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Summary Here we report radiation hybrid mapping of 105 new porcine microsatellite markers on the

IMpRH7000 radiation hybrid panel. In addition, we searched flanking sequences of these

markers, as well as 673 previously reported RH-mapped microsatellite markers, for

orthology to human sequences. Eighty-seven new and 111 previously mapped sequences

exhibited orthology to human sequences. Using a stringent sequence alignment, 25

microsatellite-flanking sequences were found to be highly similar to genic sequences,

whereas 173 were similar to non-genic sequences in the human genome. Five markers

were located near known breakpoints of synteny between human and swine.
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Introduction

Over the past several years, there has been an increased

focus on the porcine genetic (Rohrer et al. 1994, 1996;

http://www.marc.usda.gov/genome/swine/swine.html) and

radiation hybrid (RH) (Hawken et al. 1999; Korwin-Kos-

sakowska et al. 2002; Krause et al. 2002; Rink et al. 2002;

Robic et al. 2003; Fahrenkrug et al. 2005; Alexander et al.

2006) maps, which will be useful for detection of candidate

genes influencing quantitative traits and to assist in

assembly of the pig genome sequence.

The pig/human comparative map has grown substan-

tially in recent years due to large-scale expressed sequence

tag (EST) projects, physical mapping and comparative

sequence analysis (Fahrenkrug et al. 2002; Rink et al.

2002; Robic et al. 2003; Meyers et al. 2005). The complete

sequence of the human genome can be used to identify

regions of orthology, synteny and breakpoints at a high

resolution once genomic sequence is available for the pig.

Indeed, non-expressed sequences are highly conserved

between species, particularly among vertebrates. These

sequences, which reside in both genic and inter-genic

regions, are sometimes quite extensive in length and may

play important roles in gene expression (Sandelin et al.

2004; Siepel et al. 2005; Wernersson et al. 2005; Woolfe

et al. 2005). Robic et al. (2003) previously identified 623

such conserved sequences in pigs and humans by analysing

the flanking sequences of anonymous porcine microsatellite

markers. Continued identification of these points of con-

servation will increase the resolution of comparative maps,

important for further identifying large-scale correspon-

dences and rearrangements that have accumulated in the

divergent evolution of human and swine genomes (Murphy

et al. 2005).

Towards this end, we have generated and RH-mapped 105

new porcine microsatellites on the porcine radiation hybrid

IMpRH7000 panel (Yerle et al. 1998; Hawken et al. 1999). In

addition, we have subjected these and previously physically

mapped microsatellites (Fahrenkrug et al. 2005; Alexander

et al. 2006) to comparative sequence analysis to identify

points of potential pig/human orthology, and to further en-

hance the comparative map of these two species. Sequences

with observed orthology were also mapped onto integrated

physical and genetic maps using CARTHAGENE (de Givry et al.

2005; http://www.inra.fr/internet/Departements/MIA/T//

CarthaGene/). In all, 198 new anchored points of pig/human

orthology are reported here. Due to the quality of the inte-

grated map and a high stringency for orthology nomination,

all but one location are consistent with previously observed

and/or predicted orthology. Our results contribute to

refinement of the pig/human comparative map, which

will assist in assembly and annotation of the pig genome.

In addition, because these markers are microsatellites, they

will enhance fine mapping efforts aimed at identifying

positional candidate genes for economically important traits

in pigs.
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Materials and methods

Clone isolation, sequencing and primer design

A small insert porcine genomic library was constructed as

described previously (Rohrer et al. 1994). Briefly MboI-

digested genomic DNA was size-fractionated on agarose and

the fraction corresponding to 200–800 bp was recovered

and ligated into BamHI-digested M13mp18. The resulting

library was screened with radiolabelled (CA)16 and (GT)16

oligonucleotides. DNA was extracted from positive clones

and sequenced on an ABI/PRISM 3100 Genetic Analyzer.

Clone sequences were searched for matches with published

microsatellite sequences and the presence of artiodactyl

repetitive sequences (AREs; Alexander et al. 1994).

Sequences that matched previously observed microsatellites

(MS) or flanked by AREs were discarded. Oligonucleotides

were designed using Primer 0.5 (M.J. Daly, S.E. Lincoln and

E.S. Lander, unpublished data). Oligonucleotides were

purchased from IDT.

