cM) for IMF. However, the QTL-CI for IMF was reconfirmed
with high significance, and its position was narrowed down to
an interval of 4 cM (the region defined by markers PDE4B and
SW1881). Using radiation hybrid mapping, LEPR, LEPROT,
DNAJC6, AK3L1 and AK3L2 were selected as positional and/or
functional candidates related to the QTL. [BMB reports 2008;
41(6): 466-471]

INTRODUCTION

Quantitative trait loci (QTL) are genomic locations that affect
quantitative trait variations in a population. A major objective
of QTL analysis in livestock is to find genetic markers that can
be implemented in breeding programs via marker-assisted se-
lection or to develop animal models for human genetic
disorders. QTL studies are conducted on several livestock spe-
cies, including cattle, chicken, and sheep (1-3). According to
the Animal QTL Database (http://www.animalgenome.org/
QTLdb/), 1675 QTLs, representing 281 traits that are econom-
ically important in pork production, have been identified
across nearly all chromosomes (4-6). Up to now, 18 QTLs af-
fecting intramuscular fat content (IMF) have been located on
Sus scrofa chromosome (SSC) 2, 4, 6, 7, and X (7). Eleven of
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these QTLs are located on SSC6.

Recently, a fine map of the SSC6q QTL region for body
composition was constructed using multiple generations of an
Iberian x Landrace intercross (8). A QTL for fatness and meat
quality traits, including IMF, exists between positions 125 and
132 cM on SSC6, a region defined by the microsatellite mark-
ers, DG32 and LEPR. In a different study, a gene-based RH
map was constructed with 37 genes and five microsatellites lo-
cated between DG32 and LEPR (9). Furthermore, QTL analysis
was performed using an Iberian x Landrace intercross based
on haplotypes of ACADM, which is located between DG32
and LEPR (10). The confidence interval (Cl) of QTL for IMF
was in the range 129-135 c¢M, and PDE4B was inferred to be
located within this Cl. PDE4B belongs to the PDE4 family,
which specifically hydrolyzes intracellular cAMP. Different
isoforms are produced from this gene by alternative splicing
(11). Each isoform differs by a unique block of amino acids at
the N-terminal end. Spliced isoforms of PDE4B occur in hu-
mans and rats (12, 13). However, there are currently no re-
ports regarding PDE4B isoforms in pigs. Because PDE4B is lo-
cated close to LEPR in the human and mouse genomes, ac-
cording to the GenBank database, this gene could be a posi-
tional candidate for IMF in pigs.

Therefore, we identified porcine PDE4B isoforms and poly-
morphisms for linkage, QTL, and association analyses for fat
deposition traits, mainly backfat thickness (BF) and IMF.

RESULTS AND DISCUSSION

Cloning and characterization of porcine PDE4B isoforms

Three different isoforms were identified by RT-PCR, RACE-
PCR, and sequencing. The PDE4B1 (GenBank accession no.
EU339284) and PDE4B3 (GenBank accession no. EU189937)
long forms contain the upstream conserved region 1 (UCRT)
and UCR2. However, the PDE4B2 (GenBank accession no.
EU339285) short form lacks UCR1 and only contains UCR2
(Fig. 1-A). UCR1 and UCR2 are the regulatory domains that
control the conformation of the catalytic domain (14). The
CcAMP-dependent protein kinase (PKA) consensus motif and
the extracellular-signal-related protein kinase (ERK) consensus
motif (Pro-Xaa-Ser-Pro) are found at the extreme N-terminal
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Fig. 1. Structure of pig PDE4B isoforms (A) and comparison of
the amino acid sequences of PDE4B3 from three species (B). (A)
PDE4B1 and PDE4B3 long forms contain the catalytic domain
and two upstream conserved regions, UCR1 and UCR2. In con-
trast, PDE4B2 short form has the catalytic region and only UCR2.
(B) UCR1 and UCR2 are underlined. The catalytic domain is
shown in bold letters. Upper and lower arrows indicate the PKA
(RRES) and ERK (Pro-Xaa-Ser-Pro) consensus motifs, respectively.
The sequence alignment was performed by Clustal W (29).
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end of UCR1 and within the catalytic domain, respectively
(Fig. 1-B). PKA phosphorylation of a single serine residue in-
creases the activity of the long PDE4B isoforms by about 60%
(15, 16). In addition, phosphorylation of a serine residue in the
ERK motif by ERK reduces its activity (17, 18).

