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A radiation hybrid map of the zebrafish genome
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Recent large-scale mutagenesis screens have made the
zebrafish the first vertebrate organism to allow a forward
genetic approach to the discovery of developmental control
genes1–3. Mutations can be cloned positionally, or placed on a
simple sequence length polymorphism (SSLP) map4-–6 to match
them with mapped candidate genes and expressed sequence
tags7,8 (ESTs). To facilitate the mapping of candidate genes and
to increase the density of markers available for positional
cloning, we have created a radiation hybrid (RH) map of the
zebrafish genome. This technique is based on somatic cell
hybrid lines produced by fusion of lethally irradiated cells of
the species of interest with a rodent cell line. Random frag-
ments of the donor chromosomes are integrated into recipient
chromosomes or retained as separate minichromosomes9,10.
The radiation-induced breakpoints can be used for mapping in
a manner analogous to genetic mapping, but at higher resolu-
tion and without a need for polymorphism. Genome-wide
maps exist for the human, based on three RH panels of differ-
ent resolutions11–13, as well as for the dog14, rat15 and
mouse16,17. For our map of the zebrafish genome, we used an
existing RH panel18,19 and 1,451 sequence tagged site (STS)
markers, including SSLPs, cloned candidate genes and ESTs. Of
these, 1,275 (87.9%) have significant linkage to at least one
other marker. The fraction of ESTs with significant linkage,
which can be used as an estimate of map coverage, is 81.9%.
We found the average marker retention frequency to be 18.4%.
One cR3000 is equivalent to 61 kb, resulting in a potential resolu-
tion of approximately 350 kb.
Our map is based on a panel of 94 radiation hybrids18,19. This
panel, designated T51, was created by irradiating the diploid
fibroblast-like cell line AB9, derived from a fin amputation of
zebrafish, with a dose of 3,000 rad and fusing it with Wg3H, a
hypoxanthine-guanine phosphoribosyltransferase-deficient
(HPRT−) hamster cell line. Before mapping, we tested 2,125
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Fig. 1 Radiation hybrid map of zebrafish chromosome LG1 anchored to the
published genetic map5,6. Only markers selected for anchoring the radiation
hybrid map are indicated. The radiation hybrid map on the right shows all mark-
ers linked to at least one other marker with a lod score of 6 or more. Distances
on the genetic map are shown in cM, distances on the radiation hybrid map in
cR. Labels in lowercase are marker names (the prefix ‘z’ indicates SSLPs). Labels
in uppercase are GenBank accession numbers (the prefix ‘AA’ indicates ESTs).
Gaps indicate two-point lod scores of less than 6. * Ref. 7. ** T.R. and H.B., in
preparation. The other linkage groups (LG2−LG25) are published electronically
only (http://genetics.nature.com/supplementary_info/).
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zebrafish STS markers for their PCR
performance with zebrafish and Wg3H
DNA. We rejected 467 markers
(21.9%) at this stage, mostly because
they gave no PCR product, or the
zebrafish and hamster bands were not
clearly distinguishable. We used the
remaining markers and an additional
145 untested markers for PCR with the
94 radiation hybrids and zebrafish and
Wg3H controls. We carried out reac-
tions in duplicate using standard con-
ditions derived from our mutant
mapping project. Of these markers, 352 (19.5%) failed to give
bands that could be scored.

We eventually used 1451 markers for construction of the
radiation hybrid map. These markers include 1,029 SSLP
markers that had been previously generated and in part
genetically mapped5,6. We used 551 of these to anchor our
radiation map to the genetic map. If possible, we selected one
anchor for each genetic map position. Additional anchors
were selected where necessary. We also used 229 cloned genes,
representing most zebrafish genes published to date. We
designed new primers for 150 of them, mostly from
sequences available in GenBank. Primer sequences for acvr2
and twist were obtained from ref. 7, and the remainder from
ref. 8. Finally, we used 193 ESTs, most of them generated by
the Washington University Zebrafish EST Project (M. Clark et
al., unpublished data). We made no attempt to select ESTs by
similarity to known genes. We designed primers for 149 of the
ESTs from sequences available in GenBank, the remaining
primer sequences are published8.

