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expressed in the neural tube

Stefan Krauss, Terje Johansen',
Vladimir Korzh, Ugo Moens2,
Johanna U.Ericson and Anders Fjose3
Molecular Genetics Group, 'Biotechnology Group and 2Virology
Group. Institute of Medical Biology. University of Tromso, N-9000
Troms0, Norway

3Corresponding author

Communicated by M.Noll

Murine and human sequences homologous to the paired
box of the Drosophila segmentation gene paired have been
reported previously. Here we describe a zebrafish
(Brachydanio rerio) paired box-containing clone,
pax[zf-a], which is clearly distinct from reported verte-
brate Pax genes. The putative protein encoded by
pax[zf-a] contains a paired box and a paired-type
homeobox separated by a glycine-rich, acidic linker and
a carboxy-terminal end which is remarkably rich in
serine, threonine and proline residues. By in situ
hybridization to embryonic tissue sections and whole
mount embryos, pax[zf-a] transcripts were found within
restricted regions of the central nervous system and the
eye. In contrast to the murine Pax genes recently
characterized, pax[zf-a] is not expressed in the segmented
mesoderm. At the 17 h stage, pax[zf-a] expression is
detected in a defined area of the diencephalon which
circumscribes the presumptive thalamus. This suggests
an involvement of pax[zf-a] in pattern formation in the
rostral brain. The pax[zf-a] gene is also expressed
throughout the hindbrain and spinal cord. This
hybridization signal is restricted to a longitudinal column
which includes the basal plate. Later in development, at
36 h post-fertilization, pax[;f-a] transcripts are no longer
restricted to a specific region of the diencephalon, but
are distributed over the entire developing brain.
Key words: eye development/neurogenesis/paired box gene/
segmentation/zebrafish embryogenesis

Introduction

The homeotic selector genes included in the regulatory
network responsible for specifying regional differences along
the body axis of vertebrates and insects are highly conserved
(Gehring, 1987; Graham et al., 1989; Malicki et al., 1990).
These genes encode closely related transcription factors and
are organized in gene complexes which seem to be derived
from a similar complex already present in the common

ancestor of insects and vertebrates (Graham et al., 1989).
In Drosophila the molecular mechanisms responsible for
generating body segments have been extensively
characterized (Ingham, 1988; Carroll, 1990), but it is
presently unclear to what extent similar genetic elements are

involved in vertebrate pattern formation.

(© Oxford University Press

Many of the Drosophila developmental regulatory genes
encode transcription factors with conserved motifs like the
homeobox (McGinnis et al., 1984; Scott et al., 1989) or the
paired box (Bopp et al., 1986), which are both DNA binding
domains (Goulding et al., 1991; Treisman et al., 1991).
Several paired box-containing genes in Drosophila are
known to be involved in the segmentation process (Bopp
et al., 1986; Baumgartner et al., 1987; Bopp et al., 1989).
In addition, some of the members of the paired box gene
family seem to have important regulatory functions during
neurogenesis at later developmental stages (Patel et al.,
1989).

In relation to the different segmental features of vertebrate
and insect embryos, it is of considerable interest to investigate
the structural and functional conservation of the different
categories of segmentation genes. Among the vertebrate
homologues of Drosophila genes analysed so far, the paired
box-containing Pax genes seem to be most closely linked
to segmentation (Kessel and Gruss, 1990). Thus, all of the
Pax genes which have been studied in mouse (Pax], Pax2,
Pax3, Pax7 and Pax8) show expression in segmented
mesodermal tissues during embryogenesis (Balling et al.,
1988; Deutsch et al., 1988; Dressler et al., 1990; Nornes
et al., 1990; Plachov et al., 1990; Jostes et al., 1991;
Goulding et al., 1991). In addition, four of the murine Pax
genes are expressed in cell subsets of the developing nervous
system, indicating an involvement in neuronal maturation
or determination. Similar paired box-containing genes have
been reported for humans, and there is evidence for
homologues in a variety of other species (Burri et al., 1989).
To gain further understanding about pattern formation and