The pig PDE4B1 and PDE4B3 isoforms encode proteins of
736 and 721 amino acids, respectively, which are the same
lengths as the human and rat genes. However, unlike the hu-
man and rat sequences, the porcine PDE4B2 isoform encodes
a protein of 563 amino acids because of the deletion of the
14™ amino acid (serine). Thirty-nine amino acids located in the
upstream region of UCR2 in pigs showed relatively low identi-
ties (89% and 79%) with those of human and rat (data not
shown). The amino acid sequences of these three isoforms
matched 95% to 97% with the human and rat genes (Fig. 1-B).
These high correlations are consistent with previous reports
that PDE4B isoforms are strongly conserved among several
species, including humans and rats (15, 19).

Expression of PDE4B isoforms by RT-PCR

The expression patterns of pig PDE4B isoforms were verified
by RT-PCR using mRNAs isolated from 13 different tissues, in-
cluding fetal tissue (Fig. 2). Different transcription levels were
observed for each isoform. PDE4B2 was expressed in all tis-
sues, with the strongest intensity in the heart, ovary, small in-
testine, and lung. PDE4B1 and PDE4B3 expression was varia-
ble, although they were expressed at similar levels in the fetus.
PDE4B1 was expressed in internal organs, specifically in kid-
ney and lung. However, PDE4B3 was less expressed in heart
and muscle than other tissues. Such differential expression pat-
terns of the spliced isoforms have been reported for several
genes in the PDE4 family, suggesting that they have distinct
functions (20, 21).

SNP detection from pig PDE4B

For SNP identification, the coding regions of each pig PDE4B
isoform and some intronic regions were targeted for Iberian
and Landrace pigs. For the coding region, primers were de-
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Fig. 2. Tissue distribution of the three pig PDE4B isoforms by
RT-PCR. Distribution is shown of amplification products separated
by electrophoresis on a 2% agarose gel for primer sets specific
for PDE4B1, PDE4B2, and PDE4B3. /G-actin was used as a pos-
itive control. Lanes are: 1, brain; 2, heart; 3, liver; 4, ovary; 5,
testis; 6, kidney; 7, small intestine; 8, navel; 9, spleen; 10, lung;
11, skin; 12, fetus; and 13, muscle.
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signed using determined mRNA sequences. With PCR amplifi-
cation and direct sequencing, no SNPs were detected in the
coding regions of PDE4B isoforms. In the next phase, we
searched for SNPs in intronic regions, specifically introns 11,
12, and 13. Ultimately, a unique SNP between lberian and
Landrace pigs was detected in intron 12 (data not shown).

However, PDE4B was located at 123.6 c¢M, outside of the
QTL-CI for IMF. Moreover, in a marker-assisted association
test, there were no statistically significant associations with the
three different BF traits and IMF (data not shown).

Chromosomal localization by RH map

An RH map based on QTL for IMF was previously constructed

Linkage mapping, QTL analysis, and the association study
A SSC6 linkage map was constructed using the SNP in PDE4B,
15 microsatellites, and SNPs in the MC1R, ACADM, and LEPR
with CRIMAP software version 2.4 (Fig. 3). The sex-averaged
map was as follows: MCTR - (12.5) - S0035 - (14.8) - Sw1329 -
(26.5) - Sw1057 - (12.3) - S0087 - (15.8) - Sw1376 - (10.2) -
Sw316 - (7.8) - Sw71-(8.8) - 50228 -(3.0)-DG32-(2.4) -
ACADM - (1.9) - 50121 - (3.1) - PDE4B - (1.3) - LEPR - (3.4) -
SW1881 - (3.4) - DGI3 - (26.8) - SW1324 - (7.3) - Sw2419 -
(3.9) - SW607 (logiq_likelihood = —2199.32). The total length
was 170.3 ¢cM, and the mean distance between markers was
9.4 cM. PDE4B was located at 123.6 cM, which placed it be-
tween ACADM (118.6 cM) and LEPR (124.9 cM).

The QTL analysis and association study were performed us-
ing the intronic SNP in PDE4B. QTLs for all traits used were
detected with high LR scores (Table 1). In addition, confidence
intervals of QTLs for BF1, BF3, and IMF overlapped in a one
cM region (124-125 cM). The confidence interval of the QTL
for IMF was narrow at an interval of 4 cM (124-128 cM).

scored,

with 37 genes, excluding PDE4B (9). Primer sets were de-
signed for PDE4B using sequences analyzed in this study, and
PDE4B and two microsatellite markers, S0721 and SW1887,
were typed using the IMNPRH215000r.d panel (22). With the
scoring results of these three markers and 15 genes previously
a new RH map was
RHMAXLINK program (23) (Fig. 3).

