Proc. Natl. Acad. Sci. USA
Vol. 88, pp. 7338-7342, August 1991
Developmental Biology

Planarian homeobox genes: Cloning, sequence analysis,

and expression
(homeodomain/pattern formation/regeneration)

JorDI GARCIA-FERNANDEZ, JAUME BAGUNA, AND EMILI SALO*

Departament de Genetica, Facultat de Biologia, Universitat de Barcelona, Diagonal 645, 08028 Barcelona, Spain

Communicated by Walter J. Gehring, April 26, 1991

ABSTRACT Freshwater planarians (Platyhelminthes, Tur-
bellaria, and Tricladida) are acoelomate, triploblastic, unseg-
mented, and bilaterally symmetrical organisms that are mainly
known for their ample power to regenerate a complete organism
from a small piece of their body. To identify potential pattern-
control genes in planarian regeneration, we have isolated two
homeobox-containing genes, Dth-1 and Dth-2 [Dugesia (Girar-
dia) tigrina homeobox], by using degenerate oligonucleotides
corresponding to the most conserved amino acid sequence from
helix-3 of the homeodomain. Dth-1 and Dth-2 homeodomains are
closely related (68% at the nucleotide level and 78% at the
protein level) and show the conserved residues characteristic of
the homeodomains identified to date. Similarity with most
homeobox sequences is low (30-50%), except with Drosophila
NK homeodomains (80-82% with NK-2) and the rodent TTF-1
homeodomain (77-87%). Some unusual amino acid residues
specific to NK-2, TTF-1, Dth-1, and Dth-2 can be observed in the
recognition helix (helix-3) and may define a family of home-
odomains. The deduced amino acid sequences from the cDNAs
contain, in addition to the homeodomain, other domains also
preeent in various homeobox-containing genes. The expression
of both genes, detected by Northern blot analysis, appear slightly
higher in cephalic regions than in the rest of the intact organism,
while a slight increase is detected in the central period (5 days)
of regeneration.

The homeobox, a 180-base-pair (bp) DNA sequence, was first
discovered as a region of sequence similarity between genes
involved in the control of Drosophila development (for
review, see refs. 1 and 2). It was later found in several higher
metazoans, but in lower metazoans it has only been found in
nematodes (3). Proteins coded by homeobox-containing
genes act as transcription factors in which the homeodomain
is partially or fully responsible for sequence-specific recog-
nition of DNA (4). These genes seem to be involved in a
number of regulative processes, such as cell determination
and pattern formation during development, and in cell dif-
ferentiation (for review, see ref. 5).

Freshwater planarians are widely known for their ability to
regenerate and for their ability to grow and degrow (to shrink
in volume and length), depending on body size, temperature,
and food availability (6). Both phenomena, which involve
continuous processes of cell proliferation, cell determination
and differentiation, and pattern formation confer an extreme
morphological plasticity on planarians. Regeneration and
growth/degrowth seem to have a common cellular basis: the
presence of a population of small undifferentiated self-
renewing cells (called neoblasts) that are scattered through-
out the body, amount to 25-30% of total cells, and give rise
to all differentiated cell types in the intact organism and to
blastema cells during regeneration (7-9).
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Regeneration in planarians is fairly well understood at the
tissue and cell levels. Moreover, some molecular details
[e.g., changes in the pattern of protein expression (10) and
action of mitogenic factors (11, 12)] are known, though no
genetic data have so far been produced. To further our
understanding of regeneration and to detect, isolate, and
study genes that play a controlling role in this phenomenon,
planarian genomic and cDNA libraries were screened with
probes of the Drosophila homeobox or with degenerate
oligonucleotides corresponding to the most conserved amino
acid sequence of the homeodomain (3).