neuronal differentiation in the vertebrate central nervous
system, it may be useful to study these aspects in a lower
vertebrate, such as zebrafish (Brachydanio rerio), where
morphological features are more simple and easier to
distinguish (see Hanneman et al., 1988; Trevarrow et al.,
1990). In a search for zebrafish genes involved in neural
development, we have cloned a paired box-containing gene,
pax[z,fa], which in contrast to all the murine Pax genes
described so far, is not expressed in segmented tissues of
the mesoderm. Instead, transcripts of the gene are detected
within a longitudinal column of the hindbrain and spinal cord
which maps to the basal plate and intermediate plate. In
addition, pax[zf-a] seems to be involved in early
regionalization of the rostral brain.

Results
Structure of pax[zf-a] cDNA clones
In order to isolate zebrafish cDNA clones containing paired
box sequences, a cDNA library in Xgtll prepared from
embryos at the 33 h stage was screened by plaque
hybridization at low stringency using both murine Paxi
(Deutsch et al., 1988) and zebrafish pax[zfd] (H.G.Eiken,
P.Villand and A.Fjose, unpublished) paired box probes.
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CACGAGCAACACGGTTAACGTCCGAGGT TTGCGTGTCTCGTAAGAAMGAAGAGGGAGAGTCCAATATTCGACCTGATTTCATCTGTTAAACAGGCTAGTATTTT CGTCGACTTCACAAAG 120***~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~2
GGGTTTGCAATCTCTCACAACCTTTTCCGAGGTTCTCTTTTCGAGGTTCCCTTGTTGGACTGGATATTATTTACTTTGGGACTAGTTTTGTGATTCGGATCCGGAGGGGCTCCATAGACA 240

CTCATTACT CTTCACTTGAAACTTGGAACCGTGCGTCTCATAACGAAATCCATTACGMATGTTTTGCTATCGGAACGGGTTTATTGAGGGAATT TAAATTTTCCACCCGAGATCAGTTGG 360

AAACTATAAMAGACAAACT GTTTGAGGACGATTTTCTAGTACTCCAGAGTCTTCTCGTTATTGTAAACGAAGAACTTCAGCGAGGATACAAAGGCT GTTGGAACTATGCCTCAAAMMGAA 480
Paired box M P Q K E 5

TACTATAACCGGGCCACGTGGGAGTCTGGTGTCGCGTCCATGATGCAAAACAGTCACAGTGGAGTGAACCAGCTCGGCGGTGTGTTCGTCAACGGCAGACCGCTACCCGACTCCACGAGAI 600

Y Y N R A T W E S G V A S M M 0 N S H S G V N Q L G G V F V N G R P L P D S T R 45

CAGAAAATAGTTGAACTCGCACACAGTGGCGCGCGGCCGT GTGACATATCAAGAATTCTGCAGGTGTCCAACGGCTGCGTGAGTAAAATCTTGGGTAGATACTATGAAMCAGGCTCCATC 720
IQ K I V E L A H S G A R P C D I S R I L 0 V S N G C V S K I L G R Y Y E T G S I 85

AGACCCAGGGCGATCGGAGGAAGTAAACCACGAGTAGCGACT CCCGAGGTGGTCGGCAAAATTGCCCAGTACAMGAGGGAGT GTCCGTCAATCTTCGCGTGGGAAATCCGAGACAGGCT G |840
R P R A I G G S K P R V A T P E V V G K I A Q Y K R E C P S I F A W E I R D R L 125

ICTATCAGAGGGGGTCTGCACAAACGATAATATACCCAGTGTGTCATCGATAAACAGAGTACTGCGCAACCTGGCTAGCGAAAAGCAACAGATGGGCGCAGATGGCATGTATGAAAAGCTG 960

IL S E G V C T N D N I P S V S S I N R V L R N L A S E K Q Q M G A D G M Y E K L 165

AGGATGCTGAACGGTCAGACCGGCACGTGGGGGACCCGGCCGGGCTGGTACCCCGGAACCTCGGTGCCAGGACAGCCCAATCAAGATGGTTGCCAACAGTCAGACGGAGGCGGTGAGAAC 1 080
R M L N G Q T G T W G T R P G W Y P G T S V P G 0 P N Q D G C Q Q S D G G G E N 205

