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Abstract

The Medaka is an excellent genetic system for studies of vertebrate development and disease and environmental and
evolutionary biology studies. To facilitate the mapping of markers or the cloning of affected genes in Medaka mutants
identified by forward-genetic screens, we have established a panel of whole-genome radiation hybrids (RHs) and RH
maps for three Medaka chromosomes. RH mapping is useful, since markers to be mapped need not be polymorphic
and one can establish the order of markers that are difficult to resolve by genetic mapping owing to low genetic recom-
bination rates. RHs were generated by fusing the irradiated donor, OLF-136 Medaka cell line, with the host B78 mouse
melanoma cells. Of 290 initial RH clones, we selected 93 on the basis of high retention of fragments of the Medaka
genome to establish a panel that allows genotyping in the 96-well format. RH maps for linkage groups 12, 17, and
22 were generated using 159 markers. The average retention for the three chromosomes was 19% and the average
break point frequency was �33 kb/cR. We estimate the potential resolution of the RH panel to be �186 kb, which
is high enough for integrating RH data with bacterial artificial chromosome clones. Thus, this first RH panel will be
a useful tool for mapping mutated genes in Medaka.
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1. Introduction

Radiation hybrid (RH) mapping is an efficient way for
ordering markers in correlation with physical distance on
the chromosome and establish links with genetic maps

and bacterial artificial chromosome (BAC) contigs.1,2

An RH panel consists of cell hybrids that randomly
retain fragments of chromosomes from the donor cells.
These hybrids are produced by fusion of irradiated
donor cell of the species of interest with a recipient cell
line, usually of rodent origin and have the following fea-
tures: (i) Markers are scored by PCR analysis for the pre-
sence or the absence of DNA from the hybrids. Therefore,
markers to be mapped need not to be polymorphic in RH
mapping, which facilitates the production of dense maps
of the genome. Markers with similar patterns of retention
in the collection of hybrids are placed close to each other
on the map. (ii) RH mapping depends on random physical
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breakage of chromosomes by irradiation and thereby
reflects physical distance, whereas genetic mapping relies
on meiotic recombination rate. Markers close to the centro-
mere, which are difficult to be resolved by genetic mapping,
can be ordered in RH mapping. (iii) Furthermore, the res-
olution of the RH panel can be adjusted by the dose of radi-
ation to achieve the resolution required for linking the RH
map with a genetic map and/or with BAC contigs.1,2 Thus,
RHs of human,3–5 dog,6 rat,7 mouse,8,9 and zebrafish10,11

have played a key role in localizing markers and anchoring
BAC contigs on the chromosomes.

The Medaka, Oryzias latipes, a small freshwater fish,12

has proven to be an excellent genetic system for develop-
mental, environmental, and evolutionary biology studies.
A genetic linkage map of Medaka that consists of 24
linkage groups (LG) corresponding to the haploid chromo-
some number of the organism was established.13 Recently,
genomic resource of Medaka including EST,14 genetic
map,13,15 and genomic DNA sequence,16 whole-genome
shotgun data on UT browser (http://medaka.utgenome.
org/), has been developed. Furthermore, a large-scale sys-
tematic mutagenesis screen was performed in Medaka to
explore gene functions in developmental processes.17 To
facilitate the identification of affected genes in Medaka
mutants, we established a whole-genome Medaka RH
panel consisting of 93 clones. As the first step toward the
development of a Medaka RH map, we constructed RH
maps for three chromosomes LG12, 17, and 22.

2. Generation of Medaka RHs

Two-hundred and ninety RH clones were produced by
fusing donor cells from the Medaka fin fibroblast cell line
OLF-13618 (obtained from Riken Cell Bank, RCB 0184),
derived from HB32 South Strain with B78 mouse mela-
noma cells, as described by Hukriede et al.11 For this
purpose, a subline of OLF-136 with the highest percentage
of euploid cells was selected by karyotyping and used to
generate RHs. As the mouse melanoma B78 recipient cell
line is not deficient in any enzyme that would allow selec-
tion of hybrid cells, we generated OLF-136 clones that ran-
domly integrated the aminoglycoside phosphotransferase
gene that confers resistance to G418 into the chromosomes.
More than 500 independent G418 OLF-136 clones were
pooled and 3�107 cells from this pool were subjected to
X-ray irradiation at a dose of 5000 rad (50 Gy). The irra-
diated cells were mixed with an equal number of B78
cells and fused in the presence of polyethylene glycol.
After 3 weeks, G418-resistant colonies were picked and
expanded for DNA extraction or frozen to maintain stocks.

3. Establishment of the Medaka RH panel

To carry out the genotyping of the RH panel in a 96-
well microtiter plate format, we selected 93 RH clones

by the following procedures: (i) Among the 290 RHs, we
first selected 136 RHs that gave clear bands in PCR gen-
otyping, using 932 STS (sequence-tagged site) markers
randomly selected from the 24 LGs. (ii) Among these
136 RHs, 93 RHs were selected on the basis of their
high retention of Medaka chromosomes fragments. For
independent estimates of retention,19 among those
markers that gave no more than one typing error in tripli-
cate genotyping assays, only one or two markers with the
largest distance on the genetic map were chosen from a
single LG. The retention frequency of the selected 93
RH clones based on 26 STS markers from 15 LGs was
16%.

