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Summary

The objectives of this study were to assign both microsatellite and gene-based markers
on porcine chromosome X to two radiation hybrid (RH) panels and to develop a more
extensive integrated map of SSC-X. Thirty-five microsatellite and 20 gene-based
markers were assigned to T43RH, and 16 previously unreported microsatellite and 15
gene-based markers were added to IMpRH map. Of these, 30 microsatellite and 12
gene-based markers were common to both RH maps. Twenty-two gene-based markers
were submitted to BLASTN analysis for identification of orthologues of genes on HSA-
X. Single nucleotide polymorphisms (SNPs) were detected for 12 gene-based markers,
and nine of these were placed on the genetic map. A total of 92 known loci are present
on at least one porcine chromosome X map. Thirty-seven loci are present on all three
maps; 31 loci are found on only one map. Location of 33 gene-based markers on the
comprehensive map translates into an integrated comparative map that supports
conservation of gene order between SSC-X and HSA-X. This integrated map will be
valuable for selection of candidate genes for porcine quantitative trait loci (QTLs) that
map to SSC-X.
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Introduction

Comparative gene mapping is a valuable tool to investi-
gate evolutionary history of chromosomes allowing for
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identification of regions of conserved synteny, thereby
facilitating extrapolation of information from one genome
to another. Construction of a high-resolution porcine—
human comparative map provides an opportunity to
exploit information from the human genome project and
facilitate comparative positional candidate gene cloning.
Specifically a genomic address for a QTL in a map poor
species can be translated to a corresponding human
chromosomal region and its respective host of potential
candidate genes.

Radiation hybrid (RH) mapping was utilized in this study
as it offers the most rapid method to link both microsatellite
and gene-based markers as a means to construct a high-
resolution physical map. This provides opportunity to
integrate existing linkage and cytogenetic maps of a species.
Thus, the objective of this study was to employ both RH
(two RH panels differing in resolution) and linkage map-
ping, utilizing both microsatellite and gene-based markers,
to increase the resolution of SSC-X relative to human
chromosome X (HSA-X).
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Methods

PCR primers

The expressed sequence tag (EST)-associated markers were
developed from porcine ESTs generated from normalized
cDNA libraries (Fahrenkrug et al. 2002). The EST sequences
were selected based on their potential orthology, as predic-
ted by BLASTN (score > 300), with genes on HSA-X. Clone
identity was confirmed by re-arraying, 5° and 3’-end
sequencing, and comparison (BLASTN) with public sequence
respositories (Table 1). Polymerase chain reaction (PCR)
primer pairs (Table 1) for ESTs were designed against the 3’-
end sequence of EST clones using Oligo 5.0 software (MBI,
Cascade, CO, USA) and purchased from Integrated DNA
Technologies Inc. (Coralville, IA, USA). Primer information
for DAX1, F9 and HCFC1 were obtained from Parma et al.
(1998), Hu etal. (1997) and Hisamatsu et al. (1997),
respectively. The PCR amplification products for all loci
were sequenced and compared with original sequences in
GenBank to confirm amplification of sequence tagged sites
(STS) corresponding to target ESTs. Primers for microsatel-
lite markers previously assigned to SSC-X were designed as
described by Rohrer et al. (1994); information can be ob-
tained from http://www.marc.usda.gov/. Primer pairs that
amplified porcine-specific products or those that amplified
hamster products that could be distinguished from porcine
products were selected for RH analysis.

RH panel analysis

A 3000-rad whole genome porcine RH panel of 100 hybrids
(T43RH, Research Genetics; www.ri.bbbsrc.ac.uk/radhyb)
and a 7000-rad panel of 118 hybrids (IMpRH; Yerle et al.
1998; Hawken et al. 1999; http://fabctr.umn.edu/RHmaps/
chromosome/chromosomex.html) were screened by PCR
amplification for the presence of microsatellite and gene-
based markers. The PCR products for each marker were size-
fractioned by 2.5% agarose gel electrophoresis. Controls
consisted of hamster genomic DNA, porcine genomic DNA
and a reaction containing no DNA. Each marker was
genotyped independently in duplicate. Each hybrid was
scored as either present (1) or absent (0) for each locus.
Each ambiguous hybrid was re-amplified and any remain-
ing discrepancies scored as ambiguous. Typing of markers
using the IMpRH panel was performed as previously des-
cribed (Hawken et al. 1999). Marker linkage and order were
determined by analysing co-retention of markers with the
haploid model of RHMAP 3.0 (Lange et al. 1995). Markers
were assigned to linkage groups requiring a minimum two-
point LOD score of 6.0 with the RH2PT program of
RHMAP3.0. Multipoint analysis and ordering of markers