Paired homeobox
120

ACAAACTCAATAAGCTCCAATGGCGAGGACTCAGATGAGACCCAAATGAGGCTTCAGCTTAAACGAAAACTGCAAAGGAATCGCACTTCTTTCACACAAGAACAAATAGAAGCACT TGAA 1200
T N S I S S N G E D S D E T Q M R L Q L K R K L Q R N R T S F T Q E Q I E A L E 245

1

AAAGAGT TTGAAAGAACGCACTACCCTGACGTTTTTGCACGAGAAAGACTTGCTGCAAAAATAGATTTACCAGAAGCAAGAATACAGGT CTGGTTCTCAAACAGAAGAGCGAAATGGAGG 1320
IK E F E R T H Y P D V F A R E R L A A K I D L P E A R I Q V W F S N R R A K W R 285

AGGGAGGAAAAGTTAAGAAATCAAAGAAGACAAGCCAGTAAT TCCTCAAGTCACATACCCATCAGCAGCAGCTTCAGCACAAGCGTCTATCAACCAATCCCTCAGCCCACAACGCCAGTA 1440
IR E E K L R N Q R R Q A S N S S S H I P I S S S F S TS V Y Q P I P Q P T T P V 325

TCCTTCACGTCAGGCTCCATGTTGGGCAGATCAGACACAGCTCTTACGAACACATACAGCGCCCTGCCACCAATGCCAAGCTTTACCATGGCCAACAACCTTCCTATGCAACCCAGCCAG 1 560
S F T S G S M L G R S D T A L T N T Y S A L PPM P S F T M A N N L P M

Q
P S Q 365

nm- m
- - - - - =-

ACCTCATCCTACTCCTGCATGTTGCCCACTAGTCCTTCAGTAAACGGGCGGAGCTAT GACACATACACACCCCCGCACATGCAGGCGCATATGAACAGCCAATCAATGGCCGCCTCGGGC 1680
T S S Y S C M L P T S P S V N G R S Y D T Y T P P H M O A H M N SQ S M A A S G 405

ACAACCTCAACGGGTTTAATCTCACCTGGAGTGTCTGTACCCGTTCAAGTGCCAGGCAGTGAACCAGACATGTCCCAATACTGGCCCAGACTACAGTGAGAACGCGACGCACAAGAACAA 1800
T T S T G L I P G V S V V Q V P G S E PD M S Q YW,R L Q En 437

