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Using the polymerase chain reaction, we identified four different homeobox-containing genes in Hydra magnipapillata. Three of them, cnox]-Hm,

cnox2-Hm and cnox4-Hm, were equivalent to homeobox genes that had already been identified in other species of cnidarians. cnox5-Hm was a

new homeobox gene and was very similar to Mox/ in the mouse. Together with the published data, our results indicate that there are at least eight

distinct classes of homeobox genes in cnidarians. These homeobox genes show a maximum of 60 to 77% identity in terms of the amino acid residues
in their homeodomains to certain classes of homeobox genes that have been identified in Drosophila.

Polymerase chain reaction; Homebox gene; MoxI; Evolution

1. INTRODUCTION

The homeobox was first identified as a sequence that
is commonly found in several homeotic and segmental
genes in Drosophila melanogaster [1]. To date, ho-
meobox-containing genes have been isolated from vari-
ous cukaryotes, including members of the animal, plant
and fungal kingdoms [2,3]. In order to identify ho-
meobox genes in various organisms, two different meth-
ods have been developed. Since the amino acid sequence
of the helix 3 region of homeodomains is highly con-
served, degenerate oligonucleotides corresponding to
this region function efficiently as probes for the identifi-
cation of homeobox genes [4]. The polymerase chain
reaction (PCR), using two primers that correspond to
helices 1 and 3 in the homeodomain, has also been
utilized for the identification of homeobox genes [5,6].
Several groups have reported the isolation of homeobox
genes from various species of cnidarians [6-10]. In this
study, we identified four different homeobox genes in
Hydra magnipapillata.

2. MATERIALS AND METHODS

DNA was extracted from the whole tissue of Hydra magnipapillata
by the standard method [11]. PCR was carried out as described else-
where [12] with the Hydra DNA as the template. The two primers used
were the same as those described in a previous report [13]. The prod-
ucts of PCR were analyzed by electrophoresis on a 4% agarose gel.
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The 130-bp fragments were cloned and sequenced. A genomic library
was constructed by partial digestion of the Hydra DNA with Sau3A
and ligation of fragments of approximately 17 kb with Adash vectors
(Stratagene). The library was screened by the Benton-Davis method
[14]). Nucleotide sequences were determined by the chain-termination
method [15],

