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Availability of the human genome sequence and high similarity between humans and pigs at
the molecular level provides an opportunity to use a comparative mapping approach to
Ppiggy-BAC the human genome. In order to advance the pig genome sequencing initiative,
sequence similarity between large-scale porcine BAC-end sequences (BESs) and human
genome sequence was used to construct a comparatively-anchored porcine physical map that
is a first step towards sequencing the pig genome. A total of 50,300 porcine BAC clones
were end-seq ed, yielding 76,906 BESs after trimming with an average read length of
538 bp. To anchor the porcine BACs on the human genome, these BESs were subjected
to BLAST analysis using the human draft sequence, revealing 31.5% significant hits
(E<e™°). Both genic and non-genic regions of homology contributed to the alignments
between the human and porcine genomes. Porcine BESs with unique homology matches
within the human genome provided a source of markers spaced approximately 70 to
300 kb along each human chromosome. In order to evaluate the utility of piggy-BACing
human genome sequences, and confirm predictions of orthology, 193 evenly spaced BESs
with similarity to HSA3 and HSA21 were selected and then utilized for developing a
high-resolution (1.22 Mb) comparative radiation hybrid map of SSCI3 that represents a
Sfusion of HSA3 and HSA21. Resulting RH mapping of SSCI3 covers 99% and 97% of
HSA3 and HSA21, respectively. Seven evolutionary conserved blocks were identified
including six on HSA3 and a single syntenic block corresponding to HSA21. The strategy
of piggy-BACing the human genome described in this study demonstrates that through
a directed, targeted comparative g ics approach construction of a high-resolution
anchored physical map of the pig genome can be achieved. This map supports the selection
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I of BACs to construct a minimal tiling path for genome sequencing and targeted gap filling.
Moreover, this approach is highly relevant to other genome sequencing projects.
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INTRODUCTION

Completion of the human genome sequence provides a foundation for the
understanding of genetic complexity and how genetic variation contributes to diverse
phenotypes. It is clear that model organisms will continue to play a valuable role in
the synthesis of this understanding. The pig (Sus scrofa domestica), a representative
of the artiodactyl clade, has become an important agricultural animal as one of the
major human nutritional sources of animal based protein. The pig is one of the first
eutherian mammals domesticated that has co-evolved with humans (1) and is phylo-
genetically closer to primates than rodentia (2). Additionally, the pig has played a
central role in the scientific and medical communities, providing scientific justifi-
cation for sequencing of the porcine genome (3). Moreover, the recent ability to
genetically modify the porcine genome, genetically manipulate embryonic fibro-
blasts, and “clone” genetically modified somatic cells through nuclear transfer
demonstrates how the pig can provide relevant genetic models of appropriate pheno-
types (4-6).

Comparative maps have indicated that the porcine and human genomes have
higher conservation than either when compared with mouse genome. The mean
length of conserved syntenic segments between human and pig is approximately
twice as long as the average length of conserved segments between the human and
mouse (7,8). Furthermore, the organizational similarities between the human and
porcine genomes are reflected in similarities at the nucleotide level. Comparison of
more than 600 non-coding DNAs aligned by orthologous exonic sequences on
human chromosome 7 (HSA7) revealed that pig sequences consistently grouped clo-
ser to human and non-human primate sequences than did rodent sequences indicat-
ing that rodent genomes appear to be evolving at a faster rate than primate and
artiodactyl genomes (9).