Comparative map of the porcine X chromosome

were performed with the RHMAXLIK program of
RHMAP3.0 using an equal retention frequency model.
Marker order with the greatest likelihood was accepted. No
attempt was made to differentially calculate distance within
the pseudoautosomal region. Therefore, distances might be
altered because of diploid representation for those markers.
Marker order is presented relative to that predicted by
genetic linkage analysis (http://map.marc.usda.gov/ge-
nome/swine/swine.html). The RH maps were constructed

using Genetic Map Creator (http://www.webarris.com).

SNP discovery and genetic mapping

Primers designed for EST-associated markers were used to
amplify genomic DNA of 16 individuals including nine par-
ents of the US Meat Animal Research Center (MARC) refer-
ence population followed by sequencing of PCR products.
Sequences were analysed with polyphred software (Nicker-
son et al. 1997) in conjunction with phred/phrap/consed
software (Ewing & Green 1998; Ewing et al. 1998; Gordon
et al. 1998). Single nucleotide polymorphisms (SNPs) were
manually identified by interacting with consed software.
Tagged SNPs were then transferred into an interactive rela-
tional database (Keele et al. 1994). Selected SNPs which
provided the maximum number of meioses for an amplicon
were genotyped by MALDI-TOF-coupled microsequencing
using primer oligonucleotide base extension (PROBE), nano-
litre dispensing of extension products onto silicon chips (Se-
quenom, Inc., San Diego, CA, USA) (Little et al. 1997), and
mass spectrometric analysis as described (Heaton et al.
2001). The MALDI-TOF microsequencing was performed
with an array mass spectrometer and genotypes were scored
automatically with Genolyzer software (Sequenom, Inc.).

The gene-based markers that were mapped using SNPs
were incorporated into the existing porcine linkage map
with Cri-map version 2.4 (Green et al. 1990) as described by
Rohrer et al. (1996).

Comparative mapping

Map data were extracted from various human genome
databases including http://www.ncbi.nlm.nih.gov/cgi-bin/
Entrez/maps.cgi?org = humé&chr = X; http://www.san-
ger.ac.uk/cgi-bin/humace/X_genes; and http://www.en-

sembl.org/perl/mapview?chr = X.

Results

An integrated mapping approach that utilized both RH and
genetic mapping was employed to increase the resolution of
the SSC-X map. The 55 markers assigned to the T43RH
panel included 35 microsatellite, 17 EST-associated and
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three additional gene-based markers (Fig. 1). Sixteen previ- frequencies for gene-based markers were 31% (range 16—
ously unassigned microsatellite markers and 14 EST-asso- 53%) for T43RH and 39% (range 27-80%) for IMpRH
ciated markers were added to the IMpRH panel (Fig. 1). Four panels. For microsatellite markers, mean retention fre-
gene-based markers were added to the genetic map, three quencies were 25% (range 9-48%) for the T43RH and 42%
that were assigned to the T43RH panel, and one of these (range 17-95%) for the IMpRH panels. Each marker was