PCR amplification

Oligonucleotide primer pairs designed for each chosen mi-

crosatellite locus were amplified using PCR on the

IMpRH7000 panel. To determine optimum PCR conditions

and ensure porcine specific amplification, each primer pair

was tested with porcine and hamster genomic DNA at 54,

56, 58, 60, 62 and 64 �C annealing temperatures. PCR

products were electrophoresed on a 2.5% agarose gel and

independently scored by two individuals. Each marker was

run in duplicate. Discrepancies between runs or scorers

were reanalysed or the PCR repeated until resolved. The size

of observed PCR product was recorded and compared to the

predicted size from the clone sequence.

Radiation hybrid mapping

All microsatellite vectors were initially assigned to chro-

mosomes by two-point analysis using the online IMpRH

mapping tool with a minimum LOD of 6.0 (http://

www.toulouse.inra.fr/lgc/pig/RH/IMpRH.htm or http://

rhdev.toulouse.inra.fr/) and then assigned to individual

chromosome input files containing all publicly available

vectors. A single map was constructed for each chromo-

some using TSP/Concorde (Agarwala et al. 2000). Markers

that did not map near their most significant two-point

marker or had very low LOD scores with flanking markers

were subjected to re-analysis with CARTHAGENE software

(de Givry et al. 2005; http://www.inra.fr/internet/Departe-

ments/MIA/T//CarthaGene/) using the same input file and

a LOD threshold of 6.0. Genetic map predictions were

derived from the nearest marker on the USMARC linkage

map (http://www.usmarc.usda.gov) that had also been

previously placed on the IMpRH7000 map.

Comparative sequence analysis

Mapped microsatellite sequences from this and previous

reports (Korwin-Kossakowska et al. 2002; Krause et al.

2002; Fahrenkrug et al. 2005; Alexander et al. 2006) were

subjected to comparative sequence analysis to identify

points of potential pig/human orthology after removing

those sequences already identified as having human

orthologues by Robic et al. (2003). Sequences were com-

pared to known porcine repetitive elements and masked

using Censor (Jurka et al. 1996). Sequences were then

compared to version 10 of the Sus scrofa gene index (SSGI:

http://www.tigr.org/tdb/tgi/) using BLAST (Altschul et al.

1990) to identify sequences overlapping with known ESTs.

Hits with bit-score >100, expected-value <0.001, and

similarity >95% over 60 nucleotides were retained.

The microsatellite sequences that did not match

sequences in SSGI, along with retrieved SSGI sequences,

were compared to the human genome using an iterative

process. First, conceptually translated sequences were

compared to human proteins (Ensembl human-25.34e)

using INPARANOID (Remm et al. 2001; O’Brien et al. 2005).

Unmatched sequences were then compared with Ensembl

human cDNA sequences using the WU_BLASTN program

(version 2.0). Hits with bit-score >100, expected-value

<0.001 and similarity >70% were considered as matches

with human cDNA. Unmatched sequences were compared

to human genome sequence using WU_BLASTN (version 2.0)

and hits selected using the same threshold values. A sum-

mary of our analyses can be found in Fig. S1.

Comparative mapping

For comparative mapping, multi-point maps of the resulting

linkage groups identified above and the RH vectors from

BAC-end sequences (BESs) markers of Meyers et al. (2005)

were used to construct the comparative physical map using

the Build, Annealing and Flips options of CARTHAGENE.

Results

Data analyses and RH mapping

In this study, we identified 105 new porcine microsatellites

and assigned them to the porcine RH map using the

IMpRH7000 panel. Preliminary sequence analysis of these

new marker sequences suggested they were orthologous to

human sequences and were prioritized for RH mapping;

thus, the success rate of 87 orthologues from 105 new

marker sequences should not be considered random. Primer

sequences, PCR annealing temperatures, amplicon size,

two-point LOD scores and distance to the nearest marker on

the genetic linkage map (http://www.usmarc.usda.gov/

genome/swine/swine.html) are indicated in Table S1. Four

markers (UMNp1060, UMNp1612, UMNp1340 and
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UMNp1475), could not be placed directly on the genetic

linkage map using two-point analysis as there was no

significant RH linkage to another marker on the genetic

linkage map. The placement of these four markers in

Table S1 was based on generating comprehensive maps

(http://rhdev.toulouse.inra.fr).