Over the past decade, tremendous progress has been made in mapping and
characterizing the swine genome. Currently, moderate to high-resolution genetic
linkage maps containing highly polymorphic loci have been produced using inde-
pendent mapping populations (10,11). Somatic cell hybrid analysis, in situ hybridiza-
tion and ZOO-FISH have been employed to enrich the gene map and whole-genome
radiation hybrid (WG-RH) panels (7,000 and 12,000rad) (12-15) have rapidly
increased the number of comparative mapped loci. To date over 10,000 loci have
been mapped on the IMpRH7 o9 and IMNpRH |, ¢p0 panels with more than 5,000
anchoring points on the human genome providing a framework for sequencing the
pig genome (16). Cross-species chromosome painting has also been employed to
define the conserved blocks of human-pig-dog synteny (17). Access to resources such
as bacterial artificial chromosome (BAC) libraries (18-23) have facilitated the
production of high-resolution physical maps in specific chromosomal regions
(18,24,25) and supported the construction of sequence-ready mapping resources
for the porcine genome.
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The development of these resources as well as establishment of detailed com-
parative genome information between humans and pigs, uniquely positions the por-
cine genome for sequencing. The present study provides the first results utilizing the
human genome sequence to support the construction of a porcine physical map. We
report here the ability to “piggy BAC” on the human sequence to construct a high-
resolution (1.22 Mb) comparative map of SSC13 that represents a fusion of HSA3
and HSA21. Our approach links the sequence to the BAC clone map that supports
subsequent targeted closure of genomic regions of particular interest. This strategy is
justified through the outcomes associated with the human, mouse, and rat sequen-
cing efforts that were done in parallel with the BAC map development.

METHODS
BAC DNA Isolation and End-Sequencing

BAC library RPCI-44 constructed from four crossbred male pigs (breed com-
position: 37.5% Yorkshire, 37.5% Landrace, and 25% Meishan) (21) and CHORI-
242 constructed from a single Duroc female pig (23) were selected for BAC-end
sequencing. BAC clones were cultured in 2ml 96-well culturing blocks containing
1.5ml of 2X Luria Broth and 12.5pug/ml chloramphenicol for 24h at 320 rpm.
DNA extractions were performed using the Montage BACos Miniprep Kit
(Millipore, Billerica, MA) according to the manufacturer’s protocol, yielding 40 pl
of a BAC DNA solution. BAC DNA was transferred to V-bottom plates and stored
at 4°C.

Dye terminator sequencing reactions were conducted using 10 ul of BAC DNA
solution and 10 ul master mix, containing 1.5 ul BigDye Terminator v 3.1 Cycle
Sequencing Mix (Applied Biosystems, Foster, CA), 6.5ul buffer (200mM Tris-
HCI, pH 9.0 and 5 mM MgCl,), 2 ul standard T7 sequencing primer (20 pM solution)
or custom-designed SP6 (GGC CGT CGA CAT TTA GGT GAC A) primer
(15 uM). Sequencing reactions were performed using PTC-100 thermocyclers (MJ
Research, Waltham, MA) with standard profile as follows: denature at 96°C for
4 min followed by 60 cycles of 96°C for 30 sec, 56°C for 10 sec, 60°C for 4 min. Reac-
tion products were precipitated in 75 ul of (0.3 mM MgSO, in 70% ethanol), and
washed in 70% ethanol. Samples were analyzed using ABI 3730 automated capillary
sequencers (Applied Biosystems, Foster, CA).

Sequence Processing and Bioinformatics

DNA sequences were analyzed for quality assessment using the Genome
Project Management System (GPMS), a local laboratory information management
system for large-scale DNA sequencing projects (40). The BAC-end sequences were
trimmed of vector sequences, and a total of 76,906 trimmed BESs have been
deposited in a local Oracle database and also GenBank database under the accession
numbers CL320164-CL390360, CL408399-CL414467, and CL439616-CL440255.
All sequences were analyzed for quality by the Phred software (41,42) using Q > 20
as the cutoff. All ambiguous positions having Q < 20 were masked with “N”.
Sequences were trimmed for vector and mitochondrial DNA sequences and edited
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read lengths with >200bp were used in the final analysis. Repeats in DNA
sequences were masked using Repeat Masker software (43) and BESs were analyzed
for similarity with human genome using NCBI-BLASTn (44) running on an SGI/
Gray 2000 16-processor supercomputer.

