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Animal models have been used primarily as surrogates for humans, having similar disease-based phenotypes.
Genomic organization also tends to be conserved between species, leading to the generation of comparative
genome maps. The emergence of radiation hybrid (RH) maps, coupled with the large numbers of available
Expressed Sequence Tags (ESTs), has revolutionized the way comparative maps can be built. We used publicly
available rat, mouse, and human data to identify genes and ESTs with interspecies sequence identity (homology),
identified their UniGene relationships, and incorporated their RH map positions to build integrated comparative
maps with >2100 homologous UniGenes mapped in more than one species (~6% of all mammalian genes). The
generation of these maps is iterative and labor intensive; therefore, we developed a series of computer tools (not
described here) based on our algorithm that identifies anchors between species and produces printable and
on-line clickable comparative maps that link to a wide variety of useful tools and databases. The maps were
constructed using sequence-based comparisons, thus creating “hooks” for further sequence-based annotation of
human, mouse, and rat sequences. Currently, this map enables investigators to link the physiology of the rat

with the genetics of the mouse and the clinical significance of the human.

Over the past 200 years, animal models have been selected
and used primarily as surrogates for humans. The primary
selection criteria for the animal models have been disease-
based phenotypic characteristic(s) similar to those of humans.
Indeed, many rat and mouse models share pathobiological
characteristics similar to a human condition (Desnick et al.
1982). The idea that genomic organization also tends to be
evolutionarily conserved between species was postulated in
the early 1900s (Castle and Wachter 1924; Haldane 1927).
Studies involving banding conservation and chromosome
painting (ZOO-FISH) have since shown that large stretches of
DNA are conserved in mammalian species as divergent as hu-
mans and fin whales (Nash and O’Brien 1982; Sawyer and
Hozier 1986; Scherthan et al. 1994; Weinberg and Stanyon
1995). Although these studies showed genome conservation,
they could not show the explicit conserved gene order at high
resolution; such detail can only be accomplished at the ge-
netic/physical mapping or sequence level. Several studies
evaluating genome conservation at the genetic and physical
mapping level have determined that gene order does tend to
be conserved between mammals (Oakey et al. 1992; Sellar et
al. 1994; Stubbs et al. 1994), opening up the prospect of con-
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structing comparative maps between multiple species based
on genetic sequence and map information (Nadeau 1989;
Anderson et al. 1996; DeBry and Seldin 1996; Lyons 1997).
As genetic and physical maps of human and model or-
ganisms developed with the advent of the Human Genome
Project in the 1990s and as the number of identified genes
increased, the number of possible integration points dramati-
cally enhanced the potential quality and density of compara-
tive maps (O’Brien et al. 1999). The increased number of
mapped genes and expressed sequence tag (EST) sites has led
to sequence comparisons to identify orthologous genes (ho-
mologous genes in different species evolving from the same
common ancestral gene; Clark 1999; Fitch 2000). When
mapped in both species, these orthologs serve as anchors that
are useful in identifying conserved segments between species.
However, until absolute phylogeny of the genes is truly
known, the ortholog assignments between these species must
be considered preliminary; thus, it is prudent to assign gene-
based anchors using the more conservative homolog relation-
ships. The Mouse Genome Informatics (MGI) group at The
Jackson Laboratories (http://www.informatics.jax.org/; Blake
et al. 2000) has curated and assigned 2105 rat-mouse (R-M),
1950 rat-human (R-H), and 5603 mouse-human (M-H) or-
thologs. However, fewer of these genes have been mapped
across all three species, limiting the number of anchors for
building comparative maps. Several lower-resolution com-
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parative maps have been generated between rat, mouse, and
human using fluorescence in situ hybridization (Levan et al.
1991; Scalzi and Hozier 1998; Grutzner et al. 1999) and com-
bined genetic/radiation hybrid (RH) maps (Watanabe et al.
1999), the later identifying 522 anchor points between rat
and human and/or mouse. The combined genetic/RH maps
identified 41 conserved segments (identified by containing at
least two homologous genes) between rat and mouse and 89
between rat and human (Watanabe et al. 1999). Using the
analytical methodology developed by Nadeau and Taylor
(1984), Watanabe et al. (1999) predicted the number of evo-
lutionarily conserved segments between rat and human to be
152+21 and between rat and mouse to be 49+7.

The emergence of the RH maps in human, rat, and
mouse (Gyapay et al. 1996; Steen et al. 1999; VanEtten et al.
1999), coupled with the development of large numbers of
UniGenes and ESTs for all three species, has revolutionized
the way comparative maps can be built and maintained, be-
fore the complete genome sequencing of all three species.
Indeed, the mapping approach described here can easily be
extended to other mammals with significant EST libraries and
RH maps and with entire genome sequences that will not
likely be determined. There are many advantages of using the
RH maps over curated or integrated genetic maps. First, RH
mapping facilitates the integration of genetic markers, genes,
and ESTs onto a single backbone map. Second, anchor (ho-
mology and map) assignments (based on sequence alignment,
UniGene assemblies of ESTs, and map information) between
species provide large numbers of hooks on and between the
RH maps of rat, mouse, and human, which are useful for
further sequence-based annotation of finished sequence from
any source and, in particular, annotation of gene function
based on results in animal models. Finally, the backbone of
the maps has been developed and constructed using se-
quence-based comparison assignments coupled to a sophisti-
cated scoring algorithm to choose the most likely homologies,
thus providing an algorithm for de novo construction of com-
parative maps as the fundamental EST, gene assembly (Uni-
Gene or other), and RH map data sets mature. As the genomic
sequence for human and mouse are in finishing and the se-
quencing of the rat is underway (Marshall 2000; Pennisi
2000a,b), such an RH-based scaffold becomes a powerful tool
for early rat physical mapping, sequencing, and annotation of
function. Comparative maps as described here provide a pow-
erful platform for the integration of physiological and phar-
macological information in the rat with genetic information
in the mouse and clinical information in the human.

