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A Cattle–Human Comparative Map Built with Cattle
BAC-Ends and Human Genome Sequence
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As a step toward the goal of adding the cattle genome to those available for multispecies comparative genome
analysis, 40,224 cattle BAC clones were end-sequenced, yielding 60,547 sequences (BAC end sequences, BESs) after
trimming with an average read length of 515 bp. Cattle BACs were anchored to the human and mouse genome
sequences by BLASTN search, revealing 29.4% and 10.1% significant hits (E < e−5), respectively. More than 60% of
all cattle BES hits in both the human and mouse genomes are located within known genes. In order to confirm in
silico predictions of orthology and their relative position on cattle chromosomes, 84 cattle BESs with similarity to
sequences on HSA11 were mapped using a cattle–hamster radiation hybrid (RH) panel. Resulting RH maps of BTA15
and BTA29 cover ∼85% of HSA11 sequence, revealing a complex patchwork shuffling of segments not explained by a
simple translocation followed by internal rearrangements. Overlay of the mouse conserved syntenies onto HSA11
revealed that segmental boundaries appear to be conserved in all three species. The BAC clone-based comparative
map provides a foundation for the evolutionary analysis of mammalian karyotypes and for sequencing of the cattle
genome.

[Supplemental material is available online at www.genome.org.]

Sequencing of the human and mouse genomes has created a
watershed of opportunities in biology (Lander et al. 2001; Wa-
terston et al. 2002). Among the most anticipated scientific ad-
vances from genome sequencing is the elucidation of genome
evolution and function, with comparative analysis tools being
the primary investigative strategy. It is now well accepted that
progress in mammalian comparative genomics is dependent
upon the position on the phylogenetic tree of species selected for
genome mapping and sequencing (O’Brien et al. 2001). Thus, the
mammalian order Cetartiodactyla has become a focus of great
attention in comparative genomics, because it comprises a phy-
logenetically distant clade of eutherian mammals relative to pri-
mates, having diverged from a common ancestor ∼85 million
years ago (Kumar and Hedges 1998). On the basis of a limited
amount of sequence information for orthologous regions in a
number of mammals (Thomas et al. 2002), it is clear that a Ce-
tartiodactyl genome will play an essential role in informing the
human genome for conserved noncoding structural and regula-
tory elements, properly annotating exon/intron boundaries, and
the identification of novel genes. For these reasons, the U.S. Na-
tional Institutes of Health (NIH) has given high priority to the
complete genome sequencing of two Cetartiodactyl species, Bos
taurus (cattle) and Sus scrofa domestica (pig; http://www.genome.
gov/page.cfm?pageID=10002154).

An important first step for efficiently sequencing a new
mammalian genome is to have a high-quality, comparatively an-

chored physical map. Various strategies for creating such a map
have been employed, including the use of BAC fingerprinting
and BAC-end sequencing. For example, Fujiyama et al. (2002)
produced a comparative clone-based map of the human and
chimpanzee genomes using paired chimpanzee BAC-end se-
quences (BESs) aligned by BLAST with the human genome se-
quence. Approximately 98% of chimpanzee BESs had BLAST hits
in the human genome that identified putative orthologs, thus
yielding a powerful resource for comparative genome analysis.
Gregory et al. (2002) produced a detailed comparative physical
map of the mouse and human genomes by combining BAC-end
sequencing with a whole-genome BAC contig created by BAC
fingerprinting, revealing remarkable colinearity of the mouse
and human genomes. Approximately 11% of mouse BESs had
BLASTN hits (E < e�5) in the human genome, permitting a frame-
work for the assembly of whole-genome shotgun sequence and a
minimum tile path of clones useful for generating and finishing
the reference sequence. Although other methods have been used
to generate contigs for targeted comparative sequencing (Thomas
et al. 2002), large-scale BAC-end sequencing is currently the most
efficient strategy for building whole-genome comparatively an-
chored physical maps in map-poor species. In this report we de-
scribe creation of the first BAC clone-based comparative map of
the cattle and human genomes that has 32% coverage of the
cattle genome and one comparatively anchored BAC-end every
217 Kbp of human genome sequence on average. Furthermore,
we confirm in silico predictions of cattle chromosome location of
BAC-ends using radiation hybrid (RH) mapping, simultaneously
demonstrating that the collection of sequenced BAC-ends is a
powerful resource for generating high-resolution comparative
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chromosome maps. These maps will facilitate assembly of the
cattle genome sequence and the identification of genes affecting
phenotypes of biological and economic importance.

