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Letter

A Comparative Map of the Zebrafish Genome

lan G. Woods,' Peter D. Kelly," Felicia Chu,' Phuong Ngo-Hazelett,? Yi-Lin Yan,?
Hui Huang,' John H. Postlethwait,? and William S. Talbot'-?

"Department of Developmental Biology, Stanford University School of Medicine, Stanford, California 94305, USA;
?Institute of Neuroscience, University of Oregon, Eugene, Oregon 97405, USA

Zebrafish mutations define the functions of hundreds of essential genes in the vertebrate genome. To accelerate
the molecular analysis of zebrafish mutations and to facilitate comparisons among the genomes of zebrafish and
other vertebrates, we used a homozygous diploid meiotic mapping panel to localize polymorphisms in 691
previously unmapped genes and expressed sequence tags (ESTs). Together with earlier efforts, this work raises
the total number of markers scored in the mapping panel to 2119, including 1503 genes and ESTs and 616
previously characterized simple-sequence length polymorphisms. Sequence analysis of zebrafish genes mapped in
this study and in prior work identified putative human orthologs for 804 zebrafish genes and ESTs. Map
comparisons revealed 139 new conserved syntenies, in which two or more genes are on the same chromosome in
zebrafish and human. Although some conserved syntenies are quite large, there were changes in gene order
within conserved groups, apparently reflecting the relatively frequent occurrence of inversions and other
intrachromosomal rearrangements since the divergence of teleost and tetrapod ancestors. Comparative mapping
also shows that there is not a one-to-one correspondence between zebrafish and human chromosomes. Mapping
of duplicate gene pairs identified segments of 20 linkage groups that may have arisen during a genome
duplication that occurred early in the evolution of teleosts after the divergence of teleost and mammalian
ancestors. This comparative map will accelerate the molecular analysis of zebrafish mutations and enhance the

understanding of the evolution of the vertebrate genome.

A challenge raised by the rapid progress of genome
sequencing projects is to define the functions of the
40,000-70,000 genes that constitute the vertebrate ge-
nome (Dunham et al. 1999; Hattori et al. 2000). Ge-
netic screens in zebrafish (Danio rerio) have identified
mutations that define the functions of hundreds of
essential genes—a number that is increasing rapidly as
new screens are conducted to explore specific mutant
phenotypes (Driever et al. 1996; Haffter et al. 1996).
Because vertebrates share certain fundamental similari-
ties, the identification of zebrafish mutations can pro-
vide important insights about genes with functions
that are conserved in other vertebrates, including hu-
mans. Indeed, numerous zebrafish mutant phenotypes
resemble human disease conditions and, in several
cases, it is clear that the similar abnormalities result
from inactivation of orthologous genes in the two spe-
cies (Brownlie et al. 1998; Wang et al. 1998; Childs et
al. 2000). Powerful cellular methods, such as cell label-
ing, transplantation, and microinjection, enable a de-
tailed understanding of zebrafish mutant phenotypes
(e.g., Melby et al. 1996; Moens et al. 1996). Thus, phe-
notypic analysis in zebrafish can provide functional
information that is difficult to obtain in other species.

Recent efforts have developed maps and other ge-
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nomic infrastructure to accelerate the molecular analy-
sis of zebrafish mutations (Talbot and Hopkins 2000).
More than 2000 simple-sequence length polymor-
phism (SSLP) markers have been meiotically mapped,
allowing the rapid localization of mutations and pro-
viding a large pool of possible entry points for posi-
tional cloning projects (Knapik et al. 1998; Shimoda et
al. 1999). Meiotic and radiation hybrid (RH) mapping
projects have localized >1100 genes and expressed se-
quence tags (ESTs) that can be rapidly tested as candi-
dates for mutations (Postlethwait et al. 1998; Gates et
al. 1999; Geisler et al. 1999; Hukriede et al. 1999; Kelly
et al. 2000). More than 25 mutated genes have been
cloned by the candidate gene approach, emphasizing
the utility of zebrafish gene maps for the molecular
analysis of mutations (see Talbot and Hopkins 2000).