RESULTS

We have used publicly available rat, mouse, and human data
to identify genes and ESTs with interspecies sequence identity
(Table 1) and have coupled the information on sequence
alignment (homolog) with both gene assemblies (UniGene)
and their RH map positions to build comparative maps. Our
threshold for positive EST sequence alignment is 85% se-
quence identity over at least a 100-bp stretch after masking
interspersed repeats (e.g., long interspersed elements [LINEs])
and low-complexity regions, criteria we experimentally estab-
lished (see Methods) and that are supported in studies by
Makalowski and Boguski (1998) and used in the National
Center for Biotechnology Information (NCBI) HomoloGene
algorithm (Zhang et al. 2000). Results of sequence identity
testing between multi-organism gene and EST sequences were
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then subject to an algorithm that compresses them into ho-
mologous UniGene objects (see Compression and Scoring Al-
gorithm). The objects are then scored to predict unique (one-
to-one in each species) homologous UniGene anchors that
have high affinity for each other based on the gene and EST
sequence alignment(s). If map information is available, these
anchors are then assigned a consensus map position. This
algorithm identified 18,901 R-H, 84,680 R-M, and 28,973 M-H
putative UniGene homologies (using UniGene builds 115 for
human, 77 for rat, and 78 for mouse), of which 8012 R-H,
14,370 R-M, and 9164 M-H were classified as unique homolo-
gous UniGene anchors using the algorithm. Those unique
homologous UniGenes with consistently mapped ESTs were
used as the anchor points for the comparative maps. We con-
clude that the majority of these anchors (gene pairs) resulting
from our algorithm are in fact orthologous genes.

Using these data, we generated comparative framework
maps between rat, human, and mouse. After compressing the
EST alignments into unique homologous UniGenes, we iden-
tified 1244 mapped R-H homologs, 368 mapped R-M ho-
mologs, and 569 mapped M-H homologs, corresponding to
2155 homologous UniGenes mapped in more than one spe-
cies, ~6% of all mammalian genes (Adams et al. 2000). The
map information was obtained from publicly available rat
(http://rgd.mcw.edu; http://ratEST.uiowa.edu; Steen et al.
1999; Sheetz et al. 2001), human (http://www.ncbi.nlm.nih.
gov/genemap99/; Deloukas et al. 1998), and mouse (http://
websql.har.mrc.ac.uk/mps/maps/0/LOD_7/graphic.html;
VanEtten et al. 1999) RH maps. From these comparative
maps, we have identified 107 conserved segments with at
least 2 anchors between rat and human and 37 between rat
and mouse. The average conserved segment length between
rat and human is 94.25 cR, with a range of 0.2 to 483 cR;
between rat and mouse, 326.4 cR, with a range of 0.2 to 867
cR. It is important to note that although these numbers reflect
conserved segments, many of them are interrupted by intra-
chromosomal rearrangements, that is, local gene order has
not been as well conserved. This trend has been more and
more evident with the increasing resolution of comparative
maps (Carver and Stubbs 1997; Thomas et al. 2000). For ex-
ample, two comparative maps between human and chromo-
some 7 mouse have reported 14 and 13 conserved segments,
respectively, when using genetic map information in the
mouse and either cytogenetic or genomic sequence informa-
tion for the human (DeBry and Seldin 1996; Lander et al.
2001). However, a refined map for this chromosome that used
mouse sequence tag site (STS) maps (rather than consensus
genetic maps of the mouse) and human genomic sequence
maps identified 20 conserved segments, only half of which
correspond to nonadjacent regions (Thomas et al. 2000).
Therefore, the remaining 50% of the conserved segments
were produced by intrachromosomal rearrangements. This
may affect the previous estimates of conserved segment
length, as these calculations assume when a segment is de-
fined by two or more syntenic orthologous genes, gene order
is conserved between those anchors (Nadeau and Taylor
1984). Indeed, for human chromosome 7, previous conserved
segment length estimates were >50% than those determined
in the refined comparative maps using STS and sequence
maps. More detailed sequence-based comparisons, resulting
from the human, mouse, and rat genomic sequence, will serve
to better determine whether this phenomenon is specific to
human chromosome 7 or whether it is a general trend.

We also identified 200 singleton segments (defined by a
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single homologous anchor) between rat and human and 84
singleton segments between rat and mouse. Although some of
these singletons could be short conserved segments, they may
also be caused by incorrect assignments of orthologs and/or
incorrect mapping information. The homology maps be-
tween human and mouse also detect a large representation of
singleton segments, ranging from 141 (Lander et al. 2001) to
223 (http://www.ncbi.nlm.nih.gov/Homology/), and it has
been suggested that nearly 50% of these are likely true con-
served segments. To avoid some of the complexities caused by
ambiguities in RH placement position, we define ESTs within
a 20-cR bin interval as a single UniGene placement. We an-
ticipate a reduction in the total number of singletons as more
map information is made available, UniGene rebuilds im-
prove, genomic sequence for all three species is available, and
singleton segments are subsumed into adjoining newly
mapped syntenic regions.