In single QTL analyses, the QTL-CI for IMF was detected at
124-128 cM. LEPR was located at 124.9 cM and was con-
tained within the QTL-CI for IMF. However, SW1881 was lo-
cated outside of QTL-Cl. Moreover, according to the RH map,
only LEPR, DNAJC6, and AK3L1 were between PDE4B and
SW1881. Although the closest gene to AK3L1 is Janus kinase 1
in the NCBI human genome view build 36.1, the distance be-
tween these two genes is about 0.4 Mb. These results suggest
that LEPR, DNAJC6, and AK3L1 are located within the QTL-CI
for IMF. Human and mouse genomic sequences of LEPROT
and AK3L2 are contained within those of LEPR and AK3L1,
respectively. Finally, based on their genomic position, LEPR,

constructed using the

3 Q g\ 5 & § T § — E o § o § % 5
— bl b & pal o N o = = — =3
S 88 B 88 E R HE T HE YRR EERES
. AN % T XN A AT A A A
Linkage : % L f e
1 21 41 61 81 101 . 161 1703
(cM) - Fig. 3. Comparison of the linkage
kY map with the RH map based on QTL
N "'-.‘ for IMF. The linkage map was estab-
g 3 : § 3 o & s lished based on a SNP identified in
~ . —_ . . .
g 92 % g 5 B é & 8 % 5 8 & 3 % 3 B 3 inton 12 of pig PDE4B using
% B ¥ 8 8 8 5 o8 f B B 8 & 8 7 3 g CRIMAP software version 2.4. PDE4B
RH is located at 123.6 cM. The bold bar
map in the linkage map indicates the QTL
(cR) region for IMF (124-128 cM). In the
RH map, constructed by the RHMAX-
SIS TS S S - S BT S S T S S B e LINK program, QTL-Cl contains three
& ¥ 9 B & 5§ 5 5 ¥ § 8§ 8 §F F § %9 genes, LEPR, DNAJC6, and AK3LT.
Table 1. QTL detection on SSC6 by single QTL analysis
Trait LR P Position (CI)* a SE d SE
BF1 58.0 2x10 " 125 (119-127) 0.31 0.04 —0.07 0.05
BF2 70.5 4x10 " 109 (106-113) 0.27 0.03 —0.09 0.04
BF34 83.1 0.0 122 (120-125) 4.35 0.47 —2.14 0.65
IMF 53.7 2x10"° 126 (124-128) 0.25 0.03 —0.17 0.05

* Position is given in cM, with confidence intervals in parentheses.
LR, likelihood ratio test; P, nominal P value; a, additive effect; SE, standard error; d, dominance effect.
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LEPROT, DNAJC6, AK3L1, and AK3L2 are possible positional
candidates related to IMF in pig.

MATERIALS AND METHODS

Amplification and sequencing of pig PDE4B

Total RNA was separately isolated from three tissues (liver,
spleen, and muscle) of the Iberian pig and five tissues (brain,
heart, liver, ovary, and muscle) of the Landrace pig using
Trizol (Gibco BRL, USA). First-strand cDNA synthesis was per-
formed using the Smart™ RACE cDNA Amplification Kit
(Clontech, USA). Three expressed sequence tags (EST) se-
quences were obtained (GenBank accession no. BX925195,
BM083204, and BI1400362) from BLAST searches using the hu-
man PDE4B sequence (GenBank accession no. NM_002600)
in the TGl database (http://compbio.dfci.harvard.edu/tgi/cgi-
bin/tgi/Blast/index.cgi). Two primer sets were designed using
these three EST sequences for the amplification of a nearly full
coding sequence (CDS) as follows: 1F, 5'-ACAGCCAGCGCC-
GAGAATCC-3'; 1R, 5'-GGTAACAAGCGTGTCCGAGG-3'; 2F,
5'-CCTCGGACACGCTTGTTACC-3'; 2R, 5-GCCAGCAAGG-
CAAGTCAACC-3'. All PCR reactions were performed on a
PTC-200 programmable thermal controller (MJ Research, Inc.,
USA). The PCR was carried out in a total volume of 25 plL con-
taining 25 ng of cDNA and 1.5 units of Tag polymerase
(Takara, Japan). A 2 min denaturation step at 94°C was fol-
lowed by 35 cycles (45 s at 94°C, 60 s at 62°C, and 90 s at
72°C) and a final extension of 5 min at 72°C. The PCR prod-
ucts were cloned using the TOPO TA Cloning Kit (Invitrogen,
USA). All sequencing was performed on an Applied Biosys-
tems 3700 DNA sequencer (PE Applied Biosystems, USA).