This work reports the detection, isolation, and sequencing
of two homeobox-containing genes' from a cDNA library of
the planarian Dugesia (Girardia) tigrina. Sequence analysis
of both cDNAs shows the presence of a potential family of
homeodomains shared by the Drosophila NK-2 gene (13) and
the rodent TTF-1 gene (14). In addition to the homeodomain,
other domains are also present in these genes. Their expres-
sion was studied by Northern blot analysis of tissue from
different regions of intact organisms and in different stages of
regeneration.

MATERIAL AND METHODS

Species. Planarians used in this study belong to the species
Dugesia (G.) tigrina (Girard) collected near Barcelona. Two-
week-starved organisms were used in all experiments.

Isolation of cDNA Clones. A cDNA library was prepared in
Agtl0 from intact and regenerating (1 hr and 5, 7, and 10 days)
planarians as described (15). The library contains oligo(dT)-
primed cDNAs and was prepared from RNAs of >0.5 kilo-
bases (kb).

Approximately 4 X 10° recombinant clones in Agt10 were
probed with degenerate oligonucleotides corresponding to
the most conserved sequence found in helix-3 of the homeo-
domain HB-1 (3): AA(A/G) ATX TGG TT(T/C) CA(A/G)
AA(C/T) (A/C)GX (A/C)G. Synthetized oligonucleotides
were 5'-end-labeled with T4 kinase according to Maniatis et
al. (16) using [y->2P]ATP (6000 Ci/mmol; 1 Ci = 37 GBq; New
England Nuclear). Hybridizations were performed as de-
scribed by Biirglin et al. (3).

Nucleotide Sequencing and Analysis. Homeobox-hybridiz-
ing EcoRI fragments were subcloned into pBluescript (Strat-
agene) using standard techniques (16) and sequencing was
carried out on both strands using T7 DNA polymerase
(Pharmacia) according to the manufacturer’s instructions.
Some initial sequences were obtained using degenerate oli-
gonucleotides as primers and sequencing strategy was per-
formed by unidirectional digestion with exonuclease III (17).
Nucleotide sequence data were analyzed with the sequence
analysis software package of ref. 18 from the University of
Wisconsin Genetics Computer Group.

*To whom reprint requests should be addressed.
e sequences reported in this paper have been deposited in the
GenBank data base (accession nos. X56499 and X56500).



Developmental Biology: Garcia-Fernandez et al.

Northern Blot Analysis. Total cellular RNA was isolated by
the guanidinium thiocyanate method (19) from heads and
bodies of intact planarians and in various regenerative stages.
Poly(A)* RNAs were prepared by retention on oligo(dT)
columns, fractionated on a 1.2% agarose/formaldehyde gel,
and transferred to a nylon membrane (Amersham) by stan-
dard procedures (16). DNA probes were 32P-labeled by
random priming and hybridized to filters at high stringency
[42°C in 50% (vol/vol) formamide/5x SSPE/S5X Denhardt’s
solution/0.1% SDS/tRNA (100 pug/ml) (1x SSPE = 0.138 M
NaCl/10 mM sodium phosphate, pH 7.4/1 mM EDTA)].
Filters were washed (65°C in 0.5x SSPE/0.1% SDS) and
exposed to Kodak XAR-S film with two intensifying screens.
The resulting autoradiographs were measured with an Ultra-
Scan-XL enhanced laser densitometer (Pharmacia LKB).

RESULTS

Isolation and Sequence Analysis of Two cDNAs Containing
a Homeobox. A planarian cDNA library of 4 X 10° plaques
was screened using replica filters (Schleicher & Schuell) with
a 5’-end-labeled mixture of 1024-fold degenerate oligonucle-
otides (HB-1) (3). We isolated seven A clones of various sizes.
All phage insert DNAs were subcloned into pBluescript
(Stratagene) and mapped with restriction endonucleases. All
seven clones had inserts between 0.7 and 1.7 kb long and fell
into two groups according to their restriction map (Fig. 1).