three was assigned to IMpRH. In total, 44 unique micro- ordered by analysis of the minimum number of breaks,
satellite and 24 gene-based markers have been assigned to maximum two-point LOD score and minimum distance be-
RH maps (Fig. 1). Similarity of porcine EST sequences to tween markers. Two-point analyses of the 3000-rad T43RH
their predicted human orthologue is presented in Table 1. panel data supported five linkage groups with a two-point
Mean retention frequency of the markers was 28% for the LOD of 6.0, with 32 of 55 markers comprising a large
T43RH and 41% for the IMpRH panels. Mean retention linkage group in the centromeric region. Localization of 31
Cytogenetic Map Genetic Map T43RH Map IMpRH Map
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Figure 1 An integrated map of porcine chromosome X (SSC-X) incorporating microsatellite, EST- and other gene-associated markers. T43RH
(cR3,000) and IMpRH (cRz 000) maps: RH map positions were determined with RHMAP 3.0. Markers were assigned to linkage groups requiring a
minimum two-point LOD score of 6.0. The gene-based markers are indicated as non-bold text; microsatellite markers are displayed as bold, and all
newly assigned markers are underlined. The order of the markers is presented relative to that predicted by genetic linkage analysis. Both RH maps are
integrated with the genetic map but for ease of representation, the connections emanate only through T43RH. Boxed markers: Regions of SSC-X
where marker order was resolved by RH analysis. Genetic map: Gene-based markers are indicated as non-bold text; microsatellite markers are
displayed as bold, and all newly assigned markers are underlined. Meiotic map positions as predicted by Cri-Map version 2.4 are presented in
conjunction with the existing SSC-X genetic map: (http://map.marc.usda.gov/genome/swine/swine.html); Cytogenetic map: Assignment of markers
based on those reported at http://www.toulouse.inra.fr/lgc/pig/cyto/gene/chromo/SSCGX.htm. QTL for testicular size and plasma FSH: The
vertical line to the left of the cytogenetic map delineates location of QTL reported by Rohrer et al. (2001).
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previously unmapped markers improved the IMpRH map of
SSC-X. Two-point analyses of the 7000-rad IMpRH panel
data supports six linkage groups with a two-point LOD of
6.0. Markers were distributed relatively evenly across link-
age groups (Fig. 1). All markers within the pseudoautoso-
mal region (lower boundary begins between SW961 and
SW980) were in the same linkage group. Using minimum
breakage criteria, a previously unlinked microsatellite
marker, SW1903 (Hawken et al. 1999), was incorporated
into a linkage group containing two other microsatellite
(SW2534 and SW2126) and one EST-associated marker
(SAT). The order on the original IMpRH SSC-X map of
linkage groups 4 (SW1426, SW2048, SW154, SW1346,
SW1565) and 5 (SW259, SW1994, SW1835) has been
reversed, and marker order for linkage group 4 (previous
group 5) has been refined with addition of 11 new markers.
Comparison of locus order on these two RH maps revealed
minor discrepancies, predominant in the centromeric
region, likely resulting from different resolutions.

A total of 22 gene-based markers were amplified from the
MARC reference population and sequenced. The SNPs were
detected for 12 of these markers, and nine of these were
successfully used for linkage mapping (eight listed in
Table 1 plus DAX1). Previous placement of PLP1 was con-
firmed. Collectively, 92 known markers have been assigned
to at least one map, and each RH map has 45 markers in
common with the genetic map (Table 2). Alignment of RH
and genetic maps supported similar gene order on SSC-X
(Fig. 1). The RH analysis information was useful for resol-
ving marker order within several intervals where insuffi-
cient meioses had previously prevented definitive marker
order (Fig. 1). Discrepancy of gene order between linkage
and RH maps were restricted to segments corresponding to
a short genetic distance and likely reflect limits in genetic
map resolution or very localized rearrangements. Notably,
marker order predicted from integrated RH maps revealed a
discrepancy in the order of markers SW1426 and SW2476
on the original genetic map (Rohrer et al. 1996). In this
case, a re-analysis of genetic linkage data supported reversal
in marker order.

Table 2 Distribution of genetic markers across three maps of SSC-X.

Map title MARC genetic map T43RH IMpRH
MARC genetic map 75 (9) 45 45
T43RH 55 (55) 42
IMpRH 55 (31)

Diagonal: Number of known markers assigned to each map.
Parentheses: Number of new markers assigned to each map.
Above the diagonal: Number of markers common to the two maps.

Comparative map of the porcine X chromosome

Discussion

This study represents the largest single assignment of both
gene-based and microsatellite markers to SSC-X. The RH
and linkage mapping in this study allowed rapid ordering of
a large number of markers facilitating simultaneous integ-
ration with existing genetic, cytogenetic and RH maps.
Localization of 21 previously unmapped gene-based mark-
ers, for which human homologies could be identified,
allowed construction of a human-porcine comparative map
that can be used for a positional candidate gene cloning
approach in the hunt for genes responsible for economically
important QTL. Overall, a complete syntenic relationship
was observed between SSC-X and HSA-X. However, minor
rearrangements in gene order cannot be discounted at this
level of resolution. Expansion and integration of RH and
linkage maps in this study facilitated generation of the
densest map of SSC-X described to date.