The generation of high-resolution comparative maps is
an iterative and labor-intensive exercise as new ESTs, RH map
iterations, and ongoing UniGene rebuilds are produced.
Therefore, we have developed a series of computer tools (data
not shown) based on our algorithm that, on a quarterly basis,
identify unique homologous UniGene anchors between rat,
human, and mouse; develop and annotate the comparative
map information; and build and display the comparative
framework maps in printable and online clickable formats
using the most current available data. Figure 1, produced as
the poster enclosed with this issue, shows static R-H and R-M
comparative maps generated using our computer tool; all of
these maps, along with those using mouse and human as
backbone species, have been generated and are available
(http://rgd.mcw.edu/VCMAPS). The displayed version of
these maps was generated to give a visually pleasing picture of
the comparative maps but, because of the density of markers
on the maps, does not display all available information. All
conserved segments are displayed (having at least two ho-
mologous anchors), but not all detail is included at the whole-
chromosome level. For instance, lines are drawn between ho-
mologous UniGenes only if the homologous anchors have
been displayed in both organisms. The backbone species is in
the middle of each map, with the corresponding species on
either side. The backbone map is drawn to scale; however, the
corresponding homologous regions in the other two species
are not, rather they are displayed to span the length of the
backbone map. However, because the maps are clickable,
more detailed mapping and homology information is also
available in a tabular format (Table 2) via a direct link. A user
can either click on a colored bar of the backbone map or
directly enter the desired interval to display all anchor data
for that interval, including framework markers in the back-

bone map to aid in orientation. Each UniGene anchor is also
clickable, displaying more detailed alignment and mapping
information and providing direct links to UniGene informa-
tion at NCBI (http://www.ncbi.nlm.nih.gov/UniGene/),
which can then be navigated for additional information.
These maps are the first example to our knowledge that, in an
automated fashion, provides comprehensive comparative in-
formation in a single source for rat, mouse, and human. We
have incorporated these maps into the Rat Genome Database
(RGD; http://rgd.mcw.edu/), where they will be maintained
and serve as an integration point for genomic and physiologi-
cal data in the rat and a direct tie into human and mouse
genome information. This integration allows for direct que-
ries using marker, UniGene IDs, or accession numbers as well
as desired map location within any of the backbones. As the
iterative process of EST sequencing, UniGene builds, and RH
map density increases, and as genomic sequence is annotated,
identified anchor points, conserved segments, and resulting
comparative maps will reflect the increased information.
Some conserved segments will merge, and some additional
segments may be identified. New builds will be performed
and released by RGD on a quarterly basis, starting with the
first release in June 2001.

To address the accuracy of the automated maps, we com-
pared the R-H maps generated by our algorithms with those
generated by Watanabe et al. (1999), which are based on cu-
rated orthologs and combined RH/cytogenetic maps. We
found 80 conserved segments in common between the R-H.
We identified 18 conserved segments that were not identified
by Watanabe et al. Conversely, they identified 24 conserved
segments that we did not. One important difference between
the maps, however, is the fact that we did not consider single-
ton anchors in our calculations, whereas the previous study
defined conserved segments with a single mapped anchor. Of
the additional segments identified by Watanabe et al., 19 of
them appear to be segments based on singleton anchors, and
four cases resulted in an interchromosomal interruption in an
otherwise conserved segments. Overall, there was remarkably
good consistency between the two maps, particularly given
the different methodologies and data sets used to generate
them.

A second test for map accuracy was to annotate anchors
on the rat chromosome 3 RH backbone using either the Ho-
moloGene database or protein similarity data reported in the
UniGene database to identify their predicted human ortholo-
gous UniGenes and incorporating human RH map location,
using GeneMap99 links from the UniGene Web site. We then
compared the results with those generated using the current
iteration R-H comparative maps for rat chromosome 3. Of 142
anchor comparisons, 77% were identified by both methods,

Table 1. UniGene, EST, and Map Summary for Human, Mouse, and Rat
Mapped ESTs UniGene Build
UniGenes Sequences (RH panel) (date of build)
Human 81,979 1,677,192 45,741 (GB4) 115 (6/28/00)
Mouse 87,512 894,559 2,158 (T31)MGC 78 (6/28/00)
Rat 36,953 169,843173,027 6.102 (T55) 77 (6/28/00)

UniGene and EST information as reported by NCBI (http://www.ncbi.nlm.nih.gov/UniGene/). Human map informa-
tion is from GeneMap 99 (http://www.ncbi.nlm.nih.gov/genemap99/; Deloukas et al. 1998). Mouse map informa-
tion is from the Mouse Genome Center (MGC; http://websql.har.mrc.ac.uk/mps/maps/0/LOD_7/graphic.html,
2000a). Rat map information is from RGD (http://rgd.mcw.edu/maps/; Steen et al. 1999).

Genome Research 1937

www.genome.org



Kwitek et al.

