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Abstract. A 50004 whole-genome radiation hybrid (RH) panel tool for rapid expansion of gene maps in human (Gyapay et al.
was created for the horse. The usefulness of the panel for genet996; Stewart et al. 1997; Olivier et al. 2001), mouse (Flaherty and
ating physically ordered maps of individual equine chromosomesderron 1998; Van Etten et al. 1999), rat (Watanabe et al. 1999;
was tested by typing 24 markers on horse Chromosome 1Bcheetz et al. 2001), pig (Hawken et al. 1999), cattle (Band et al.
(ECAL1). The overall retention of markers on this chromosome2000), cat (Murphy et al. 1999), dog (Priat et al. 1998; Mellersh et
was 43.6%. Almost complete retention of two of the typed mark-al. 2000) and other mammalian species. The versatility of the
ers—CA062andAHT44—clearly indicated the location of thymi-  approach lies in the ability to map all PCR-based markers, irre-
dine kinase gene on the short arm of ECA11. Seven of the typedpective of their polymorphic status. Consequently, primer pairs
markers were FISH mapped to align the RH and cytogenetic mapgrom markers ranging from microsatellites to nonpolymorphic ex-
With the RH-MAPPER approach, a physically ordered map compressed sequence tagged sites (ESTs) can be used alike on the RH
prising four linkage groups and incorporating all the markers Wasyanel to rapidly generate ordered physical maps. Availability of
obtained. The study provides the first comprehensive map for &ych a resource in the horse is expected to be of great value in
horse chromosome that integrates all available mapping data arlﬂjgmenting current efforts to improve the status of the map. Re-
adds new information that spans thg entire length .of the equin@enﬂy’ production of a 3000, whole-genome equine radiation
chromosome. The map clearly underlines the resolving power anfl,\iq hanel was reported (Kiguwa et al. 2000). Typing of markers
utility of the panel and emphasizes the need to have uniformlyy, 1he panel resulted in preliminary characterization and creation
dlstrlbu_ted cytogenetic markers for appropriate alignment of RHy¢ pH maps for ECA1 and 10. Concurrent to this work, a whole-
map with the chromosome. A comparative status of the ECAllyonome RH panel with a higher dosage of irradiation exposure
map in relation to the corresponding human/mouse chromosome 00, was generated by us for the horse (Chowdhary et al.
presented. 2001). Herein, we report the construction and use of this panel, in
combination with new cytogenetic mapping data, to obtain the first
comprehensive map for a horse chromosome.

Introduction

Development of gene maps in a number of farm animal species hag@aterials and methods
clearly underlined the importance and application of maps in ap-
proaching genes of interest. During recent years this fact has als
been recognized in the horse. Consequently, organized global ef
forts are be_lng made to gt_ener_ate agene map in the horse that c oblast culture established from an Arabian male horse (Sonny). Nearly
he[p bring improvement in dlsease resistance and performanc&nﬂuem flasks were trypsinized and suspended in Gibco DMEM without
traits. The past two years have witnessed a notable expansion gfipplements. Approximately 1@ells were irradiated at room temperature
the horse gene map. Currently, the map comprises over 500 lo@ 10 ml suspension medium in a T75 flask. A cobalt 60 source delivered
that are mapped primarily through typing of markers in somatic185 rad/min for a total dose of 5000 rad. Attached cells were removed with
cell hybrid panel (SCH; Shiue et al. 1999, 2000; Caetano et alirypsin, and all cells were suspended in"Uhlg™-free Hanks balanced
1999a, 1999b), analysis of pedigree data to detect genetic linkaglt solution (HBSS; pH 8.0) at 2@ells/ml. One-half ml cells (5 x 0
(Lindgren et al. 1998; Guin et al. 1999; Swinburne et al. 2000), ceII_s)_ was r_emoved for controls, gar_]d 4.‘5 ml was _used _for fusmn. The
and cytogenetic localization of markers by fluorescent in situ hy-reciPient Chinese hamster Tithymidine kinase-deficient) fibroblast line
bridization (FISH; see for review Chowdhary and Raudsepp 2000A23 was kindly provided by David Cox, Stanford University School of
g ; e - “Medicine. These cells were also suspended in HBSS at a concentration of
Godard et al. 2000; Mariat et al. 2001). These traditional mappiNg o cells/ml. An aliquot of 0.7 ml of this suspension was removed for
approaches, however, need to be bolstered through the introdugpntrols, and 9 ml was used for fusion.
tion of new high-throughput methods that can facilitate rapid map-  JEW66 (4.5 x 16) and A23 (9 x 16) cells were thoroughly mixed,
ping of a variety of markers. pelleted, and resuspended. One-half ml PEG (polyethylene glycol 1500 in
Radiation hybrid (RH) mapping has emerged as an importanb0% sterile solution; Boehringer Mannheim) was slowly added with con-
stant mixing. After 2 min, 10 ml HBSS (pH 8.0) was also added slowly
—_— with gentle mixing. The cells were pelleted and then resuspended in 5 ml
Correspondence td.P. Chowdhary; E-mail: bchowdhary@cvm.tamu.edu HBSS, pH 8.0, for 15 min at 37°C. Each control line was exposed to PEG