The RHs were genotyped by PCR amplification, fol-
lowed by gel electrophoresis, and the results of genotyping
for a marker, designated as an RH vector, were documen-
ted as described.19 Sequences of STS markers were
obtained from the MBASE (http://mbase.bioweb.ne.jp/).
PCR reactions were set up in a 384-well format, using
the Biomeck 2000 robotic system (Beckman, USA).
Since the donor Medaka chromosomal fragments are
retained at different molarities among the RH cell lines,
the intensity of amplified bands may vary among them.3

Therefore, genotyping of the RHs was carried out three
times to minimize discordance. Discordance between the
multiple runs of a marker was kept below 7% of the
total number of RHs. The markers that showed higher
discordance were eliminated.

4. Generation of RH maps for three

Medaka chromosomes

To generate RH maps for the three chromosomes
(Fig. 1), we took the following steps. The numbers of
markers relevant to each step are listed in Table 1.

(i) From LG12, 17, and 22 of the genetic maps, markers
that gave reliable RH vectors were chosen. A total of
159 STS markers from the genetic map, that is, 50,
60, and 49 markers from LG12, 17, and 22, respect-
ively, were subjected to genotyping on the RH
panel. Twenty-six of these markers were excluded
because they yielded no PCR products or ambiguous
bands, leaving 133 markers (84%) for the following
RH map construction. We used the TSP/
CONCORD program to analyze the RH vectors, as
described in the following section.

(ii) We checked whether the 133 markers fall into three
groups corresponding to the three genetic LGs by
searching linked markers with a threshold of pairwise
LOD scores up to 5. This resulted in three LGs in
agreement with the genetic map, as well as 17 single-
tons. The singletons were discarded. The three LGs
included 42, 42, and 32 markers (total 116) from
LG12, 17, and 22, respectively.
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(iii) To generate high-confidence framework maps,
markers from each LG in the previous step were ana-
lyzed with a pairwise LOD score threshold of 7.
Three disconnected framework marker sets with
two gaps were formed for LG17 and LG22, whereas
a single-framework map with no gap was formed
for LG12. Those disconnected framework marker
sets were oriented and linked by referring to the
linkage information of the genetic map to make
one framework map for LG17 and 22.

(iv) Finally, to compose the final RH maps, we put the
rest of the markers on the framework map, using
the placement program. The two gaps in the frame-
work maps of LG12 and 22 could not be filled up by
this procedure.

The final RH maps of the three LGs and the compari-
son between the RH and genetic maps are shown in
Fig. 1. Remarkably, comparisons of the placement of
the markers in the RH maps with those in the genetic

Figure 1. Comparison of the RH and genetic maps for the three Medaka chromosomes. Positional relationships of the markers on the RH (left)
and genetic (right) maps are indicated by green lines. The distances between adjacent markers are shown in centiRay in the RH maps
and centiMorgan in the genetic maps. In the RH maps, there are two gaps indicated as ‘Gap’ in LG17 and 22. The markers used to build
the framework map are shown in red and those used for later placement are in black. On the genetic maps, centromeric regions are indicated
in purple.
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maps indicated that the markers with poor resolution in
genetic maps in the putative centromeric regions (shown
in purple) could be well resolved in the RH maps.

As shown in Table 2, given the estimated physical
lengths, 30, 32, and 29 Mb, of LG12, 17, and 22, respecti-
vely, the physical distances corresponding to 1 cR5000 were
calculated to be 41, 35, and 46 kb for LG12, 17, and 22,
respectively. The average marker retention frequencies
for LG12, 17, and 22 were 26, 16, and 13%, respectively.

The three RH maps have a high confidence since the
framework linkage maps were obtained with an LOD
score .7 and each marker was linked at least to one
other marker with an LOD score .5 (corresponding to a
likelihood of .100 000:1) in the final RH maps (Table 1
and Fig. 1). A total of 110 markers, 83% of the 133
markers that gave the RH vectors, could be placed on
the final RH maps (Table 1). The lower success rate
(75%) for LG22 could be due to its lower retention
(13%; Tables 1 and 2). The average resolution of the
three RH maps is 186 kb, which is high enough to place
BAC clones (150–200 kb) on the RH maps. The average
retention frequency of the 110 markers mapped to the
three LGs was 19% (Table 2). This is comparable with
whole-genome RH panels of other species whose overall
retention ranges between 16 and 30%.9–11,20,21

Recently, the Medaka genome sequence has become
accessible: the complete sequence of LG22 by BAC-
based sequencing approach15 and the assembled sequence
data from the whole-genome shotgun approach (UT
genome browser). The alignment of the RH and genetic
maps with the complete sequence of LG22 showed a
high correlation of the RH map with the physical length
of the genome (Fig. 2i). The poorly resolved region in
the male genetic map of LG22 (shown by the red line at

33 cM, nine out of 30 markers) was resolved into
170 cR, which corresponds to 11.4 Mb. This region
spans nearly one-third of the LG22 genome sequence.
Similar results were obtained for LG12 and 17 assembled
sequences (Fig. 2ii and iii). Markers that were not found
in the genome sequences (those plotted at 0 Mb), 2, 3,
and 1 on LG22, 12, and 17, respectively, were successfully
mapped on the RH maps. These results further corrobo-
rate the usefulness of RH maps for establishing the com-
plete sequence of the Medaka genome.