Gene maps are uniquely valuable for comparative
studies, which have identified groups of genes that are
syntenic (on a single chromosome) in zebrafish and
human (for review, see Postlethwait et al. 1999; Meyer
and Schartl 1999). Previous comparative studies have
identified 28 groups of two or more genes that are syn-
tenic in zebrafish and human, suggesting that these
genes were syntenic in the last common ancestor and
that this relationship has been preserved since the di-
vergence of the lineages leading to zebrafish and hu-
mans (Postlethwait et al. 1998; Gates et al. 1999).
Analysis of these conserved segments has facilitated
the selection of candidate genes for zebrafish muta-
tions (Karlstrom et al. 1999; Schmid et al. 2000; Miller
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et al. 2000). Despite the utility of current comparative
maps, much additional work is required to discover the
complete set of conserved syntenies and to learn the
extent to which gene order has been preserved within
syntenic groups. Additional comparative studies are
also required to address the hypothesis that a genome
duplication occurred in the lineage leading to modern
teleosts after the split of teleost and tetrapod ancestors
(Amores et al. 1998; Postlethwait et al. 1998; Gates et
al. 1999; Meyer and Schartl 1999).

Here we report the genetic mapping of 691 previ-
ously unlocalized genes and ESTs and a comparative
analysis identifying the human counterparts of 804
mapped zebrafish genes and ESTs. The comparative
analysis has identified 139 new syntenies conserved
between zebrafish and human, raising the total to 167.
We identified conserved syntenies on all zebrafish link-
age groups, substantially expanding the reach of com-
parative maps. Several zebrafish linkage groups have
conserved syntenies with multiple human chromo-
somes, an observation that we consider in detail in the
accompanying paper (Postlethwait et al. 2000). In ad-
dition, the mapping of duplicate genes has defined the
locations of 13 pairs of chromosomal segments that
may have arisen in a genome duplication that occurred
early in the evolution of teleosts. This comparative
map will accelerate the molecular analysis of zebrafish
mutations and enhance the understanding of the evo-
lution of the vertebrate genome.

RESULTS

Genetic Mapping of Genes and ESTs

To meiotically map zebrafish genes and expressed se-
quences, we scored 754 single-stranded conforma-
tional polymorphisms that correspond to genes and
ESTs in the heat shock (HS) panel, a group of 42 ho-
mozygous diploid individuals generated by heat shock
treatment of F, individuals from a cross of the diver-
gent strains C32 and SJD (Kelly et al. 2000). Of these
polymorphisms, 691 represent previously unmapped
genes and ESTs and 63 have been localized in previous
genetic or radiation hybrid maps (Postlethwait et al.
1998; Gates et al. 1999; Geisler et al. 1999; Hukriede et
al. 1999). Locus names, accession numbers, and primer
sequences for the 1503 genes and ESTs mapped in the
HS panel in this paper and in previous work (Kelly et al.
2000) are shown in Table 1 (available as supplementary
material at http://www.genome.org). Of these genes
and ESTs, 853 represent UniGene clusters (Table 1) and
are therefore likely to correspond to different genes
(http://www.ncbi.nlm.nih.gov/UniGene/Dr.Home.
html). Sequence comparisons did not reveal significant
overlap among the 650 ESTs that are not in UniGene
clusters, which suggests that most of these also repre-
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sent unique genes. This work raises the total number of
markers scored in the HS panel to 2119, including 1503
genes and ESTs and 616 previously mapped SSLP mark-
ers (Shimoda et al. 1999). The dataset contains a total
of 84,674 genotypes, an average of 40 individuals
scored for each marker.

Linkage analysis assigned all of the genes and ESTs
positions supported by LOD scores of =3 (Fig. 1). The
2119 markers that have been scored in the HS panel
occupied 743 unique map positions. In total, the map
spanned 3004 cM and the average distance between
groups of markers was 4 cM (3004 cM/743 unique map
positions).