eneration of an equine whole-genome RH pafak equine donor
[Is (JEW66) used in constructing this panel were from a normal diploid
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Table 1. List of horse Chromosome 11 (ECA11) markers typed in the RQ®@rse x hamster radiation hybrid panel, with the primer sequences and PCR conditions for each
of the markers. Where available, FISH locations are presented. Data in bold represent work carried out in this study.

Product MgCl, Access.
Name Symbol Location Primers 83’ size (bp) (mm) T, Reference No.
Actin, gamma 1 ACTG1 11 F: GCTGAGGTGAGAACATATCCGTGG 209 15 60 Brandon et al., G62169
R: AGTGGGTCCTAAGGCTCGGCC Unpub.
Angiotensin | converting enzyme ACE5 11 - 140 3.0 60 Primers from
I. Tammen,
Ecotropic viral integration site2A  EV12A 11 F: AACAACAACAAAATCGCTATGC 140 3.0 Touch- our primers AF130762
down 60
R: CGCTTGCCTACTTGTTTTGA
Fatty acid synthase FASN 11pl4 F: CACCGGGTGAAGGCTGGCACT 296 15 55 Lear et al. 2001 G62204
R: GGTTTAATCGTGGGGAGGCTCC
Growth hormone GH 11 F: TCAGGATGTGGGCGCCTTC 372 4.0 58 Caetano et al. 1999a AF097589
R: TGGGCGTTCTGGATCGAGTATCT
Hyperkalemic periodic paralysis HYPP 11 F: GGTCTTCATCATCGTCTTCACG 118 4.0 58 Caetano et al. 1999a AF
R: CACAATGGACAGGATGACAACC
Myosin, light polypeptide 4 MYL4  11p12.3-p13 F: TGTTTTCGACAAGGAGAGCA 196 15 58 Caetano et al. 1999a AF130773
R: AGACAGGGTGGATCAGGATG our primers
Neurofibromin | NF1 11912-q13 F: ACAGTGGCCTCATGCACTC 221 15 58 Caetano et al. 1999a AF130776
R: CTGTGCCTTGTTGGAGGATT our primers
Oligodendrocyte myelin OMG 11q14 F: AGTGTTGTTAACTCCTTCCCGCG 273 15 60 Lear et al. 2001 G62156
glycoprotein
R: ACATACACAGGGAGGAAACTGGG
Tumor protein p53 TP53 11 F: AAGACTCCAGGTAGGAACTC 400 2.0 58 Lindgren et al. 2001  X91793
R: CAGATTACCACTACCCAGGT
Protein coding sequence HEST19 11pl2 F: GGTCCCAAAGGCCAAACAGTTGG 150 3.0 Touch- Godard et al. 2000
down 60
R: CGTAGACAAAGGAATCTGAGTCT
v-erb-aavian erythroblastic P4HB 11 F: GACGAGCTGACAGCAGAGAA 219 1.5 58 Caetano et al. 1999, AF130777
leukemia viral oncogene R: AGGACAGCCATCTTCACACC our primers
homolog 2-like
procollagen-proline
Microsatellite AHT44 11p13-p14 F: CCTCCACATGAGGTGCATTT 160 2.0 58 Swinburne et al. AJ271529
R: GACAATGAGAGAGGCCAACC 2000
Microsatellite ASB35 11 F: ATGCATGAGCAGAGTGTTCTTCC 170 4.0 58 Breen et al. unpib. X93549
R: TAGTACTTCTCTCTTAATATAAGC
Microsatellite CA39 11p13-p14 F: GCCCTTCACCGGATTTAATA 188 2.0 58 our primers U25168
R: GAACCCAGCACATTATCGGG
Microsatellite CA062 11p13-p14 F: AAACTGAGCACCAGACTC 151-167 2.0 58 Eggleston-Stott et al. U25170
R: GATGGATACTCCTGTAGCA 1996
Microsatellite CA439 11pl13-p14 F: GTTGATGCTCAGAGGAAGGC 207 2.0 58 Eggleston-Stott et al. U67409
R: GGTGCACAGTCCACAAGAAA 1999
Microsatellite D-8 11p12-p13 F: TTTTTGTGTCTCAGGAGTGTG 95-105 3.0 Touch- Marti et al. 1998
R: AGTCTGATGGTGGAGGAAGG down 64
Microsatellite HLM2  11qg14-q15 F: CCCACCTCCCCATCTCCCAACC 123-137 15 58 Vega-Pla et al. 1996 U36494
R: AAGCCAGTTCCTCAGCCCCACC
Microsatellite LEX068 11pl3prox F: AAATCCCGAGCTAAAATGTA 154-168 3.0 58 Coogle & Bailey,
R: TAGGAAGATAGGATCACAAGG 1999
Microsatellite Nv40 11 F: TGGCATCTGAATGGAGAATG 144-158 3.0 58 Roed et al. 1998 AF056395
R: GATTATGATGCTACAGGGGAAAG
Microsatellite SG13  11qi12 F: GGACTAAAGCCCAACCATCCAGC 162 2.0 58 Godard et al. 1997 U90592
R: CTCACCAGTAAGGGGTTATGGGGC
Microsatellite SG22  11pil4 F: GGAAATCACTGCCCCAGCCTG 112 2.0 58 Godard et al. 1997 U90600
R: GGTGGTTGGGAAAGGGTTGAGGC
Microsatellite SG24  11pl2 F: CTACCATTGAAGAGGGGTGGC 121 4.0 Touch- Godard et al. 1997 U90602
R: GAAACGAGCAGGAAGTGAATCTCC down 64

