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 High-resolution gene maps are essential for understand-
ing the structure and organization of a genome, determin-
ing the location and relative order of genes and markers on 
chromosomes, obtaining detailed comparative information 
in relation to other genomes, and isolating gene(s) govern-
ing traits of interest. In horses, traits of interest range from 
those governed by a single gene (e.g., coat color and a num-
ber of inherited disorders) to complex traits controlled by 
the interaction of several genes (e.g., allergies, disease resis-

  Abstract.  A comprehensive second-generation whole ge-
nome radiation hybrid (RH II), cytogenetic and compara-
tive map of the horse genome (2n = 64) has been developed 
using the 5000rad horse  !  hamster radiation hybrid panel 
and fluorescence in situ hybridization (FISH). The map 
contains 4,103 markers (3,816 RH; 1,144 FISH) assigned to 
all 31 pairs of autosomes and the X chromosome. The RH 
maps of individual chromosomes are anchored and orient-
ed using 857 cytogenetic markers. The overall resolution of 
the map is one marker per 775 kilobase pairs (kb), which 
represents a more than five-fold improvement over the first-
generation map. The RH II incorporates 920 markers shared 
jointly with the two recently reported meiotic maps. Conse-
quently the two maps were aligned with the RH II maps of 
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individual autosomes and the X chromosome. Additionally, 
a comparative map of the horse genome was generated by 
connecting 1,904 loci on the horse map with genome se-
quences available for eight diverse vertebrates to highlight 
regions of evolutionarily conserved syntenies, linkages, and 
chromosomal breakpoints. The integrated map thus ob-
tained presents the most comprehensive information on the 
physical and comparative organization of the equine ge-
nome and will assist future assemblies of whole genome 
BAC fingerprint maps and the genome sequence. It will also 
serve as a tool to identify genes governing health, disease 
and performance traits in horses and assist us in under-
standing the evolution of the equine genome in relation to 
other species.  Copyright © 2008 S. Karger AG, Basel 
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tance, athletic performance, reproduction, fertility). Horse 
( Equus caballus,  ECA; 2n = 64) whole-genome (WG) maps 
reported to date are low to medium density and contain 
 � 700–800 markers distributed on various autosomes and 
the X chromosome. These maps include the first-generation 
WG radiation hybrid (RH) and comparative map (Chowd-
hary et al., 2003, denoted below as RH I), the latest iterations 
of the two linkage maps (IRFHP – Penedo et al., 2005; 
AHT – Swinburne et al., 2006), and cytogenetic maps 
(Milenkovic et al., 2002; Perrocheau et al., 2006). Though 
all these maps have been successfully used in the recent past 
to isolate genes governing some monogenic traits and to de-
tect the mutation/variation responsible for the phenotype 
(see Chowdhary and Raudsepp, 2008), their resolution is 
not sufficient to study the genetics of complex traits.

  In recent years, medium to high density WG or single 
chromosome RH maps with a resolution of about 1 marker 
per megabase (Mb) have been generated for a range of live-
stock and pet species including cattle (Everts-van der Wind 
et al., 2004, 2005; Itoh et al., 2005; Jann et al., 2006; McKay 
et al., 2007), pig (Hamasima et al., 2003; Meyers et al., 2005), 
dog (Breen et al., 2004), etc. These maps are facilitating 
identification of genes for various traits in different species 
and are being used to compare genomes of distantly related 
mammals and study chromosome evolution (Murphy et al., 
2005). The maps have also been instrumental in integrating 
synteny, cytogenetic, and genetic linkage information into 
a single linearly ordered map and have been useful in as-
sembling the emerging WG sequence information (Rowe et 
al., 2003; Kwitek et al., 2004; Meyers et al., 2005; Jann et al., 
2006; Snelling et al., 2007). Medium- to high-resolution 
gene maps have been reported for some of the 31 pairs of 
equine autosomes and the X chromosome (Lee et al., 2004; 
Raudsepp et al., 2004; Brinkmeyer-Langford et al., 2005; 
Gustafson-Seabury et al., 2005; Dierks et al., 2006; Wagner 
et al., 2006; Goh et al., 2007). Since then we have added 
markers to all chromosomes and produced a high-resolu-
tion second-generation map of the entire equine genome 
(denoted below as RH II), excluding the Y chromosome. 
This map should serve as a valuable tool for many types of 
equine genome analysis.

