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Changes in number and the genomic organization of
ox genes have played an important role in metazoan
ody-plan evolution. They make cluster(s), and in ver-
ebrates, each cluster contains different number of
ox genes that have been classified into 13 groups.
here are 39 Hox genes in four clusters on different
hromosomes in the mammalian genome. In the fish,
hile 31 Hox genes in four clusters have been identi-
ed in pufferfish Fugu rubripes, 47 Hox genes in seven
lusters exist in the zebrafish Danio rerio. To estimate
he evolutionary origin of Hox organization in ray-
nned fishes, we searched for Hox genes in the medaka
sh Oryzias latipes, with a taxon thought to be widely
eparated from those of pufferfish and zebrafish. We
ynthesized various mixed oligonucleotides that can
ork as group-specific primers for PCR, then cloned
nd sequenced amplified fragments. Numbers of Hox
enes identified in the present study were 2 for group
, 2 for group 2, 1 for group 3, 3 for group 4, 6 for groups
-7, 2 for group 8, 4 for group 9, 3 for group 10, 1 for
roup 12, and 3 for group 13. The primers specific for
roup 11 did not function in this study. Thus, at least
7 Hox genes are present in medaka genome, suggest-
ng that the Hox gene complexity of the medaka ge-
ome is similar to that of the pufferfish rather than the
ebrafish. © 1999 Academic Press

Key Words: Hox genes; medaka fish; Oryzias latipes.

Diversification with in case in complexity of organ-
sms in evolution has occurred mainly by multiplica-
ion of preexistent genes and/or chromosomes (1). Hox
enes, whose products are transcription factors that
lay major roles in specifying cell fate during develop-
ental processes of animals, are typical examples (2).
ox genes, identified in all metazoans except for the

1 To whom correspondence should be addressed. Fax: 181-52-789-
974. E-mail: hori@bio.nagoya-u.ac.jp.
Abbreviations used: BAC, bacterial artificial chromosome; bp, base

air(s); kb, kilobase(s); MF, medaka fish; MM, mammals; PCR, poly-
erase chain reaction; PF, pufferfish; ZF, zebrafish.
66006-291X/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
ponge (3), are encoded on chromosomes in clusters
ith the order along the chromosome reflecting the
rder they act along the body (4). Such clustering and
rdering of Hox genes have been described for Drosoph-
la, mammals, C. elegans and even cnidaria (5–7). All
he Hox genes in one cluster are presumed to have been
enerated by gene duplication followed by diversifica-
ion and natural selection (8). In Drosophila, eight Hox
enes (termed HOM-C in Drosophila) named lab, pb,
fd, Scr, Antp, Ubx, abdA and AbdB, have been iden-

ified (5). Hox genes in mammals are present in four
eparate clusters and 39 Hox genes have been isolated
rom human and the mouse (5). They are classified into
3 groups based on sequence similarities (9). Since
here exists only one cluster composed of 10 Hox genes
group 1 to 10) in Amphioxus (10), multiplication of an
ncestral cluster containing 13 Hox genes should have
ccurred in vertebrate evolution (11). In the pufferfish
ugu rubripes, 4 Hox clusters that encode 31 Hox genes

n total have been identified (12). The number of clus-
ers is the same as that in mammals although the
umber of Hox genes in each cluster is slightly differ-
nt. Recently, however, Amores et al. (13) reported the
resence of 7 Hox clusters containing 47 Hox genes in
ebrafish Danio rerio. Thus, multiplication of Hox clus-
ers might have occurred differently among fish spe-
ies. It has been argued that multiplication of Hox
lusters is not restricted to chromosome loci encoding
ox genes. Also large DNA regions containing wnt,
edgehog, dlx and en appear to have been multipli-
ated together (14). Therefore, it is of interest to ana-
yze Hox clusters in other fish species.