3. RESULTS AND DISCUSSION

3.1. Identification of four different homeobox genes in
Hydra magnipapillata

Genomic DNA of Hydra magnipapillata was sub-
jected to amplification by PCR with two primers, which
corresponded to the sequences ELEKEF and
WFQNRR, respectively [6,13]. The 130-bp fragments
among the products of PCR were cloned and se-
quenced. Fourteen clones were analyzed and were clas-
sified as being of four types. The four types were desig-
nated cnox1-Hm, cnox2-Hm, cnox4-Hm and cnox5-Hm.
Using these clones as probes, we screened a genomic
library constructed from the Hydra DNA, and several
positive clones were isolated. Fig. 1A shows the nucleo-
tide sequence of the cnoxi-Hm gene which clearly en-
codes a homeodomain. The rule for RNA splicing was
used to define the tentative 5-end of the exon. There is
a stop codon 46 bp downstream of the homeobox. Fig.
1B shows the nucleotide sequence of cnox4-Hm gene. It
also encodes a homeodomain. In the case of the cnox5-
Hm gene, the N-terminal portion of the homeobox was
truncated by cleavage of the restriction site, Sau3A, that
had been used for cloning (Fig. 1C). Since the complete
nucleotide sequence of a gene in Hydra vulgaris that is
equivalent to cnox2-Hm has already been reported [10],
no further characterization of cnox2-Hm was performed
in the present study.
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CAGTCAGTGACAGGAACGGAGAGCCAATACCGAACGC TCTCGCCCGTTGGCCOAT TCAT TAATGCAGC TGGCACCACAGGTTTCCCGAC TGGAAAGCGECAGTGAGCGCAACGCAATTAR 120
TGTGAGTTAGCTCACTCATTAGGCACCCCACGGCTTACACT T TATGCTTCCAGGC TCGTATGTTG TG TGGAAT TG TGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATT 240
ACGCCARGCTCGAAATTAACCCTCACTAAAGGGAACAAAAGCTGGTACCGGGCCCARAATTTTGCACTAGCACATTTTTATCCTC TCCAGGGTCCCTGGGC TTATATAAAATATATAGCG 360
CAATCATTARAAAACGCAAGTTTAATGTT I T T TTGTATTAAAT T TATCTT TTACT TAAGATAATTTACTATAC TACTAATARAATAATAATATAACGGC TGO T TTACGATGTCTARGTATA 480
TCTTATTAAACATTTCATATTTCAATCGTAGAAATAACCATATCTATTGTATTGTCTTTGCAAAATTGATGCATATTAACATTAGTTAGGTATTATTAATT TGATTTTTGTGTGTGTTTT 600
ATTTGTGTATTTTGATTAATAATGACGCCCTGGACGT TCAGACATAGCAGGGTCCGAAGGAGRGGGAGGGGGAATCCCCTCAACCATTATCGCCAGTCCOACCCTGGARATGTTICATTA 720
8§ ¢ I Q T K H|S§ K R K R M 5 ¥ S K Q L H
ATTTAATGACTTTTGATTATGAATTcTGTTTTTTGTTTTTcgngATTTTGGTAATGAGTCAGATTCAAACAAAACATTCAAAACGAAAACGAATGAGTTATTCAAAATTTCAGTTACAT 840
L E K E F S F N F L R K E R T L L L K F § D R Q I K Q N R R M
GAACTAGAAAAAGAATTTAGTTTTAAccnTTTTcTTAGAAAAGAACGTCGTACCGAGTTAGCAAAACTACTAAAGTTTTCAGACAGACAAATTAAAATTTGGTTTCAAAACAGACGAATG 960
K FP K K E IIN KV K L RNLPETUDTNMS§ *
AAGTTTAAGAAAGAAATAAATAAAGTCAAGCTACGTAAC TTGCCTGARGATACAAACATGTCATGARAAAT TAGCGTTTATGTAAAAAATTTAARAACACT TTTAGAGTAGAAARAATAA 1080
ACATTTTGAARATTATAAACTATTTTTGTTACTGTARACAATCTTTTTTTTACCT TGAACATATTGAACGAT T T TTAATCATGT TAAAATATGAACATTTAAGATGTTTGTTTTTARATA 1200
TGTCATATTCGAAAAAAATTTGACTAAATCCAGAATTTGATACCAAGT TCARATTTCGTCAAATTTARGATCTAAT TTTARATTCAGCTTTCAGGCTTGAACTTTATTCAGT TARATTTA 1320
T TARTCCATT T T AAT T CARA TCCAAT T TTAGT TTGATACAG T T T TGACARAG T T T AARAC TCARAT TTGAGT T TTARATTTC TGAAARRAATG TARG TTTAGCGCTATGGATTTT 1440
ATARGCATTTAAATAAGAATTCCTGAAAT, TGGAAATAATGCCCGAAGGAATCGACGTGTTAGCACTTGGCCAAAGAGCAACCGTTAAGTTAGGGARAGCTG GTAAA 1560
ACTCCGTCTTGTTTGGARAAGACGAGTTTGATTTTAAAGAAAACTATAAGTAAGT TACATGT TTATAAAAAATCAATATTTATGGACTTATTTTTTAAAAAT TTAAGATC TCAGCATGAR 1680
GGAAAAATGTCATCCCAAGATCATTTGTCAGATTAAAGTGCCAGCAGAAACAGGACCAAATTATGGAAAGATCCTGTCTACACCABACTCCAATACCAGTTCTCTGAGGACTCGTATCAG 1800
GTTCTTCCATCCAGATGAGGTCAGAATAGTTGCTTTATTTGARGCAGCATGGGATCAAAAAGGACGGGATGGTACTARRAAGT TABATAAACTTTACAACCAAATAGAGAARAAGAACCA 1920
ASTGATTCATTGGATAAGATCCGAATTCGTTCCCTTTAGTGAGGG TTAAT TGTCGACAGCTCTAGA 1986
B
TTTTTTAATTAAAGTCATATACTACGAAT PATATGCCATGCGTAATAATGTTACAAATAAGT TTATCATATTACGTAAAGTATAAGATATTATTACTTTTATT TTATGAAGTTTACTGCT 120
V A A E K K I T TZEUILTI V LDODTULTEKTETZY K GE Y
TTTCTTAATAAAATTGTTATTATGTATATARACCTTTTGTTARCAGATGTTGCTGCGGAAARAAAAATTACTACTGAAT TAATAGTAT TAGATGATTTAAAAGRATACAARGGAGAATAT 240
K 8§ N D $§ S D N S ¥ D!/A F R KR C § F G H 8 ¥ I I L E K E F K ¥ N K Y L
AAGTCAAATGACAGCCAGTCGAGTGACAACCAATCTAATGA’GCTTTTAGAAAACGGTGCTCTTTCGGACATAGCAAAATAATTGAGCTAGAAAAAGAGTTCAAGTACAACAAATATTTG 360
$ R D R RV E F A RVNILETZ LS E S Q I K I WF QNZ RTZ RMIEKTGQTE KT KTETG QT vV ND L T
AGTCGTGATCGTCGTGTTGAGTTTGCACGARATCTTGAGC TTAGTGAATCCCAAATTAAAATTTGGTTTCAARACAGGCGCATGAAGCAGARARAAGAACANACAGTGAATGATTTAACC 480
K D D b & P WF R I EKLH S L TEUPF L S T NOQUV S P MFHTTVF L N *
AAAAAAGACGATGATTCACCTTGGTTTCGCATTGAAAAGT TACATTCACTAACAGAACCATTTCTATCAACTAACCAAGTATCACCGATGTTTCATACCTTTTTAAACTGAAAGCTCTAA 600
AAAGTTCTAATTAAAAGCGCTAGTCGAGTAGTTTARATTG 640
E N E ¥ VRNIN Y L TR L RRYE I AV S5 L §L S E RV KV WPF QNZ RI RMEK
CTGGAGAATGAATTTGTGCGAAACAACTATTTAACAAGGCT TCGGCGTTATGAAATAGCGGTCAGT TTGAGT TTAAGTGAAAGACAGGTCAAAGTTTGGTTTCAAAATAGAAGAATGAAA| 120
W XK R V K| ¥ R G K K Q T D E E K G K *
TGGAAAAGAGTTAANGGGTACAGAGGAAAAAAGCAAACGGATGAAGAARAAGGAAAATAAATACTAGCAACGAGTCATTATTTCTC TTTATATCGCATTTTTGTTATATAATTTCTAGTT 240
TATTTAAATTTTGTTTTAAATTTTTATTTCAGTATTATAA 280