Comparative Analysis

Comparative genome mapping relies on the identifica-
tion of orthologous genes—Iloci in two different species
descended from a single locus in the last common an-
cestor of the two species. Orthologs are best identified
by their branching patterns on phylogenetic trees but,
because many of the mapped ESTs have relatively short
coding regions, this is not a practicable methodology
for ESTs. Therefore, we have employed criteria used by
the HomoloGene database (http://www.ncbi.nlm.nih.
gov/HomoloGene/), that is, putative orthologs are
UniGene (http://www.ncbi.nlm.nih.gov/UniGene/)
clusters with strong matches in reciprocal BLAST
searches between zebrafish and mammals (see Meth-
ods). Using these criteria, we identified 804 putative
orthologs between human and zebrafish and 388
putative orthologs between mouse and zebrafish in
our dataset and in previous comparative maps
(Postlethwait et al. 1998; Gates et al. 1999). To assess
the reliability of assigning putative orthologs with EST
sequences in this manner, we compared ortholog as-
signments derived from ESTs and completely se-
quenced cDNAs representing the same genes. In the
analysis of 95 ESTs representing 43 different genes,
there was no case in which an ortholog assignment
derived from an EST differed from the assignment de-
rived from the corresponding completely sequenced
cDNA. Thus it seems that reciprocal BLAST searches
with ESTs can provide useful information about pos-
sible orthologs despite the uncertainty inherent in
comparative analyses conducted with these fragmen-
tary sequences.

A convenient display of conserved syntenies is the
Oxford grid, which arrays putative orthologs from two
species according to chromosome for each species (Ed-
wards 1991). An important feature of comparative ge-
netic maps is the number of conserved syntenies,
which are reflected directly in the number of boxes in
the Oxford grid that have multiple entries. This display
(Fig. 2) shows that, despite scatter, the distribution is
distinctly nonrandom (x* = 158; P < 0.001), with clus-
ters appearing, for example, at human chromosome
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Figure 1 (continues)
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(Hsa) 2, 6, and 9, Hsa 6/LG 19 and 20, Hsa 9/LG 5, Hsa
12/LG 23, Hsa 14/LG 17 and 20, and Hsa 17/LG 3, 12,
and 15. Zebrafish and human shared 167 conserved
syntenies involving two or more putatively ortholo-
gous gene pairs in the dataset (Fig. 2; Table 2, available
as supplementary material at http://www.genome-
.org). Although some of these clusters, especially those
that involve only two orthologous gene pairs, might
reflect incorrect ortholog assignments or ancestrally

nonsyntenic genes that independently joined the same
chromosomes in fish and mammalian lineages, most
of these gene groups were likely to have been syntenic
in the last common ancestor of zebrafish and human.
The analysis showed that there were 136 loci not in
conserved syntenies between zebrafish and human
among the 804 putatively orthologous gene pairs, so
that 83.1% of the orthologs are in conserved syntenies.
To put this in perspective, 90.4% of the 375 ortholo-
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Figure 1 (continues)
gous pairs between mouse and human in our data- zebrafish and mammals, but that mouse and hu-
set were in conserved syntenies. We conclude that man, which diverged ~112 million years ago, have
there is extensive conservation of syntenies between greater conservation than zebrafish and human, which
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Figure 1 (continues)

diverged ~450 million years ago (Kumar and Hedges
1998).

To investigate the extent to which gene order has
been maintained in regions of conserved synteny, we
examined the positions of genes in two of the large
syntenic groups that were identified by the compara-
tive analysis (Fig. 3). Putative human orthologs of 12
zebrafish genes and ESTs on LG 17 are distributed over
the length of Hsa 14 (Fig. 3A), which suggests that a
large number of the genes on these chromosomes were

syntenic in the last common ancestor of zebrafish and
human. There were changes in gene order, however,
and significant intrachromosomal rearrangements
have apparently occurred in the fish and/or mamma-
lian lineages since their divergence. A similar conclu-
sion derives from the analysis of LG 8 and Hsa 1 (Fig.
3B). The putative human orthologs of 11 genes and
ESTs on LG 8 are spread over the short arm of Hsa 1,
which joined the long arm of Hsa 1 after the diver-
gence of primates and carnivores (Murphy et al. 2000).

Genome Research 1907

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 19, 2026 . Published by Cold Spring Harbor Laboratory Press