Comparative sequence analysis and mapping

In all, 778 microsatellite sequences, including 105 new

and 673 previously published (Korwin-Kossakowska et al.

2002; Krause et al. 2002; Fahrenkrug et al. 2005;

Alexander et al. 2006) sequences, were subjected to com-

parative sequence analysis. After masking, microsatellite

clone sequences were compared to tentative consensus

sequences (TCs) in the SSGI (http://www.tigr.org, version

11). Thirty matching sequences were retrieved from TIGR,

and along with unmatched microsatellites, conceptually

translated and compared to the human Ensembl proteins

(version 25.34e) using INPARANOID. Of these sequences,

eight significantly matched human proteins (Table 1).

Sequences that did not match a human protein were then

compared to Ensembl human cDNAs using WU-BLASTN,

resulting in 17 additional significant matches (Table 2).

Sequences still unmatched were compared to human

genome sequence (Build 36.1) using WU-BLASTN, which

resulted in an additional 173 matches (Table 3). One-

hundred and eleven previously mapped markers (Fahr-

enkrug et al. 2005; Alexander et al. 2006) and 87 of the

105 new microsatellite markers (Table S1), for a total of

198 markers, exhibited hits to the various databases

described above.

We then reanalysed markers that exhibited orthology to

human sequences with BES RH vectors (Meyers et al. 2005)

to generate a pig/human comparative map. The genomic

position of the orthologous human sequence (Build 36.1)

and the BES linked to these markers by RH mapping

(Meyers et al. 2005), along with their positions, are

indicated in Tables 1–3. No linkage with BES is indicated as

NL in these tables.

Our RH mapping results for the autosomes used the

physical map of Meyers et al. (2005) to determine the cor-

responding human position for the markers. The majority of

markers exhibited LOD scores >6.0 with adjacent markers

on the comprehensive map (data not shown). The average

two-point LOD score was 11.5 and ranged from 6.0 (our

cutoff) to 25.6. The average distance to the nearest

anchored marker was about 33 cRays7000. We ordered the

markers on swine chromosomes based on the RH position

with markers on the genetic linkage map (http://

www.usmarc.usda.gov/genome/swine/swine.html) that

had been previously mapped on the IMpRH7000 map. For

SSCX, we used all the public data to align our markers and

determine the human position. The majority of our markers

mapped to areas of previously established human/porcine T
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synteny (http://www.toulouse.inra.fr/lgc/pig/compare/

compare.htm; Meyers et al. 2005) (data not shown).

Markers UMNp993 (HSA20/SSC17), UMNp995 (HSA5/

SSC5), UMNp1091 (HSA8/SSC4), UMNp1476 (HSA16/

SSC19), UMNp1477 (HSA22/SSC5) and UMNp1886

(HSA14/SSC1) mapped close to known human/pig break-

points. There were five additional markers for which com-

parative sequence analysis suggested orthology to segments

of the human genome that were inconsistent with known

conserved synteny and physical mapping data. The best

BLAST result for UMNp730 (SSC9; Table 3) (E-value 2.1E-

46, bit score 162) indicated a match on HSA5; however,

there was a secondary match on HSA1 (E-value 5.1E-45,

bit score 142) which is consistent with known synteny and

our RH mapping results. UMNp1532 (Table 3) mapped to

SSC5 and was linked to BES CL361781 and CL366362

which were shown to have synteny with HSA12 by Meyers

et al. (2005). However, our BLAST results predict orthology

with a sequence on HSA6. Two other matches for

UMNp1532, with much lower E-values (c. 5.1E-37 and

4.1E-36), mapped to HSA16.

The distance where the BES that flanked these markers

differed from the predicted human location are shown in

Tables 1–3, whereas blanks in these tables indicate that the

marker was within the interval defined by the BES. All but

nine BES mapped within 2 Mb of the human location cor-

responding to the marker sequence, excluding markers near

known breakpoints, as described above.