Fig. 1. Nucleotide and deduced amino acid sequences of homeobox genes in Hydra. (A) cnoxI-Hm, (B) cnox4-Hm and (c) cnox5-Hm. Homeobox
regions are boxed. Possible acceptor sites for RNA splicing and possible signals for the addition of polyA are underlined.

3.2. Classification of homeobox genes isolated from classes, as shown in Fig. 2. These sequences were com-

cnidarians
Homeobox genes have been isolated from several spe-
cies of cnidarians either by a PCR strategy {6,7,9,10]} or
by hybridization with degenerate oligonucleotides that
correspond to helix 3 of homeodomains [§]. From sim-
ilarities in amino acid sequence, the nineteen homeobox
genes identified to date can be divided into eight distinct

pared with those of the 37 kinds of homeodomain re-
ported to date in Drosophila and numbers of identical
amino acid residues were counted (Table I). As pointed
out by other investigators [8-10], members of class II
{enox2 in Hydra vulgaris and Chlorohydra viridissima),
class VII (eveC in Acropora formosa) and class VIII
(msh in Chlorohydra viridissima) were very similar in

Table I

Comparison of amino acid residues in the homeodomains of cnidarians with those of Drosophila. The number of amino acid residues that are
identical in each case has been determined and is indicated as a percentage. Values above 50% are shadowed. The references for the amino acid
sequences deduced from sequences of Drosophila homeobox genes are given by Seimiya et al. [19].