Woods et al.
H zez 1. |2 Dese 1 TR | Z1271 MasasaT i I
H— zren R Zitad AG1TZA MAGEA
H = ] s H e
= 1 12 T EE= musnesen H— awtsasoa
T et fEa2 70 ___|211944nmm 1
AN202655 W,lgh AMTTSET
N T z1za29 T | pert
e . Za25 = asrian
1 Ed AlSgT188
1 1B 2385 .." AWITE2E6 \E“" Z7e83
™ Zosa Hzeme muvTees - AlaS4ETI
-H— psmeil Z2267a T 2= At | oes
H E3 || st sy m@m"gﬁm
] AMOEEEZ  AMTTSOS
R AIB5A144
+H— [EEL __\Mm Jl,f v | sreosn
| AAEEBE02
| ﬂAmm semad| AlE53266 1/ e 7o
1 bingt gsmee
] B — I ldem wvries0ss
T H— @8 wsasce ™ =g aw7ase
E AWATIB50 H—[ETED kcs1147
| i ;"IEZZ-'HS Z15451 AlSBATE2
1 missa000
HE=5 narars
1 | == A Amoesds Aa0es)
T H— Zis117 R |
T 1 ZET2A0 ID6EH s
] 11 | zes861 avv1sa1ar 1 1Z818 o
i ] W2 A 1BAB4S “H— a331975
] il AlS22709
| 1 ZO0G05 AMOEBES || B
] 1| |EET e oo
| |meiBa] Arecas H— w4153
T z= . Aiis0e2
| -; Rty
11— E= auvmoa 1]
T Aeeees \}
| ] H s
H 71543 missoas 1 i H— Z10002 AwW1EEa02
L. |28731 Zizis <|E 0
1| e Anasaran H— B3 T A
™ a1546010 =) Anosass H— ZEE8 maTTesE 1 gezna 2210??
Z22a0 H— zize60 Anasasrs T EiEE ak17ss
,I GOF12 N sl ass130a Ty s 711400
1 7041 WI5BEETR Ty
11— dnased Fa5TH - za083 704 1] Iy i |
H aarras zosme & @ T AgT4E3  AISSTB3S __limm
H— AlETTEID __\ BIAY:.
H— A138e591 H— e T foxad AA494E06
= 4 .
1 = ] zrin
ZETT AISGA228 [bmpan ety
= H— 7o i3
L Fioess H =g s
H— 71363 H B 7w
--—215'35 9154 1] % P |1 |hsp906 ais15ess
1 : mia AN0S8E1
FE0e U g
R i 28175 ———zmueg Als3GE .
H |EEE zsan J 11 e ame
74543 715453 \’ vl z
H— zuseg
H =6 s
H— ansossan

Figure 1 (continues)

This indicates that the genes on this chromosome arm
comprise an ancient, conserved synteny but it is clear
that intrachromosomal rearrangements have altered
gene order within this region.

To identify chromosomal segments that might
have resulted from the teleost genome duplication, we
analyzed the positions of pairs of apparent duplicate
zebrafish genes (Fig. 4). Putative duplicates were iden-
tified in the comparative analysis described above as
cases in which two zebrafish genes appeared to be or-
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thologous to a single gene in mammals. The set of pu-
tative duplicate genes identified by our analysis and in
previous work (Amores et al. 1998; Postlethwait et al.
1998; Gates et al. 1999; Geisler et al. 1999) contained
map positions for 59 pairs of putative duplicate genes
(Table 3, available as supplementary material at http://
www.genome.org). A graph of the positions of these
genes revealed possible duplicate chromosomal seg-
ments as boxes containing multiple duplicate gene
pairs (Fig. 4). The points were clearly clustered in a


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 19, 2026 . Published by Cold Spring Harbor Laboratory Press

A Comparative Map of the Zebrafish Genome

-z N, =S AWN02E56 1L stz | ZEe21 AMTTRR2
T 28 21285 T f \|m5 1334589 n |z zi
1m0 Za1se Zaser - "iznmm . | Asssse IR
121274 73 [ 1zne 1 oyl 13963
__WIIL Zamn "ﬂ ToE18 Amfﬂﬁq;zl?zﬁ&i 1 AAGTIEZ 1 amm“ 4 %M
= -+ IEHI‘I Al T
ALk [ IRt 28945 m?mﬁma&;u M acFi zner
[l 10573 T Ed T 42
"]{N??'?m ~—\in:ﬂa1
[/ 1l pr—
1 s TI™ An23s260 Als1284 ___m
Jl"m.nmzm -w\ I ass0s04s Al zos=
11 { ezt awiiT1122 AASE001
1 | iaiimel 15000 Andsasss
T AvnTisa H usooaze marres
1] | alas4s01 mgress Arzamo N Zs0m
T o e H wagea 1
mepla AWIES3TT AW ES045 & T
T I 2178 ms16263 AAGE6805 AlTZZZ25 T
T leee idepseEami20 Sipb A15a5045 ——_221011”?221{;&
T - H— MBS -+
H— Aweozest
1 | mzsriaz ':\FE
Lo | [0 41331585
H T E 23309 | | Ip———
- - 11153 asssrar =
I T messdzsa arrizs
| 4 Iy 2o Aieserzt
I Joam ] 1, ===
1 AKSTTOO6 T iz “\Im Pr—— el
ol 1| zhsg [impon2 2=l Y AE4AGTS ] azatios _]-nnwzam
|kat.z [YEEREN] 1 :’5 AenaETE "1'|L AIBO1426 TR
] 1| EEzaer arzrreo --\IL-WZEEE[E scamg2
T 2 Al23E43 H— Zzenes
I =150
—*::Ir—-! AM44451 pu 21431 25659 FE3IF2
1 lmats | ] | miassesa awiriioe
.-/{m Toa0s ZE08 I3 ZI984
11
I U THS ABAS089
--\lszsasr
Jkizatori | Zi0es7
1. N =3 zost
___IE’-EI% FER0 AMET200
213419 ___\2911 AMTTeET
Aladd 135
H =D
1 msesez T 21243
HE=m U
H— marraiy
EED sowrisaise
= A2z
AWITI236
L/
H |[EEEER Fiaoy Zacae
=== coFis
—-ﬂ,kapmumm
kiaa313

