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LETTER

Parallel Radiation Hybrid Mapping:
A Powerful Tool for High-Resolution
Genomic Comparison

Ya-Ping Yang! and James E. Womack?

Department of Veterinary Pathobiology and Center for Animal Genetics, Institute of Biosciences
and Technology, Texas A&M University, College Station, Texas 77843-4467 USA

Comparative gene mapping in mammals typically involves identification of segments of conserved synteny in
diverse genomes. The development of maps that permit comparison of gene order within conserved synteny has
not advanced beyond the mouse map that takes advantage of linkage analysis in interspecific backcrosses.
Radiation hybrid (RH) mapping provides a powerful tool for determining order of genes in genomes for which
gene-based linkage mapping is impractical. Comparative RH mapping of 24 orthologous genes in this study
revealed internal structural rearrangements between human chromosome 17 (HSAL7) and bovine chromosome 19
(BTAL9), two chromosomes known previously to be conserved completely and exclusively at level of synteny.
Only six of the 24 genes had been previously ordered on the human G3 RH map. The use of the G3 panel to
map the other 18, however, produced parallel RH maps for comparison of gene order at a resolution of <5 Mb

on the bovine linkage map and from 1 to 3 Mb in the human physical map.

Comparative gene mapping is a valuable tool for
studying the evolutionary history of chromosomes
and subsequently, for extrapolating information
from one genome to another. The latter is extremely
important to mammalian genetics in which a
wealth of genomic information is being accumu-
lated for humans and mice, whereas significant ad-
vances in both comparative medicine and animal-
based agriculture await a better understanding of
genomic organization in a variety of map-poor spe-
cies. Even the map-rich human and mouse genomes
will require increased comparative resolution to
fully exploit gene-discovery strategies based on the
merger of their respective maps (Carver and Stubbs
1997). Comparative mapping of bovine chromo-
somes relative to those of humans and mice has
been advanced historically by the continual search
for improved resolution of boundaries and genomic
conservation. Somatic-cell hybrids segregating
cattle chromosomes resulted in synteny maps of bo-
vine homologs of previously mapped human genes
(Womack and Moll 1986). This “cow on human”
approach has revealed extensive conservation of
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synteny (Womack and Kata 1995) but provides no
information about conservation of gene order.
ZOO-FISH mapping in which human chromosome-
specific painting probes were hybridized to cattle
chromosomes (Hays 1995; Solinas-Toldo et al. 1995;
Chowdhary et al. 1996) produced ‘“human on cow”
comparative maps, again without addressing gene
order. Limited success in ordering cattle genes on
their respective chromosomes has been achieved
through linkage mapping, with both intraspecies
(Barendse et al. 1997) and interspecies crosses (Gao
and Womack 1997; Riggs et al. 1997; Yang and
Womack 1997) and by in situ hybridization of
probes to banded chromosomes. Although limited
in both scope and power, these studies have dem-
onstrated that rearrangement of gene order within
segments of conserved synteny is very common and
must be addressed for effective trans-species shut-
tling of information between the cow and the two
map-rich mammals. Comparative mapping in other
nonprimate species has led to similar conclusions.

Radiation hybrid (RH) mapping (Goss and Har-
ris 1975) was recently rediscovered (Cox et al. 1990;
Walter et al. 1994) as an effective approach to build-
ing ordered maps of sequence-tagged sites, regard-
less of allelic variation. Complete genomic coverage
has been achieved in human RH maps constructed
at different levels of resolution (Hudson et al. 1995,
plus supplementary data from the Whitehead Insti-
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tute/MIT Center for Genome Research, Human Ge-
netic Mapping Project, Data Release, October 1996;
Gyapay et al. 1996; Stewart et al. 1997) and more
recently the approach has been extended to map-
ping in other species (McCarthy 1996), including
cattle (Womack et al. 1997). A 5000-rad bovine
whole-genome radiation hybrid (WG-RH) panel was
constructed in our laboratory to provide a matrix
for mapping the expanding pool of bovine-
expressed sequence tags (ESTs), for integrating the
existing bovine linkage maps that consist primarily
of microsatellites, and first and foremost for con-
structing ordered comparative maps of the cattle ge-
nome relative to those of humans and mice.