Table 2. Anchors between Rat, Human, and Mouse in the Region Spanning 260.5 cR and 306.7 cR of Rat

Chromosome 13

cR Rat Human Mouse

*260.5 d13rat94

261.8 Rn. 19095 Mm. 38399

*263.1 d13rat75

269.2 Rn. 16225 Mm. 44881

*274.7 d13rat52

*280.1 d13rat22

287.2 Rn. 2022 Hs. 77495 KIAA0242 (Chr. 02:479.27) Mm. 22397

288.3 Rn. 28734 Mm. 27637

290.2 Rn. 799 Hs. 189954 Mm. 24109

293 Rn. 18841 Mm. 20236

295 Rn. 15837 Mm. 87652

297.2 Rn. 11151 Hs. 99886 C4BPB (Chr. 01:684.23)

297.5 Rn. 6758 Ctsea Hs. 1355 CTSE (Chr. 01:682.48) Mm. 33671 Ctse (Chr. 01:1899.4)
297.6 Rn. 10408 C4bpa Hs. 1012 C4BPA (Chr. 01:686.04) Mm. 14087 C4pb (Chr. 01:1885.52)
297.6 Rn. 11774 Mm. 24634

302.8 Rn. 18567 Mm. 37672

303.6 Rn. 12700 Hs. 5003 KIAA0456 (Chr. 01:682.48) Mm. 34134
*306.3 d13rat21

306.7 Rn. 39004 Hs. 7309 (Chr. 01:678.07) Mm. 37703

Link from displayed comparative map by entering a region of interest in cR or by clicking on the map backbone. On
the right is the backbone RH map, with unique homologous UniGene anchors in corresponding species listed in the
columns to the left of the backbone map. RH framework markers are displayed for orientation and integration to
genetic mapping data. UniGene entries are hotlinked to the UniGene web site at NCBI. Official gene symbols are
included when available. Chromosomal location in cR distances for human and mouse homologous UniGenes given
in parentheses. RH framework markers begin with an asterisk.

19% were identified only by the manual annotation using
HomoloGene and protein prediction data, and 4% were
found only by the algorithm. Importantly, no cases revealed a
discrepancy in ortholog assignment in the comparison. Fur-
thermore, given the extensive time involved in manually an-
notating the maps and the ever-increasing number of genes
and ESTs in the UniGene builds and RH maps, we propose
that our algorithm and tool set can be used in place of manual
builds of the comparative maps for the whole genome. Inves-
tigators interested in a given region may wish to conduct a
manual search until the sequences of the human, mouse, and
rat genomes are completed.

The density of the anchors and the completion of the
comparative maps, on a theoretical level, suggested that the
maps could be used to predict EST and gene locations (virtual
mapping) in advance of wet-lab mapping or in instances in
which the EST cannot be RH mapped by the wet-lab because
of cross-species amplification between the donor species and
hamster. Our experience is that only ~50% of all ESTs produce
a vector that can be RH mapped using a single set of polymer-
ase chain reaction primers. However, we have identified 8012
R-H, 14,370 R-M, and 9164 M-H unique homologous Uni-
Gene anchors that can be used to increase the density of the
comparative maps. We have established conserved segments
by identifying at least two anchors on each segment; we can
use information from UniGene anchors mapped in at least
one species within that conserved segment to predict the
placement of its homologous UniGene in another species,
given that gene order has been conserved in that segment
(Fig. 2). For instance, we determined that Rn.6036,
Hs.117782, and Mm.9838 are mapped homologous UniGene
anchors and are in the same conserved segment as Rn.26586,
Hs.93121, and Mm.1519. Another group of homologous Uni-
Gene anchors—Rn.12146, Hs.4888, and Mm.28688—have
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available map information in human and mouse but lack map
location in the rat. However, given that Hs.4888 maps be-
tween Hs.117782 and Hs.93121 and given that Mm.28688
maps between Mm.9838 and Mm.1519, we predict that
Rn.12146 will also map between the flanking anchors
Rn.6036 and Rn.26586, indicated by the blue lines connect-
ing to the respective map. Using this approach, we were able
to predict the placement of an additional 2604 rat UniGenes,
3730 mouse UniGenes, and 266 human UniGenes, assuming
conserved linkage between two flanking UniGenes in other
species (Table 3). Furthermore, we sought to use map infor-
mation upstream and/or flanking anchors that define a con-
served segment to better define the evolutionary breakpoint
and potentially extend the segment by prioritizing that Uni-
Gene for wet-lab mapping. We could predict the placement of
an additional 1061 rat UniGenes, 1313 mouse UniGenes, and
182 human UniGenes upstream or downstream of a con-
served segment (this is a region that contains an evolutionary
breakpoint), based on the map position of homologous Uni-
Gene anchors in the other species (Table 3). For this predic-
tion, we included those breakpoints represented by a single
anchor to give the opportunity to experimentally refute or
confirm that conserved segment by, for example, RH map-
ping. The virtually mapped UniGenes have also been inte-
grated into the online clickable maps by querying the particu-
lar region of interest, in centiRay distance on the backbone
map and displaying them in a separate table, immediately
following the tabular detailed comparative map information.
Table 3 summarizes the virtual mapping predictions of Uni-
Genes in rat, human, and mouse. The upstream and down-
stream predicted UniGenes, those that fall nearby evolution-
ary breakpoints, can then be prioritized for RH mapping to
better define the evolutionary breakpoints and to fill in gaps
in the comparative maps.
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Figure 2 Predicted placement of rat Rn.12146 within a conserved rat bin,
based on gene order conservation from both human and mouse. Rat backbone
in the middle, with comparative map of human on the left and mouse on the
right. Red boxes with connecting red lines indicate unique homologous Uni-
Genes that define the conserved segment across rat, human, and mouse. Blue
bars indicate the bins into which the rat UniGene is predicted, with the blue lines

linking the homologous UniGenes between the species.