Figure 1 Genetic linkage map of the zebrafish genome. The positions of 2119 polymorphic markers mapped in the heat shock (HS)
panel are shown. Genes and expressed sequence tags (ESTs) with identified human orthologs are color coded according the chromosomal
position of the human gene. Gene names are shown in bold type. According to zebrafish convention (http://zfin.org/zf_info/
nomen.html), ESTs with putative human orthologs are named according to their human counterparts. Other ESTs are named by their
GenBank accession numbers. Simple-sequence length polymorphism names begin with “Z” or “GOF”, following the nomenclature of
Shimoda et al. (1999). This map reports revised positions for three genes, tbx6, is/3, and six7, that were assigned to different locations
in previous maps (Postlethwait et al. 1998; Geisler et al. 1999; Kelly et al. 2000). In addition, we have revised two previous assignments
(Kelly et al. 2000) for ESTs, and we have removed from the dataset eight ESTs that were originally mapped in the HS panel because of
discrepancies detected in repeat genotype assays. Sequence comparisons of the ESTs mapped in the HS panel by Kelly et al. (2000)
revealed 14 cases in which two different ESTs that were likely to correspond to different regions of the same gene were mapped to the
identical positions. We have removed one member of each of these putative duplicate pairs from the dataset.

nonrandom manner (x*=34.6; P <0.001) and there
were 13 segments that contained two or more dupli-
cate gene pairs, including LG 5-LG 21, LG 7-LG 25, LG
11-LG 23, LG 16-LG 19, and LG 3-LG 12.

DISCUSSION
We have genetically mapped 691 previously unlocal-

ized genes and ESTs by scoring polymorphisms in the
HS meiotic mapping panel. This raises the total num-
ber of markers mapped in the HS panel to 2119, of
which 1503 are genes and ESTs. Sequence comparisons
suggest that most of these ESTs define unique genes.
Together with previous SSLP and gene mapping efforts,
this work brings the total number of genetically
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Figure 2 Oxford grids showing conservation of synteny among zebrafish, human, and mouse.
Each dot represents an orthologous gene pair plotted by position in the two species compared.
Boxes that contain more than one dot represent conserved syntenies. (A) Zebrafish-human
comparison; (B) Zebrafish-mouse comparison; (C) Human-mouse comparison. Human and
mouse orthologs of zebrafish genes mapped in the heat shock panel are listed in Table 1.
Orthologs of genes mapped in previous work (Postlethwait et al. 1998; Gates et al. 1999) are
also included in these grids. The genes in the zebrafish-human grid are summarized in Table 2.
All genes in a Hox complex are represented by a single dot. All three grids clearly show a
nonrandom distribution; x? values, calculated according to Gates et al. (1999) are: x* = 158,
zebrafish-human; x? = 26.0, zebrafish-mouse; and x? = 220, human-mouse. For 1 degree of
freedom, a x? >10.83 indicates a significant difference between a random distribution and the
observed distribution at a significance level P <0.001. The map positions of zebrafish genes and
expressed sequence tags summarized in the graphs were derived from this study and from
previous work (Amores et al. 1998; Postlethwait et al. 1998; Gates et al. 1999; Kelly et al. 2000).