RESULTS

BAC-End Sequencing Statistics
A total of 40,224 BAC inserts (∼1� coverage of the cattle ge-
nome) were sequenced at both ends, resulting in 63,541 high-
quality BESs >200 bp in length (79% overall success rate). Se-
quencing failures were mainly due to empty wells and low BAC
DNA yield (Table 1). Trimming for E. coli and vector DNA yielded
60,547 (95.3%) BESs with an average read length of 515 bp, com-
paring favorably to mouse BAC-end sequencing results (Zhao et
al. 2001). Of these, 49,710 (82.1%) were mate-pairs. Within the
set of 60,547 BESs, 67% contained repeats. Repeat bases represent
46.4% of the 31,250,134 bp cumulative length of BAC-end se-
quences, with satellite DNA comprising 6.2% of that total. Most
repetitive elements are LINE (28.7%), SINE (7.5%), and long ter-
minal repeats (2.4%). Novel repeats (data not shown) accounted
for the 6.3% of BESs that were redundant (identity cutoff >90%
and hit length >100 bp using BLASTN). Assuming a genome size
of 3 Gbp for cattle, and random sampling from the cattle ge-
nome, 60,547 BESs correspond to one BES every 50 Kbp of the
cattle genome.

Anchoring of Cattle BESs to the Human and Mouse
Draft Genome Sequences
After repeat masking, 46,621 BESs had �100
bp of contiguous nonrepetitive sequence.
These cattle BESs were tested for similarity
to human genome sequence (NCBI Build
30) using BLASTN. Search results produced
13,716 BLAST hits (E < e�5), of which
10,732 matched a single position in the hu-
man genome (Table 2 and Supplementary
Table 1, available online at www.genome.
org). In comparison, there were only 4713
significant BLAST hits in the mouse genome
that yielded 3704 single hits, of which 3239
are common with the human genome.
Thus, random cattle BESs had 3.3-fold
higher frequency of similarity hits to the
human genome than the mouse genome,
and 2.9-fold higher frequency of single hits.
Analysis of the distribution of these single
BLAST hits demonstrated that 6665 (62%)

of the human hits and 2228 (60%) of the mouse hits were within
known genes, including coding and noncoding regions (Table 2).
Among 24,855 BAC clones with BES mate-pairs, 1242 had both
ends matching human genome sequence, of which 1011 had
ends <300 kb apart on the same human chromosome. The me-
dian distance of 184.3 Kbp between BES mate-pairs with human
chromosome hits compares favorably to the average insert size of
180 Kbp for segment 1 of the CHORI 240 library. Many of the
remaining 95 clones with paired-end hits �300 Kbp apart on the
same chromosome most likely span internal rearrangements in
cattle chromosomes relative to the human genome. This is sup-
ported by the predicted RH map location in cattle for these
clones (Suppl. Table 1). There were also 136 mate-pairs (10%)
with ends that hit different human chromosomes. At least three
of these clones appear to cross evolutionary breakpoints, with the
remainder likely to represent inaccurate BLAST predictions, col-
ligation of BACs, and other sources of experimental error.

The distribution of significant cattle BES hits on the human
chromosomes was generally as expected on the basis of chromo-
some size and gene density (Table 3). If we assume a human
genome size of 2.973 Gbp (HSAY excluded in estimate), then the
13,716 cattle BES hits are distributed ∼1/217 Kbp of human ge-
nome sequence on average (not accounting for paired ends). This
estimate includes human centromeric and telomeric regions,
which are comprised of repetitive sequences that are generally
not suitable targets for BLAST similarity searches. A general esti-
mate of the nonoverlapping fraction of the human genome cov-
ered by the 13,716 cattle BACs is 32.3%, ranging from 20.0% for
HSA22 to 36.6% for HSA17 (Table 3).

Mapping of Cattle BESs In Silico
We used a new version of COMPASS software (see Methods) to
predict the cattle chromosome location of the 13,716 cattle BESs
with significant BLAST hits in the human genome (Table 3). The
basis for predicting cattle chromosome and bin location was the
first-generation human–cattle RH comparative map (Band et al.
2000). The positions of 51 BLAST hits could not be predicted
because they were located in “unlinked” human contigs, that is,
contigs not assigned to specific coordinates on any human chro-
mosome. For the remaining 13,665 BLAST hits, chromosome and
comparative bin on the cattle RH map were predicted for 9290
(68%), with the rest falling into gaps in coverage on the cattle–
human comparative map. The efficiency of predictive mapping
of BESs on the cattle genome ranged from 43% for BLASTN hits
on HSA8 to 100% for BLASTN hits on HSA13, HSA17, HSA18, and