Rapid amplification of cDNA ends (RACE)

To obtain the full-length CDS, specific primers were designed
as follows: first (5'-ATCGCCGTGTTGCTCGCTGG-3") and
nested (5'-CATAGTCGCTGTCTGATCGG-3") primers for the
5'-UTR; and first (5'-CCAGAGTGCAAGACCGTGAAGC-3")
and nested (5'-GGTTGACTTGCCTTGCTGGC-3") primers for
the 3'-UTR. First and nested PCRs were performed in a total
volume of 50 pL using the Smart™ RACE cDNA Amplification
Kit (Clontech, USA), according to the manufacturer's protocol.
The RACE-PCR products were cloned and sequenced. For dis-
covery of pig PDE4B 5' variants, primers for each isoform were
designed based on the known 5' variants from human and rat.
For PDE4B1, PDE4B3, and PDE4B4, first (5'-ATCGCCGTG-
TTGCTCGCTGG-3") and nested (5'-CATAGTCGCTGTCTGAT-
CGG-3") primers were used, and for PDE4B2, first (5'-GGA-
AGCCATCTCACTGACAGAGC-3") and nested (5'-GGTCTGG-
ATGGTCTCTAGCTGGAC-3") primers were used. RACE-PCRs
were performed with the same procedure used for previous
CDS analysis, and the RACE-PCR products were cloned and
sequenced.
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RT-PCR for mRNA expression of each isoform

RT-PCR was performed to verify the expression patterns of pig
PDE4B isoforms (24, 25). Total RNA was extracted from 13 tis-
sues from Landrace pig using Trizol (Gibco BRL, USA), and
mRNAs were purified using the PolyATtract mRNA Isolation
System (Promega, USA), according to the manufacturer's
protocol. First-strand cDNA synthesis was performed using the
Smart™ RACE cDNA Amplification Kit (Clontech, USA). A pri-
mer set used for amplification of each isoform was designed
using the 5'-UTR sequences or CDS as follows: PDE4B1-F,
5'-GACGATTTCGAATGTAGCTTGAG-3'; PDE4B1-R, 5'-GCA-
ATGCTTGGAAGCGTCATC-3; PDE4B2-F, 5'-GTGATTTGCTC-
TCCTGGTGG-3'; PDE4B2-R, 5'-CATGTAGTTAGGTTGGAG-
CG-3'; PDE4B3-F, 5'-GTTCTTGCTCTAAGCAGCTCC-3'; and
PDE4B3-R, 5'-GGTGCTGGCTTTCACCATCC-3". PCR was per-
formed in a total volume of 25 pL containing 50 ng of cDNA
and 2 units of Taq polymerase (Takara, Japan). A 2 min dena-
turation step at 94°C was followed by 35 cycles (30 s at 94°C,
60 s at 66°C for PDE4B1, 60°C for PDE4B2, or 63°C for
PDE4B3, and 90 s at 72°C) and a final extension of 5 min at
72°C. The PCR products were separated on 2% agarose gels
and visualized with ethidium bromide. Aactin levels were
used as internal standards for the determination of targeted
mRNA levels.