AAAAGGAAATCAGAGGAGAGAAAMAAAAAAAAGAGAAGCT CCTTCACCTCCTGATGTCTCTCGGCTACAAGACAGGGGT GTTCAGCAGTAT TTCACCACAGAAGGAAAGAAGGAGACT CT 1920
AAAGGACCTCTTTTTTTGTACGGGGATAGTGCCACTTCTCTATCATTCTTTGGACACAAAGACTTGAAGAATAAAAGAGAACAGACTTCTGTAAAGTGCCCGGTATTATATCGTAAAAAA 2040
ATCTGTTTTTCAGTTTCCAACCTAAGTCATTTTGATGTATTTGTACATGTAATGGCCAATTGTATGTTATGACAAAAAAAGGAAAAAAAAATTTTTTTTTTTTGAACAACCGTGGATGGA 2160
CTGTCAGTAGACCATATTGATGACTCATCCTGCACTGCAAAGATTTTTATCCAATCAGACGCTCTCTAGAACGAGAATGTCCTGGCCACTGAAAACACCTGCAGCTGACTATCAAATTGC 2280
TGAATACATTTGGCTTTTATAAGACCAAACTAAAAAAGGAAAAGAAACAACATTGTAATTTGGCCTTGAATCGGTTAAT GGAGGAACATTTGTGCAGGTTT TACTCATCATTTTCTCATT 2400
TGCCGCTTATATCAAGAACTTCTGCCCATTTCTGTTTCAAGCGTGGACCTGTAGTAACAAAACGAT CTCTGTAATCTT TTCGAGATGAACAAACACAGCAACAGAGT TTCAGAGGAAGCC 2520
AGTCCAGAATTAGCATTT TTTT TTCAAAGCTTGCAGGTGAAAGTGAGCTGTTTTTGTTGCTGAACCGGAGGAGGAAAAT GTTTGGTAGCTTAAAAACGGTAGATTGTGTCTTCGATATAA 2640
TTCAGTTT TGTTTATGTrCAAAATGTfAAGTAT TTGTCTrTTrrrTAGAAGTrTrGCAGAArAATTTrTATAATAAAAT TAATTCCATTTTAAAAAAAAAAA 2738
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Among the positive clones obtained, three (cZF 1, cZF 15
and cZF27) were shown by restriction analysis to be derived
from the same mRNA. The coding gene was designated
pax[zf-a]. Sequencing of both strands of cZF15 and cZF27
showed that the cDNAs contained a long open reading frame
(ORF) with regions clearly homologous to both the paired
box and the paired homeobox (Bopp et al., 1986; Frigerio
et al., 1986). However, the cDNA clones are truncated at
the 5' end in the paired box due to an internal EcoRI site
left unprotected during the construction of the cDNA library.
We obtained a clone, cZK3, harbouring the missing 5' end
by screening another 20-28 h cDNA library in XZAP-II
using a 234 bp EcoRI- ClaI 5' fragment from cZF27 as a
probe. cZK3 contains a 652 bp 5' extension from the EcoRI
site. The composite sequence of cZK3 and cZF 15,
designated pax[zf-a] cDNA, is shown in Figure 1. The
pax[z,f-a] cDNA is 2738 bp long and contains a consensus
polyadenylation signal (Proudfoot and Brownlee, 1976;
Fitzgerald and Shenk, 1981) 14 nucleotides upstream of an
11 nucleotide long poly(A) tail. An ORF capable of encoding
a putative protein of 437 amino acids (mol. wt = 48 425)
including both a paired box and a paired homeobox is located
at positions 466- 1776 (see Figures 1 and 2). There are
seven in-frame stop codons upstream of the first ATG of
the ORF and two additional methionine codons just upstream
of the paired box (see Figure 1B). Based on criteria for
optimal sequence context for efficient initiation of translation
(Kozak, 1986, 1987) and length of the N-terminal sequence
upstream of the paired box compared with that found for
other paired box-containing genes (Dressler et al., 1990 and
references therein) we favour the first ATG as the start
codon. As seen from the Northern blot in Figure 3, the size
of the pax[zf-a] transcript is - 3.0 kb. Assuming a poly(A)
tract of - 200 bases, this suggests that the pax[zf-a] cDNA
sequence shown in Figure 1 is close to full length.

Comparison of the derived amino acid sequence of
pax[zf-a] with that of other known paired
box-containing genes
As shown in Figure 1, the pax[zf-a] cDNA encodes a 22
amino acid N-terminus, the 125 amino acid paired box, a
'linker' of 80 residues, the 61 residue long paired homeobox
and a C-terminal region of 149 amino acids. In Figure 2
the paired box and the paired homeobox of pax[zf-a] are
aligned with all published paired box- and paired homeobox-
containing sequences. The extent of the paired box is defined
according to Bopp et al. (1986) and the extent of the
homeobox is as defined by Scott et al. (1989). Since there
is no strong sequence conservation between all sequences
beyond position 126 (see Figure 2A), we propose that the
C-terminal end of the paired box should be defined at the
conserved arginine residue at this position. Pax[zf-a] clearly

represents a novel Pax gene which, based on paired box
homology, is most related to the murine paired box genes
Pax8 and Pax2. Pax[zf-a] differs at four positions from the
consensus where all the 12 other published paired box
sequences are completely conserved, thus reducing the
number of absolutely conserved positions to 58 out of 126
(46%).