Q |« o = ] T8

£3 1313888 £1513 215"
I 5816 421 33|27} 43} 30} 37 401 38 45| 28| 25| 28
1T €3 B2 45] 45) 371 47| 25| 40 471 47 48] 28} 32| 28
11T |42 42 381371333730 48 571851624 37 25{ 25
1v 57157 38{ 38|32 402535 43| 40| 48] 30| 27| 23
VIT | 52153 ‘ 48| 40 42| 45| 32] 38 2t 525063 32]27]28
VIIT | 43] 45 43} 421 37| 42| 28| 37 €3] s7 [:ssl 5ol szlsat 25} s6) sol solsay 37} 30} 30
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10 20 30 40 50 60
Antp RKRGROTYTR YQTLELEKEF HFNRYLTRRR RIEIAHALCL TERQIKIWFQ NRRMKWKKEN Nomenclature Species Ref.
I §-~K-M8-SK F-LH~w-ww— S--HF~RKE~ -T-L-KL-KP 8Dwww----m ~=wma Few-I cnoxl-Hm Rydra magnipapiilata *
LSHF-KKE~ ~VDL-KQ-N- 8~---- cnoxl Eleutheria dichotoma {7)
SCHF-KKE~ ---L-KQ-S~ SAox3 Sarsia sp. (6}
--HF~KKE~ -T-LSKK-N- cnoxl Hydra vulgaris {10}
--HF-KKE~ -A-L-KH-N~ cnox3 Hydra vulgaris (10)
11 Guwl-TA-=8 I-Lmwmmm=— QON---=-8~L~ «-Q~=-AI-D~ =«K-Ve--wr -=-Veue-DK cnox2 Hydra vulgaris {10}
~=Q-=-AI-D~ ~~K=V=- cnox2-Hm Hydra magnipapillata *
~-Q--AM-D~ ~-K-V- cnox2-~Ed Eleutheria dichotoma {7}
~-Q--AM-D- --K-V- cnox2-Hs Hydractinia symbiolongicarpus {7
BemleTA--8 I-Limmwmen- ON-==~8-L~ ~-Q--AI-D~ ~«K~Veomm—- —=uVwwesDK cnox2 Chlorohydra viridissima {8}
N--==§~L~ =-Q--AM-D- ~-K-V- Shox2 Sarsia sp. (6)
III CRKP-TVFSD L~LMV=~~R-- NNRK-~8TPQ -TNL-DR-G~ NQT-V-T-Y- --wmwwxe-T cnox3 Chlorohydra viridissima {8)
-M- -DN-V-T-Y- ---~-L-RHI cnox4 Chlorohydra viridissima (8)
v AF~K~CSFGH SKIIwmmew— KY-K-~-8~D~ -V-F-RN~-E- §~8~-cr-—m —meww Q---Q cnox4 ~Hm Hydra magnipapillata *
CSFGH RKII~-~~R-= KY----==D~ -L-F-RN-D~ 8§«8=---V--= —wewuu--Q cnoxl Chlorchydra viridissima {8)
v wwNe- VR=N-=-=~L= ~Y=--V8~S~ §~==sV-Voun —vmmuos RVK cnox5-Hm Hydra magnipapillata *
VI =~K-=wwfhe «Ve--QI-K» ==Gw-- SAoxl Sarsia sp. (&)
VII TR+Y~TAF-- E-LSR~===- LREN-VS~T~ =-S~L~-SM-N- S=Tfew-m-- —mwww A-RRR eveC Acropora formesa {9)
VIII NRKP-TPFSV N-L-T--QK- KRKQ--SISE -A-LSEL-R~ ~~T---e--w -~-32-0-RSK msh Chlorohydra viridissima {8}

Fig. 2. Classification of homeobox genes in cnidarians. Fifteen homeobox genes from various species of cnidarians have been reported [6-10]. We

identified four different homeobox genes in Hydra magnipapillata. From similarities among sequences, they have been divided into eight classes.

The amino acid sequence encoded by Antp gene of Drosophila is used as a reference sequence. Bars indicate amino acids that are the same as those

encoded by 4ntp. The nomenclature for the homeobox genes has not yet been unified. Therefore, they are tentatively designated as members of
classes I to VIIL

terms of amino acid residues to Dfd, eve and msh in
Drosophila, respectively. The member of class V (cnox5-
Hm) was 87% identical in a region of 45 amino acid
residues to Mox!] in mouse [16] but the equivalent gene
has not yet been reported in Drosophila. Members of
class I (croxI-Hm) and class IV (cnox4-Hm) were rather
similar to homeobox genes at HOM loci in Drosophila.
Although cnox3 and cnox4 in Chlorohydra viridissima
were placed in different classes by Schummer et al. [8],
the sequence in helix 3, TWYQNRR, is characteristic
of the BarH?2 and Om(1D) classes in Drosophila {17,18].
Therefore, cnox3 and crnox4 are placed in the same class
in Fig. 2. S4ox! in Sarsia sp. seems to be different from
the other homeobox genes. Thus, we divided the nine-
teen homeobox genes into eight classes as shown in Fig.
2.

It is quite likely that there are more homeobox genes
in cnidarians. For instance, Seimiya et al. [19] identified
two homeobox genes, prox! and prox2, in the most
primitive metazoan, the sponge (Ephydatis fluviatilis),
and they showed that the amino acid sequences of the
homeodomains encoded by prox! and prox2 were 72%
and 62% identical to those encoded by the NK-3 and Om
(1D) genes of Drosophila, respectively. They concluded
that, when the metazoa appeared during the course of
evolution, the multiple and distinct classes of homeobox
genes that have been identified in higher organisms al-
ready existed. Indeed high percentages of identical
amino acid residues are found when specific combina-
tions of homeobox genes are examined, such as when
members of class 11, class VII and class VIII of cnidar-
ians are compared with Dfd, eve, and msh of Drosophila,

respectively, as well as when class V of cnidarians is
compared with Mox!I of the mouse. These results are
consistent with the above conclusion. The relatively low
degree of similarity between some homeobox genes of
cnidarians and those of Drosophila for example, classes
1, III and IV, suggests that there may still be homeobox
genes that remain to be identified in cnidarians and even
in Drosophila.
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