The nucleotide sequence shown in Fig. 2 is from five
(Dth-1) and two (Dth-2) cDNA clones. The longest open
reading frame of Dth-1 starts with the ATG at position 131
and codes for a putative protein of 451 amino acids that
terminates with an ochre codon at position 1484. The termi-
nation signal is followed by 189 bases of untranslated trailer
sequence comprising two canonical poly(A) addition se-
quences (AATAAA), 45 and 12 nucleotides upstream of the
insertion site, respectively. The Dth-2 coding sequence starts
with the ATG at position 129 and potentially codes for a
protein of 363 amino acids. An amber codon appears at
position 1216. The termination signal is followed by only 76
bases, and a putative polyadenylylation signal (AATAGA) is
located 12 nucleotides from its end. A Dth-1-specific tran-
script of 1.7 kb and a Dth-2-specific transcript of 1.4 kb were
detected by Northern blot analysis, showing similar size to
the corresponding cDNAs clones isolated.

The base composition analysis from Dth-1 and Dth-2 shows
a high percentage of A+T bases, 64% in the coding regions
of both genes and 70-80% in noncoding regions. There is a
strong bias toward using codons with an adenine or thymine
in the third position. In Dth-1 and Dth-2, 65% and 83% of the
redundant codons, respectively, utilize an adenine or thy-
mine in the third position.

Features of Deduced Amino Acid Sequences. The amino acid
sequences of Dth-1 and Dth-2 reveal a 60-amino acid region
similar to the homeodomain (Fig. 2). Dth-1 and Dth-2 homeo-

A

1

Proc. Natl. Acad. Sci. USA 88 (1991) 7339

domains conserve the hydrophobic amino acids known to be
important in folding and stabilizing the predicted four a-hel-
ices (20, 21) and two clusters of basic residues in the
homeodomain boundaries (22). The homology between Dth-1
and Dth-2 is restricted to the homeodomain, with values of
78% at the protein level and 68% at the nucleotide level.
Helix-2 and helix-3 are identical, and the 13 substitutions
observed are mainly conservative (23) and scattered in the
remaining homeodomain region.

The presumptive Dth-1 and Dth-2 proteins presented some
salient features in their primary structure (Fig. 2). In Dth-1 the
regions outside the homeodomain are rich in asparagine (14%)
and serine (12%) and three repeats rich in asparagine and
serine are at positions 3-8, 201-289, and 428—451. Further-
more, an acidic region (positions 260—-269) and a proline-rich
domain interspersed with acidic amino acids (positions 18—
188) are found. Such domains are thought to act as transcrip-
tion activator domains. Meanwhile, the regions outside the
homeodomain in Dth-2 are rich in serine (16%) and alanine
(9%), showing the presence of two serine-rich regions (posi-
tions 29-42 and 319-331) and two alanine- and serine-rich
regions also located at the N-terminal and C-terminal regions
(positions 62-94 and 348-363). The amino-terminal domain
(positions 1-151) is also typified by the low number (5%) of
charged amino acids. In contrast, residues 193-364 contain
22% charged residues. Such regions rich in particular amino
acids have been found in many other homeodomain proteins.

Homeodomain Comparison. Comparison of Dth-1 and
Dth-2 homeodomains with representative members of classes
of homeodomains previously described (Fig. 3) shows a
relatively low percentage of identity of 30-50%. The best
similarity is observed with the homeoboxes of the Drosophila
genes NK-2 (80-82%), NK-3, and NK—+4 (13) and the rodent
gene TTF-1 (77-87%) (14). Residues 42 and 52 in the homeo-
domains of Dth-1, Dth-2, NK-2, and TTF-1 are proline and
histidine, respectively, and belong to the most variable
positions in the recognition helix (2, 25). Such residues have
been found only in the yeast mating type factor al (Pro-42)
and the Drosophila gene cut (His-52). In helix-2 and helix-4,
we also found some other unusual residues that are shared
with Dth-1, Dth-2, NK-2, and TTF-1, histidine (residue 33),
isoleucine [residue 38 also present in yeast PHO gene product
(26)], and tyrosine (residue 54). Such a combination of
unusual residues, to our knowledge, has never been reported
in any homeodomain and would define a family of home-
odomains. Moreover, the presence of some other unusual
amino acid replacements shared with some Dth, NK, and
TTF-1 homeodomains scattered in the helix-1 and in the
hinge region (Fig. 3) provides additional evidence that the
planarian Dth-1 and Dth-2 homeobox genes are related to NK
Drosophila and TTF-1 rodent genes.