DISCUSSION

The Future of Comparative Mapping

Given the time to manually generate the maps and the ever-
increasing number of genes and ESTs in the UniGene builds
and RH maps, we propose that our algorithm and tool set can
be used in place of manual builds of the comparative maps for
the whole genome. Investigators interested in a given region
may wish to conduct a more detailed manual search until the
sequences of the human, mouse, and rat genomes are com-
pleted. The comparative maps (in clickable format) in Figure
1, as well as those with the mouse and human backbones,
have been installed online at the RGD (http://rgd.mcw.edu/
VCMAPS), with references from the RGD that allow a visual
entry to all of the homology assignments, as well as dbEST
and UniGene links to NCBI. Within the next few years, we
anticipate that the sequence data from the human, mouse,
and rat EST and genome sequencing projects will complete
the comparative maps at the sequence level and that se-
quence-based comparative maps will become the norm. In
the interim, there is a need to place more genes on the com-
parative map to facilitate the discovery of disease genes by
linking genomic and phenotypic information between the
mouse and rat models with the human. RH mapping is the
most powerful interim solution to comparative map-

Mouse

Wm 100135

Mm 5015

ping, as it facilitates higher-resolution maps and has
less ambiguity than can be provided by genetic maps.
Furthermore, many agricultural and other model or-
ganisms will not be sequenced fully, yet sufficient ge-
nomic resources (sequenced ESTs, genetic and RH
maps) are available to generate virtual comparative
maps using our algorithms and tool. Although we ac-
knowledge that there are caveats to using RH maps for
local ordering of genes and ESTs, as has been shown
when aligning human RH maps with genomic se-
quence (Agarwala et al. 2000), it certainly is the most
powerful and effective approach currently available for
global ordering and comparative mapping between
species, before genomic sequencing, and for those or-
ganisms with genomes that are not likely to be se-
quenced. Furthermore, the infrastructure we have de-
veloped is able to integrate finished sequences of hu-
man, mouse, and rat to lead to sequence-based
comparative maps as they become available.

Accuracy of Virtual Mapping

Two tests were executed to examine the accuracy of the
predictions. In the first test, 243 rat UniGenes, pre-
dicted in a previous iteration of the comparative map
(bin predictions), were subsequently RH mapped in the
wet-lab and tested directly using the next successive
comparative map. Of the 243 rat UniGenes tested (rep-
resenting a total of 2713 ESTs), the location of 143 of
243 (59%) were confirmed, using a 50-cR or <10-cM bin
interval, whereas 100 were wet-lab mapped to locations
outside the bin prediction. If the criteria were relaxed
so that the predicted and tested placement must be on
the same chromosome, the accuracy of prediction in-
creased to 71%, indicating that inaccuracies in the RH
placement may impact the predictions because of the
low density of the initial comparative map from which
these predictions were made. Because of a lower density
of anchors between the species, the minor intrachro-
mosomal rearrangements that often occur within conserved
segments may not have been evident. To evaluate this possi-
bility, the Whitehead Institute/Massachusetts Institute of
Technology (MIT) public Mouse EST RH Mapping Project re-
lease 8 (7606 mapped ESTs; http://www-genome.wi.mit.edu/
mouse_rh/index.html) was used to build comparative maps
(data not shown). One hundred eleven predicted mouse Uni-
Genes from release 8 were tested against MIT release 9 RH
maps (8413 ESTs mapped), using the approach as described
above in second test. Ninety-five of 111 (86%) predicted lo-
cations were confirmed to map within the predicted bin.
With respect to mapping to the correct chromosome, 99 of
111 (89%) met these criteria. Therefore, it appears that as map
density increases, the predictive ability of this method con-
currently increases. It is also possible that because of intra-
chromosomal rearrangements, we may not be able to increase
the accuracy of the virtual mapping greater than this level.
Nonetheless, the virtual mapping described here provides a
valuable starting point for an investigator interested in testing
an EST with a specific homology or wanting to follow up on
ESTs shown to have different expression via microarrays,
SAGE, or other techniques. We also anticipate that, as
was shown here, with consecutive iterations of the compara-
tive map, the accuracy of prediction will increase as the
density of mapped ESTs (and thus UniGenes) increases.
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Table 3. Summary of Virtual Map Predictions

Rat UniGene predictions

From species Bin Stream Total
human 2153 795 2948
mouse 373 243 616
human, mouse 78 23 101

Total 2604 1061 3665

Mouse UniGene predictions

From species Bin Stream Total
human 2055 827 2882
rat 1430 447 1877
human, rat 245 39 284

Total 3730 1313 5043

Human UniGene Predictions

From species Bin Stream Total
mouse 61 69 130
rat 197 110 307
mouse, rat 8 4 12

Total 266 183 449

Predictions are separated by species and category. Bin indicates
number of virtually mapped unique homologous UniGenes pre-
dicted within a conserved segment. Stream indicates number of
UniGenes predicted to fall directly upstream or downstream of a
unique homologous UniGene anchor currently defining an evo-
lutionary breakpoint prediction. Some predictions are made using
conserved segment information from one species and others have
been made using both comparative species. The predicted Uni-
Genes have been integrated into the clickable maps found at
http://rgd.mcw.edu/VCMAPS and can be queried using the cR
distance flanking a region of interest, or by clicking on the rat map
backbone.