A detailed genetic map of SSC-X is available (http://
www.marc.usda.gov). In addition to being constrained by
recombination rate, a genetic map that consists predomin-
antly of microsatellite markers is of limited value for com-
parative mapping. Radiation hybrid mapping overcomes
these limitations by facilitating rapid mapping of both gene-
based and microsatellite markers enabling resolution of
marker order and distance between closely linked markers.
Because RH mapping does not require polymorphic mark-
ers, ability to associate genetic variability with potential QTL
is not possible. Thus, an integrated RH and linkage mapping
approach is valuable to accurately order gene loci and to
identify potential candidate genes within QTL regions. The
current RH maps identified an error in the original linkage
map (Rohrer et al. 1996) that was subsequently revised
(Rohrer et al. 2001).

There are substantially more genes mapped to HSA-X
(~424 known genes) than SSC-X (~33; Fig. 2; Cepica
et al. 2001; http://www.toulouse.inra.fr/Igc/pig/cyto/gene/
chromo/SSCEX. htm). Alignment of these two maps pro-
vided strong evidence of conservation of gene order
between porcine and human species (Fig. 2). A number of
these genes reside in the QTL region that was identified
for testicular size and differential pituitary gonadotropin
secretion (Rohrer et al. 2001; Ford et al. 2001). Mutation
of the androgen receptor gene (AR) has been associated
with reduced testicular size, low sperm production and
elevated gonadotropin secretion in humans (Bhasin et al.
2000; Yong et al. 2000). Nerve growth factor through its
receptors (NADE) impacts testicular development (Levine
et al. 2000). Thyroid hormone binding globulin (TBG or
SERPINA7), a major transport protein for thyroid hor-
mones in the circulation (Refetoff et al. 1970), regulates

© 2002 International Society for Animal Genetics, Animal Genetics, 33, 178-185

183



184

McCoard et al.

GS1 ’
I —
p22433 GSI -  — ccm :
Hp22+32 CLCN4 CALB3
Hpa2.31 CALB3 ::__’/__’___,_’ BMX 23
Kp22.22 BMX / SAT Y,
ipzziz SAT DAX1
RREEI1T L APT6MS8-9 oTC 21
wretoe bAxi APT6M8-9
T orc ALTOMES
ARAFI 13
reided pimz — — TMPI
Hplle3 TIMPI PIM2 1.2 -
EBP EBP
2 GATAlL ———  GATAI y
”E‘ﬁel  —— A4P(PLP2) :
Ra11e1 ; PP HADH?2 S
+2 _— /
s FGDI FGDI 1.1
KIAA0189 KIAA0Q189 12
Hal3e1 AR AR '
Nal3e2 | ZNF261 ZNF261
Faldes GIBI GJBI 1.3
wg2lsl
®q2l.2 - PGK1 PGK1 21
®q21+31 g
Kq2l+32
®q21+33 LAMP?
¥q22.1 r gILA;;\]O443 KIAAQ443 — | 22
®q22+2 NADE
®q22+3 l NADE PLPI
%923 TBG SERPINA7
TBG)
®q24 |—— LAMP2 ( 2.3
- SLC25A5
%25 SLC25A5 2
HPRTI
g,z . = HPRTI F9 | 25
FMRI
’;;"'iif / HCFCI 26
Haz7.2 F—rF9 / MECP2
K27+ 3 }_ FMRI ATP6S1
HCFCI SSC'X
Ka28 MECP2
ATP6S1

HSA-X

Figure 2 An integrated map of genetic markers assigned to porcine chromosome X (SSC-X) and compared with the order of these on human

chromosome X (HSA-X). Newly assigned markers are underlined.

availability of thyroid hormones to target tissues, and in
rodents, thyroid hormones directly influence testicular
development (Cooke et al. 1993; De Franca et al. 1995).
Additionally, GATA1 is expressed in mouse Sertoli cells in
an age-specific manner (Ito et al. 1993; Yomogida et al.
1994) and can regulate testicular gene expression (Feng
et al. 2000). Gap junction protein 1 (GJf1 or connexin
32), a component of gap junctions, potentially affects
Sertoli-germ cell communications within the testis (Risley
2000). In addition, there are genes still to be identified
and characterized on chromosome X that affect testicular
size (Wang et al. 2001).

In summary, this study highlights the value of an
integrated approach to comparative mapping of chromo-

some X for ordering of genes along a chromosome and for
identification of candidate genes for QTL. This approach
enabled the construction of a high-resolution comparative
map of SSC-X and HSA-X. Alignment of chromosome X
maps of these two species predicts striking homology
between genomes, and thus, facilitates employment of a
positional candidate gene cloning approach to identify
genes related to traits of interest for which QTL have been
identified.
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