In the present study, to estimate the evolutionary
rigin of the Hox organization in ray-finned fishes
Subclass Actinopterygii), we searched for Hox genes in

edaka fish Oryzias latipes (order Atheriniformes),
ith a taxon thought to be widely separated from those
f pufferfish (order Tetraodontiformes), and zebrafish
order Cypriniformes). Results of PCR suggest a Hox
ene complexity more similar to the pufferfish case.
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ATERIALS AND METHODS

Genomic DNA was isolated from adult medaka fish according to
onventional methods (15). Twelve kinds of mixed oligonucleotides,
ummarized in Fig. 1, were chemically synthesized. A single primer
as applied in common as the 39 primer. As the 59 primers, 10 kinds
f primer were designed for group-specific amplification and one
ore primer was used for amplification of Hox genes classified into

roup 1 to 10. PCR was performed as described elsewhere (16). In
rief, the 50 ml reaction mixture contained 250 ng of genomic DNA,
mM of primers, 250 mM of each dNTP, and 2.5 units of ExTaq

olymerase in ExTaq buffer supplied by Takara Co. The mixture
as subjected to 30 amplification cycles in Perkin-Elmer/Cetus Ther-
ocycler: 20 sec at 98°C, 1 min at 55°C and 10 sec at 72°C. After

ractionation by electrophoresis on 1% agarose gels, the bands of
xpected size were eluted, and cloned into pT7-Blue vector (Novagen
o.). Nucleotide sequences were determined by the Dye Termination
ethod (Applied Biophysics).

ESULTS

Since Hox genes have been isolated from various
nimal species and extensively analyzed, it is possible
o predict the amino acid sequences encoded by
edaka Hox genes. Especially amino acid sequences of

omeodomains in Hox proteins are highly conserved
17). Moreover, regions containing each homeodomain
ave been shown to be encoded by a single exon with-
ut interruption by introns except for the C. elegans
ase. Therefore, PCR methods using medaka genomic
NA should work for amplification of DNA fragments

ontaining homeobox portions as long as appropriate
rimers are chosen. Six amino acid residues from the
8th to 53rd positions in each homeodomain are
FQNRR without exception. Mixed oligonucleotides
hose sequences are complementary to those for
FQNRR were therefore used in common as the 39

rimer for PCR. As 59 primers, we first chemically

FIG. 1. Primer sequences for PCR. As 59 primers, 10 kinds of mi
ore primer was synthesized for amplification of Hox genes classifi

ommon. To facilitate analysis of isolated clones, the underlined Bam
cid sequences encoded by these oligonucleotides and their positions
67
ynthesized 8 kinds of oligonucleotide as summarized
n Fig. 1. For example, primer 1 encodes (I/V/L)RTNF
the 4th to 8th positions in the homeodomain) whose
equence is highly conserved among Hox genes classi-
ed into group 1 but does not exist in Hox genes clas-
ified into groups 2 to 13. We performed PCR using
edaka genomic DNA and primer 1 and the common 39

rimer and products were separated by agarose gel
lectrophoresis. DNA fragments that migrated around
60 bp were extracted from the gel, cloned into the
T7-Blue vector and sequenced. Five clones that had
een independently isolated gave the same sequence
ith each other as indicated by MF-HOX1-1 in Fig. 2.

n a similar way, 17 different sequences were revealed
s summarized in Fig. 2. Since Hox genes classified
nto group 11 and 12 were not isolated, we synthesized
more primers (primer 11 and 12) as indicated in Fig.
and performed a PCR survey. MF-HOX12-1 was ob-

ained with this PCR product. The amino acid se-
uence from the 15th to 20th residues in homeodo-
ains is ELEKEF among Hox genes classified into

roups 1 to 10 without exception and ELEKEF and
FQNRR have been frequently used as primer sites

or amplification of Hox genes (18). Therefore, we used
his combination of primers and performed further
CR screening. This revealed the presence of a further
Hox genes in the medaka genome. Although we ex-

ected detection of Hox genes classified into group 11,
either primers 9-11 nor primer 11 together with the
ommon 39 primer amplified any such Hox genes. The
ucleotide sequences and the deduced amino acid se-
uences of the 27 Hox genes finally identified in the
edaka genome are summarized in Figs. 2 and 3,

espectively.

oligonucleotide were prepared for group-specific amplification. One
into groups 1 to 10. As the 39 primer, a single primer was used in
and SalI sites were generated at the 59 ends of primers. The amino
the homeodomain are also indicated.
xed
ed
H1
in
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In addition to these results, four different sequences
ere revealed as byproducts. It has been known that
bx genes can be amplified by PCR using ELEKEF and
FQNRR primers (19). As expected, two Gbx genes
ere identified as indicated in Figs. 2 and 3. Although

he amino acid sequence of one clone termed MF-
OX2-66 was very similar to that in a Hox gene, it did
ot appear to be a typical Hox gene. Since the Southern
ybridization using MF-HOX-X-1 as a probe gave a
ingle sharp band (data not shown), this clone was
nlikely to have been an artifact in PCR. Another clone
ermed MF-HOX13-X was deemed to be an accidental
roduct of primer 1 and the 39 common primer. Since
he sequence did not correspond to any of the 27 Hox
enes described above, it may, however, suggest the
resence of another Hox gene.