To construct the map, we chose the computer program
SAMapper (ref. 13; K. McKusick and D.R. Cox, unpublished
data). SAMapper was developed for constructing the human
Stanford G3 map and is particularly suited to automatic analy-
sis of large data sets. Rather than identifying a high-confidence
set of framework markers, SAMapper considers all markers

simultaneously. The markers are preordered based on two-
point distances and on the genetic framework order, and the
order is subsequently optimized by simulated annealing20,21.
As the simulated annealing step uses even insignificant link-
ages across gaps, entire radiation hybrid linkage groups may be
erroneously inverted or transposed. We corrected such errors
to restore the framework order, but made no changes within
the linkage groups.

Our map contains 1,275 markers linked to at least one other
marker at a lod score of 6 or more, equivalent to 87.9% of the
successfully scored markers, occupying 1,080 separate map
positions (Fig. 1). These markers include 355 cloned genes and
ESTs, 207 of which had not been mapped previously. Con-
versely, 27 genetically mapped genes and ESTs have no linkage
on our map. The number of markers per chromosome varies
between 29 (LG4) and 81 (LG5). The markers constitute 243
high-confidence 1,000:1 bins, that is, groups of markers that
do not overlap each other in any order up to 1,000 times less
likely than the best one (data not shown). The map has 190
linkage groups, equivalent to 7.6 linkage groups per chromo-
some, separated by gaps with two-point lod scores of less than
6. To assess the coverage of the map, it is useful to consider the
set of ESTs, because they represent a less biased collection than
genes cloned as candidates. The fraction of scored ESTs that
were mapped was 81.9%.
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80Fig. 2 Marker retention of the zebrafish radia-
tion hybrid panel. The width of the x axis corre-
sponds to the map length in cR. The y axis
indicates retention frequency in per cent, aver-
aged over 100-cR intervals.

Table 1• Properties of the zebrafish radiation hybrid panel compared with other panels

Organism Zebrafish Human Human Dog Rat Mouse
and panel Goodfellow T51 Stanford G313 GeneBridge 411,12 RHDF5000

14 Goodfellow T55v315 Goodfellow T3116,17

Radiation dose 3,000 rad 10,000 rad 3,000 rad 5,000 rad 3,000 rad 3,000 rad
Number of hybrids 94 83 91 126 96 93
Average retention 18.4% 16% 30% 21% 27% 30.0%
Map length 27,729 cR3000

a 103,303 cR10000 11,042 cR3000 7,995 cR5000 28,234 cR3000 29,559 cR3000

Potential resolutionb 0.35 Mb 0.24 Mb 1.1 MB 0.63 Mb 0.41 Mb 0.35 Mb
STSs mapped 1,275c 6,490c 6,193 347 5,255 2,486
Random STSs mapped 82% 74% 100% n.d. n.d. 100%
at lod score ≥ 6.0
1,000:1 bins 9.7 73.6 n.a. n.a. n.a. n.a.
per chromosome
Non-anchor markers 2.1% 8.0% n.a. n.a. n.a. n.a.
that violate 
bin boundaries
aEstimated distances across gaps are included. bCalculated as explained in the main text. cExpanders included.
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Of 241 SSLPs that appear on the genetic as well as the radia-
tion hybrid map, but were not used for anchoring, 14 (5.8%)
are not in the same order. Most of those are inversions between
neighbouring markers, which can be explained by statistical
error of the genetic or radiation hybrid map or by a small num-
ber of genotyping errors in either data set. Only 5 of these
SSLPs (2.1%) violate 1,000:1 bin boundaries. All of them were
also assigned to different chromosomes (z3054 to LG1, z13289
to LG5, z1322 to LG7, z13 to LG8 and gof2 to LG17). Because
the genetic framework order was used only for preordering the
markers, an additional 40 (8.1%) of the 492 anchor SSLPs that
appear on the radiation hybrid map are in a different order,
and 2 (0.4%) violate bin boundaries. To further test the accu-
racy of our map, we compared the radiation hybrid and genetic
chromosome assignments of 148 cloned genes and ESTs. Three
of the genes (2.0%) were assigned to different chromosomes
(brn1.2 to LG4, tbx6 to LG5 and p110a to LG24).