Pax[z-fa] contains the most divergent paired homeobox
of the hitherto published sequences with only 34 of the 61
residues conserved. From sequence comparisons with all
other classes of homeoboxes it is clear that pax[zf-a]
nevertheless contains a paired-type homeobox (see Figure
2B). The critical residues for positioning in the major groove
(Trp49, Phe5O, Asn52 and Arg54) and base-specific contacts
in the recognition helix (Val48 and SerS 1) (helix IH in Figure
2B; Kissinger et al., 1990) are conserved. For the
Drosophila genes prd, gsb-p and gsb-d the homology also
extends 17 amino acids upstream of the paired homeobox
(Bopp et al., 1986) and for the murine Pax7 and Pax3 genes
it is extended at least 10 amino acids beyond the amino end
of the 61 amino acids homeobox (Jostes et al., 1991) which
is similar to the situation with zebrafish pax[zf-a]. For all
five genes the three amino acids immediately upstream of
the homeobox (Leu-Lys-Arg) are completely conserved,
supporting the notion of an N-terminally extended paired-
type homeobox (Bopp et al., 1986). One possible reason for
the absolute conservation of the three amino acids preceding
the homeobox (as defined by Scott et al., 1989) is that they
may form part of a nuclear localization signal; LKRKnnRnR
(for a review see Roberts, 1989).
The linker region between the paired box and the

homeobox is rather long in pax[zf-a] (80 amino acids)
compared with the Drosophila and murine genes (40-60
amino acids). Interestingly, upon comparison of the amino
acid composition and charge distribution, scored as
theoretical isoelectric point (pl) when all side chains are
solvent accessible, we find that all five sequences contain
a glycine-rich (15-20 %), acidic linker region with
theoretical pIs varying from 3.9 to 4.6. Glycine is frequently
found in hinge regions and is often used in protein struc-
tures to facilitate movement (Richardson and Richardson,
1989). This suggests that the basic paired box and homeobox
domains are separated by a flexible, acidic linker (see
Discussion).

Burri et al. (1989) described a conserved octapeptide
sequence (5/8 - 8/8 identities) downstream of the paired box
in gsb-p, gsb-d, and the human HuPJ and HuP2 genes. The
octapeptide is also present at similar positions in the murine
Pax2, Pax7, Pax8 and Pax3 genes (Dressler et al., 1990;
Plachov et al., 1990; Jostes et al., 1991; Goulding et al.,
1991). However, similar to Drosophila prd, no such
sequence is found in the linker region of zebrafish pax[zf-a].

Fig. 1. (A) Structure of pax[;f-a] cDNA. The extent of the cDNA clones cZK3, cZF15 and cZF27 and the organization of pax[zf-a] cDNA into a

coding region (hatched and solid boxes) which can be divided into five domains [N-terminal region, paired box, glycine-rich, acidic linker.
homeobox and C-terminal rich in proline, serine and threonine (PST-rich)] and a 3' untranslated sequence containing a polyadenylation signal
(AATAAA) and a poly(A) tail (AAAd) are shown. Four silent nucleotide substitutions between cZF15 and cZF27 and a 2 bp insertion in cZF27, are

indicated. The location of the HindIII-EcoRI fragment from cZF27 used as a probe for in situ hybridizations is shown. (B) The nucleotide and
derived amino acid sequences of pax[zf-al cDNA (from cZF3 and cZF15) are shown. Glycine residues in the linker and the polyadenylation signal
are underlined. Proline, serine and threonine residues in the C-terminal region are indicated by double underlining. The 3' end of cZF27 at position
2113 is indicated (underlined). The pax[;f-a] sequence has been assigned the accession number X61389 in the EMBL Data Library.

3611



S.Krauss et al.