Table 1. Cattle BAC-End Sequencing Statistics

Project statistic

BAC end sequencing reads 80,448
BESsa 63,541 (79%)
BESs after trimmingb 60,547 (95.3%)
Average read length, bp 515
BESs mate-pairsc 24,855 (82%)
Total bases sequenced 31,250,134
Repeat masked bases 14,499,057 (46.4%)
Redundant BESsd 6.3%

aNumber of sequences with edited read length �200 bp. bNumber of
sequences free of E. coli and vector DNA, with edited read length
�200 bp. cNumber of clones with both ends successfully sequenced.
dRepeat-masked BESs that have >90% identity with other BESs and
alignments >100 bp.

Table 2. BLASTN Comparison of Cattle BESs With Human and Mouse
Genome Sequences

BLAST results Human genome Mouse genome

BESs used for comparative analysisa 46,621 46,621
BESs with significant BLAST hitsb 11,877 4,103
Significant BLAST hitsc 13,716 (29.4%) 4,713 (10.1%)
Single BLAST hits 10,732 (90.4%) 3,704 (90.2%)
Gene hitsd 8,621 (62.9%) 2,864 (60.8%)
Gene hits in single BLAST hit set 6,665 (62.1%) 2,228 (60.2%)
Paired-ends, both with BLAST hits 1,242 183
Consistent paired-end BLAST hitse 1,106 172
Consistent paired-end BLAST hits with <300 Kbp
distance in reference genome

1,011 162

aNumber of BESs with �100 bp of contiguous nonrepetitive cattle sequence. bNumber of BESs
with BLAST hits having E < e�5. cTotal number of BLAST hits generated from 11,877 BESs.
dNumber of BLAST hits annotated as genes in the human or mouse genome. These regions
include coding and noncoding sequences. eNumber of paired-end hits where both ends
matched the same human/mouse chromosome.
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HSAX; chromosomes that appear to have complete conserved
synteny with their cattle homologs.

Confirmation of In Silico Map Predictions
by RH Mapping of Cattle BESs
Radiation hybrid mapping was used to confirm COMPASS pre-
dictions of cattle chromosome positions of BESs, thus testing the
validity of the COMPASS approach for detecting true ortholo-
gous relationships. In addition, the usefulness of BESs for creat-
ing human–cattle comparative maps with enhanced detail was
investigated. As an exemplar chromosome, the 673 cattle BESs
with similarity to HSA11 were used as a resource pool of markers
for mapping on the cattle–hamster RH5000 panel. The 673 con-
served cattle BESs are evenly distributed across the entire 137
Mbp length of HSA11, with the exception of the centromere
region, yielding an average hit spacing of 1 cattle BES/203.5 Kbp
of HSA11 sequence (Fig. 1). A total of 109 BESs were chosen for
mapping on the RH panel, with a spacing of ∼1 Mbp on HSA11.
Of the 109 BESs selected, 97 (89%) gave a distinct PCR product
that was acceptable for RH mapping. Out of a total of 176 com-
paratively anchored markers distributed on HSA11, 84 BESs were
mapped on either BTA15 or BTA29; the rest are genes mapped
previously (Band et al. 2000; A. Everts-van der Wind, S. Kata, J.E.
Womack, and H.A. Lewin, unpubl.). Eleven of the remaining 13
BESs were linked at LOD <8.0, and two were linked to other
chromosomes. Analysis of a more current build of the human
genome revealed that the markers mapping to other chromo-
somes are assembly errors in Build 29. Therefore, a conservative
estimate of the accuracy of the BLAST-COMPASS approach is
86.6% (84/97), but finishing of the human genome sequence and
improvements to the cattle RH map will likely result in further
gains in chromosome/bin prediction accuracy. We term cattle
BESs that have significant homology to human genome se-
quence, and with RH mapping information, “comparatively an-

chored sequence tagged sites” (CASTS). The CASTS were incor-
porated into RH maps of BTA15 and BTA29, and detailed com-
parative maps were constructed (Fig. 1). The distribution of
CASTS on the cattle RH map was as expected based on their order
in the human genome, with two exceptions on BTA29
(BZ942629 and BZ932447). These exceptions are changes of or-
der within conserved segments, not between conserved seg-
ments, thus suggesting the possibility of additional internal re-
arrangements or genotyping errors for these markers. The com-
parative map of HSA11 covers 113.56 Mbp (85%) in 10 distinct
conserved segments, with an average comparative spacing of 822
Kbp between markers. The smallest gap size between adjacent
conserved segments is 180 Kbp, and the largest is 5.96 Mbp.
Visual inspection of the comparative organization of HSA11,
BTA15, and BTA29 reveals a patchwork shuffling of segments
that is not explained by a simple translocation of HSA11 into two
syntenic segments followed by multiple internal rearrangements.