We initiated comparative RH mapping in cattle
to investigate rearrangements in gene order in hu-
man chromosome 17 (HSA17) and bovine chromo-
some 19 (BTA19), two chromosomes known to be
conserved completely and exclusively at the level of
synteny mapping (Solinas-Toldo et al. 1995; Yang
and Womack 1995). A BTA19 RH map was con-
structed utilizing 17 coding sequences and 12 mic-
rosatellites selected for their spacing on published
linkage maps (Yang et al. 1998). Most of the ho-
mologous human coding sequences had been
mapped previously to HSA17, primarily by fluores-
cence in situ hybridization (FISH). Whereas com-
parative maps of FISH-mapped genes are sufficient
for demonstrating the most dramatic evolutionary
changes in chromosomes, subtle rearrangements
cannot be defined. We found severe limitations in
the “bovine RH/human FISH” comparative map be-
cause of overlap of gene assignments on the human
cytogenetic map. In this study we demonstrate the
power of parallel RH mapping, mapping orthlogous
genes on RH maps of two genomes, to advance com-
parative mapping from the level of cytogenetic reso-
lution to the megabase level of resolution provided
by RH mapping.

RESULTS

Comparison of Gene Order by RH Mapping
on BTAI9 and HSAIL7

The WG-RH map of BTA19 has been expanded to
include 36 markers, 24 of which are expressed genes
(Fig. 1). Human orthologs of the 24 genes were
mapped with the human G3 RH panel. The linear
orders of orthologous loci on the G3 RH map of
HSA17 and the BTA19 RH map are shown in Figure
2. Framework markers ordered at odds greater than
1000:1, including 14 of the 24 markers on BTA19
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Figure 1 Comprehensive RH map of BTA chromo-
some 19. (Red) Framework markers ordered at odds
>1000:1. (Green) Expressed genes and ESTs. Map units
are cRaySsgoo-

RH map and 21 of 24 on the HSA17 G3 map, are
highlighted (blue).

Rearrangements in gene order are revealed for
HSA17 and BTA19 and the parallel RH maps are di-
vided into four regions based on these rearrange-
ments (Fig. 2). Regions | (red) and Il (blue) flank the
human centromere and are the most proximal to
the bovine centromere. The positions of region |
and region Il are inverted in the human and bovine
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Figure 2 Parallel RH maps of BTA19 and HSA17.
(Blue) Framework markers. The comparative RH map
was divided into four regions with three breakpoints on
each chromosome. Not only are the positions of region
| (red) and region Il (blue) inverted between human
and bovine, but the gene orders within the two regions
are also shuffled. (Green) Region Ill has the same gene
order between human and cattle. The gene orders in
region IV (black) between human and cattle are in-
verted.

G0 - Map of HRART

linear maps and gene orders within these segments
are also shuffled. Region Ill (green) is distal to re-
gions | and Il, with a totally conserved gene order in
humans and cattle. Region IV (black) is the most
distal and gene order in the two maps is inverted
relative to GH1 and other markers in region IlI.
Previous studies have demonstrated that high
retention frequencies around the selectable marker
thymidine kinase (TK) could lead to the overestimate
of the breakage probabilities (Lunetta et al. 1996).
Not surprisingly, the TK marker with 100% reten-
tion frequency was not found linked to any marker

PARALLEL RH MAPPING OF HSA17 AND BTA19

on the G3 HSA17 map in this study. Its location was
predicted to be within the gap between markers WI-
7837 and SHGC-31110 near the distal end of HSA17
because of the high retention frequencies ((P0%) of
the markers around the gap.

Identification of Rearrangement Breakpoints
on HSAI!7 and BTAI9

The four major regions of the comparative RH maps
identified three major evolutionary breakpoints in
the ancestral linage of HSA17 and BTA19. On
HSA17, breakpoint | includes the area around the
centromere. Breakpoint Il is within a 100 cR;og00
segment on the G3 map between the most distal
gene of region I, CLAPB1, and the most proximal
gene of region 111, THRAL. Breakpoint Il is localized
between GHL1 of region Il and APOH of region IV, a
distance of [B1 cRygggo- With the estimate of 1
CR10000 ON the G3 map to equal to (29 kb (Stewart et
al. 1997), the evolutionary breakpoints Il and Il on
HSA17 can be narrowed down to physical distances
of (3 Mb and <2 Mb, respectively.

BTA19 breakpoint A is included in the 30-cR5g00
span between ESTB7 and TP53 on the established
BTA19 RH map (Yang et al. 1998). Breakpoint B is in
the 140-cRgp00 Span between RCV1 and THRAL as
determined by two-point analysis. Breakpoint C is
localized to the to a 60-CR5oq, Span between GH1
and P4HB (Yang et al. 1998). On the BTA19 RH map,
1 cM equals [B cRgqq (Yang et al. 1998), and a bo-
vine cM is on the average [l Mb (Barendse et al.
1997). Thus, the rearrangement breakpoints A, B,
and C were identified within the estimated dis-
tances of (4, 18, and 8 Mb, respectively.