The 149 amino acids C-terminal region of pax[zf-a] is phosphorylation site for casein kinase II (Krebs et al., 1988;
particularly rich in serine residues (20.1%). Proline (12.8%) Kemp and Pearson, 1990).
and threonine residues (10.1I%) are also over-represented
in this region (see Figure 1). Despite the high number of Expression of pax[zf-a] during embryogenesis
serine and threonine residues, there are no potential To test if pax[zf-a] is expressed during embryogenesis,'
phosphorylation sites for protein kinase C, cAMP- and Northern blot analysis was done on poly(A) + RNA derived
cGMP-dependent protein kinases. However, the serine at from different embryonal stages from 3 h after fertilization
361 in the derived amino acid sequence may represent a to the time of hatching. The cZF27 probe (see Figure IA)

A

*.. . . ~~~~~~~~~67
prd GQGRVNQLGGVFINGRPLPNNIRLKIVEMAADGIRPCVISRQLRVSHGCVSKILNRYQETGS IRPGV
gsb-p............H......S.V.................
gsb-d............H..RQ....A.V............F......
pax7.H..........H.H....HH............C......A
Hupli ...... H....H.H....HH............C......A
pax3.H..........H.H....HH............C......A
Hup2 . ......H......H.H....HH.................c. A
Pox mesa QY.E. V......v....AMR... L.RL....D..A.......A.H.L..L.A
Hup4B TY.E.....V.....A....R....L.QL....D.A........A.N..L.L.A
paxl TH.E.....V.....A....R....L.QL.....D.......M.A..N.L..L.A
Pox neuro . .AG.....V....DCV.RR. .DL.LC.V... D....L......T.FY.....S
pax2 RH.G.....V....DVV.QR. .. L.QV..D.............. .G.Y...K...
pax8 GH.GL....A.V....EVV.QR..D QV................. .G.Y.....
pax[zf-a] SHSG.....V....DST.Q.. ....L.H.A....D... I.Q. .N.G...G.Y.. R..

YaEl a V D T R DL V D i q n m F L rVcons. -QGRVNQLGGVFINGRPLPN-IR-KIVEMA--GIRPCVISRQLRVSHGCVSKIL-RY-ETGSIRPGA
HsG e Vq a 1k s

126
prd IGGSKPR-IATPEIENRIEEYKRSSPGMFSWEIREKLIREGVCDRSTAPSVSAISRLVRGRDAP 63.2
gsb-p ... K-VTS.... T.T.D.LRKEN.SI......K. .FA.---P. .T.S.....L. .S.RG 63.2
gsb-d .... -V....D.S... .L.Q.Q.I.....A....EA.....KQN ...S.... .L. .SSGS 63.2
pax7 .. ...V....DV.KK....EN......DR.LKD.H....V... .S .. .VL.IKFGK 69.8
Hupli ... QV....DV.KK....EN......DR.LKD.H ...V....S.5...VL.IKFGK 69.8
pax3 ... KQVT. .DV.KK....EN......DK.LKDA. .... N.V. .... .5...IL.SKFGK 66.7
Hup2 ....KQVT. .DV.KK....EN......D.LKDA.....N.V.. ..S ... IL.SKFGK 66.7
Pox mesoa.....-VT. .KVV.Y.R.L.QRD. .I.A.....DR.LS. .I..KTNV......... IL.NKLGS 71.2
Hup4B ... -VT. .NVVKH.RD. .QGD. .I.A. .... DR.LAD. .... KYNV. .....5... IL.NKIGS 70.4
paxl -....VT. .NVVKH.RID. .QGD.- . I.A.....DR.LAD......KYV....S..... IL.NKIGA 70.4
Pox neuro....TKQV. .. .TVVKK.IRL.EENS. .. .A....Q.QQQR. .. .P.SV. .I.S.N.IL.NSGLW 65.1
pax2 ....K-V....KVVDK.A. ... .QN.T..A. .... AQ.L. . ..I.ND.V. .... S.N.II.TKVQQ 76.8
pax8 ... K-V....KVVEK.GD. .. QN.T. .A.....DR.LA....ND.V.....S.N.II.TKVQQ 76.0
pax[zf-a].....-V.....VVGK.AQ. .. .ECSI.A. . .....DRLS....TDI.....S.N.VL.NLASE