Dth-1 and Dth-2 mRNA Expression. Northern blot analysis
identified a single Dth-1 transcript of 1.7 kb and a single Dth-2
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F1G.1. Restriction map of cDNA clones for Dth-1 and Dth-2. The open reading frames are solid boxes and the homeobox regions are hatched
boxes. The probes used in Northern blot analysis (Dth-1 5’ and Dth-2 5') are also indicated. Relevant restriction sites are Apa I (A), BamHI
(B), Cla 1 (C), EcoRlI (E), HindIll (H), Pvu 11 (P), Pst 1 (T), and Xba 1 (X).
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a AAATTCACAAAATTCGGAAAATTTTCAGTTATATTCACGAAATAATAATGCAAATGAGTTACATGAAACCTTTCCAACAACAATTCCCAT 30
TGCGCAACAAGTGCACCTTAGTAGCTTCAGAAATTCTGGAATGGTTAACTCAAACAGTCGTTCAATTGGTCCCGATGGGTCTATTTACTC 180
M V N S N S R S§ I G P D G S I Y S

CATACAACCCTTCGACCGAGCCTTACTTCAGAGGAATTTTATTCCGAATGATGAAATGACGTCAAATATGTCTTTTGTTCAAATGTTAAA 270
18 I Q P*xF D R A L L Q RNTF I P NDEMT S NM S F V QML N

TTCTGCCAATTATGATCAGATCGAGCCAGCATTTTATCAGAACATGCCGGGAATCGGAAATAGTTTCATGATGCAAAGCATTCTAAACCC 360
48 S ANY D QI EP*A F Y Q NMP*G I GN S F M MOQ S I L N P*

GAATCCCAACGATCAGGARATCGACAACCCAATATCAGACAATTCGACCTACGTTCTCGTTCAAGGGGATTCGAATATTCCAACGAATCC 450
78 N P N D Q E I DN P*I §$ DN S T Y V L V Q G D S N I P*T N P*

CCAATCGAATCCCATCAATCCTACTTACGTTTCATTGGATTTGAATGACTGCCGGAGCAACATGTTCGAATACCCCAGCCAGACCGGCCA 540
108 Q S N P*I N P*T Y V S L D L ND C R S NMF E Y P*S Q T G H

TCAGTACCCTGATATTAATGGAAACGGGCCCCGTTTGTTACATTGCAAGCAAGAATTGTCATATCCTCAGACTAATATCAGCCCGTTCGA 630
138 Q Y P*D I N G N G P*R L L H C K Q E L S Y P*Q T N I S P*F D

TTACCGGTTATCCCGATCAATGCAAAGTAATACCCCTTTATCTTCGTACAAATTATCTCTACCAGAAATTAAAACCATTTCTAATGACTG 720
168 Y R L S R §$ M Q § N T P*L S §$ Y K L S L P*E I K T I S N D W

GATCAAAGGATCTCAAAACGTCAATTTCAATCAAAACCAGCTTCTTCGATCGACAAACGTATCAGATTATACCCTTATAAAAAACTTACC 810
198 I K G S Q N V N F N Q N Q L L R S T NV S D Y T L I K N L P

TCAAAACTTACCAAATCCAAATCAAACAGATTCAATTTATTCATCCTCTATCAACGAAAACAACCAACCCATCAGARACTATGATTCTCC 900
228 Q N L P NP NQTD S I Y S S S I NZENNUO QZ®PTIRNYDS P