The algorithm and tools, coupled with the emerging
databases, continued RH mapping of rat and mouse
ESTs, and genomic sequencing, will result in increased
accuracy of the detailed comparative maps.

The comparative maps are a very powerful means
to integrate data attached to the genome in rat, human,
and mouse. For example, quantitative trait loci (QTLs)
mapped for hypertension-related phenotypes in the
rat, combined with comparative map data, have been
used to predict regions of the human genome to be
investigated at a higher resolution (e.g., by an associa-
tion study using single nucleotide polymorphisms), ®
and several of these regions have been independently
identified in human and mouse (Stoll et al. 2000). The
gene(s) associated with the disease could then be vali-
dated using mouse knockout or other transgenic strat-
egies, establishing a mammalian genome platform to
facilitate gene discovery. The generation of this plat-
form could be taken a step further to, for example, in-
tegrate data generated by microarray studies (Fig. 3).
On a larger scale, the algorithm used here to generate
the comparative maps between rat, human, and mouse
can be applied to other species with similar resources to
create a mammalian genome platform that can be used
not only for functional genomics but also for better
understanding of the evolution of mammalian ge-
nomes.
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Data

METHODS

Establishment of Sequence Alignment Criteria

The alignment criteria for testing DNA sequence similarities
were derived by a sophisticated test of UniGene sequences
from 1000 UniGenes (per organism) using the gapped BLAST
program. For the three species, 100 common orthologs (be-
tween R-M, M-H, and R-H) were selected from the ortholog
data curated and assigned by The MGI group at The Jackson
Laboratories (http://www.informatics.jax.org/). The test data
sets were based on curated homologous genes and excluded
those homologous genes based solely on the similarities in
DNA or protein sequences. To take into consideration the
potential confounding issue of paralogous genes, we included
10 putative paralogous genes, each corresponding to one of
the remaining 90 orthologous genes, in each of the three data
sets. Three test data sets were created (R-M, M-H, and R-H) of
1000 UniGenes, each composed of 90 curated orthologs to
the other organisms (as chosen from the MGI data) and 10
curated paralogs plus an additional 900 randomly chosen
UniGenes not found in the MGI data sets. For each pair, se-
quences corresponding to the genes of the first organism were
used as BLAST probes to the target collection of sequences of
the second organism. To determine the optimal BLAST
threshold, a series of processes were executed using each com-
bination of (minimal base pair aligned length, % alignment)
for base pair length ranging from 50 to 150 bp in 5-bp inter-
vals and percent alignment ranging from 65% to 100% in 5%
intervals. After compression and scoring (see Compression
and Scoring Algorithm), the predicted homologous UniGene
one-to-one objects were compared with the curated ortholo-
gous pairs. Sensitivity, specificity and ACP (average condi-
tional probability, an overall statistical evaluation for both
specificity and sensitivity) of predicting the correct homolo-
gous UniGenes under each aligned length and percentage
combination were calculated. The optimal BLAST threshold
for positive prediction of homology for R-H was 100 bp,
(95%); for R-M, 100 bp (85%); and for M-H, 95 bp (85%). On
comparison with other determinations (Makalowski and Bo-
guski 1998: 100 bp, 85%; HomoloGene algorithm, NCBI: 100

Comparative
Map

Rat Human

EHMap

Genetic Map  RHMap Geuetic Map

L

OTLs QTls

Figure 3 Functional genomics integrated with comparative mapping. Quan-
titative trait loci (QTLs) in green are similar traits found to be in conserved
regions between rat and human using the comparative maps based on RH
backbones. Microarray studies in animal models identify differentially expressed
UniGenes in tissue between disease inbred and normal inbred rat strain. Genes
found to be differentially expressed (red circles and green circles) and mapping
in the QTL region common between rat and human can be further studied in
human populations for their potential contribution to the disease.
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bp, 85%), we determined that the optimal parameters for vir-
tual comparative mapping were 100 bp (85%).

Construction of Comparative Maps between Rat,
Mouse, and Human

All rat, mouse, and human ESTs represented in the UniGene
database (NCBI; http://www.ncbi.nlm.nih.gov/UniGene/
index.html) were downloaded to a local database and
screened for sequence identity using the methodology de-
scribed above. A compression algorithm, described below, col-
lects and parses the following data into an anchor file: (1) the
GenBank accession IDs of the probe ESTs, showing alignment
with the target species; (2) RH map location (if available); (3)
the associated UniGene ID, with all other mapped ESTs in
that UniGene; and (4) the UniGene IDs of the homologous
ESTs and related RH map information, any available gene
symbols and descriptions, and location (cytogenetic, genetic,
and/or RH) data. This file is then compressed into homolo-
gous UniGene objects by parsing and reorganizing all data by
UniGene ID (see Compression and Scoring Algorithm, below).
This compression results in the identification of many-to-
many UniGene objects (it may be that ESTs from multiple
UniGenes in one species align with ESTs from multiple Uni-
Genes in another species, see Fig. 4). All many-to-many asso-
ciations are then scored based on the quality and quantity of
the gene and EST sequence alignments, consistent map infor-
mation, and the consistency of assembled aligned sequences.
The best one-to-one assignments are then predicted, and re-
sults are sorted accordingly. The scoring algorithm proved to
be 91% accurate in predicting known orthologs (based on the
1000 gene test set); therefore, most of the homologies we
determine using this algorithm are likely orthologs. After
scoring and sorting, all one-to-one homologous UniGene ob-
jects are located in an anchor file, which is used to construct
the comparative maps.