The high degree of accuracy of the COMPASS predictions
permits the construction of a virtual map of BESs on the cattle
chromosomes. By identifying the coordinates of the BESs in the
human genome and using COMPASS to identify the closest
linked marker in the RH maps of BTA15 and BTA29, most (89%)
of the 673 BESs with hits on HSA11 could be ordered on these
cattle chromosomes (Fig. 1). This virtual map will be useful for
selecting a tiling path for sequencing the cattle genome and for
comparative proofing of BAC contigs produced by fingerprinting
(Gregory et al. 2002).

The Borders of Conserved Synteny
A three-way comparative map of mouse and cattle chromosomes
overlaid on HSA11 was constructed using a combination of re-
sults from BLAST of cattle BAC ends against the human and
mouse genomes, and COMPASS (Fig. 1). The mouse chromosome
segments were defined from BLASTN hits of cattle BAC-ends in
the mouse genome and then converting these hits to coordi-

Table 3. Distribution of BES BLAST Hits in the Human Genome, Their Predicted Cattle Chromosome Locations, and Genome Coverage

HSA Chr. size (Mb) No. hits Predicted cattle chromosomes (no. hits) No. in gaps (%) % Coveragea

1 246 1137 BTA2 (95), BTA3 (581), BTA16 (230), BTA28 (19) 212 (18.6) 29.6
2 240 1279 BTA2 (294), BTA11 (476) 509 (39.8) 35.5
3 194 999 BTA1 (428), BTA22 (51) 520 (52.0) 34.2
4 192 827 BTA6 (458), BTA17 (104) 265 (32.0) 31.3
5 181 936 BTA7 (282), BTA20 (236) 418 (44.6) 34.6
6 170 795 BTA9 (180), BTA23 (234) 381 (47.9) 34.9
7 157 716 BTA4 (470), BTA25 (16) 230 (32.1) 33.8
8 143 635 BTA8 (10), BTA14 (208), BTA27 (55) 362 (57.0) 32.8
9 132 552 BTA8 (294), BTA11 (37) 221 (40.0) 32.1
10 134 652 BTA13 (84), BTA26 (221), BTA28 (122) 225 (34.5) 34.9
11 137 673 BTA15 (365), BTA29 (17) 291 (43.2) 34.5
12 131 611 BTA5 (491), BTA17 (71) 49 (8.0) 34.3
13 113 397 BTA12 (397) 0 28.0
14 104 529 BTA10 (229), BTA21 (51) 249 (47) 32.2
15 99 449 BTA10 (227), BTA21 (108) 114 (25.3) 28.5
16 81 348 BTA18 (27), BTA25 (110) 166 (47.7) 29.4
17 80 372 BTA19 (372) 0 36.6
18 77 342 BTA24 (342) 0 32.9
19 60 259 BTA7 (91), BTA18 (64) 104 (40.0) 30.2
20 62 284 BTA13 (284) 0 31.8
21 44 153 BTA1 (153) 0 23.0
22 47 155 BTA5 (43), BTA17 (53) 59 (38.10 20.0
X 149 565 BTAX (565) 0 29.7
Total 2,973 13,665 4,375 (32.0) 32.3