CAACCCTGATCGCGAAGACGATTCTGAAATTCATGAAAATCCCAACCCTCACGACACGAGTTCCGTTGAAAATAACGATAATGAAAATTC 990
258 N P D R E D D S E I H E NP N P H D T S S V E N NDNE N S

GTCGTCCGGAGACATTGGAAA! CGTAAACGTCGAGTATTATTTAGTAAGARACAGATTCTAGAA 1080
288 s S G D I G K R K R R V L F S§ K K Q I L E L E R H F R Q K
AAAATACCTGTCCGCCCCGGAACGAGAACATCTAGCTAATCTTATT! T T A 1170

318 _K Y L S A P E R E H L A N L I G L S P T Q V K I W F Q N H R
HMWATGMWTTTAGAAATGGGCMTC‘I‘TGCCGTTAATCGAAGACTGMTCMTCTATGTTTMTGA 1260
348 _Y K M K R A H E KA LEMGNTULAUVNRTRTLNA QSMTFND

CTCTAAATCCCATTTACCCGGAAATTTTGAGT TGGGTATTAACAATTCGTTCTATAACTCCAACCTTGCATTGGGTAATTTGTCTTTAAA 1350
378 S K 8§ H L P G N F E L G I NN S F Y NS NLAULGNTULS L N

TCCCGCTGTTAATTTAATGGGCCGAATTCCAGGTATGTCTAGTATGCTCCCAACATATCCAAATGGATCCCAATCCTATTTCAATAACAT 1440
408 P A V N L M G R I P GM S S ML P T Y P NG S Q S Y F NNTI

TAACCAAGCAACATTAACTGGTTCCAATTCGTCGTGGGGCGTCTAAAATCTAAGATTTACTTTCTTTAAAACTGCTCAGAATATTTATTT 1530
438 N Q A T L T G S N S S W G V X

CCTCAAAAACGAAAAAAAATGTTAAATGAAAACTCAAAATATTTATGATTATTCAATGATGATTGTTTGATGAGTTATGAAAAAAATAAT 1620
AATAATAAACATATTTCTCCTTTCTATAAACCATCTAATAAAATTATATATAATPOLYA 1693

b CACAATCATCTATTTGAATACCACTTAACACACTCTGTAAGAACTTTTATTATCTAAGCTGGTACTAGGAGAAGTACTACTTGAAGACTA 90
CTCAATCTACTGAGACACCCATCATTCACAAAGCTGTTATGAGTGGTATTCCTGGACTTGCTGGAATGTCCTCAATGTCACCATATTCTG 180
M §$ G I P G L AGMS S M S P Y S A

CTTATGCTGCATTAACTCAACATACTGGTGTTAGTTCGGGTTCCTCGCCCTTTGGATCTCAATATTGTTCTAGTGTAAATGACTTCAATC 270
19 Y AALTQHTGV S S G S S PF G S QY C S SV NDTFNP

CTTATTCTGATCCAAGAGGAAGTAACACATGGTATGGCATGGCGGCATCAGCCAATGCTAGTAATGATCCGCGTATGACAATGTCTCGAT 360
49 Y $S b P R G S NTWYGMAASA ANASNDU®PRMTMS R L

TAATGGGTTCCGCAGCTGCTGCAGCTAGTAGTAGTATGTCAGCTTATTCAGGAATACCCACAAATTTTCATCAAGGAATGCATTCTGCTA 450
79 M G S A A A AA S S S M S A Y S5 G I P TNVFHQGMHES A M

TGGGCATGGCATCTCTGGGAGCAGCTACGTATGATCATCAAAAAGCTGCAATGCAGTTTAACAATATGTCACAGCGTAGAAARCGAAGAR 540
109 G MA S L GAATYDHOQIKA A AMZGQTFNNMS Q R_K R R

TCTTATTTAGTCAAGCTCAAATTTATGAGCTCGAACGAAGATTTAAACAGCAGAAATATTTATCAGCCCCAGAACGTGAGCATTT! TA 630
139 L F S Q A Q I Y E L E R R F K QO Q K Y L S A P E R E H L A N