  Material and methods 

 Marker development and genotyping 
 Markers for RH mapping were developed using equine genome re-

sources available from UCSC (http://genome.ucsc.edu/), NCBI (http://
www.ncbi.nlm.nih.gov/), HorseMap (http://locus.jouy.inra.fr/cgi-bin/
lgbc/mapping/horsemap/intro2.pl/), horse BES (BAC end sequences) 
databases (http://www.tiho-hannover.de/einricht/zucht/hgp/index.
htm), and from published literature. Additionally, a number of gene 
specific markers were generated from conserved regions of ortholo-
gous mammalian genes using alignment (Chenna et al., 2003) of se-
quences from multiple species. The orthologous genes were chosen 
from the human genome sequence map at  � 1 Mb intervals as described 
earlier (Lee et al., 2004; Raudsepp et al., 2004; Goh et al., 2007).

  Primers were designed with Primer3 (http://frodo.wi.mit.edu/cgi-
bin/primer3/primer3_www.cgi) or were obtained from publications. 
All PCR products amplified using heterologous primers were validated 
by sequencing. Details about all markers included in this study are 

available in Supplementary Table 1 (for Supplementary Material, see 
www.karger.com/doi/10.1159/000151313). All markers were genotyped 
in duplicate on the WG 5000rad horse  !  hamster RH panel (Chowd-
hary et al., 2002), resolved on 2% agarose gels and scored manually as 
described previously (Chowdhary et al., 2003; Brinkmeyer-Langford et 
al., 2005; Gustafson-Seabury et al., 2005; Wagner et al., 2006; Goh et 
al., 2007). Genotyping information available from previously pub-
lished RH maps (Chowdhary et al., 2003; Raudsepp et al., 2004; Brink-
meyer-Langford et al., 2005; Gustafson-Seabury et al., 2005; Wagner et 
al., 2006; Goh et al., 2007) was included as part of the input for the map 
computation.

  Map computation 
 Computations to analyze the genome-wide genotyping data and to 

construct RH maps for individual chromosomes were performed using 
the   rh_tsp_map   (Agarwala   et   al.,   2000;   Schäffer   et   al.,   2007;   ftp://
ftp.ncbi.nih.gov/pub/agarwala/rhmapping/rh_tsp_map.tar), CON-
CORDE (Applegate et al., 2006; http://www.isye.gatech.edu/ � wcook/
rh/), and Qsopt (http://www.isye.gatech.edu/ � wcook/qsopt) software 
packages using the same procedures as described in a recently pub-
lished WG RH map for the cat (Murphy et al., 2007) and in the rh_tsp_
map tutorial, but with increased automation (Schäffer et al., 2007). We 
used a consensus of three formulations of the maximum-likelihood 
(MLE) criterion (Agarwala et al., 2000).

  Markers were assigned to linkage groups by two-point analysis 
with a LOD score threshold of 7.6. Thresholds with one digit after the 
decimal between 7 and 8 were considered and LOD 7.6 gave the best 
balance between the competing objectives of: i) discarding fewer mark-
ers with inter-chromosomal scores above the threshold, and ii) unify-
ing more linkage groups. Markers that did not have a score  6 7.6 with 
any other marker were removed from further analysis. The MLE-con-
sensus maps passed a flips test at LOD threshold 0.5. Markers dropped 
from the MLE-consensus map were placed in an interval between con-
secutive markers if the best placement was at least 0.1 LOD units better 
than second best; multiple markers placed in the same interval passed 
a flips test. The MLE-consensus markers and placed markers were as-
signed cR positions by solving instances of a restricted traveling sales-
man problem. Remaining markers were binned if their best placements 
spanned at most three adjacent MLE-consensus intervals. The order 
and orientation of linkage groups on a chromosome were primarily 
determined by FISH and further verified using available genetic link-
age maps (Penedo et al., 2005; Swinburne et al., 2006). Detailed infor-
mation regarding the RH map for each chromosome (linkage group 
size, map distances, MLE-consensus, placements, binned markers) is 
available in Supplementary Table 2.

  BAC library screening and cytogenetic mapping 
 The CHORI-241 BAC library was used to isolate clones containing 

markers pertinent for anchoring, ordering and orienting RH groups. 
Library screening by PCR and BAC DNA isolation followed procedures 
described earlier (Chowdhary et al., 2003). The BACs were individu-
ally labeled with biotin and/or digoxigenin and hybridized in pairs or 
triplets to horse metaphase or interphase chromosomes. DNA labeling, 
in situ hybridization, signal detection, microscopy, and image analysis 
were performed as previously described (Chowdhary et al., 2003).