ISCUSSION

The present search of the medaka genome by PCR
dentified 27 different Hox genes. Since the efficiency of
mplification may differ among the target genes, it is
ikely that we overlooked some Hox genes in this PCR
urvey. In the present study, we used two types of
rimers, one group specific, and the other Hox specific
ith the exceptions for groups 11 to 13. With the
roup-specific primers, we could identify 14 Hox genes
lassified into groups 1 to 10 and 4 in groups 12 and 13.

FIG. 2. Nucleotide sequences detected in this study which encode
wo primers are indicated. The numbers on the top line correspo
etermined were classified into groups based on the identity of critic
cid sequences of the homeodomains classified into 5 to 7 were very s
mplified by the group-specific primer is indicated as the reference s
ox gene classified into group 3 was amplified only by the Hox-spec
ox genes. MF-Hox13-X was too short to be properly classified. In a

or isolation of each clone are indicated along with the numbers of clo
ccession numbers for MF-Hox genes determined in this study are A
68
ith Hox-specific primers, we identified 9 additional
ox genes. It is important to emphasize that primers

hat correspond to ELEKEF and WFQNRR worked for

homeodomain portions. The sequences of the regions sandwiched by
to the amino acid positions in the homeodomain. The sequences
mino acids found in each group homeodomain (17). Since the amino
lar, they are not sub-classified. The nucleotide sequence in the clone
ence in each group with bars indicating the same nucleotides. The
primer. MF-Hox-X-1 does not appear to correspond to any group of
ion, two GbX genes were identified. On the right, the primers used
independently isolated in parentheses. The DDBJ/EMBL/GenBank
27023-AB027053.

TABLE 1

Comparison of the Numbers of Hox Genes Classified
nto 13 Groups among Medaka Fish (MF), Pufferfish (PF),
ebrafish (ZF), and Mammals (MM)

Group MF PF ZF MM

1 2 2 4 3
2 2 3 2 2
3 1 2 4 3
4 3 3 4 4
5 3 4 3
6 6 2 4 3
7 0 1 2
8 2 2 3 3
9 4 4 5 4

10 3 3 4 3
11 0* 3 5 3
12 1 1 2 2
13 3 (11)† 3 5 4

sum 27 (11) 31 47 39

* The primers used for amplification of Hox genes classified into
roup 11 did not work. However, it is likely that Hox genes of group
1 also exist in medaka.
† One more Hox gene exists but the sequence identified was too

hort to be properly classified.
a
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mplification of 11 out of the 14 Hox genes amplified by
roup-specific primers. Therefore, we can argue that
he majority of Hox genes classified into group 1 to 10
ere cloned in this study. While we could not reveal

he presence of any group 11 Hox gene in this study,
his does not preclude their existence. Judging
rom the data for pufferfish and zebrafish (12, 13), it is
ikely that there are also counterparts in the medaka
enome.
Table 1 presents a comparison of numbers of Hox

enes identified in medaka, pufferfish, zebrafish and
ammals (human and the mouse gave the same re-

ults). Since assignment of each Hox gene into groups
s based on the partial sequence of the homeodomain, it

ay become necessary to change this in future. For
xample, we classified 6 Hox genes into groups 5 to 7.
f one of them were to be classified into either group 2
r 3, the numbers of Hox genes identified in the present
tudy would be almost identical to those in pufferfish
xcept for group 11. We have now started screening a
AC library of the medaka genome using DNA con-

aining parts of Hox genes isolated in this study. How-
ver, while present PCR survey can not be regarded as
onclusive, the results suggest that the complexity of
ox clusters in medaka genome may be more similar to

hat in pufferfish rather than zebrafish. In addition,

FIG. 3. Amino acid sequences encoded by DNA amplified by PCR
ith the amino acid sequence of the homeodomain of Drosophila Antp
69
he DNA fragments isolated in the present study
hould be very useful for identifying BAC clones con-
aining Hox genes in the BAC library of medaka DNA.
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