Comparative Mapping

Build 33 of the human genome pre-release sequence (April 2003) was used as
the target database (45). An expectation value (E) of e > was set as the significance
threshold for comparison of porcine BESs with the human sequence. Up to ten
BLAST hits exceeding the threshold were stored for each BES. A Perl script was
used to parse the BLAST output and the resulting data was placed into a spreadsheet
to reveal the hit position within the human contigs and to assign a position within
the assembled human genome sequence (build 33). Porcine BESs with unique hits
were selected. Additionally, a second BLAST comparison using a lower significance
threshold of e > was performed and the output, named as “e”~ database” was used
for anchoring paired ends of those BACs that had only end uniquely anchored to
human genome. For each selected porcine BAC Perl scripts analyzed all hits in
the “e~2 database,” including multiple hits and hits with E-value >e > and assigned
positions for paired end when one of the matches was found to be on the same
human chromosome within 400 Kb from the position of a selected unique hit
BES. Human genome coverage by porcine BACs was calculated by summing: 1)
the estimated length of porcine BACs with mate-paired BES hits; and 2) the number
of BESs having only one high confidence hit (E < e ) in the human genome more
then 180 Kb apart and was multiplied by 180 Kb (average length of human sequence
covered by porcine BAC).

Radiation Hybrid Mapping

A total of 193 comparatively anchored BESs were selected to provide an evenly
spaced distribution along the length of HSA3 (166) and HSA21 (27). Primers were
designed using available tools including Primer 3 (46), and Vector NTI v.7.0 soft-
ware (InforMax) to have an optimal length of 20-22 bp, a GC content of 45-60%,
a melting temperature of 60°C, and amplicons of 100-600 bp. RH mapping was per-
formed using the IMpRH panel containing 90 hybrids and six (four positive and two
negative) controls (15). Multipoint maximum likelihood RH maps were constructed
using carthagene software v0.99 (47,48).

RESULTS AND DISCUSSION
BAC-End Sequencing Statistics

As a first step towards sequencing the pig genome, BAC-end sequencing of
50,300 large genomic inserts from the RPCI-44 (21) and CHORI-242 (23) porcine
BAC libraries yielded 80,077 (80% success rate) high quality sequences (>200bp
in length and Phred score >20) with average read length of 538 bp (Table 1). Filter-
ing of vector and mitochondrial DNA sequences reduced this number by 4%, to
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Table 1 Pig BAC-end sequencing statistics

BAC-end sequencing reads 100,600
BAC-end sequences (BESs)” (success rate) 80,077 (80%)
BESs after trimming” 76,906 (96%)
Average read length, bp 538

BESs with mate-pairs® 66,620 (87%)
Total bases sequenced 40.3Mb
Total unmasked sequence 27.9Mb

“Number of sequences with edited read length >200 bp and Phred score > 20.
“Number of BESs free of vector contamination with edited read length >200 bp.
“Number of BESs with paired ends successfully sequenced.

76,906 BESs. Among these, 86.8% of the BESs were mate-pairs. Assuming an aver-
age insert length of 165kb for each BAC insert (21) and an estimated porcine gen-
ome size of approximately 2.7 gigabases (Gb), this corresponds to approximately
2.0X coverage of the porcine genome using only BAC inserts with paired BESs
(n = 33,310). The cumulative length of sequences generated was 40.3 Mb or 0.013
genome equivalents.

Although the majority of the BESs were generated from Segment 1 of the
RPCI-44 library (40,621 clones), the inclusion of 2,862 clones from Segment 2 of
the CHORI-242 library permitted a comparison between libraries with respect to
relative repetitive element content (Table 2). Repetitive sequences were present in
63% and 72% of the BESs derived from the RPCI-44 and CHORI-242 libraries,
respectively. Further comparison between the libraries showed that 32.2% of the
cumulative length of the BESs from the RPCI-44 library and 34.5% of those from
the CHORI-242 library represented repeats. The most frequently identified repeats
between the RPCI-44 BESs were LINEs (16.5%), SINEs (9.9%), or long terminal
repeats (2.6%). The CHORI-242 BESs were slightly richer in SINEs (11.5%) and
satellite DNA (1.4% versus 0.4%). Interestingly, differences in both repeat number
and composition between porcine RPCI-44 and CHORI-242 libraries were similar to
those observed for the mouse RPCI-23 and RPCI-24 libraries (26) that were
constructed using the same restriction enzymes, EcoRl and Mbol, respectively.
This observation is best explained by differences in the distribution of restriction
sites for EcoRl and Mbol within the porcine genome. However, assuming this pool