  Comparative analysis 
 Comparative information for equine orthologs of human, chim-

panzee, dog, cattle, mouse, rat, opossum, and chicken genes was re-
trieved from the UCSC Genome Browser (http://genome.ucsc.edu/). 
Homology between regions flanking equine microsatellites and the 
human genome sequence was obtained from published papers (Tozaki 
et al., 2007) and by BLAST. Homologies between human genome and 
equine BES were retrieved from Leeb et al. (2006) and http://www.tiho-
hannover.de/einricht/zucht/hgp/index.htm. Blocks of conserved syn-
teny and conserved linkage were defined as described earlier (Nadeau 
and Sankoff, 1998; Chowdhary et al., 2003, see legends for Supplemen-
tary Figs. 1.1–1.X). Comparative positions of centromeres and telo-
meres were retrieved from available sequence and cytogenetic maps as 
described below.
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  Construction of comparative maps 
 Comparative information was retrieved from the UCSC Genome 

Bioinformatics website (http://genome.ucsc.edu) using the following 
builds for each species: human –   NCBI Build 36.1, browser March 2006; 
chimpanzee – panTro2 Build 2 v1, browser March 2006; dog – canFam2 
v2.0, browser May 2005; cattle – Baylor release Btau_4.0, browser Sep-
tember 2007; mouse – mm9 NCBI Build 37, browser July 2007; rat – rn4 
version 3.4, browser November 2004; opossum – monDom4, browser 
January 2006 and chicken – galGal3 v2. 1 draft assembly, browser May 
2006. Sequence maps of individual species were used to identify Mb 
positions of the equine orthologs. Conserved syntenies and conserved 
linkages were manually demarcated following the convention laid out 
by Nadeau and Sankoff (1998) and further explained by us (Chowdhary 
et al., 2003). A minimum of three markers sharing the same order in 
two species was considered as linked order shared between them (i.e., 
conserved linkage). Within blocks of conserved linkages, f lips up to 5 
Mb were not considered as breakage in conservation because such vari-
ations could be attributed to e.g., statistical constraints, assembly er-
rors, and even marginal genotyping errors. Centromere positions of 
biarmed chromosomes were retrieved from combined cytogenetic and 
sequence maps and were available only for human and chimpanzee. 
Centromere positions for acrocentric chromosomes in cattle, dog, 
mouse, and rat were determined as the lowest Mb position on their se-
quence map. Centromere positions were not available for opossum and 
chicken and for chimpanzee chromosomes that have rearrangements 
compared to their human counterpart (Supplementary Table 3). Loca-
tions of telomeres were derived from comparative marker(s) located at 
or closest to 0 Mb and the highest Mb positions position on the se-
quence map for individual chromosomes in each species.

  Results and discussion 

 Radiation hybrid analysis and mapping 
  Markers and retention frequencies (RF).  A total of 4,493 

markers were genotyped on the 5,000rad Equine WG RH-
panel. During and following two-marker LOD score com-
putations, 677 markers (15%) were discarded for one of the 
following reasons: i) marker retention frequency was below 
the designated threshold of 5%; ii) genotyping results were 
inconsistent between duplicate typing with the same mark-
er; iii) the same marker was genotyped by different research 
groups under alias names; iv) markers had high LOD scores 
with other markers on at least two distinct chromosomes 
suggesting that primers do not recognize unique sequences; 
v) markers had no LOD score  6 7.6 with any other marker; 
and vi) markers could not be reliably assigned to a multi-
marker bin relative to the framework maps. The final RH 
map contains 3,816 markers (see  Table 1  and Supplemen-
tary Table 4 and Supplementary Fig. 2.1–2.X for details) of 
which 1,917 are on maximum likelihood (MLE)-consensus 
(a.k.a. framework) maps, 1,311 are placed in relation to the 
MLE-consensus markers, and 588 are binned in intervals 
spanning at most four MLE-consensus markers (Supple-
mentary Tables 2 and 4).

  The average retention frequency (RF) of markers in the 
panel is 19% (Supplementary Table 5). This ranges from 
10.4% for ECA1 to 39.4% for ECA11, which contains the se-
lectable TK1   marker preferentially retained in all cell hy-
brids. Markers with low RF are mainly found on the larger 
chromosomes, viz.   ECA1, ECA17 and ECAX, while mark-
ers with RF above the genome average are present mainly 

on small chromosomes such as ECA29 and ECA30. This 
suggests that irradiation-induced breakages were fewer in 
the smaller chromosomes than the rest of the genome. 
Along the length of the chromosomes, the retention of 
markers is also slightly higher in the pericentromeric and 
telomeric region of many chromosomes, a trend that was 
also seen in RH I.