by the same process. The fusion suspension was mixed with Gibco DMEMorse Chr 11 (ECA11). This chromosome is anticipated to contain the TK
containing 10% FBS + HAT (Signja+ 5 x 107 m ouabain in a total  gene, for which the rodent line was deficient. Hybrid lines showing no
volume of 90 ml. The resultant mix was incubated at 37°C for 15 min. Tenpositive amplification for any of the selected markers were excluded. From
ml of this mixture was dispensed to each of the nine 100-mm plateshe remaining 138 cell lines, the first 93 were chosen for the final panel.
(approximately 1.5 x 10cells/plate). Controls were mixed in the same The remaining 45 lines were reserved to accommodate any future need for
solution and plated identically. All plates were incubated at 37°C in 5%inclusion in the panel.

CO,. All JEW66 and A23 control cells were dead by day 7. All fusion  Three 900-crf roller bottle cultures from each of the 138 radiation
plates had six to eight or more colonies growing by day 8. From a total othybrid colonies were grown to produce the final harvest for DNA extrac-
two irradiation-fusion experiments, 168 hybrid cell lines (116 from the first tjon. On average, 3.5 mg of DNA was obtained from each RH, sufficient

and 52 from the second experiment) were picked and cloned into singlgyr an estimated 70,000 PCR reactions, assuming 50 ng will be required per
wells of 24-well plates containing DMEM, HAT, and ouabain. Cells were reaction. The DNA harvest ranged from 1.5 to 7.9 mg.

subsequently transferred to T25 flasks and maintained on HAT without

ouabain. Cells from confluent flasks were divided into cryopreserved seed

stocks, to inoculate roller bottles for large-scale culture and to produce &enotyping with genome-wide and ECA11 markérsorder to

small pellet for DNA extraction and preliminary genotyping. Additionally, ensure overall representation of the genome in the selected panel, 30 cell

10 cell lines were randomly chosen for cytogenetic analysis to assesknes were randomly selected and typed with 64 primer pairs for markers

chromosome fragmentation and retention of horse DNA (see below unddocated on different horse chromosomes (two markers per chromosome).

FISH). Next, primers were obtained for a total of 24 ECA11 markers (12 genes and
DNA from each of the 168 hybrid cell lines was typed with eight 12 microsatellites; Table 1). After optimization, the markers were typed on

markers AHT44, ASB35, CA062, CA439, D-8, SG13, SG22, $Garh the panel of 93 hybrid cell lines along with a negative control and horse and
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hamster genomic DNA as test controls. For five markers, new primers wer€ytogenetic mappingTo develop an RH map that is aligned at
constructed because the primer pairs shown in databases did not give clegsgular intervals along the length of ECA11, we arbitrarily chose
amplification. Marker names, primers pairs and PCR conditions for ECAllmarkers from regions deficient in cytogenetically mapped markers.
markers are presented in Table 1. BAC clones containing these markers were isolated and FISH
mapped to horse chromosomes. BACs containing maiRA39,
Analysis of ECA11 typing result§ollowing two-point linkage analy- CA062, AHT44, CA439, LEX068ndMYL4 mapped to the short
sis, the RH-MAPPER program (Slonim et al. 1997) was used to analyze tharm (p), while that containinglLM2 localized to the subterminal
typing results for ECA11 markers and to construct a map for the chromopart of the long arm (q) (Table 1 and Fig. 3). A reasonably good
some. coverage of the chromosome with well-dispersed cytogenetic
markers was thus available to facilitate construction of the RH
Fluorescent in situ hybridizationTo visualize equine chromosomal Map.
fragments in the hybrid cells, metaphase preparations were obtained from