Table 2 Repeat composition of RPCI-44 and CHORI-242 libraries

Characteristic RPCI-44 CHORI-242
Total BESs 71,701 5,052

Total length 37.7Mb 2.7Mb

Bases masked 12.1 Mb (32%) 0.9Mb (34.5%)
Interspersed repeats 30% 31.4%

SINEs 9.9% 11.5%

LINEs 16.5% 16.3%

LINE1 14.9% 14.3%

LTR elements 2.6% 2.2%

Satellite DNA 0.4% 1.4%
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of BESs is representative of the porcine genome, it can be concluded that known
repetitive elements occupy less total sequence within the porcine genome than
reported for human (9) and cow (27) yet are comparable to the number of repetitive
elements found within the dog and mouse genomes (9). These findings suggest that
the pig genome may be physically smaller than the human genome due to less expan-
sion of repetitive sequences.

Anchoring of Porcine BESs to the Human Genome Sequence
and Comparative Mapping

After masking repetitive elements, 27.9 Mb porcine sequence was available for
BLAST similarity searches against the human genome, thus providing a significant
resource for anchoring the porcine and human genomes (Table 3). A total of 67,402
BESs (> 100 bp of continuous unmasked sequence) were used for comparative analy-
ses. Approximately one third (31.5%) of the BESs (21,195 BESs) had at least one
match with a human genome sequence (E-value < e ). In comparison, a similar
analysis of the cattle genome, another artiodactyla revealed a lower percentage
(29.4%) of BESs with hits to the human genome (27). Limiting the analysis to only
BESs with unique matches (19,550 unique hits, see Supplementary Table 1S; http://
www.swinegenomics.com/publication_detail.php?id=111) we found the frequency
of BESs with unique BLAST hits in the human genome (29%) among repeat masked
porcine BESs was also higher compared to the reported frequency for cattle (23.0%)
(27). The higher frequency of unique hits in human genome for porcine BESs could
be due to either lower repeats number in the porcine genome, and/or higher overall
human-porcine genome similarity.

These unique matches allowed comparative anchoring of 16,066 of the 43,483
sequenced BAC inserts with 2,408 anchored on both ends (i.e., BES mate-pairs, both
with unique matches) (Supplementary Table S2a; and S2b; http://www.swinegenomics.
com/publication_detail.php?id=111). To anchor additional BAC inserts at both
ends, a database containing 57,765 similarities generated at an E-value < e >
was searched for mate-pairs of unique matches identified at the higher threshold.

Table 3 BLASTn comparison of porcine BAC-end sequences with human genome sequence

BESs used for comparative analysis® 67,402

BESs with significant BLAST hits® 21,195 (31.5%)

Significant BLAST hits total® 28,957

BESs with unique match in human genome 19,550 (29%)
(% among BESs for analysis)

Hits in genes (% among unique BLAST hits)? 12,537 (64%)

BAC:s with at least one end sequenced 43,483

BACs comparatively anchored on draft human genome 16,066 (37%)

BACs with paired-end BLAST hits (% among 3,726 (11%)

comparatively anchored)®

“Number of BESs with >100bp contiguous non-repetitive porcine sequences.

bNumber of BES with significant (E < e ~°) BLAST match within human draft sequence (build 33).
“Total number of BLAST matches (E < e ~°) for 21,189 BESs.

“Number of BLAST hits annotated as genes in the human genome draft sequence.

“Number of BAC with both ends anchored on human genome graft sequence.
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If the mate-pair for each BES with a unique similarity at E-value>e > had a
match to the same human chromosome within 400 Kb, at the lower significance
threshold, the insert was considered anchored at both ends. This approach yielded
an additional 1,318 comparatively anchored BESs (highlighted in blue in
Supplementary  Tables S2a and S2b;  http://www.swinegenomics.com/
publication_detail.php?id=111). The majority of these anchored BESs would have
been missed using the conventional threshold (E < e ), since 1,087 of them had
hits with E-value >e~>.

Thus, among the 33,310 BAC clones with BES mate-pairs, 3,726 inserts had
both ends anchored to human sequence (Table 3). The median distance between
anchored paired-ends for the RPCI-44 library (3,483 clones) was 185.9 Kb, approxi-
mately 12.7% longer than the average insert size of 165 Kb previously estimated for
this library (21). Similarly, the CHORI-242 library (243 clones) had an estimated
median distance of 202 Kb between anchored mate-pairs. The predicted average size
is longer than the average insert size of 173 Kb previously estimated for the CHORI-
242 library (23). Such differences between estimates most likely represent non-linear
correspondence between the porcine and human genome sequences due to expansion
or contraction during genome evolution. Assuming the human genome size of 3 Gb,
these data suggest the porcine genome size may be proportionally smaller in the
range of 2.62 to 2.75 Gb.