  LOD score computations for all pairs of markers and 
subsequent single-linkage clustering partitioned the mark-
ers into 102 RH groups distributed over all horse autosomes 
and the X chromosome ( Table 1 , Supplementary Fig. 1.1–1.
X). On average, there are three RH groups per chromosome. 
While ECA14, 19, 22, 25, 26, 28, 29, 30, and 31 ( Fig. 1 ) con-
tain only one RH group each, ECA1 and ECA17 have 13 and 
10 RH groups, respectively, which coincides with their low-
est overall retention frequency (Supplementary Table 5). A 
break in the RH groups is typically observed at the centro-
meres of biarmed chromosomes, except for ECA11 and 
ECAX (Supplementary Fig. 1.11 and 1.X). The large number 
of RH groups is influenced by regions of low RF as well as 
our decision to include  � 25 small RH groups to avoid gaps 
in coverage. The overall size of the map calculated as the 
sum of the 102 RH group lengths is 38,361 cR. Considering 
the physical size of the horse genome to be somewhere be-
tween 2,462 Mb (UCSC EquCab1, http://genome.ucsc.edu/) 
and 2,952 Mb (Chowdhary et al., 2003; Supplementary Ta-
ble 4), 1 cR in the 5000rad equine map correlates on average 
to  � 64–76 kb.

   Distribution and density of markers.  RH II has an average 
density of 1 marker/775 kb – including all 3,816 markers and 
an average density of 1 marker/915 kb for the 3,228 markers 
assigned a cR position (using the genome length estimate of 
2,952 Mb from Chowdhary et al. (2003) for ease of compar-
ison). The marker density is highest on ECA22 with 1 mark-
er/540 kb and lowest on ECA25 with 1 marker/1,330 kb ( Ta-
ble 1 ). The current map provides a greater than five-fold im-
provement compared to RH I, where the average density was 
1 marker/4,044 kb, making it comparable to the recently re-
ported 3000rad–7000rad WG RH maps in other species 
(Hamasima et al., 2003; Breen et al., 2004; Everts-van der 
Wind et al., 2005; Jann et al., 2006; McKay et al., 2007). In 
cattle, map resolution ranges from 1 marker/440 kb (Jann et 
al., 2006) to 1 marker/880 kb (Everts-van der Wind et al., 
2005); in pig, the density is 1 marker/490 kb (Hamasima et 
al., 2003) and in dog, the density is 1 marker/900 kb (Breen 
et al., 2004).

  The number and distribution of Type I (1,937) and Type 
II (1,737 microsatellite and 142 other STS) markers is fairly 
balanced on almost all chromosomes, with a slight bias to-
wards genes on ECA5, 14 and X and towards microsatellites 
on ECA7, 19 and 24 ( Table 1 ). The large number of polymor-
phic microsatellites makes RH II useful for genetic studies 
of horse traits. However, FISH-mapped markers and Type I 
markers were preferentially selected over others in comput-
ing the MLE-consensus map to enable better comparisons 
with high-resolution RH maps for domestic species that are 
strongly biased towards genes (Breen et al., 2004; Everts-van 
der Wind et al., 2004).
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   Comparison of RH II with previously reported RH maps. 
 RH II has improved almost all important map parameters 
compared to RH I ( Table 2 ) both overall and on each chro-
mosome. In recent years, medium- to high-resolution RH 
maps were generated for ten horse chromosomes or chro-
mosomal regions (Lee et al., 2004; Raudsepp et al., 2004; 
Brinkmeyer-Langford et al., 2005; Gustafson-Seabury et al., 
2005; Wagner et al., 2006; Goh et al., 2007), however, maps 
for all of these chromosomes/regions have been further im-
proved by mapping and analyzing an additional set of mark-
ers. For example, the most recently published map for 
ECA14 (Goh et al., 2007) with 1 marker per 940 kb has been 
further improved herein to a 1 marker per 700 kb.

  FISH map 
  Cytogenetic anchoring of the RH map.  The cytogenetic 

map contains 1,144 markers ( Table 1 , Supplementary 
Fig. 1.1–1.X). The majority of the 401 newly FISH-mapped 
markers were selected systematically from the ends of all 
RH groups and at regular intervals along the length of larg-
er RH groups (see  Fig. 1 ). Refined multicolor FISH in inter-

phase nuclei using combinations of three markers was ap-
plied to resolve the position and orientation of all small RH 
groups. Altogether RH II contains 857 anchor loci (RH 
mapped or binned markers also present on the FISH map) 
that associate RH groups to chromosomes and confirm the 
computed marker order; 287 markers present only on the 
cytogenetic map contribute primarily to the comparative 
map.

  The utility of FISH is particularly noted in the assign-
ment of 19 small RH groups containing only 3–5 markers 
(on ECA1, 3, 6, 7, 13, 16, 17, 18, 23, and 27) and in correcting 
the location of some of the RH groups or individual markers 
compared to previously published data. For example, FISH 
mapping of  LPL, SFTPC  and  CTSB  showed that these mark-
ers are present on ECA2q and not on ECA9 as reported ear-
lier (Milenkovic et al., 2002; Chowdhary et al., 2003). Simi-
larly, new cytogenetic mapping of microsatellite  AHT30 
 moved a small RH group (two loci) from the previously re-
ported location on ECA22q13 (Swinburne et al., 2000; 
Chowdhary et al., 2003) to ECA13q13; FISH localization of 
 KNG, UMPS  and  ZNF148  also showed that these loci are 

Table 1. Chromosome wise information on selected parameters of the integrated RH and comparative map

Horse 
Chr.