DISCUSSION

Parallel RH mapping was used for the first time as a
comparative mapping tool to reveal internal struc-
tural rearrangements between HSA17 and BTA19,
chromosomes totally conserved at the synteny
level. Twenty-one of the 24 genes compared in this
study were ordered on the HSA17 G3 map with odds
greater than 1000:1. Fourteen of the 24 genes were
ordered at 1000:1 odds on the BTA19 RH map. The
other 10 were placed on the map to satisfy criteria of
maximum likelihood and minimum breakage. The
confidence of gene ordering on the bovine map will
increase with the availability of additional RH pan-
els and by the inclusion of more markers on this
map.

Comparative mapping of animal genomes is
now poised to move beyond the identification of
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Table 1. Primer Information for Genes Used in This Study
Gene Gene name Primers for bovine RH mapping Primers for human RH Rhdb No.
symbol / mapping
EST
12-LOX 12-lipoxygenase 5’tcctgaaacagacacaacacgaag 5’tctacctgcaagatttcacatca RH14034
5’gatcctttgggaaaaacactgagg 5’tggaacatagtcacactcatttce
APOH apolipoprotein H 5’gcatcagacgtaaaaccatgetaag 5'ttgaagceatttggggacttce RH11628
5’tttttcegtttccatcagattcte 5’aagaatggaatgctacatggtg
ASP aspartoacylase 5’agaaaggatagtggticcagaggag  5’ccegtgttigtgaatgagg RH17906
5’tcectcaaatggteggtagace 5’ggcactgtgctaggagctatg
CHRNB1 cholinergic receptor, nicotinic, B Yang & Womack, 1995 5’ccecctgecagttgaagtga
polypeptide 5’gcccagattectegtgaagga
CLAPBI clathrin adaptor protein, 5’tggtggtggactaatgcetgtageag 5’cctgaagtgcecectgattta RH12574
beta subunit 5’ttacccgetcacagatgetetg 5'ccaaaataccagectgtttage
CNP 2", 3’ -cyclic nucleotide 3’ - 5’ gectetgaaggaggggttttaac 5’aggggagagggaaacgtg RH55204
phosphodiesterase 5’aagtgacagcctgattagcaggg S’ctttggtccaggttcctgaa
CRYBI crystallin, B polypeptide 1 Yang & Womack, 1995 5’taagcccacccccatcacate
5’ggacctttcecctacaaactgg
ESTB7 S’tgtaaacaggaaatcccataagee S’ttcagtagtactttagcactgag RH12393
(5t8G3595) 5’gccaatacaaatcaaatgccagag S5’tactttacaaacttctagttcgt
ESTB8 tropic viral integration site 2B 5’tgatacacataccatccacatttg 5’atttcaaagaccagggtg RH17711
(EVI2B) 5’tcaggaactacctaaaatctgete S’tttttcagggtaaatgttce
GHI growth hormone 1 Kirkpatrick et al., 1992 S’ctttgggcacaatgtgtectg
5’ gggcttacatggegatactcac
IGFBP-4 insulin-like growth factor-binding 5°tgcctgatggaganagggatce 5’aagctcagacttgecagg RH17717
protein 4 5’ccagttgagccaaaaaatgec 5’aggcacattcagtceacte
KRTI10 keratin-10 Bishop et al., 1994 5’cctaacaactgataatgccaa
5’ agttgagtcagatcaacacccg
LIS Miller-Dieker lissencephaly 5’tttetgetgtetgttggtgec 5’cagattcatgttgaaaaacaaact RHS55160
protein 5’gctgecaaaacaaatgtatcee 5’tgtgtcatggtacaaatcactatic
MAPT microtubule-associated protein tau  Moore et al., 1992 5’gcggteaataattgtggagagg
5’gectgaggaaatgttgpatgtg
MCPI monocyte chemotactic protein 1 5’agttcttcctcagggtgcaagg 5’ccttgeaagaatcagigeaa RH55069
5’agtgecattgaaatctcagectac 5’ gaaaatttgggagtcatacatatgc
MYL4 myosin, light polypeptide 4, alkali; Yang & Womack, 1995 5’ctggeegtgttagagetgtt RH14343
atrial, embryonic 5’ ggctttagccataccagggt
NF1 neurofibromatosis 1 Yang & Womack, 1997 5’cccatgttgtaatgetgeac RH2089
5’tcagttaaaagtttcctgacctee
OGCP mitochondrial 2- 5’ggcggtitcagggcacatag S'tcagggcacacaggacag RH14926
oxoglutarate/malate carrier protein  5’tcagtgaggtggagggaggaag 5’ttattgagtcctcaatgagggg
P4HB procollagen-proline, 2- Yang & Womack, 1995 5’gtgcgagaagaacaggatcgac
oxoglutarate 4-dioxygenase, S’acgtgaggaaggcettgggattc
polypeptide
PKRCA protein kinase C, o« polypeptide 5’ gectgaaaactgtagggtggttg 5’ctcaccagcgagaacaaaca RH1864
5’gccagatgtcacctetacgtcaag 5’aagcegtggecttaaaattt
RCV1 recoverin 5’gactgattcaattcgagecte §’cccagggecaagagaaag RH54897
5’gcacaagtgtgtttatttgagagg 5’geatgatgggagggaatg
THRAI thyroid hormone receptor, Yang & Womack, 1995 5’ccttggatagattcageteec RH1870
al 5’cttgteecttctcaatectee
TK thymidine kinase 5’gacatcatggagttctgegagg 5’gacatcatggagttctgegagg
5’tgecgagectettggtatagg S’tgcegagectettggtatagg
TP53 tumor protein p53 Yang & Womack, 1995 5’tttgggtctttgaaccettg RH54895
5’ccacaacaaaacaccagtge
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segments of conserved syteny. Whereas high-
resolution mapping is feasible with interspecific hy-
brid backcrosses in mice, ordering genes is problem-
atic in most other animal species. RH panels are be-
ing constructed in a growing number of
mammalian species and are theoretically possible
for nonmammals as well. High-resolution human
RH maps, derived from the G3, GB4, and other RH
panels are available as reference maps. Although
many genes useful for comparative mapping, such
as the comparative-mapping anchor loci (Lyons et
al. 1997), are not currently included on the G3 map,
this study demonstrated that comparative markers
can be added to the G3 map efficiently and with
high levels of confidence. The systematic applica-
tion of parallel RH mapping in mammalian species
will lead to a new generation of comparative maps
that focus on the order of genes within segments of
conserved synteny. The significance of refined com-
parative maps will extend beyond our understand-
ing of ancestral rearrangements in mammalian
chromosome evolution. It will facilitate “‘compara-
tive candidate positional cloning” whereby a ge-
nomic address for an economically important trait
in a map-poor species can be translated to a con-
served region of the human transcription map and
its respective bin of potential candidate genes.