TCTAA AACA T. TATAAA GACAAAGAAAAAG 720
169 L I N L T P T Q V K I W F Q N H R Y K C K R S Q [K D K E K E

AGCAACAAAAAGAAAAATCTTATCATTTAAAGAAAAATATAGT TGACGATAAAGAACGGTCTCCCAATAAACAAATTTGTAATGCGTCTA 810
199 Q Q K E K $§$ Y HL K KNI VDDIEKEW RSZPNI KU QTIT CNAS S

GCTCTGATCGAAGTACTCCCGAAGAACCAGTTGCTAAAGCAAAAGAAAGTGGACTAGATTTTAGTAATCATAAAATTGATAATCTAAATT 900
229 S DR S TUPEEUPV A KAIKES G LDTF S NUHKTIDNIULNL

TAAARAATGGAAGCCGATTTGGAACCAAAGTCTTCTTTATATTCCATAATACCACCATACCTAACGAACTCTTATGCACAACAAACTCAAA 990
259 K M EADULE®P K S S L Y S I I PP Y L TN S Y A Q QT Q S

GTGAAGCACAAACGTCTCCTATAATCAATAATGTTCTTGGCTCTAATCTTTTTCCTGAAAGAAAATCGACACCAACAATGGGACCATTAA 1080
289 E A QT S P I I NNWVILGSNTULTFUPEIZRI K STU?®PTMMGT®PIULT

CTAGTTACTCCTTTGGTCAATCAATGGACTCTATTTCAAGCTTTTATTCTCCTGATTTTTCGTTATATAATTGTGCCCATCCTTATATGG 1170
319 S Y S F G Q s$s MD s I s S F Y S P DV F S L Y NCAMHUP Y MA

CTGCCAGTTCCTCATATTTTATGAATGCAGCATCAAGACCATGGAATTGAAAGTCACGATGAGGATATTTGAATTTCATATATTGTTAAT 1260
349 A S S $ Y FMNA AWM AS R P W N X

TTTTTTTATTGTGCAAATAGATTTGATTTCTTTpolyA 1311

F1G.2. cDNA sequences and predicted protein sequences of Drth-1 (a) and Dth-2 (b) genes. Nucleotides are numbered at the right margin,
and the deduced amino acids are numbered at the left. The homeoboxes are boxed (nucleotides 1013-1192 in Dth-1 and 525-704 in Dth-2). The
acidic region is double underlined and the proline residues of the proline-rich region are indicated by asterisks. The region homologous to the
synthetic degenerate oligonucleotides HB-1 and the polyadenylylation signals are underlined.

transcript of 1.4 kb by comparison with an RNA ladder DISCUSSION

(Bethesda Research Laboratories) used as standard. After We have isolated two homeobox-containing genes, Dth-I and
densitometric scanning analysis of two independent North- Dth-2, in Dugesia (G.) tigrina. DNA sequence analyses of
ern blots, both transcripts were found to be 2 times higher in both cDNAs and Northern blot experiments provide defini-
the head region than in rest of the body (Fig. 44). During tive evidence that the genome of the acoelomate nonseg-
regeneration, Dth-1 and Dth-2 expression was continuous, mented planarians includes homeobox-containing genes that