As estimated by BESs with overlapping hits, only 5.8% of all BESs were
redundant, demonstrating that there was no selection bias among the sequenced
BAC clones. Unique BES hits were distributed evenly along human chromosomes
with an average density of one anchor per 73 Kb of completed human genome
sequence (Table 4). Overall the distribution of similarities varied between human
chromosomes. The highest density of unique matches for human autosomes was
observed on HSA3 and the lowest density on HSA19. The frequency of hits within
known genes varied from 54.5% on HSAG6 to 77.5% on HSA22. Estimated genome
coverage was highest for HSA14 (69.4%) and lowest for HSA19 (21.6%). The
total number of hits and hit density for human X chromosome were lower than
would be expected relative to its size. The calculated average ratio of single hits
for each chromosome was approximately 65%. In contrast, only 50% of all hits with
X chromosome were unique and a lower ratio of 33.9% was observed for HSA19. Of
the 54 BESs assigned to the Y-chromosome (E < e ), only two had unique BLAST
hits, the remainder having additional hits to autosomes and the pseudoautosomal
region of the X chromosome.

In general, the densities of hits were in agreement with the estimated gene
densities since 64.2% of the assigned BESs were observed in orthologous sequences
of known human genes. Similarly, telomeric, centromeric and repeat-rich regions of
human chromosomes had relatively few unique matches with porcine BESs. One
controversial comparison is represented by HSA19, a chromosome characterized
as gene rich (1,761 genes per 56 Mb) (28) but which demonstrated the lowest com-
parative single hit density (1 per 139.33kb) and correspondingly lowest coverage
by mapped porcine BACs (21.6%). The same low coverage was reported for
mouse (29) and cattle (27) BESs. Human chromosome 19 is known to contain an
extraordinary number of clustered gene families (28), members of which encode the
Kruppel-type zinc finger-containing proteins, olfactory receptors, serine proteases,
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cytochrome P459 and many others. Since most of the HSA19 genes are clustered in
gene families, and our analysis only considered unique hits, this would suggest that
most of genes families members were excluded from our analysis due to multiple
hits and thus, possibly resulting in fewer hits calculated than should be expected.

Utility of Piggy-BACing Human Genome Sequences

Using only porcine BESs with putative orthology to 1.4% of the human gen-
ome sequence, we were able to anchor 6,336 orthologous human genes and 7,032
BESs matched conserved intergenic regions. Selected BESs were then utilized for
constructing a high-resolution porcine RH map. To maximize the efficiency of
RH mapping, only unique BESs with a single BLAST hit in the human genome were
used as potential markers for RH mapping. The evolution of gene families in differ-
ent species involves either species-specific expansion or deletion of their members (30).
Hence porcine BESs with multiple homology matches within the human genome
could either represent gene segments with similar functional domains or members
of various gene families present in both pigs and humans or expanded in human gene
families. Thus, we avoided using such markers for RH mapping to avoid multiple
PCR products and inconclusive mapping. Considering the optimal resolution of
the IMpRH7 oo rad panel to be about 1 marker per 150 Kb, markers were chosen
approximately 1 Mb apart in the human genome sequence.

To evaluate the utility of this approach, we targeted SSC13 (Figure 1). This
porcine chromosome was selected since it represents the remnant of a putative mam-
malian ancestral chromosome and is the largest evolutionarily conserved block
known in mammals consisting entirely of two human syntenic groups, HSA3 and
HSA21 (31). A total of 193 comparatively anchored BESs were selected to provide
an evenly spaced distribution along the length of HSA3 (166) and HSA21 (27). Of
these, 186 (96%) BESs were successfully mapped, corresponding to a comparative
anchor every 1.22 Mb relative to the human sequence. Mapped markers were ortho-
logous to regions spanning from 0.14 Mb to 197.53 Mb on HSA3 and 14.53 Mb to
46.76 Mb on HSA21 providing approximately 99% and 97% coverage of each
human chromosome, respectively. The estimated RH-o0o map length was 4,905 cR,
equivalent to a ratio of 21.9cR per Mb when excluding the centromeric region on
HSA3 (15).