can be used for a variety of
mapping projects (Shimoda et
al. 1999). In particular, muta-
tions are typically mapped with
respect to SSLPs, and SSLPs also
form the framework of both
available RH maps (Geisler et al.
1999; Hukriede et al. 1999).
SSLPs and other markers shared
between different maps can be
used to identify corresponding
regions in different maps and,
therefore, to compare the posi-
tions of markers that have been
localized in one but not both
panels. Currently the average
interval between common
markers in the HS and TS1 RH
(Geisler et al. 1999) maps is <10
cM, so that one can determine
if two markers mapped in the
different panels occupy the
same region of a linkage group.

Conserved Synteny

By examining the map loca-
tions of zebrafish genes and
their human counterparts, pre-
vious comparative analyses
identified 28 groups of two or
more genes that were syntenic
in both species (Amores et al.
1998; Postlethwait et al. 1998;
Gates et al. 1999). We have ex-
tended this comparison by ana-
lyzing the genes and ESTs
mapped in this paper and in
previous work. With the in-
crease in the number of
mapped, putatively ortholo-
gous gene pairs to 804, the
comparative analysis identified

mapped polymorphisms to >3500 so that the average
interval between markers is ~0.9 ¢M or ~500 kb (using
3000 cM as the length of the female meiotic map and
assuming 1.7 x 10° bp in the haploid genome). The
polymorphisms we have defined will be useful in test-
ing candidate genes for mutations and in identifying
polymorphic markers near mutations for positional
cloning projects.

Zebrafish mapping efforts have employed a variety
of meiotic mapping crosses and two RH panels (for
review, see Talbot and Hopkins 2000). To facilitate
comparisons among these maps, we have scored 800
previously mapped markers in the HS panel. Most of
these (616) are SSLPs, which are robust markers that

1910 Genome Research
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139 new conserved syntenies that involved two or
more orthologous gene pairs, which raises the total to
167. Identification of these conserved syntenies ex-
pands comparative approaches to a large part of the
zebrafish genome. This will increase the likelihood that
comparative analysis can suggest candidate genes for
zebrafish mutations, an approach that has already
proved useful in the molecular identification of the you
too, snailhouse, and sucker mutations (Karlstrom et al.
1999; Miller et al. 2000; Schmid et al. 2000). Our analy-
sis also identified 136 putatively orthologous gene
pairs that were not members of conserved syntenies. A
few of these may reflect incorrect ortholog assign-
ments and map errors, but most currently unpaired
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Figure 3 Maps showing gene order with conserved syntenic
groups. (A) Maps showing 12 genes and expressed sequence
tags (ESTs) on zebrafish linkage group LG 17 and the positions of
their human counterparts on chromosome (Hsa) 14. (B) Maps
showing 11 genes and ESTs on zebrafish LG 8 and the positions
of their human counterparts on the short arm of Hsa 1. In both
panels, the entire chromosome (thick line) is shown, but the scale
is different in A and B. Names of zebrafish genes are shown; ESTs
are listed by GenBank accession number.

markers will probably join conserved syntenies as more
loci are added to the comparative map. Thus a mini-
mum estimate of the complete set of conserved synte-
nies is ~300 and the large number of presently un-
paired markers suggests that the true number may be
significantly higher.

Comparative analysis identified nine conserved
syntenies containing =10 genes spread over the length
of the chromosome (Figs. 2, 3), which indicates that
groups of genes about the size of extant human chro-
mosomes were in place in the last common ancestor of
zebrafish and humans >450 million years ago. Ze-
brafish also has many chromosome segments that are
orthologous to smaller portions of human chromo-
somes, which shows that, despite some very large con-
served regions, translocations have also disrupted syn-
tenies in the two lineages. Analysis of conserved syn-
tenies also shows that there is not a one-to-one
correspondence between zebrafish linkage groups and
mammalian chromosomes. Some mammalian chro-
mosomes share syntenies with more than one ze-
brafish linkage group and, as we consider in detail in
the accompanying paper (Postlethwait et al. 2000), sev-
eral zebrafish linkage groups share conserved syntenies

with more than one human chromosome. Although
our results show some large regions of conserved syn-
tenies, the orders of loci within the chromosome seg-
ments are often quite rearranged (Fig. 3). This suggests
that chromosomal inversions have been fixed in fish
and human lineages more often than translocations.
As more genes are added to the comparative map, pres-
ervation of gene order in shorter segments may be-
come apparent. Accordingly, genomic DNA sequenc-
ing in the pufferfish Fugu rubripes has shown that order
has often been preserved in small groups of contiguous
genes that span a megabase or so in human (Elgar et al.
1999).