tKQiTs IV Lr sSI A EK I r at N t aN LV
cons. IGGSKPR-VATP-VE--I--YK---PGMFSWEIRDRL--G-CD--T-PSVSSISRILR---

T AQ q a a i VI

B

prd KQRRCRTTFSASQLDELERAFERTQYPDIYTREELAQRTNLTEARIQVWFSNRRARLRKQH 55.7
gsb-p ......... .T.E. .EA....S.....V.....T.A...........HS 63.9
gsb-d . ... S....ND.I.A. .IA..A...V.....S.G...V........L 57.4
pax3 . ....5.... T.E..E.....H.........AK...V..W....W...A63.9
pax7 . ... S. ... T.E..E...K.K..H........K...F......W.. .A65.6
pax[zf-a] .LQ.N. .S.TQE.IEA..KE. ... ... VFA. .R..AKID.P.........KW.R.EE

lq c saSna IDE Kias H Ifa r a i p V kW rhcons. KQRRSRTTFTAEQLEALERAFERTQYPDVYTRE~ELAQ-T-LTEARIQVWFSNRRARLRKQ-n qd e a a f e

Fig. 2. (A) Comparison of the paired box sequence of pax[zf-a] with known paired box sequences from Drosophila (Bopp et at., 1986; Baumgartner
et at., 1987; Bopp et al., 1989), mouse (Deutsch et at., 1988; Dressier et at., 1990; Plachov et at., 1990; Jostes et at., 1991; Goulding et at.. 1991)
and humans (Burni et at., 1989). Amino acids identical to those at corresponding positions of the prd sequence are indicated by dots. Gapsintroduced are represented by dashes. in the consensus line positions varying by more than three amino acids are indicated by dashes whereas amino
acids found in only one sequence are shown in small letters. The a-helix proposed by Burni et at. (1989) and shown by Treisman et at. (1991) to be
essential for DNA binding, is indicated by the bar below the consensus line. The percentage identity to pax[4f-a] (calculated from 126 alignedpositions) is shown to the right of each sequence. The location of the undutated mutation is indicated by a star. (B) Comparison of the known pairedhomeobox sequences with pax[z,fla]. The extent of the three ce-helices determined from the engraited ho'meodoma'in crystal structure (Kissinger et at..
1990) is shown below the consensus line. Percentage identity to pax[zf-al is shown to the right of each sequence. Changes to chemically similar
amino acids in pax[zfla] compared with prd are shown in bold. If these changes are considered, the pax[zf-a] homeobox is 78.7% and 80.3%
similar, respectively, to the Drosophita and mouse sequences shown.
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A B C

- 28S

- 18S

Fig. 3. Expression of pax[zf-a] in total embryonic tissue. Northern blot
analysis of poly(A)+ RNA derived from (A) zebrafish larvae shortly
after hatching, (B) embryos after 33 h of development and (C)
embryos after 24 h of development. For high stringency hybridization
the cZF27 fragment shown in Figure 1A was used as a probe. The
blot was exposed for 6 days.

hybridized to a 3.0 kb transcript which was detected in RNA
of 24 and 36 h embryos as well as in RNA derived from
zebrafish larvae shortly after hatching (Figure 3). However,
no pax[zf-a] expression was apparent at 3 and 10 h of
development (data not shown). These results are entirely
consistent with the data obtained from the in situ
hybridization experiments. In situ hybridizations were
performed on tissue sections and whole mount embryos of
different developmental stages. Using a 600 bp
HindIII-EcoRI cDNA fragment as a probe (see Figure lA),
transcripts of the pax[zf-a] gene are first detected in two
separate regions of the neural tube at 12 h of development
(Figure 5a and b). While a relatively high expression level
is seen in the diencephalon, only faint hybridization signals
are detected in the hindbrain region. At 17 h of development
the expression is substantially increased in both regions
(Figure 5c and d). A rather intense hybridization signal is
now seen in a clearly circumscribed area of the diencephalon
and the other expression domain extends from a sharp border

a . h

C

'