Size
(Mb)

Total
size (cR)

RH
groups

Marker
density (Mb)

Loci on the RH map FISH mapped loci Meiotic
map loci

Compara-
tive loci

Total Type I Type II BES, STSs Total Anchor loci

ECA1 204 2,506.3 13 0.78 260 136 120 4 100 70 71 147
ECA2 135 1,724.2 3 0.69 196 107 80 9 55 43 45 96
ECA3 132 1,795.8 4 0.92 143 72 68 3 46 30 26 81
ECA4 120 2,026.9 2 0.61 196 106 87 3 43 35 46 98
ECA5 111 1,588.1 4 0.63 177 102 69 6 48 32 32 102
ECA6 108 1,189.1 4 0.68 158 92 65 1 43 33 32 92
ECA7 105 1,430.3 5 0.88 120 45 72 3 70 41 23 62
ECA8 105 1,437.6 5 0.88 120 58 61 1 44 26 34 74
ECA9 99 1,354.9 2 0.9 110 44 65 1 22 14 37 44
ECA10 96 1,627.5 2 0.58 165 84 64 17 51 42 43 80
ECA11 72 1,827.9 4 0.56 129 56 65 8 46 33 31 59
ECA12 63 679.1 2 1.15 55 25 30 0 12 9 14 27
ECA13 60 805.1 3 0.63 95 47 45 3 23 19 23 43
ECA14 120 1,764.4 1 0.70 172 96 70 6 48 38 39 93
ECA15 111 1,393.3 2 0.82 136 64 68 4 40 32 38 65
ECA16 108 1,686.0 7 0.80 135 67 61 7 48 33 38 66
ECA17 102 870.8 10 0.84 121 65 52 4 39 36 24 54
ECA18 102 1,245.6 3 0.96 106 55 46 5 21 17 27 52
ECA19 96 1,202.0 1 1.04 92 34 55 3 19 12 27 31
ECA20 87 1,321.0 2 0.65 134 54 66 14 38 24 32 53
ECA21 81 875.6 3 0.70 116 70 44 2 37 26 27 66
ECA22 72 911.4 1 0.54 133 82 50 1 52 45 26 71
ECA23 69 711.8 3 0.91 76 26 43 7 21 15 28 28
ECA24 63 830.7 2 1.07 59 19 38 2 19 14 24 21
ECA25 60 662.0 1 1.33 45 19 26 0 16 12 13 21
ECA26 63 741.9 1 0.81 78 34 32 12 16 13 19 33
ECA27 57 564.0 3 0.81 70 28 36 6 12 11 23 26
ECA28 54 456.2 1 0.95 57 30 27 0 16 12 16 29
ECA29 51 626.3 1 0.96 53 28 23 2 9 8 15 25
ECA30 48 594.1 1 1.09 44 26 18 0 9 9 14 26
ECA31 45 381.7 1 1.05 43 18 19 6 11 9 10 17
ECAX 153 1,529.8 5 0.69 222 148 72 2 70 64 23 122

Overall 2,952 38,361.4 102 0.77 3,816 1,937 1,737 142 1,144 857 920 1,904
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  Fig. 1.  Integrated map of ECA31: RH II (middle), cytogenetic map (left), and comparison with sequence maps of eight 
vertebrate species (right). Detailed legend and full size map for ECA31 are available in legends for Supplementary Fig. 1.1–
1.X and in Supplementary Fig. 1.31, respectively.  

Table 2. Comparison of RH II and RH I (Chowdhary et al., 2003)

Map size
(cR)

No. of
RH groups

Average marker
density (kb)

No of
markers

Type I Type II FISH
anchors

Markers shared
with linkage maps

Compara-
tive loci

RH II 38,361.4 101 775 3,816 1,937 1,879 857 920 1,904
RH I 14,587.1 101 4,044 730 258 472 253 – 447
Improvement (factor) 2.6 – 5.2 5.2 7.5 3.9 3.4 – 4.3
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present on ECA19 and not on ECA16 (Godard et al., 2000; 
Milenkovic et al., 2002).

  FISH also resolved discrepancies between the RH map 
and the most recent iteration of the two meiotic maps. For 
example, FISH corrects reverse orientation of the meiotic 
map for ECA26 by Penedo et al. (2005) (Supplementary 
Fig. 2.26) and both recent meiotic maps for ECA25 (Penedo 
et al., 2005; Swinburne et al., 2006) (Supplementary 
Fig. 2.25). With over 1,000 FISH-mapped markers and 857 
anchor loci, the horse integrated RH/FISH map is one of 
the most comprehensive among domestic species and is 
comparable only to the dog WG map that contains a total 
of 1,000 FISH markers and 851 anchor loci (Breen et al., 
2004). The second-generation WG RH maps for other do-
mestic species are not physically aligned to the chromo-
somes by FISH.