Teleost Genome Duplication

Many studies have shown that gene families in ze-
brafish tend to have expanded membership as com-
pared with mammals (Force et al. 1999; Postlethwait et
al. 1999). Other teleosts also appear to have expanded
gene families (Wittbrodt et al. 1998; Meyer and Schartl
1999) and in a few cases it is clear that medaka and
pufferfish have orthologs of individual members of ze-
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Figure 4 Positions of duplicate chromosomal segments in the
zebrafish genome. Each dot in the grid represents a pair of pu-
tative duplicate zebrafish genes plotted according to the map
positions of the two genes. Boxes that contain multiple points
represent putative duplicate chromosomal segments. Names,
accession numbers, and positions of putative duplicate
genes mapped in the heat shock (HS) panel and in previous
work are summarized in Table 3. The distribution of points in the
grid is distinctly nonrandom. The x? = 34.6, calculated according
to Gates et al. (1999). For 1 degree of freedom, a x*>10.83
indicates a significant difference between a random distribution
and the observed distribution at a significance level P <0.001.
The map positions of zebrafish genes and ESTs summarized in the
graph were derived from this study and from previous work
(Amores et al. 1998; Postlethwait et al. 1998; Gates et al. 1999;
Geisler et al. 1999; Kelly et al. 2000).
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brafish duplicate gene pairs (Naruse et al. 2000; Smith
et al. 2000). Thus the current evidence supports the
view that the duplicate genes arose early in the evolu-
tion of teleosts, >100 million years ago, before the di-
vergence of lineages leading to medaka (Oryzias lati-
pes), pufferfish, and zebrafish.

In principle, this gene family expansion could be
caused by extra tandem duplication in the fish lineage,
extensive loss of preexisting duplicates in the mamma-
lian lineage, or extra duplication of chromosomal seg-
ments, chromosomes, or the entire genome in the fish
lineage. Previous phylogenetic studies have argued
against the idea that the expanded families result from
retention in the fish lineage of a large number of du-
plicates that were present in the last common ancestor
of zebrafish and human. Comparisons of hox clusters
and other loci show that in a majority of cases both
members of zebrafish duplicate gene pairs are equally
related to their mammalian orthologs, which is consis-
tent with an origin of these duplicates after the split of
fish and mammalian ancestors (Amores et al. 1998;
Gates et al. 1999; Meyer and Schartl 1999, and refer-
ences therein). In some cases, however, zebrafish may
have retained ancestral duplicates. In accord with pre-
vious mapping studies (Postlethwait et al. 1998; Gates
et al. 1999), we find that apparent duplicates are not
clustered together as the tandem duplication model
would predict. Of 59 pairs of putative duplicates, one
pair of duplicates was distantly located on the same
linkage group (nadl1.1 and nadl1.2 on LG23) and there
were 58 pairs in which the duplicates were located on
different linkage groups. These results show that dupli-
cate genes did not generally arise by tandem duplica-
tion. Instead, the results support the possibility that
duplicate gene pairs arose by chromosome duplication
(Amores et al. 1998; Postlethwait et al. 1998). The
analysis identified 13 groups of 2-7 syntenic genes
with duplicates that were also syntenic on a different
chromosome. For example, foxb1.1, hix1, islet3, and
pax6.2 are all located on LG 7, and their putative du-
plicates, foxb1.2, hix3, islet2, and pax6.1, are all located
on LG 25. As with comparisons of individual genes
between zebrafish and mammals, the presence of du-
plicates of some chromosomal segments in zebrafish
implies that there is not a single zebrafish counterpart
for every group of syntenic mammalian genes. Thus,
sequence comparisons and mapping together suggest
that most zebrafish duplicate gene pairs arose from du-
plication of chromosomes or chromosomal segments
in the fish lineage after the split of teleost and mam-
malian ancestors.