the first 12 hybrid cell lines by standard procedures. Horse genomic DNA . . -
was biotin labeled by using nick translation and was hybridized to theC€neration of an RH map for ECALRA two-point analysis in-

preparations as described elsewhere (Chowdhary et al. 1995). volving all loci provided four linkage groups comprising 4, 2, 4,
BAC clones containing markers mapped to ECA11 were isolated asind 14 loci each, at lod score 7 (see Fig. 3). The RH-MAPPER
described previously (Godard et al. 2000). Cytogenetic location of the(Slonim et al. 1997) program was then used to permute the order
BACs was determined in metaphase spreads obtained from lymphocytef the loci within each of the groups that span 70.5, 3.2, 58.1, and
cultures. Approximately jug DNA from each BAC was biotin labeled 214.7 centiRays (cR), respectively. The linkage groups were
(BioNick Labeling System, Life Technologies, Grand Island, NY) and yeadily oriented relative to each other based on the cytogenetic
hybridized to chromosomes. FISH, washing, signal amplification/ yata ayailable for 15 of the 24 markers. The overall order of the
detection, and imaging were carried out according to Chowdhary et alloci thus obtained was in general agreement with the available
(1995) and Raudsepp et al. (1999). linkage and cytogenetic maps. It is noteworthy that the position of
HEST19in the RH map does not correspond to that determined
Results previously by in situ hybridization (Godard et al. 2000).

The retention of the equine chromosome fragments in the hybrid
cell lines was determined with two approaches. The first approaciDiscussion
involved typing of all the lines with eight randomly chosen ECA11
markers. Based on comparative human data,Ttkegene is ex-  Availabililty of diverse mapping resources is crucial for an orga-
pected to be present on this chromosome, which implies that partsized and rapid expansion of gene map of any species. Despite the
of ECA11 will be preferentially retained in the hybrid lines to progress made in generating equine gene maps during recent years,
compensate for the absence of the gene from the hamster genonfte number of approaches/resources at hand are still limited. Gen-
component. Consequently, amplification of any one of the markergration of the 5009, whole-genome radiation hybrid panel re-
is anticipated to be indicative of the retention of equine DNA in the ported here provides the horse geneticist with an additional tool
hybrid cell lines. Typing results showed that the retention fre-that can be readily exploited to obtain a physically ordered map of
quency for markersCA062 and AHT44 was 100% and 98.9%, all PCR-able markers. The ECA11 comprehensive map obtained in
respectively, demonstrating that th& gene is most likely located this study clearly reflects theesolving powerand utility of the
in close vicinity to these markers. Lines showing no amplification panel. The average retention of markers in the panel (overall as
for any of the eight chosen markers were further tested for thevell as for individual chromosomes) is in reasonable agreement
presence of other ECA11 markers. Thirty cell lines gave no posiwith that reported for a number of other RH panels in different
tives for any of the additional markers and were not retained forspecies (Gyapay et al. 1996, human; McCarthy et al. 1997, mouse;
future analysis. Thus, beginning with 168 hybrid cell lines, 138 Hawken et al. 1999, pig).
were retained, of which the first 93 were chosen for the final panel.  Currently, gene maps for different horse chromosomes are be-
In the second approach, metaphase spreads obtained from thrg generated by genetic linkage, SCH, and cytogenetic ap-
first 12 hybrid cell lines were subjected to FISH with horse ge-proaches. Except for the partial integration of RH and genetic
nomic DNA. Ten of these lines gave clear indication for the pres-linkage maps reported for ECA1 and 10 by Kiguwa et al. (2000),
ence of equine chromosomal fragments (Fig. 1); the remaining twaery little has as yet been done to integrate different maps into
lines showed no specific hybridization signal. The latter were alsacconsensus maps for individual equine chromosomes. This is partly
negative for all ECA11 markers tested above. attributed to the use of different sets of markers for different map-
In order to verify representation of all equine chromosomes inping approaches. In the present study, we focused on the genera-
the final panel, 30 hybrid lines were randomly chosen and typedion of a consensus map for ECA11. There are three genetic link-
with 64 genome-wide markers (two per chromosome). Resultege maps available for this chromosome (Lindgren et al. 1998;
showed that all the chromosomes were represented in the panel. Buérin et al. 1999; Swinburne et al. 2000) that contain four to nine
preliminary estimate of overall retention frequency (RF) was ob-loci each. Of these, only three loci are cytogenetically mapped.
tained by randomly typing 10 markers each from chromosomes 3rurther, among the syntenic markers on this chromosome (six
4, 10, 14, 20, and X, in addition to the 24 markers typed forgenes and six microsatellites; Shiue et al. 1999; Caetano et al.
ECA11. The average retention frequency for each of these chrat999a), only two are common to linkage maps, while three are
mosomes was 27.2, 21.7, 20.1, 18.4, 16.7, and 13.9% (haploidjublocalized to a chromosomal region. This disarray in mapping
respectively. For ECA11, the RF based on 24 markers was 43.6%ata makes it difficult to obtain a consensus map for the chromo-
(Fig. 2). Thus, the overall retention frequency of markers in thesome. In order to overcome this situation, we typed the 5900
panel averaged around 26%, which can be taken as a predictiyeanel with all available as well as newly generated ECA11 mark-
estimate for the remaining chromosomes. Distribution of the re-ers. Moreover, the information was supplemented with new cyto-
tention frequency of the ECA11 markers showed that the markergenetic mapping data. Consequently, it was possible to align all the
located on the short arm and around the centromere are preferemaps and obtain a consensus map for the chromosome. The physi-
tially retained compared with those located on the long arm, eseally ordered map reported here thus represents the first integrated
pecially towards the telomere. The high retention of markers on thenap for an equine chromosome. Most importantly, the map spans
short arm can be attributed to the presence of the TK gene in thialmost the entire length of the chromosome. Earlier, carrying out
chromosomal region. preliminary analysis of the 30QQ,RH panel, Kiguwa et al. (2000)
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Clone 5 Clone 6