Compression and Scoring Algorithm

The UniGene-to-UniGene homology prediction in this work
is based on the complete collection of the data and informa-

A (2:2) UniGene object (U1, U2: ul, u2)

UniGenes

/ sequences\ with sequence alignments:

/ L Sy sy

S S, s,

8,9s,

S;3 ¥ s,

8, s,

5, @5y

Sy @ sy

U, S12
uy

e s

S1a Si3

s
S 2 C-score
21

7 U, Su,  0.50(2/4)
U, 2 0.25(1/4)
0.0 (0/4)
0.25(1/4)

A-score

0.571(4/7)
0.143(1/7)
0.0 /7
0.286(2/7)

U, Qu,
U,Quy

Sz
U,®u,

Figure 4 Diagram illustrating the compression and scoring algo-
rithm. The object on the /eft represents a relatively simple (2:2) Uni-
Gene object represented by U,, U,:u,, u,. UniGene U,, defined by
sequences S;4, S15, S13, S14 and U,, by sequence S,,, have potential
similarity to u; (s44, S12, S13) and u, (s,;, S,,). Sequence alignments of
the various constituent sequences represented by the two-ended ar-
rows between sequence vertical bars. Alignment relationships are
summarized on the upper right, and calculated scores for the four
possible clustered links are shown on the lower right. The C-score
calculates the ratio of the number of observed clustered links among
aligned sequences. The A-score is calculated using all possible links
between any aligned sequences within a UniGene object.

tion that is consistent with the goal of both identifying
unique homologs and mapping UniGenes (as opposed to
mapping ESTs). No other homology prediction algorithms
(published or available on the Web) incorporate map infor-
mation into their predictions. In addition, we compute a
weighted score of all the alignment information to test which
of all possible UniGene-to-UniGene combinations are the
most likely orthologs, given the available data. For the goal of
this work, it is imperative that potentially irreconcilable in-
formation between sequence alignment, mapped ESTs, and
EST assemblies be resolved before comparative maps can be
constructed. A compression and scoring algorithm was devel-
oped that would allow the systematic prediction of unique,
mapped, homologous, UniGene anchors. The algorithm is
best shown by example (Fig. 4); here we denote the UniGenes
(EST and cDNA sequence assemblies) of two organisms (U and
u) by U; and u, and their constituent sequences by Sy, and sy,
respectively. UniGene objects are denoted by an (M:N)-tuple,
representing the number and identity of the UniGenes of
each organism that have alignment association by their re-
spective sequence constituents. The object in Figure 4 repre-
sents a relatively simple (2:2) UniGene object represented by
Uy, Uyiuy, u,.

In this figure, UniGene U,, defined by sequences S,;, S,5,
S13, S14 and U,, by sequence S,;, have potential homology
with u; (51, S12, S13, S14) and u, (S,, S»p). The potential for
identity of the homolog is defined by the sequence align-
ments of the various constituent sequences and represented
by the two-ended arrows between sequence vertical bars. We
grouped the related alignments together as the UniGene 2:2
object U;, U,iu,, u,. This single UniGene object consists of
four potential unique homologous UniGene anchors ([U,,
u,], [U;, uy], [Uy, uy], and [U,, u,]). Other alignments can
result in more complicated UniGene N:M objects, giving
weight to other combinations of objects and potential an-
chors. UniGene objects fall into four natural categories: cat-
egory I, one-to-one (1:1); category II, one-to-many (1:M); cat-
egory IlI, many-to-one (N:1); and category IV, many-to-many
(N:M). One-to-one objects are the basis of the comparative
maps, although there are examples of 1:M, N:1, and N:M ob-
jects theoretically useful in building maps. For the purpose of
these comparison maps, we developed a scoring algorithm to
reduce (compress) the three more complex categories of ob-
jects into the 1:1 category. The 1:1 object with the highest
score is extracted and used as the unique homologous Uni-
Gene anchor.

A hierarchy of scores was developed to test the hypoth-
esis that each potential 1:1 object is the most likely unique
homologous UniGene anchor, given the available data. The
likelihood is defined by three scores, C, A, and P. The C-score
calculates the ratio of the number of observed clustered links
among aligned sequences between all UniGene pair combi-
nations to the total number of possible links. Clustered links
are defined as groups of sequences that are networked to-
gether by cross-species alignment and clustered by residing in
common UniGenes. In this case, we assume that multiple
alignments are most likely the consequence of oversampling
the original coding sequence, and thus, they provide false
positive weight to the underlying homology. Returning to the
representative example (Fig. 4), we have four clustered links:
S,; aligns to s;; and s;,, and S, aligns to s;,; we say that the
alignment links 1, 2, and 3 are clustered together as it may be
that S;; and S,, and s,; and s,, are simply resampled EST
sequences and thus are providing redundant alignment infor-
mation. Thus, these links are only counted once. Link 4 does
not cluster with any other links. Links 6 and 7 are clustered
together, but link 5 aligns U, and u;, whereas links 6 and 7
align U, and u,. Therefore, we count link 5 as a separated
cluster. As a result, in this UniGene object, there are a total of
4 clusters of links. Of all possible clustered links, U;:u; ac-
counts for 2, U;:u, for 1, U,:u, for 0, and U,:u, for 1. The
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C-scores are calculated in the panel to the right. The advan-
tage of the C-score is that it eliminates the effect of redundant
ESTs. The A-score is calculated using all possible links between
any aligned sequences within a UniGene object. For U,,
U,:u,, u, there are a total of seven links, four define U;:u,, one
in Uj:u,; U,iu; has none, and U,:u, has one. The A-score
counts all evidence of homology but is biased to oversampled
data sets. Finally, a P-score is a qualitative measurement of the
certainty in map information of a mapped UniGene; it is the
sum of the map information value for a pair of UniGene ho-
mologs, each mapped to one position on a chromosome. A
map information value of 0.5 is assigned to any UniGene with
ESTs that are all mapped to one position (sequences RH
mapped to within a 5-cR interval to their mean position are
considered mapped to the same position) on one chromo-
some. UniGenes mapped to m (>1) positions on n (>1) chro-
mosomes are assigned a value of (0.5/m)". A P-score between
0.5 and 1.0 indicates one of the two UniGene homologs is
mapped to one position on a chromosome. P-scores <0.5 in-
dicate that both UniGene homologs are mapped to multiple
positions on one chromosome or more.