Analysis of the 59 putative duplicate gene pairs
indicates that portions of 20 of the 25 linkage groups
contain putative duplicate segments. Although our
current sample size is relatively small, these results are
consistent with the suggestion that these duplicate seg-
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ments resulted from a duplication of the whole ge-
nome (Amores et al. 1998; Postlethwait et al. 1998;
Meyer and Schartl 1999). An alternative to the genome
duplication hypothesis is that chromosomal segments
that represent a fraction of the genome were dupli-
cated independently. Additional work, including se-
quence analysis of a large set of duplicate genes and
mapping studies in other species, is needed to distin-
guish between these hypotheses. We favor, however,
the genome duplication hypothesis because of the pre-
sumed deleterious effect of gene dosage imbalances
caused by duplication of chromosomes or large chro-
mosomal segments and also because the documenta-
tion of relatively recent genome duplications in salmo-
nids and some cyprinids (Allendorf and Thorgaard
1984; Larhammar and Risinger 1994; Young et al.
1998) provides precedent for genome duplications in
fish. It is important to note that duplicates have not yet
been identified for most genes in our current dataset
and that detailed comparative analysis of duplicate
segments suggests that the fraction of genes with du-
plicates could be as low as 20% (Postlethwait et al.
2000). Thus the genome duplication hypothesis pre-
dicts that =80% of duplicate genes were lost after the
duplication. In a number of cases the expression pat-
terns of duplicate genes have diverged and it has been
suggested that retained duplicates have persisted be-
cause they have acquired distinct functions either be-
cause of reciprocal deleterious deletion of essential
gene subfunctions or the evolution of novel, benefi-
cial, positively selected subfunctions (Force et al.
1999). Analysis of the expression patterns and func-
tions of the genes in duplicate chromosomal segments
identified here and in other studies will provide an
important test of this hypothesis.

METHODS

Primer Design and Linkage Analysis

Sequences of D. rerio genes and ESTs (M. Clark and S. Johnson,
Washington University Zebrafish Genome Resources Project;
http://zfish.wustl.edu) were obtained from the NCBI nonre-
dundant sequence database (nr), and primers were designed
as described (Kelly et al. 2000). UniGene clusters containing
mapped genes and ESTs were assigned from UniGene build 10
(http://www.ncbi.nlm.nih.gov/UniGene/Dr.Home.html).
Primer synthesis, polymorphism detection, and linkage
analysis with MapManager software (Manly 1993) were per-
formed as previously described (Kelly et al. 2000). Because
double crossovers do not often occur in short intervals, many
such double crossovers reflect incorrect genotype assign-
ments. Markers with double crossovers in intervals of <20 cM
were excluded from the dataset unless the double recombi-
nant genotype was confirmed in a second assay. The final
dataset contained 11 markers with double crossovers in inter-
vals of <20 cM. Nine of these 11 markers are in one position
adjacent to the centromere of LG 7. Because the centromere
may block recombinational interference, these markers are
likely to be genuine double crossovers. The complete geno-
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type data set is available online (http://zebrafish.stan-
ford.edu).

Sequence Comparisons

Zebrafish genes and ESTs were assigned putative human or-
thologs by BLASTX searches (Altschul et al. 1997) with the
accession numbers of mapped zebrafish genes and ESTs
against the NCBI human nonredundant protein sequence da-
tabase (http://www.ncbi.nlm.nih.gov/blast/blast.cgi). For EST
clones that have been sequenced on both ends, the sequences
of both 5" and 3’ ESTs were used for BLASTX searches. If the
results of these searches had expect scores (E values) of =-5,
the putative orthologs were further tested with reciprocal
searches against the zebrafish subset of nonredundant se-
quences (nr) and dbEST databases. A human ortholog was
confirmed if the original zebrafish gene or EST (or a gene or
EST that showed highly significant overlap with the original
sequence) was in the top five matches of the reciprocal search
by TBLASTN. Map positions for these orthologs were found
using the OMIM (http://www.ncbi.nlm.nih.gov/Omim),
LocusLink (http://www.ncbi.nlm.nih.gov/LocusLink), and
GeneMap’99 (http://www.ncbi.nlm.nih.gov/genemap99) da-
tabases. Mouse orthologs were identified using the Homolo-
Gene database (http://www.ncbi.nlm.nih.gov/HomoloGene)
and their map locations were found using Locuslink and the
Mouse Genome Database (http://www.informatics.jax.org).
Orthologs and their map positions are listed in Table 1 (avail-
able as supplementary material at http://www.genome.org).
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