METHODS

Bovine RH Panel

A 5000-rad whole genome RH panel (Womack et al. 1997) was
utilized in this study. A total of 100 hybrids were analyzed for
the presence of markers as described below.

Gene Markers and Marker Typing

Twenty-four genes were mapped in both the bovine RH panel
and the human G3 RH panel. All genotyping was done by
PCR as described previously (Yang et al. 1998). The name,
symbol, and primer information for the genes are summa-
rized in Table 1.

Ordering Genes on the BTAI9 RH Map

Seventeen of the 24 genes used in this study had been RH
mapped previously in cattle (Yang et al. 1998). The other
seven genes, 12-LOX, APOH, CNP, IGFBP-4, MDCR, PRKCA,
and RCV1 (Table 1; Fig. 1), were added to the bovine RH map
in this study using the RHMAP 3.0 program package (Boehnke
1992; Lunetta et al. 1996).

Ordering Genes on the HSAL7 G3 RH Map

Human homologs of six of the genes in this study, MYL4,
NF1, OGCP, PRKCA, THRA1, and 12-LOX, had been ordered

PARALLEL RH MAPPING OF HSA17 AND BTA19

previously on the G3 map. To generate parallel comparative
RH maps, we placed the other 18 genes on the map. PCR
primers were retrieved from the public database Rhdb (http://
www.ebi.ac.uk/RHdb), or designed using Macvector 4.1 soft-
ware (Eastman Kodak, New Haven, CT) (Table 1). The 83 hy-
brids of the human G3 panel were purchased from Research
Genetics (Huntsville, AL).

The two-point maximum likelihood analysis was first
performed through the G3 map RH server of the Stanford
Human Genome Center (SHGC) (http://www-
shgc.stanford.edu/rhserver2/rhserver form.html) and the 18
genes fell into three categories. The first category included
ASP, CHRNB1, TP53, CRYB1, and CLAPB1, which were totally
linked to framework markers on the G3 map. The second
category included only the selectable marker, TK, which had
a 100% retention frequency and was not linked to any frame-
work marker on the map with lod > 3. The remaining 12
genes fell into the third category, which were linked to frame-
work markers on HSA17 at lod > 6 but with some recombina-
tion. No further analysis was necessary for genes in the first
two categories. For genes in the third group, however, the
RHMAP 3.0 program package was used to further determine
their locations relative to the linked-framework markers on
the G3 map. For this purpose, the typing data of the 12 genes
as well as all the framework markers linked to them at lod > 6
were included in the analysis.
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