Clone 10

Clone 35 Clone 69

Fig. 1. Representative metaphase spreads showing fragmented horse chromosomes (green/yellow) in a hamster background (red), after hybridization
biotin-labeled DNA from individual hybrid cell lines.

reported maps for ECA1 and 10. Compared with this, the mamenetic and RH maps of the 11 genes between horse and humans
reported for ECA11 is more informative and comprehensive.  shows a general conservation of gene order with minor intra-
The ECA11 map presented in this report comprises 12 genesegmental rearrangements (Fig. 3). Extending this comparison to
and 12 microsatellite markers. All the genes (excElEST19 mouse shows that data available on seven of the mouse loci also
mapped to this chromosome are located on human Chr 1demonstrate broad conservation of gene order (last section of Fig.
(HSA17), which is in agreement with the Zoo-FISH results earlier3). It is, however, evident that, in relation to ECA11, the human
reported by us (Raudsepp et al. 1996). A comparison of the cytofand mouse) chromosome has a reverse orientation. It is expected
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Fig. 3. A comprehensive RH map of horse Chr 11 (ECA11). Three re-between horse and human (HSA; right) shows that despite minor intra-
cently published linkage maps are on the left of the updated cytogenetisegmental rearrangements, the gene order on ECA11 and HSA17 is gen-
map. To the right of this is the RH map generated in this study. A two-pointerally conserved. This pattern is also maintained in the mouse (MMU,;
linkage analysis provided four linkage groups at lod-score 7. Physical ordefast column). The human and mouse mapping data were obtained from
of loci within each linkage group was obtained with the RH-MAPPER http://www.ncbi.nlm.nih.gov/genemap/query.cgi and http://www.
program. Centiray (cR) distance between markers and total span of eadhformatics.jax.org/searches/marker_form.shtml. ‘?’ besi##sST19
linkage group (in box) are presented beside the map. The linkage group®presents disagreement with FISH data reported earlier (Godard et al.
are oriented according to available cytogenetic data. A comparative mag000).

that when more comparative markers are mapped between the twses will be large-scale mapping of ESTs generated from a number
species, additional intrachromosomal rearrangements in gene ordef cDNA libraries recently produced in the horse. This, together
will be detected. In a similar comparison between HSA17 and thewith recently constructed BAC libraries, is expected to form the
cattle homolog (BTA19), three inverted syntenic blocks were de-basis for a physically ordered contig map of the equine genome
tected between the two chromosomes (Yang and Womack 1998dhat will augment ongoing efforts to identify genes related to dis-
despite whole-chromosome synteny conservation observed bease and performance traits in this species.

tween them.
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