aCoverage of human genome by cattle BACs was estimated by summing the lengths of human genome sequences between cattle BESs for which
both ends matched the same human chromosome with a distance <300 Kbp and the number of BESs having only one high-confidence hit in the
human genome at a distance �180 Kbp multiplied by 180 Kbp. The coverage within the cattle genome should be approximately the same, given
that 91% of all paired-end cattle BESs with BLAST hits on the same chromosome were separated by <300 Kbp.
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Figure 1 High-resolution cattle- and mouse-on-human comparative map of HSA11 created with current RH maps of BTA15 and BTA29 and 84 new
cattle BESs. Comparative coverage on the current cattle RH5000 map is shown in solid red or blue blocks on the right half of the HSA11 drawing, with
comparative segments indicated in Roman numerals. Mouse-on-human segments and mouse chromosome number are shown within the left half of the
HSA11 drawing, with the sequence coordinates of the corresponding positions in the mouse genome indicated to the left. The distribution of BACs
predicted to conserved segments of BTA15 and BTA29 is shown between the RH maps and human chromosome segments. Mapped conserved BAC
ends (CASTS) increased the total comparative coverage and enabled merging of linkage groups for both cattle chromosomes. The CASTS are identified
by GenBank accession number and are colored blue or red on chromosome maps. The human centromere is indicated by black ovals, and the 3.37-Mbp
pericentric region on HSA11 with no BLAST hits is shaded. Black and gray circles indicate the location of centromeres on cattle and mouse chromosomes,
respectively. Placement of markers appearing in boxes is defined by two-point linkage, because their order could not be determined with certainty.
Framework markers are in bold text. Underlined markers are those with no hit against the human genome (microsatellites, and novel ESTs). Markers with
two asterisks (**) are not predicted by COMPASS to be in the observed segment on the basis of the available comparative map. Comparative maps were
drawn using NCBI Build 29 (April 2002) of the human genome.
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nates in the human genome on the basis of existing comparative
mapping information. Therefore, the displayed comparative
mouse and cattle segment lengths may differ somewhat because
of the incomplete overlap of BLAST hits against the two reference
genomes (Table 2). In addition, the representation of the mouse-
on-human map is partially complete because the segment
boundaries are defined by hits with cattle BESs and not by the
actual segment boundaries defined by mouse genome-to-human
genome comparison. The map was constructed this way in order
to properly represent the comparative maps that can be built
solely with the cattle BES data. Even so, the boundaries of the 10
conserved segments in the cattle genome appear to correspond
well to the boundaries of nine conserved syntenic segments in
the mouse genome that correspond to HSA11 (Fig. 1). Segment I
is located at the telomere of HSA11, BTA29, and MMU7. Segment
IV shows nearly complete overlap in all three species, with the
boundaries of the segment appearing identical on BTA15 and
MMU7. The boundaries of segment VIII appear nearly identical
on BTA15 and MMU9, with the additional interesting feature
that the centromeres of BTA15 and MMU9 are located in a posi-
tion that appears conserved in mouse and cattle (BTA15 and
MMU9 are acrocentric). One boundary of segment VII on BTA29
has a centromere in cattle, but the same boundary on MMU7 is
acentric. Other conserved segments in cattle appear as subseg-
ments of larger conserved segments in the mouse (e.g., segments
VI and VII, IX and X). These first multi-ordinal sequence-based
comparative map alignments provide firm evidence for segmen-
tal evolution of mammalian chromosomes across a time span of
∼85 million years.

DISCUSSION
Providing functional and evolutionary context to DNA se-
quences is a major goal of comparative genomics. Among mam-
mals, it is expected that comparative genomics will lead to
greater understanding of phenotypic, physiological, and meta-
bolic diversity at the molecular and systems levels. Thus, se-
quenced mammalian genomes are the reference standards that
will enable comparative genomics to be used as a tool to under-
stand the molecular basis for the vast phenotypic diversity
within this vertebrate class (O’Brien et al. 2001). Each mamma-
lian genome sequenced, particularly those that are chosen from
phylogenetically distant clades, adds another piece of the evolu-
tionary puzzle that is necessary to unveil the coding potential of
the human and other mammalian genomes (Thomas and Touch-
man 2002). In addition, the great importance of cattle to the
world’s supply of meat and dairy products and the global ecosys-
tem makes this organism a prime target for genome studies.

Approximately 60,500 high-quality cattle BESs with an av-
erage read length of 515 bp were generated from end-sequencing
of 40,224 random BAC clones. These BESs comprise more than
14 Mbp of nonrepetitive cattle DNA, thus providing a resource
for anchoring cattle genomic sequences to the human and mouse
genomes. A somewhat surprising result was the frequency of sig-
nificant BLASTN hits in the human genome (29%) compared
with the mouse genome (10%) among filtered and repeat-masked
cattle BESs. These data are corroborated by the results of Gregory
et al. (2002) who found ∼11% BLAST hits of mouse BESs against
human genome sequence using the same BLAST parameters (Gre-
gory et al. 2002). The obvious explanation for this observation is
that the cattle genome has diverged more from the mouse ge-
nome than it has from the human genome, perhaps because of
the shorter generation interval in the rodent lineage. In the
mouse and human genomes, approximately 60% of the cattle
BES BLAST hits are in genes, and roughly 90% have single-match
hits (Table 2). Clearly then, a greater number of both conserved

coding and noncoding sequences are detected in the human ge-
nome compared to the mouse, supporting the idea that the hu-
man and cattle genomes have diverged to a lesser extent. It re-
mains to be determined whether this represents greater similarity
in the biology of these two species or differences in the rate of
sequence divergence in evolutionary time. Regardless of which
theory is correct, the large number of conserved noncoding cattle
BESs will be useful for identification of noncoding regulatory
elements and structural motifs in the human and cattle genomes,
as suggested by more limited comparative sequencing results
(Thomas et al. 2002).