   Comparison of the FISH and RH maps.  The observed dis-
crepancies in marker order between the RH and FISH maps 
are minor and concern single or a few loci scattered over the 
genome. These are partly attributed to imprecise band des-
ignations reported in earlier FISH mapping studies. Fur-
ther, most of the earlier FISH studies used single-color FISH 
which cannot precisely order closely located loci. Some 
anomalies are also due to misidentification of the probes. In 
such cases, the BAC library was rescreened using published 
PCR primers, the amplicons were resequenced to verify 
gene identity, and the new BAC clones were again mapped 
by FISH. Examples of such corrections include the reassign-
ment of  NFIA  from ECA5q12 ] q13 (Milenkovic et al., 2002) 
to ECA7q12,  BRCA2  from ECA17q22 (Milenkovic et al., 
2002) to ECA17q14, and  AR  from ECAXq15 ] q16 (Milen-
kovic et al., 2002) to ECAXq12. Several of these discrepan-
cies could also be attributed to isolation and FISH mapping 
of clones containing another member of the same gene fam-

ily. For example, primers thought to be for  NFIA  actually 
correspond to  NFIX. 

  Integration of the RH and linkage maps 
 The 766 markers in the IHRFP male linkage map (Pene-

do et al., 2005) and the 742 markers in the AHT sex-aver-
aged meiotic map (Swinburne et al., 2006) were, to the ex-
tent possible, aligned with the 1,737 microsatellite markers 
present in RH II on all autosomes and the X chromosome. 
As a result, there are 920 markers shared between RH II and 
jointly the two meiotic maps. Alignments between the three 
maps demonstrate a general agreement in the order and ori-
entation of markers and/or linkage groups (Supplementary 
Fig. 2.1–2.X). The exceptions include i) minor flips on 
ECA5, 6, 10, 14, 16, 17, 20, and 21; ii) an evident difference 
in the relative order of HTG001 and ASB029   in the IHRFP 
map of ECA4 compared to their order in the other two maps 
(Supplementary Fig. 2.4); iii) reversals involving entire link-
age groups (e.g., for ECA25 and ECA26, as described above); 
and, iv) 17 disparities involving assignment of markers to a 
different chromosome in one or both meiotic maps com-
pared to RH II ( Table 3 ). More differences were observed 
between the RH II and IHRFP maps than between the RH 
II and AHT maps.

  Comparison of the spacing of framework markers be-
tween the linkage and RH maps reveals regions that have 
high or low recombination rates per cR. Typically recombi-
nation is reduced near centromeres and elevated at distal 
parts of the chromosomes (Rowe et al., 2003). For example, 
on ECA12 two pairs of markers – AHT027–TKY404 and 
COR058–UCDEQ497 – are separated by similar distances 
on the RH map,  1 127.5 cR and 181.6 cR, respectively. How-
ever, their meiotic distances differ by more than ten-fold – 
2.2 cM for the two pericentromeric markers AHT027–
TKY404 and 23.4 cM for the two distal loci COR058–
UCDEQ497 (Supplementary Fig. 2.12, Supplementary 
Table 2). The approximate genome-wide ratio of physical 
and genetic distances between the RH II and the IHRFP and 
the AHT linkage maps is 10.1 cR 5000 /cM   and 13.7 cR 5000 /cM, 
respectively. This ratio varies between individual chromo-
somes but is clearly higher than those reported for cattle – 
from 4 cR 5000 /cM (Everts-van der Wind et al., 2004) to 7.5 
cR 7000 /cM (Itoh et al., 2005) indicating reduced coverage of 
the genome between physical and genetic maps in the horse. 
The latter may be caused by the gaps between RH groups, 
as well as a lower number of shared markers between RH 
and linkage maps compared to cattle. On the whole, align-
ment of RH and linkage maps indirectly connects meiotic 
data with the cytogenetic and comparative information and 
facilitates integration of all available mapping information 
for the equine genome.