Mutation detection in Iberian and Landrace pigs

Primers were designed to amplify the coding region and rela-
tively short intronic regions of introns 11, 12, and 13 as fol-
lows: B1-F, 5'-TTGTGCCGGAGGAGTACTGC-3'; B1-R, 5'-CT-
ACCATACAGCTGGCATGC-3"; B2-F, 5'-GTGATTTGCTCTCC-
TGGTGG-3'; B2-R, 5'-CTACCATACAGCTGGCATGC-3'; B3-F,
5'-GTTCTTGCTCTAAGCAGCTCC-3'; B3-R, 5'-CTACCATACA-
GCTGGCATGC-3"; in11-F, 5-AGGAGCTGGAAGACCTGAA-
C-3'; in11-R, 5'-GAACATGGGTTGACTGGGCC-3'; in12-F, 5'-
AAATCTCCTCGGACACGCTTG-3'"; in12-R, 5-AACTGATTG-
GAGACTCCAGG-3"; in13-F, 5'-TCCAGCAGGGAGACAAAG-
AG-3'; and in13-R, 5'-GAGGATGGACAATGTAGTCG-3'. For
the coding region, three forward primers were designed using
the unique sequences of the N-terminal regions of each iso-
form and a reverse primer using the identical 3'-UTR
sequence. cDNA for the coding region and genomic DNA for
the intronic regions were used as the templates for ampli-
fication. The amplifications were performed in a total volume
of 25 uL containing 25 ng genomic DNA or 50 ng cDNA and
1.5 unit of Tag polymerase (Takara, Japan). A 2 min denatura-
tion step at 94°C was followed by 35 cycles (30 s at 94°C, 45 s
at 53°C for coding region or 62°C for intronic region, and 90 s
at 72°C) and a final extension of 5 min at 72°C. The PCR prod-
ucts were prepared using GELase™ Agarose Gel-Digesting
Preparation (Epicentre, USA) and then directly sequenced. The
sequences determined were aligned and analyzed for SNP de-
tection using Sequencher ver. 4.6 (Gene codes, USA).
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Restriction fragment length polymorphism (RFLP) for
genotyping

A SNP identified from intron 12 was genotyped by PCR-RFLP
in the lberian x Landrace resource population (33 Fo, 70 F4,
419 F,, 86 F3, and 126 backcross individuals). A primer set
(5'-AAATCTCCTCGGACACGCTTG-3' and 5'-TTCTAGGGCC-
ACTTCCTTCG-3") was designed for amplification. PCR was
performed in a total volume of 15 UL containing 15 ng of ge-
nomic DNA and 1 unit of Taqg polymerase (Takara, Japan). A 2
min denaturation step at 94°C was followed by 35 cycles (30 s
at 94°C, 30 s at 62°C, and 30 s at 72°C) and a final extension
of 5 min at 72°C. The Hinfl enzyme (New England Biolabs,
UK) was used to digest the PCR products. Digested DNA was
separated on a 4% agarose gel and stained with ethidium
bromide.

Statistical analysis
Phenotypic traits analyzed in the present work were backfat at
three different locations (BF1, BF2, and BF34) and intra-
muscular fat percentage (IMF) (8). Linkage mapping was per-
formed using the build option of the CRIMAP software version
2.4 (26). Two models were used to analyze the data, (A) a QTL
model and (B) an association model to perform the marked-as-
sisted association test (27).

yi = sex; + batch; + A ci + c;a + cgd + ui + e, (A

yi = sex; + batch; + f.ci + hig tu + e, (B)
where y; is the i-th individual record, batch is the slaughter
batch, 4 is a covariate coefficient with ¢ being carcass weight,
a is the QTL additive effect, d is the dominant effect, and ¢,
and cq are the additive and dominant coefficients, respectively.
In (B), Ais a —1/1 indicator variable depending on whether
the individual is homozygous for the alternative alleles of a
SNP (heterozygous animals were given a value of 0), and g
represents the allele effect. Finally, u is the infinitesimal genet-
ic effect and e is the residual. All statistical analyses were car-
ried out with Qxpak (28).

Construction of radiation hybrid map

Primers for amplification of PDE4B were designed using 3'-
UTR sequences as follows: RH-F, 5-GGCTCAGGAATCC-
CTCGGT-3' and RH-R, 5'-"AGACAAGGGGACAGGTGAGC-3".
In addition, primers for S0721 and SW18871 were designed us-
ing known sequences (GenBank accession no. L30152 and
AF253728) as follows: S0121-F, 5'-TTGTACAATCCCAGTGG-
AATCC-3'; S0121-R, 5'-AATAGGGCATGAGGGTGTTTGA-3';
SW1881-F, 5-TGACCCAGCAAGTCTTCTGG-3'; and SW1881-
R, 5'-CGGAAATACATTTTTATGGCTG-3'. An IMNpPRH215,000rad
panel was used in this study. Each PCR contained 25 ng of hy-
brid DNA and 0.3 units of Taq polymerase (Genetbio, Korea)
in a total volume of 15 pL. The mixture was treated at 94°C for
2 min, followed by 35 cycles (30 s at 94°C, 30 s at the appro-
priate annealing temperature, and 30 s at 72°C), and a final ex-
tension of 5 min at 72°C. Annealing temperatures for PDE4B,

470 BMB reports

S0121, and SW1881 were 64°C, 65°C, and 61°C, respectively.
After scoring by electrophoresis, a RH map was constructed
using the RHMAP software package (version 3.0) (23).
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