The fraction of repeat bases in our set of cattle BESs is 47%,
which is higher than the 37% found in mouse BESs (Zhao et al.
2001). This difference might be due to the restriction enzyme
used to make the BAC libraries; MboI was used for CHORI-240
(cattle) and RPCI-24 (mouse), and EcoRI was used to prepare
RPCI-23 (mouse). However, the differences observed are more
likely to be due to the greater number of SINEs and LINEs in the
cattle genome. The large number and wide dispersal of repeats in
the cattle genome will undoubtedly complicate the assembly of a
cattle whole-genome shotgun sequence, thus increasing the level
of importance of obtaining high-quality BAC-based physical and
comparative maps. Unfortunately, repetitive elements are not
only a nuisance for assembling genome sequences, they also
complicate comparative analyses of BESs. The problem of repeti-
tive sequences reduced the effective amount of total DNA avail-
able for similarity search by nearly half, and the number of BAC-
ends by 23%.

Despite the complications caused by repetitive elements,
BAC-end sequencing was still found to be a robust and efficient
means of anchoring mammalian genomes to each other using
the combined BLAST-COMPASS approach. A total of 13,716 sig-
nificant BLAST hits in the human genome were identified, of
which 10,732 are single hits, yielding one cattle BES for every 217
Kbp of human genome sequence. Of these 2484 (1242 BAC
clones) are mate-pairs, of which 2022 (81%) are separated by
<300 Kbp on the same chromosome. These results give high con-
fidence to the BLAST analysis. Furthermore, these clones cover
∼185 Mbp of cattle DNA and will thus provide an excellent re-
source for assembly of BAC fingerprint contigs and in silico pre-
diction of gene content based on comparative mapping informa-
tion. The remaining 95 mate-pairs with BLAST hits on the same
human chromosome, but �300 Kbp apart, may be useful for
defining rearrangements within conserved syntenies. Three ad-
ditional BAC clones were identified that likely cross evolutionary
translocation breakpoints (data not shown) which, when se-
quenced, will facilitate comparative analysis of these important
chromosome domains. The coverage was less for the mouse (∼1
cattle BES/527 Kbp mouse sequence) because there were about
threefold fewer BLAST hits against the mouse genome. Neverthe-
less, reasonably good coverage of the mouse genome was ob-
tained, as demonstrated by the overlay of MMU2, MMU7,
MMU9, and MMU19 segments on HSA11 (Fig. 1).

The COMPASS approach (Band et al. 1998; Ma et al. 1998;
Rebeiz and Lewin 2000) was used to predict the cattle chromo-
some location (Table 3) and comparative bin of all BESs with a
single significant BLAST hit in the human genome (see Suppl.
Table 1). The regions not covered in the comparative map in-
clude those surrounding human centromeres and the human Y
chromosome. The centromeric regions represent a problem for
comparative analysis because assembled human sequence is not
yet available for most of them, and even when it is, such regions
are comprised mostly of repeats that will be masked in a typical
BLAST analysis. For example, HSA1 has a gap in sequence cover-
age of ∼ 21.5 Mb in the centromeric region. Such gaps reduce the
apparent comparative coverage because they are counted in the
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human chromosome size estimates. With respect to the Y chro-
mosome, most of the significant BLAST hits on HSAY had hits on
other human chromosomes with more significant E-values. Some
of these hits were in the pseudoautosomal region. Because of
these problems the Y chromosome was excluded from the pre-
sent analysis. The proportional representation of BLAST hits on
all human autosomes and HSAX, and the moderate resolution of
the first-generation cattle–human comparative RH map (Band et
al. 2000), allowed prediction of the map location of 68% of all
cattle BESs (Table 3). The COMPASS strategy thus permits in
silico mapping and ordered alignment of BACs, as shown for
BTA15 and BTA29 (Fig. 1). The coverage of these BACs in the
cattle genome is 32.3%, thus providing a solid framework for
scaffolding BAC contigs in the cattle genome as done for the
mouse genome (Gregory et al. 2002) and for cattle chromosome-
based BAC skim sequencing.