Taken together, we produced the first whole-genome
RH panel for mapping genes and markers in Medaka
and demonstrated that it is suitable to build a genome-
wide RH map. The construction of RH maps for the
other Medaka LGs is ongoing. We will distribute the
Medaka RH panel upon request to the corresponding
author and provide assistance in RH mapping efforts.

5. Computation of RH maps

To construct RH maps, the TSP/CONCORD V2.0
software package,22 working with IBM DB2, was used
on an IBM RS/6000 AIX workstation. TSP/
CONCORD was used in conjunction with CONCORD
and QSopt software to calculate RH maps by solving
the Traveling Salesman Problem.23 This method has
been proven to be rapid and efficient for integrating
large data and constructing an RH map.22 We referred
to TSP/CONCORD’s manual to analyze RH vectors
and to compute the marker order of each LG and the dis-
tance between markers. In the package, there are five
objective functions for the evaluation of an RH vector
available: two of them are based on obligate chromosome
breaks (OCBs) and three on a maximum likelihood
estimate (MLE). Since the OCB objective functions do
not provide indications for estimating physical distances
between markers and for comparing likelihoods of
competing marker orders, only the three MLE objectives,
namely, BASE TSP þMLE, Extended TSP þMLE, and
Normalize TSP þMLE, were used in our computations.
To construct the framework maps, most of the parameters
were set to the program default values; three of them are
sensitive for restricting the number of markers in

Table 1. Markers used at the various steps of RH map construction

Chromosome Initial markers
analyzed

Markers scored after PCR
(percentage of initial markers)

Markers on framework
maps at LOD ¼ 7

Markers on final maps at LOD ¼ 5
(percentage of scored markers)

LG12 50 42 (84) 17 38 (90)

LG17 60 51 (85) 17 (two gaps) 42 (82) (two gaps)

LG22 49 40 (82) 12 (two gaps) 30 (75) (two gaps)

Total 159 133 (84) 110 (83)

Percentages of initial markers and percentages of scored markers are given in parentheses.

Table 2. Characteristics of RH maps for three Medaka LGs

Chromosome Map
length

(cR5000)

Average
retention

(%)

Breakpoint
frequency
(kb/cR)

Estimated
physical

length (Mb)

LG12 739 26 41 30

LG17 915 16 35 32

LG22 635 13 46 29

Average 19 41
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computation, theywereLIMIT_DISTANCE ¼ 3,LIMIT_
LIKELIHOOD¼ 3, and UNKNOWN_COUNT ¼ 2.

First, pairwise LOD scores and distances for each pair
of markers were computed by using the TSP/
CONCORD ‘pairlods_dists’ program. At an LOD score
threshold of 5, the program ‘make_groups’ was executed
to find LGs for all markers. Singletons were abandoned.
For each of those LGs, marker sets were identified at

an LOD score threshold of 7 by using again the
‘make_groups’ program. Subsequently, the framework
maps of each marker set were computed by using the
MLE objective functions in the package. We confirmed
the robustness of each framework map by making sure
that there are no improving flips of up to eight markers
by using the program ‘flips’ and that there are no alterna-
tives within 0.25 LOD units of the best marker order

Figure 2. Consistency of the RH maps with the genome sequence. Markers on the LG22, 12, 17 were plotted on the Y axis as genetic map position in
centi-Morgan (cM) (pink) and RH map position in cR (blue) and on the X axis as the position in the BAC-based genome sequence of (i) LG22 or
assembled the whole genome shotgun sequence reads of (ii) LG12 and (iii) LG17. In the case of LG22, markers poorly resolved on the red line
(nine out of 30 markers) at 33.8 cM on the genetic map were resolved into 170 cR (B) on the RH map that corresponds to 11.4 Mb (A), one-third
of the physical length of LG22. The poorly resolved regions in LG12 and 17 were resolved into 154 and 338 cR, which correspond to13.0 and
14.2 Mb, one-third and nearly a half of the chromosome. Markers that were not found in the genome sequence (those plotted at 0 Mb), 2, 3,
and 1 on LG22, 12, and 17, respectively, were successfully mapped on the RH maps.
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by using the program ‘map_eval’. Subsequently, the
markers that were not on the framework maps were
placed by performing ‘placement ,marker_data.

,framework_map .’ iteratively, generating maps for
all marker sets. The initial maps of each LG were
ordered and oriented relative to each other by referring
to the genetic map. Finally, the initial maps of each LG
were joined by using the three MLE objective functions
of the package to generate three candidate maps. From
these three candidates, an optimal one was picked up as
the final RH map by comparing the results of the
program ‘quality’.
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