  Comparative map 
 The 1,904 genes and BAC end sequences (BES) present 

in RH II enable a comparative overview of the organization 
of the horse genome in relation to eight sequenced verte-
brate genomes representing eutherian mammals (human, 
chimpanzee, dog, cattle, mouse, rat), marsupials (opossum), 

Table 3. Discrepancies between RH II and the two recent linkage 
maps

Marker RH II 
ECA

Penedo
et al. 2005
ECA

Swinburne
et al. 2006 
ECA

FISH Compara-
tive hu-
man HSA

COR006 1 – 20 1q25 14
AHT113 1 25 – –
TKY281 1 28 1 –
NVHEQ102 3 5 – –
HMS56 4 10 10 4p15-p14
TKY916 9 1 – –
AHT126 10 1 10 –
AHT016 11 15 15 –
TKY908 11 21 – –
TKY286 12 28 – –
SGCV03 13 13 22 13q12
AHT115 18 1 – –
TKY520 21 22 – –
TKY709 21 28 – –
TKY275 26 – 8 –
UM031 26 26 20 – 3
UMNe107 X – 13 –
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and birds (chicken). On average, comparative markers are 
distributed at 1.4 Mb intervals in RH II. Further, BLAST 
alignment of the flanking sequences of 766 equine micro-
satellite loci with the human genome sequence (Tozaki et 
al., 2007) provides additional comparative markers for these 
two genomes. The new map shows a four- to five-fold im-
provement in the number of comparative markers over RH 
I and extends the comparison of the horse genome from hu-
man and mouse to six additional species. Because the focus 
of this study is the high-resolution WG map for the horse, 
our remarks on map comparisons will be restricted to sa-
lient comparative features of the equine genome in relation 
to the eight sequenced genomes, without expanding on the 
putative common ancestor.

  The comparative map presented in the RH II map figures 
for 31 autosomes and the X chromosome ( Fig. 1;  Supple-
mentary Fig. 1.1–1.X) confirms and refines the boundaries 
of conserved syntenic segments known between the horse 
and human genomes (Raudsepp et al., 1996; Yang et al., 
2004). For example, mapping 39 horse-human comparative 
loci on ECA27, 60 on ECA26, and 54 on ECA13 reaffirms 
synteny conservation and improves the previously known 
boundaries of correspondence with the human chromo-
somes HSA4/HSA8, HSA3/HSA21, and HSA7/HSA16, re-
spectively. Mapping 14 HSA1 markers to the proximal re-
gion of ECA1q shows that the equine segment corresponds 
to the 225–229 Mb region on HSA1q and confirms recent 
Zoo-FISH findings (Yang et al., 2004). The map also reveals 
a previously undetected segment of homology between 
ECA2q and HSA8p. Furthermore, the new map refines the 
status of several previously reported horse-human con-
served syntenies and corrects a number of single-locus-
based homologies previously described between ECA1–
HSA22, ECA2–HSA1, ECA3–HSA3, ECA5–HSA22, and 
ECA7–HSA19 (Milenkovic et al., 2002; Chowdhary et al., 
2003).

  An overview of conserved synteny or linkage between 
the horse and the eight compared genomes shows other in-
teresting features. ECA11, ECA17, ECA22, and ECAX are 
the only chromosomes that share one-to-one homology 
with human and chimpanzee chromosomes, but the con-
served synteny does not translate into conserved gene order 
along the three autosomes. ECAX seems to be the only chro-
mosome that shares conserved linkage with human, chim-
panzee, and also dog counterparts, including the position 
of the centromere. Broadly, the conservation holds good 
also for pig (Raudsepp et al., 2004), but not for cattle, mouse, 
and rat where there are several rearrangements (Supple-
mentary Fig. 1.X).

  The centromeres of many equine metacentric chromo-
somes represent sites of synteny breaks in the genomes of 
most of the compared species. Examples of such breaks are 
seen on ECA3, 6, 8, and 10 where the short and the long 
arms correspond to separate chromosomes in all species in-
cluding opossum and chicken, suggesting that putative an-
cestral segments have fused at these points in the horse. 
Further, the position of equine centromeres and/or telo-
meres coincides at  � 58% of the locations with human and 

chimpanzee, at 37% of the locations with dog, but at less 
than 20% of the locations of telomeres/centromeres in the 
remaining species (Supplementary Table 3). These observa-
tions, together with the overall size of syntenic segments in 
various species shared with the horse, indicate that the or-
ganization of the horse chromosomes resembles human/
chimpanzee more closely than other compared species.

  Some other interesting aspects about comparative orga-
nization of the horse genome in relation to the eight se-
quenced genomes include:

  a) Clustering of synteny breaks or rearrangements at a 
number of places in the eight genomes. Two such clusters 
can be seen on ECA1q14 and q15 where a distinct break in 
synteny is observed in almost all genomes. In cattle, where 
the break does not occur, a rearrangement is evident at the 
same spot. Another interesting example of such a reshuffle 
is seen at ECA9cen where an inversion is evident in all spe-
cies sharing conserved synteny. Aggregation of these rear-
rangements or synteny breaks at specific spots in other ge-
nomes highlights some of the sites where fusion/reshuffle 
occurred during the formation of the horse chromosomes. 
Similar congregation of synteny breaks or rearrangements 
can be seen on ECA2cen, ECA3cen, ECA7, ECA21, and a 
number of other locations in relation to the horse genome 
as indicated by a red vertical line across the eight genomes 
(Supplementary Fig. 1.1–1.X).