with an increase of 2.4 times at 5 days (Fig. 4B). are transcribed in the intact and in the regenerating organism.
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Dth-1  KRKRRVLFS KKQILELERHFR QKKYLS
Dth-2  RRKRRILFS QAQIYELERRFK QQKYLS
NK2 KRKRRVLFT KAQTYELERRFR QQRYRS
TTF-1 RRKRRVLFS QAQVYELERRFK QQKYLS
NK1 PRRARTAFT YEQLVSLENKFK TTRYLS
NK3 KKRSRAAFS HAQVFELERRFA QQRYLS
NK4 KRKPRVLFS QAQVLELECRFR LKKYLT
Antp RKRGRQTYT RYQTLELEKEFH FNRYLT
Dfd PKRQRTAYT RHQILELEKEFH YNRYRT
lab NNSGRTNFT NKQLTELEKEFH FNRYLT
Abd-B VRKKRKPYS KFQTLELEKEFL FNAYVS
en EKRPRTAFS SEQLARLKREFN ENRYLT
eve VRRYRTAFT RDQLGRLEKEFY KENYVS
prd QRRCRTTFS ASQLDELERAFE RTQYPD
hoxl.5 SFRGRTAYT RPQLVELEKEFH FNRYLM
hox2.4 RRRGRQTYS RYQTLELEKEFL FNPYLT
ceh-6 KRKKRTSIE VNVKSRLEFHFQ SNCKPN
bed PRRPRTTFT SSQIAELEQHFL QGRYLT
cad KDKYRVVYT DFQRLELEKEYC TSRYIT
cut SKKQRVLFS EEQKEALRLAFA LDPYPN
H2.0 RSWSRAVFS NLQRKGLEIQFQ QQKYIT
mab-5 SKRTRQTYS RSQTLELEKEFH YHKYLT
mec-3 RRGPRTTIK ONQLDVLNEMFS NTPKPS
ro QRRQRTTFS TEQTLRLEVEFH RNEYIS
zenl VKLKRTAFT SVQLVELENEFK SNMYLY
D1l MRKPRTIYS SLQLQQLNRRFQ RTQYLA
yeast al  SPKGKSSIS PQARAFLEQVFR RKQSLN
yeast a2  RGHRFTNEN VRILESWFAKNI ENPYLD
yeast PHO2 QRPKRTRAK GEALDVLKRKFE INPTPS
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Comparison of Dth-1 and Dth-2 homeodomains (single-letter amino acid code) with representative members of the classes of

homeodomain-containing proteins defined (2, 13, 24). The percentage homologies are shown on the right. The positions of the four helices are
indicated by open boxes and the two basic clusters with thick bars. The invariant amino acids of the homeodomain (@) and the highly conserved

amino acids (0) are indicated.

The Dth-1 and Dth-2 homeodomains show a high percent-
age of similarity with each other but a very limited similarity
(between 30 and 50%) to most homeodomain sequences,
except those of Drosophila NK genes (13, 28) and rodent
TTF-1 genes (14). Dth-1, Dth-2, NK-2, and TTF-1 have a
glutamine at position 9 of the recognition helix, which would
qualify them as belonging to Antp type DNA-binding spec-
ificity (25). However, the unusual amino acid replacements at
positions 1 and 11 of the same helix added to the other
replacements found in helix-2, helix-1, and the hinge region,
shared only by Dth-1, Dth-2, Drosophila NK genes, and
rodent TTF-1 genes, may determine specific DNA-binding
specificities and thus define a family of homeodomains.
Moreover, the consensus recognition sequence recognized
by the TTF-1 homeodomain shows no similarity to the
sequence recognized by antennapedia (14).

The codon bias observed in Dth-1 and Dth-2, also found in
several genes from lower metazoans (29), may explain the
unsuccessful earlier attempts to isolate, even at low strin-
gency, planarian homeobox genes using heterologous probes
from Drosophila and Xenopus (unpublished data). Thus,
Dth-1 and Dth-2 homeodomains are 80 and 82% similar to the
Drosophila NK-2 homeodomain at the protein level but only
66 and 65%, respectively, similar at the nucleotide level.
Moreover, the codon bias introduces an additional hin-
drance, reducing the uninterrupted nucleotide sequence
matches of Dth-1 and Dth-2 and the NK-2 homeodomain to
a maximum length of 11 bp, the average region of perfect
match being only 2.8 bp long.