The average marker retention frequency of the panel is 18.4%
(Fig. 2). One of the chromosomes (LG14) shows a peak in marker
retention, with an average retention frequency of 38.8%. This
peak presumably indicates the position of the selective HPRT
marker that was used for construction of the panel and must be
retained in every hybrid. The average retention frequencies of the
remaining chromosomes vary between 13.0% (LG7) and 21.5%
(LG5). No clear trend is observable in the relative retention of
centromeric and telomeric regions within a chromosome.

To obtain a conservative estimate of the length of the map,
we eliminated markers that would expand the distance
between the neighbouring markers by more than 20 cR. This
expansion can be attributed to experimental error or to gen-
uine breaks on both sides of the marker13. The sum of the dis-
tances between the remaining 1,126 markers, including
estimated distances across gaps within a chromosome, is
27,729 cR. Assuming a physical size of the zebrafish genome of
1.7 Gb (refs 22,23), we estimate that 1 cR3000 is approximately
equivalent to 61 kb, and the average fragment size is 6.1 Mb. As
each marker is, on average, represented in 17.3 radiation
hybrid lines, the potential resolution of the panel is 6.1 Mb
divided by 17.3, or approximately 350 kb. In comparison to the
genetic map, central regions of the chromosomes are systemat-
ically better resolved by the radiation hybrid map than telom-
eric regions, possibly reflecting suppression of genetic
recombination near the centromeres.

Our work has established that the Goodfellow T51 radiation
hybrid panel is a useful tool for mapping zebrafish genes. The
average retention is in between that of the human G3 radiation
hybrid panel and the GeneBridge 4 panel (Table 1), and the
potential resolution is close to that of the G3 panel despite the
lower irradiation (3,000 versus 10,000 rad). This could be
explained by a higher sensitivity of zebrafish cells to irradiation.
Comparison with the G3 map suggests that it may not be possi-
ble to close all gaps and reach complete coverage by mapping
additional markers. We expect, however, that the remaining
gaps can be bridged by combining the T51 panel with another
panel of lower resolution that has recently been characterized24.

In contrast to the human mapping effort, no prior chromo-
somal localization of markers is possible in the zebrafish, which
would help to eliminate potential false linkages. Our map there-
fore contains only markers mapped at a lod score level of 6 or
higher, whereas markers can be confidently positioned on the
human G3 map at a lod score of 3 (ref. 13). Nevertheless, we
could rapidly position 82% of the ESTs that we assayed with the
RH panel, and this fraction will increase as more markers are
added to the map. The zebrafish map reported here is the first
radiation hybrid map of a non-mammalian genome and in-

cludes most of the available SSLPs, providing a framework for
the EST mapping projects currently under way. It will also facil-
itate matching zebrafish mutations with candidate genes, analy-
sis of conserved synteny between zebrafish and humans, and
positional cloning of mapped mutations.

Methods
PCR. We designed primers for cloned genes and ESTs with the program
Primer3 (S. Rozen and H.J. Skaletsky, unpublished data available at
http://www-genome.wi.mit.edu/genome_software/other/primer3.html).
Primer sequences are provided in Table 2, which is provided electronically
only (http://genetics.nature.com/supplementary_info/). All reactions were
set up by a Biomek 2000 robotic workstation (Beckman-Coulter) on 96-
well microtitre plates which were kept refrigerated below 10 ºC. DNA sam-
ples of 94 zebrafish radiation hybrid lines and the zebrafish and hamster
(Wg3H) controls (Research Genetics) were prediluted on a deep-well plate.
Each 10-µl reaction contained 7.14 µl reaction mix (1 µl of 10×PCR buffer,
0.02 µl each of 100 mM dATP, dCTP, dGTP and dTTP, 6.06 µl water), 0.08
µl each of 20 µM forward and reverse primer, 0.2 µl of 5 U/µl Taq poly-
merase (added just before distributing to the plates) and 2.5 µl of 10 ng/µl
radiation hybrid or control DNA. 10×PCR buffer contained 100 mM Tris-
HCl (pH 8.3), 500 mM KCl, 15 mM MgCl2 and 0.1% (w/v) gelatin. We
doubled the radiation hybrid DNA concentration for duplicates of markers
that had initially given only faint bands.