  b) Overall, the human and chimpanzee genomes exhibit 
an almost identical pattern of similarity with the horse ge-
nome. However, over the distal parts of ECA3q, 6q, 14q, and 
ECA21, the chimp genome shows inversions that are not 
seen in the human genome. These inversions were reported 
in previous human–chimp genome comparisons (Schmutz 
et al., 2004; Kehrer-Sawatzki et al., 2005a, b) and likely rep-
resent independent events that occurred during the evolu-
tion of the chimpanzee chromosomes. However, chimpan-
zee inversion breakpoints seen on ECA3 and ECA14 com-
parative maps might have broader evolutionary importance, 
as they coincide with synteny breaks in dog and rodents, 
respectively.

  c) The mouse/rat genomes have undergone rapid karyo-
type evolution and therefore the total number of syntenic 
segments shared between them and other eutherian ge-
nomes is considerably higher than that seen for compari-
sons between non-rodent mammalian genomes. Although 
a similar trend is seen for horse–mouse/rat chromosome 
comparisons, some remarkably uninterrupted conserved 
syntenies and linkages spanning entire equine chromo-
somes are worth mentioning. For example, the conserved 
linkage shared between ECA11 and parts of MMU11 and 
RNO10 is not seen for corresponding chromosomal seg-
ments in the other six species. A similar trend is seen in 
conserved linkage shared between ECA24 and parts of 
MMU12/RNO6, and between ECA26 and parts of MMU16/
RNO11. Additionally, ECA22, 27, 28, 29, and 30 share syn-
teny conservation along their entire length with parts of (or 
complete) rat chromosomes, while ECA22, 27, and 30 share 
it with mouse chromosomes.
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  d) While a number of segments from the chicken genome 
(particularly the macrochromosomes) individually corre-
spond to parts of single equine chromosomes, the conserved 
linkage between ECA17 and part of GGA1, and the con-
served synteny between ECA9, ECA18, ECA24, ECA28, and 
ECA31 with parts of GGA2, GGA7, GGA5, GGA1, and 
GGA3, respectively, are noteworthy because some of these 
segments most likely represent ancestral vertebrate regions.

  e) Among large equine autosomes, only ECA9 shares 
synteny and linkage conservation with the corresponding 
opossum chromosome (MDO3). Large blocks of synteny 
conservation are present also between other equine and 
marsupial chromosomes, but the gene order is usually rear-
ranged resulting in shorter segments of conserved linkages. 
It is not yet clear whether lower degree of linkage conserva-
tion between eutherian and marsupial genomes is due to 
evolutionary divergence or an incomplete opossum genome 
assembly. Likewise, many synteny and linkage rearrange-
ments observed between horse and cattle genomes can 
probably be attributed to the sequence assembly difficulties 
rather than to real differences.

  f) Finally, comparative maps of some horse chromo-
somes, e. g., ECA5q, 13qcen and 22q show discrepant syn-
teny or linkage positions of some markers in all other spe-
cies and most likely reflect inaccuracies in the horse RH 
map. Such discrepant markers tend to be located at the ends 
of RH groups and are shown in red font on RH maps (Sup-
plementary Fig. 1.1–1.X).

  RH map as a framework for WG BAC fingerprint and 
sequence assemblies 
 A WG physical map of BAC contigs based on finger-

printing 150,000 BAC clones from CHORI-241 library is 
currently under construction (O. Distl, unpublished). Since 
RH II contains over 500 markers that are derived from CH-
ORI-241 BAC clones, they can be used to verify the BAC 
fingerprint assembly and anchor it to specific chromo-
somes. The majority of the 4,103 markers on the integrated 
map should also serve as an excellent framework with which 
the WG draft sequence assembly (currently at build 2) of the 
female horse Twilight (C. Wade, unpublished) could be val-
idated. We used e-PCR (Schuler, 1997) to locate the RH II 
markers on horse build 2 to quantify how much improve-
ment is possible. Only 2,869 markers had a chromosomal 
location, and only 2,757 markers had a unique location. 
Thus, it may be possible to use the locations and primers of 
the other 1,000+ markers given herein to produce better 
horse genome assemblies. We anticipate that as for human 
(Lander et al., 2001; Olivier et al., 2001; Venter et al., 2001), 
mouse (Rowe et al., 2003), rat (Kwitek et al., 2004), and oth-
er species, the integrated WG RH II and comparative horse 
map presented in this study will serve as the main frame-
work to support future efforts in both genome sequence and 
BAC contig assembly. 
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