Although Dth-1 and Dth-2 bear a strong similarity to
Drosophila NK genes, namely NK-2, the lack of functional
data for the latter precludes the drawing of any parallel with
regard to the function of the former. The striking homology
of Dth-1, Dth-2, and rodent TTF-1 could not correspond in
developmental functions, since the tissues of expression in
rat (thyroid and lung) do not have counterparts in inverte-
brates. Dth-1 and Dth-2 are expressed in the adult intact
organism, with slightly higher levels in the head. The main
feature of the head region, compared to other body regions,

as expected, is its high density in nerve cells (6). Thus, both
genes could be involved in the determination and/or differ-
entiation of nerve cells. In the intact organism, most nerve
cells have a finite life-span, being continuously replaced by
new nerve cells produced by differentiation from undiffer-
entiated cells or neoblasts (30). So, perhaps the continuous
expression of Dth-1 and Dth-2 is somehow connected to the
continuous replacement of cells—namely, nerve cells. The
possibility remains, however, that such activity may be
involved in some as yet unrecognized physiological regula-
tion that differs from cell replacement and that has its
maximum expression in the cephalic region.

The changes in activity of Dth-1 and Dth-2 during regen-
eration were unexpectedly small given their presumed reg-
ulatory role. To account for this, two main situations could
be envisaged. (i) Dth-1 and Dth-2 may be involved in phys-
iological processes not bearing directly on developmental,
regenerative, or cell differentiation processes. (i/) Regener-
ation is a local phenomenon whose main processes occur in
a narrow strip (300-400 wm) of tissue near the wound (9).
Since poly(A)* RNA used for Northern blots was obtained
from the whole regenerant, actual variations in the expres-
sion of both genes in the wound area may have been blurred
by bulk RNA.

Although variations in Dth-1 and Dth-2 expression during
regeneration are small, both show a maximum at 5 days. This
is the period when nerve cell differentiation is at its height (7),
thus supporting the presumed role of these genes in nerve-cell
specification. In any case, the fact that Dth-1 and Dth-2 are
expressed in the intact organism, in which cell turnover but
not regeneration is occurring, may indicate that their increase
during regeneration is linked to the enhancement of processes
such as cell determination and differentiation, occurring
continuously in intact organisms.

Are Dth-1 and Dth-2 the only representatives of homeobox
containing genes in freshwater planarians? By screening the
same cDNA library with various degenerate oligonucleotides
that code for the helix-3 region of the classes paired and POU
homeodomains, we have obtained several positive clones
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FiG. 4. Northern blot analysis of poly(A)* RNA, 6 ug per lane,
from heads (lanes H) and bodies (lanes B) and poly(A)* RNA, 10 ug
per lane, from intact animals (lanes Oh) and animals in various stages
of regeneration [lanes 1h, 12h, 1d, 3d, 5d, and 7-10d; where h is
hour(s) and d is day(s) of regeneration]. RNAs were electrophoret-
ically separated on 1.2% agarose/formaldehyde gel, transferred to
nylon membrane (Amersham) by capillary blotting, and probed with
random-primed 32P-labeled DNA from the 5’ end (without the
homeobox sequence) of Dth-1 (994-bp fragment obtained by unidi-
rectional digestion with exonuclease III) (A) and of Drth-2 (an
EcoRl(artificial)-Pst 1 371-bp fragment) (B). Blot was stripped and
rehybridized with a Drosophila 5C actin gene probe (27) to control
for levels of RNA.

with specific inserts of 1.5-3 kb (unpublished data). From
these preliminary results we can suggest the presence of
homeobox genes similar to those found in Caenorhabditis
elegans.

Planarians belong to the phylum Plathyhelminthes, a group
that separated very early from the rest of metazoans (31). The
key phyletic position of the Platyhelminthes and the possible
roles of homeobox sequences in developmental and regen-
erative processes in these organisms may be crucial to an
understanding of how certain innovations in development
and evolution (e.g., bilateral symmetry, anteroposterior or-
ganization, cephalization, etc.) have appeared and been
transformed during ontogeny and evolution in the major
spiralian groups.

Proc. Natl. Acad. Sci. USA 88 (1991)
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