The accuracy of COMPASS and the utility of the BESs for
creating high-resolution comparative maps of cattle, human, and
mouse chromosomes was demonstrated by RH mapping of cattle
BESs with BLAST hits on HSA11 (Fig. 1). The accuracy of cattle
chromosome prediction was found to be ∼90%, and a cattle–
human comparative map with greater than 1-Mbp resolution was
created by adding 84 BAC ends to an existing cattle RH map. No
gap was greater than 6 Mbp, and comparative coverage is 85% on
the basis of human genome coordinates. These results demon-
strate that BESs combined with COMPASS and RH mapping,
yielding large numbers of CASTS, represent an exceptionally
powerful approach for generating detailed comparative maps
that should be extensible to other cattle chromosomes and to
whole-genome comparative mapping in map-poor species.

The cattle–human comparative map generated with CASTS
revealed 10 distinct conserved segments that can be aggregated
into two conserved syntenies on BTA15 and BTA29. The con-
served segments range in size from 2.4 Mbp (segment I) to 32.31
Mbp (segment IV, including the centromere) with a mean of
11.41 Mbp. These results are in general agreement with genome
averages for the mouse–human comparison of 6.9 Mbp based on
direct sequence comparison (Waterston et al. 2002). A startling
observation was made when the mouse, human, and cattle seg-
ments were aligned (Fig. 1), clearly showing conservation of sev-
eral segmental boundaries. Thus, it appears from the conserved
segmental boundaries that breakages occur within defined chro-
mosomal regions. The apparent stability of segment boundaries
over an evolutionary time scale exceeding 85 million years can be
due to insufficient time for additional breakages within con-
served segments to occur and/or purifying selection acting
against breakages within gene-dense regions. Chromosomes ap-
pear to evolve as mosaics of these segments, with insertion of
centromeres occurring at or near these boundaries. Our data
clearly show that the gaps between segments have very low levels
of sequence similarity or are masked by repetitive elements, be-
cause the gaps are devoid of BES hits in both the human and
mouse genomes (Fig. 1). We have also noted that narrower re-
gions of the segment gaps contain gene deserts in the human
genome, which would be desirable with a segment-shuffling evo-
lutionary strategy so as not to produce gene loss. The continued
progress in sequenced-based mapping of the dog (Mellersh et al.
2000), cat (Murphy et al. 2000), pig (Rink et al. 2002), and other
mammalian genomes will enable a more comprehensive evalua-
tion of the conserved segment model of mammalian chromo-
somal evolution.

The long history of cattle genetics (Fries and Ruvinsky 1999)
and a vibrant community of cattle genome scientists greatly fa-
cilitate the development of the maps and other genomic re-
sources necessary for genome sequencing and genomic biology.
The work we report here provides the first sequence-based physi-

cal and multispecies comparative maps for cattle. These maps
and accompanying BAC resources will enable robust assembly of
the cattle genome sequence. Furthermore, comparatively an-
chored BESs provide a powerful tool for evolutionary studies of
vertebrate genome organization and an important new resource
for positional cloning of genes affecting health and production
traits in this agriculturally important species.

METHODS

BAC Culture and End Sequencing
Segment 1 of the CHORI 240 cattle BAC library (http://
www.chori.org/bacpac) was used for BAC-end sequencing. The
library, consisting of approximately 200,000 clones, was created
by cloning of partially digestedMboI genomic DNA isolated from
a Hereford bull into the BamHI cloning site of the pTARBAC1.3
vector. Preculture was used to increase BAC DNA yields for end
sequencing. Briefly, BAC clones were inoculated into 2-mL 96-
well culturing blocks (Millipore) containing 1 mL of 2� Luria
Broth and 12.5 µL/mL chloramphenicol. Blocks were covered
with plastic lids and incubated for 21 h at 37°C with shaking
overnight at 320 rpm. New blocks with 1.5 mL of fresh media
were inoculated with 3 µL of the preculture and incubated over-
night for 17 h as described above. The blocks were centrifuged at
1500g for 7 min, the culture supernatant was decanted, and the
blocks were inverted and tapped on absorbent paper to remove
residual culture supernatant. DNA extractions were performed
robotically (QIAGEN 9600 BioRobot) using a commercial kit
(Montage BAC96 Miniprep Kit, Millipore) according to the manu-
facturer’s specifications. BAC DNA was transferred to V-bottom
plates and stored at 4°C.