We performed PCR on 12 plates in parallel on TouchDown (Hybaid)
and Primus 96 plus (MWG-Biotech) cyclers, with initial denaturing at 94
ºC for 2 min, followed by 35 cycles of denaturing at 94 ºC for 30 s, anneal-
ing at 60 ºC for 30 s and extension at 73 ºC for 1 min, and a final extension
at 73 ºC for 5 min. We used 2 min extension time for markers that gave a
PCR product of more than 800 bp.

Gel electrophoresis and scoring. We added 5 µl of 6×loading buffer (with
approximately 10 ng/µl of undigested plasmid DNA as a loading control)
to each sample. We carried out electrophoresis at 200 V for 45 min in
1×TBE buffer, on 2% Qualex Gold agarose gels (AGS) with 8×30 lanes
each. PCR products from two plate rows were interspersed on the gel. For
each marker, we ran one lane with 80 ng of 100-bp Ladder (Pharmacia) as a
size standard. We ran each marker in duplicate. We scored even very weak
bands as positive if they were clearly distinguishable from the background.
In case of any discrepancy (a hybrid scored as positive on one plate and as
negative on the other), we re-scored the bands. If the discrepancy persisted,
we ran a third plate and the RH types supported by two of the plates were
used for map construction. We also re-scored markers if any RH type dif-
fered from that of both neighbouring markers, and in case of any uncer-
tainty, we ran another plate. Because some PCR reactions failed to give
bands that could be scored, this procedure left 0.2% of the RH types unde-
cided. The average fraction of inconsistent RH types was 3.5%.

We captured images with NIH Image 1.61 (developed at the National
Institutes of Health, available at http://rsb.info.nih.gov/nih-image/) on a
Power Macintosh 8500/120 computer equipped with a Cohu video camera
and a Scion LG digitizer board, using on-chip integration to increase sensi-
tivity as described in the NIH Image manual. We created NIH Image
macros for capturing and semi-automatic scoring of the images. We used
FileMaker Pro 3.0 databases to schedule PCR runs, catalogue images, store
RH types and browse mapping data.

Map construction. We constructed the map with SAMapper 1.0 on a DEC-
station 3000-600 following standard procedures described in the SAMapper
manual. We set the lod score limit for linkage groups in the preorder phase
and the maximum number of markers to be considered at once for simulat-
ed annealing to the recommended values of 6.0 and 35, respectively. Devia-
tions from the framework order were corrected automatically by a program
designed by us, essentially following the editing procedure described in the
SAMapper manual. First, groups of markers separated by gaps (which we
define as two-point intervals with a lod score of less than 6) were identified.
If the first and last anchor marker of a group were not in the correct order,
the group was inverted. The groups were then sorted according to anchor
marker positions, and a map reflecting the changed marker order was pre-
pared with the SAMapper subprograms makelinear and gencompr. Because
this editing procedure was applied only to entire groups of markers separat-
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ed by gaps with insignificant linkage and no changes were made inside the
groups, no additional simulated annealing was required. We calculated the
map for the entire genome in one SAMapper run, and then divided it into
chromosomes at the intervals with the lowest two-point lod score between
the last anchor marker on a chromosome and the first anchor marker on the
next one. We performed five rounds of expander removal with SAContin-
uer, with subsequent editing, for calculation of the minimal map length
only. Graphical maps were created with a custom Macintosh program. The
full map and raw dataset are available on our web site (http://wwwmap.tue-
bingen.mpg.de) and the ZFIN database (http://zfish.uoregon.edu/ZFIN/).
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