An absence of single hits around the HSA3 centromere restricted our choice of
markers to two closest from the p- and g-arms, which were still 5.5 Mb apart (89.8-
95.3Mb). The SSCI3 RH map demonstrates these two markers closely linked
together at a distance of 36 cR, that corresponds to the distance between two adjac-
ent markers being 1.3 Mb apart on the human map and suggests an excess of geno-
mic DNA around the HSA3 centromere. A similar result was obtained for the most
proximal marker of the HSA21 linkage group. It was closely linked with the marker
from HSA3 linkage group, suggesting that both the p-arm and centromeric regions
of HSA21 were gained later in evolution by expansion or transposition of genomic
material (31). Further studies of porcine centromere regions should shed light on
chromosome evolution, composition of human centromere and provide a tool for
annotation of human genome.
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Figure 1 Assignment of porcine BAC-end sequences on human homologous of SSC13. [A]. The build 33
contigs for HSA3 and HSA21 that were used for BLAST analysis. [B]. The distribution of porcine BESs on
the human chromosomes and the number of single (unique) BLAST hits/Mb of human sequence. [C]. Dis-
tribution of porcine BESs selected for RH mapping. [E]. The RH mapping of the selected markers [C]
resulted in the identification of 7 fragments of synteny between pig and human. The position of syntenic
blocks is shown on porcine RH map [E] and on the human build 33 contigs [D]. The beginning and end
points of segments in Mb are from results of BLASTn comparison with build 33 contigs. Arrowheads
provide orientation with respect to the human gene order.
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Conserved Syntenies between SSC13 and HSA3/HSA21

Seven evolutionarily conserved blocks were identified with six corresponding
to segments from HSA3 and a single syntenic block corresponding to HSA21.
The mapping allows confirmation of syntenic segments previously detected by
FISH mapping (17,32,33) and closure of the gaps by redefining the positions
of the evolutionary breakpoints to less then 1Mb between adjacent segments
while detecting two novel small fragments of syntenic homology. Though below
the resolution of the current IMpRHj; o9 rad panel, shorter rearrangements could
not be detected, however, gene order was conserved within the homologous seg-
ments (15,34). The number of shared syntenic groups between humans and other
mammals has recently been calculated. A total of 217 conserved syntenic blocks
were observed between human and mouse (35). A lesser number (159) was esti-
mated when comparing the dog-human genomes (36). The human genome is
highly conserved relative to the genomes of all placental mammals, whereas the
mouse and dog genomes are highly rearranged through large proportion of trans-
locations (37). The HSA3/HSA21 synteny group was shown to have 28 fragments
of synteny with mouse genome (29) and 13 with dog genome (36). Only 7 synte-
nic groups with porcine genome were detected, suggesting fewer and longer ortho-
logous segments between human and pig genomes, making the pig genome more
promising for resolving ambiguities in sequencing and annotations of the human
genome.

CONCLUSIONS

The strategy of piggy-BACing the human genome described in this study
demonstrates that through a directed, targeted comparative genomics approach
construction of a high-resolution anchored physical map of the pig genome can be
achieved (15). This map supports the selection of BACs to construct a minimal tiling
path for genome sequencing and targeted gap filling. Moreover, this approach is
highly relevant to other genome sequencing projects (38,39).

LIST OF ABBREVIATIONS

BAC: bacterial artificial chromosome; BES: BAC-end sequencing; cM: centi-
morgan; cR: centi-ray; FISH: fluorescence in situ hybridization; Gb: gigabase pairs;
HSA: human (homo sapiens) chromosome; IMpRH: INRA-Minnesota porcine
Radiation Hybrid panel; Kb: kilobase pairs; LINE: long interspersed nuclear
element; LTR: long terminal repeat; Mb: megabase pairs; RH: radiation hybrid;
SINE: short interspersed nuclear element; SSC: Sus scrofa chromosome; WG-RH:
whole genome radiation hybrid.
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