Discussion

Based on our physical mapping and comparative sequence

analysis using sequences flanking microsatellites, we have

added 198 new anchor points of orthology to the pig/

human comparative map. These microsatellites will serve as

an important resource for physical mapping by RH analysis,

genetic mapping in reference populations, and comparison

to the human and other genomes. The alignment of se-

quences flanking microsatellites with the human genome

and their inferred comparative map positions adds detailed

resolution to the current porcine physical map. Using a

targeted approach, additional RH markers should easily

define breakpoint and rearranged regions in the porcine

genome.

In the vast majority of cases, our comparative mapping

results are consistent with previously reported human/

porcine synteny correspondences (Tables 1–3). We identi-

fied six markers that were near predicted human/swine

comparative breakpoints. The predicted interval of the BES

flanking UMNp993 is at 29.77 Mb on HSA20. Although

this region of SSC17 is syntenic with HSA20, there is a

rearrangement in the pig genome between the BES markers,

thus UMNp993 at 29.75 Mb further defines this re-

arrangement. UMNp995, located at 73.27 Mb, mapped to a

101.37-Mb region of HSA5, indicating rearranged synteny

relative to this chromosome on SSC2. UMNp1477 mapped

to a location on HSA22 at 33.44 Mb near a previously

predicted breakpoint between HSA2 and HSA22 (HSA2:

HSA22/SSC5). UMNp1091 (corresponding to PRRX1,

Table 2) was predicted to be orthologous to a region on

HSA1 at 168.90 but RH mapping placed it on SSC4 in a

segment with known synteny to HSA8. This is consistent

with the HSA1:HSA8 breakpoint known to occur in this

area and further refines this breakpoint. UMNp1886

(SSC1), at 26.89 Mb on HSA9, was placed at a predicted

break point corresponding to HSA9 and HSA14. Likewise

the rearrangement (HSA16:19/SSC6) near UMNp1476,

located at 45.47 Mb on HSA16, was consistent with

previous reports.

UMNp730 (SSC9) had two hits of similar values on HSA1

and HSA5 at 203.26 and 162.96 Mb respectively. The

weaker BLAST hit places this marker on HSA1 which is

consistent with known synteny. This might be explained by

segmental duplication in the human genome where the

original sequence on HSA1 mutated faster than the dupli-

cation on HSA5. UMNp1532 (SSC5; Table 3) had three hits

above a match bit score of 100: one on HSA6 (E-value

1.90E-49, bit score 204 at 24.82 Mb) and two on HSA16

(5.1E-37, bit score 107 and 1E-36, bit score 104 at 18.09

and 16.39 Mb respectively). Although there is a striking

conservation in sequence, none of these predicted points of

orthology are consistent with pig physical mapping data;

UMNp1532 was linked to CL363720 with a two-point LOD

of 11.75 using the IMpRH server (http://rhdev.tou-

louse.inra.fr), which placed it near the centromere on SSC5

(INRA maps; http://rhdev.toulouse.inra.fr/Do¼C&carte¼8).

Excluding those markers near known breakpoints, nine

BES intervals encompassing these markers mapped to more

than 4 Mb from the human location. Three markers

exhibited linkage to only one BES with a two-point LOD

score >6. Linkage to another flanking BES may have

resulted in marker being placed closer than 2 Mb to the

human position. Six of these markers were all in the interval

101–125 Mb on HSA9, corresponding to SSC1 (Tables 2

and 3), and were located 3.22–5.05 Mb outside the BES.

The positions of the markers were inferred from the flanking

BES markers from Meyers et al. (2005) which used Build 33

of the human genome draft sequence (April 2003 release) to

establish the human position. In contrast, our comparative

sequence analysis used Build 36.1. After reanalysis of those

BES against Build 36.1, all six of the markers mapped to

within 2 Mb of the corresponding human sequence loca-

tions. Excluding markers at known breakpoints, and

UMNp1532, there were only two markers (UMNp1305 and

UMNp1815) that were more than 2 Mb from the BES

interval predicted by Meyers et al. (2005). These discrep-

ancies could be due to the use of two different human builds,

or the Mb values associated with the closest BES are based

on comprehensive map order and there is often little

statistical support for one local order over another. Thus
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these markers may be distal or proximal to the BES markers

indicated in Tables 1–3.

The assignment of 198 microsatellite marker positions

that are comparatively anchored can be used as genetic

markers for QTL experiments, aid in characterizing the

evolution of the swine genome, and will assist in the

assembly of the swine genomic sequence.
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