Dye terminator sequencing reactions were set up robotically
using the following ingredients: 10 µL BAC DNA solution, 2 µL
standard T7 sequencing primer (20 µM solution) or custom-
designed SP6 (GGCCGTCGACATTTAGGTGACA) primer (10 µM
solution), 2 µL BigDye cycle sequencing-ready reaction mix with
AmpliTaq DNA polymerase FS (Applied Biosystems), and 6 µL of
dilution buffer (200 mM Tris-HCl, pH 9.0, 5 mM MgCl2). Ther-
mal cycling (MJ Research) was performed at 96°C for 4 min fol-
lowed by 100 cycles of 96°C for 30 sec, 56°C for 10 sec, 60°C for
4 min. Reaction products were purified by precipitation in 75 µL
of 0.3 mM MgSO4 in 70% EtOH, followed by washing in 75 µL of
70% EtOH. The samples were then loaded on ABI 3700 auto-
mated capillary sequencers (Perkin Elmer-Applied Biosystems).

Sequence Processing and Bioinformatics
The BAC-end sequences were trimmed of vector sequences,
stored in a local Oracle database, and uploaded to GenBank (ac-
cession nos. BZ896445–BZ956676 and CC447354–CC447937) af-
ter quality assessment using the Genome Project Management
System (GPMS), a local laboratory information management sys-
tem for large-scale DNA sequencing projects (Liu et al. 2000).
Quality assessment was performed using Phred software (Ewing
and Green 1998; Ewing et al. 1998) using Q �20 as a cutoff.
Repeats were masked using RepeatMasker software (ftp://
ftp.genome.washington.edu) and BESs tested for similarity using
NCBI-BLASTN (Altschul et al. 1997) mounted on an SGI/Cray
2000 16-processor supercomputer. Target databases were Build
30 of the human genome draft sequence (June 2002 release) and
the mouse genome database (MGSCv3). An expectation value (E)
of e�5 was used as the significance threshold for comparison of
cattle BESs with the human and mouse sequence contigs. This
empirically chosen threshold was shown to identify orthologs
with ∼95% accuracy (Band et al. 2000).

The COMPASS strategy (comparative mapping by annota-
tion and sequence similarity) permits the prediction of chromo-
some map location based upon sequence similarity of ortholo-
gous genes, if comparative map information is available for two
species (Ma et al. 1998; Band et al. 2000; Rebeiz and Lewin 2000).
A new version of the COMPASS Perl scripts (COMPASS III) was
created specifically for predicting cattle chromosome and bin
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location of BESs. The COMPASS III script utilizes BLASTN output
to first identify the sequence coordinates in the human genome
of each BAC end, and then predicts cattle chromosome and com-
parative bin using data from the first-generation cattle–human
comparative RH map (Band et al. 2000). Up to three significant
BLAST hits are stored for each BES. The Perl script parses BLAST
output into a spreadsheet, and transforms hit positions within
the human contigs to actual positions in the assembled human
genome sequence on the basis of the NCBI file seq_contig.md. The
COMPASS III predictions were integrated with the comprehen-
sive information and annotation for each end-sequenced BAC
clone.

Radiation Hybrid Mapping
The database of annotated BESs was used for selection of primers
for RH mapping of those BESs with significant BLASTN hits on
HSA11. A total of 109 BESs were selected at approximately 1-Mbp
intervals on HSA11. Only those BESs with a single high-
confidence human hit on HSA11 were selected for primer design.
This is to avoid paralogs and duplicated segments that might
complicate mapping and interpretation. Oligonucleotide primers
were designed to discriminate cattle from rodent sequences in
the RH panel using Vector NTI v7.0 software (InforMax). For the
109 primer pairs selected for the HSA11 pilot study, 89% gave
distinct PCR products using the cattle–hamster RH5000 panel.
Primers were purchased from a commercial source (Operon). All
primer pairs were typed in duplicate against a cattle 5000 rad RH
panel (Womack et al. 1997) as described (Band et al. 1998). Two-
point linkage and multipoint map construction were carried out
with RHMAPPER 1.22 (Slonim et al. 1997) using procedures simi-
lar to those described (Band et al. 2000). A threshold of LOD 8.0
was used for BESs with COMPASS-predicted assignments to one
cattle chromosome. For BESs falling into gaps on the compara-
tive map, a threshold for linkage of LOD 12.0 was used. Initial
framework maps were created using the RHMAXLIK program of
RHMAP 3.0 (Boehnke 1992) with an LOD threshold of 3.0. This
order was further expanded using the grow frameworks option of
RHMAPPER, and finally, a placement map incorporated all re-
maining markers in the most likely framework intervals within
40 cR. Two-point linkage analysis was used to confirm the posi-
tion of markers that mapped outside terminal framework mark-
ers. Microsatellite markers incorporated in the maps were used to
orient linkage groups within chromosomes according to the
USDA-MARC linkage map (Kappes et al. 1997).
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