Potential UniGene objects, unique homologous Uni-
Gene anchors, are scored and ranked based on their C-, A-,
and P-scores, in that order. In the U,, U,:u;, u, example, the
unique homologous UniGene anchor is U;, u; based on the
C-score. If needed, the A-score would be used to rank the four
options (and U;, u; would again score highest). In our expe-
rience, the P-score is not generally used in ranking (unique-
ness is determined by the first two scores generally); however,
in every case we have tested, the P-score has ranked a unique
1:1. As data become more abundant, the ranked scoring sys-
tem will take into account all available data and can be used
to incorporate other more refined information while still be-
ing used to predict 1:1 anchors. In addition, extensions to the
compression algorithm and minor revisions of the scoring
systems can be developed to compress and score category II,
III, and IV objects (all potential paralog relationships.)

Manual Validation of Maps

For comparison of the maps presented here to those described
by Watanabe et al. (1999), we directly compared the displayed
R-H comparative maps, using the rat as a backbone species.
For each chromosome, we identified which conserved seg-
ments were in common, which were identified only in our
maps, and which were identified only in the Watanabe maps.
We based consensus on presence of the conserved segment
but did not consider the chromosomal location because the
map information for the human was based on different map-
ping methods (human RH versus cytogenetic mapping).

For manual annotation and validation of the current
maps, 142 homologous UniGenes on the comparative maps
of rat chromosome 3 were checked for their predicted
orthologous relationship to human using the HomoloGene
database at NCBI (http://www.ncbi.nlm.nih.gov/
HomoloGene/) and the protein similarities found in the Uni-
Gene database at NCBI (http://www.ncbi.nlm.nih.gov/
UniGene/), as well as position data using various databases at
NCBI, including the UniGene Web page and its links to Lo-
cusLink (http://www.ncbi.nlm.nih.gov/LocusLink/), the hu-
man GeneMap99 (http://www.ncbi.nlm.nih.gov/
genemap99/), and RATMAP (http://ratmap.gen.gu.se/). If the
rat UniGene corresponded to a described gene, protein simi-
larities were checked in the UniGene page. If protein similari-
ties were determined in human, their corresponding nucleo-
tide sequence was identified using Entrée at NCBI, and its
corresponding UniGene was determined using the LinkOut
option. The maps were then annotated with information in-
cluding the UniGene ID(s) of the homologous human and/or
mouse ESTs, any available gene symbols and descriptions, and
location (cytogenetic, genetic, and/or RH) data. The determi-
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nation of orthologous relationships and associated map in-
formation was then compared between the manually anno-
tated map and the map generated using our algorithm.

Virtual Mapping of Additional Genes and ESTs

The computer tools were developed to build and display the
virtual comparative maps, using publicly available rat RH
maps (RGD, http://rgd.mcw.edu), human GB4 RH maps (Gen-
eMap99, http://www.ncbi.nlm.nih.gov/genemap99/), and
mouse RH maps (Mouse Genome Center, http://www.mgc.
har.mrc.ac.uk/). Virtual mapping was performed from these
comparative maps, using the rat, mouse, and human back-
bones. Using the rat as a backbone, conserved segments of
human and mouse were identified, based on our algorithm. If
two UniGenes lie within an uninterrupted conserved segment
in one species, additional one-to-one homologous UniGenes
between those flanking markers are virtually mapped, based
on the map position of the homolog in the other species. If a
UniGene defines a potential evolutionary breakpoint, addi-
tional one-to-one homologous UniGenes are predicted up-
stream and/or downstream of that marker. In this case, ho-
mologous UniGenes directly upstream or downstream (de-
pending on which end of the conserved segment is being
considered) of the UniGene flanking the breakpoint are iden-
tified and prioritized for wet-lab mapping to either confirm a
segment defined by a single anchor or to extend and better
define the evolutionary breakpoint. Predictions were made for
all three species’ backbones as described above for rat.
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NOTE ADDED IN PROOF

The orientation of rat chromosomes 11 and 18 are inverted on
the poster map accompanying this paper. The on-line version
of these maps link to the updated VCMaps, where these chro-
mosomes have been corrected to reflect pter to qter orientation.
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