t rd ;~~~

.f

A -

,I

Fig. 4. Localization of pax[zf-a] transcripts in tissue sections of zebrafish embryos of different developmental stages by in situ hybridization. Sagittal
sections are shown for embryos after 17 h (a and b), 24 h (c and d) and 36 h (e and f) of development. Brightfield and darkfield images of each
section are shown side by side. The embryos are oriented with their anterior end to the left. Note the circumscribed area expressing pax[zf-a] in the
diencephalon of the 17 h embryo (a and b). Note also the region of stronger expression in the diencephalon of the 24 h embryo which is marked by
an arrowhead in (c). Due to the section level, the region of pax[zf-a] expression in the telencephalon at this stage cannot be seen (for comparison see
Figure 51 and o). Abbreviations: c, cerebellum; d, diencephalon; h, hindbrain; m, midbrain; t, telencephalon; y, yolk. Bars, 50 um.
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Fig. 5. Distribution of pax[zf-a] transcripts in horizontal sections of embryos at 12 h (a and b), 17 h (c and d) and 24 h (e and f) of development.
(g-j) Details of expression in the spinal cord of 17 h (g and h) and 24 h (i and j). (k-p) Details of the pax[zf-a] expression are also shown for the
eye at 17 h (k and n), 24 h (I and o) and one week after hatching (m and p). The embryos are oriented with their anterior end towards the left
(a-f) or the top (k-p). Note the arrowheads in (e) indicating the rhombomeres in the hindbrain. The arrowheads in (1) show the areas of increased
signal intensity in the diencephalon and telencephalon at 24 h. These areas are not seen at earlier stages and seem to be located at the periphery
rather than the lumen of the neural tube. The two arrows in (g) indicate the two horizontal stripes of increased labelling in the posterior hindbrain at
17 h. Abbreviations: b, bipolar nerve layer; d, diencephalon; e, eye; g, ganglion cell layer; h, hindbrain; 1, lens; m, midbrain; o, otic vesicle; ob,
olfactory bulb; t, telencephalon. Bars, 50 t4m.
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Zebrafish paired box-containing gene

in the anterior hindbrain being progressively reduced towards
the spinal cord (Figure 4a and b). In the following stages
of development major changes in the expression pattern of
pax[z,f-a] are mainly observed in the rostral brain where the
signal intensity becomes less uniform and expression is
detected in additional areas (Figure 4c-f). Thus, by 36 h
post-fertilization, pax[zf-a] expression is no longer restricted
to specific regions of the rostral brain (Figure 4e and f).

Expression of pax[zf-a] in the diencephalon
Transcripts derived from the pax[zf-a] gene are first detected
within the rostral portions of the neural tube in 12 h em-
bryos (Figure 5a and b). This pax[zf-a] expressing region
extends anteriorly to the edge of the optic stalk, while
posteriorly it delineates a clear cut border in the middle of
the rostral brain. At this time no morphological landmarks
are visible in the rostral portion of the neural tube. A very
similar rostral expression pattern was revealed in whole
mount in situ hybridization experiments on 15 h embryos
(see Figure 6a and b). The rostral component of the pax[zf-
a] expression is most clearly defined in 17 h embryos (Figure
4a and b and Figure 5c and d; see also Figure 7a). At this
stage, it is limited caudally by a sharp, transverse border
in the region between diencephalon and midbrain. Ventrally,
the expression border has the shape of a convex line that
coincides roughly with the boundary separating the
presumptive thalamic and hypothalamic areas of the
diencephalon (Figure 4a and b). However, since clear
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morphological landmarks are not yet visible in this region,
we are not able to specify the location of this expression
border further. Rostrally, the ventral border extends to the
level of the optic stalk, and an additional restriction of
pax[zf-a] expression is seen in the dorsal part of the rostral
brain where transcripts are not detected in the presumptive
telencephalon (Figure 4a and b). The rather uniform signal
intensity observed in the rostral brain at the 15- 17 h stage,
is a transient phenomenon. Two additional strongly labelled
areas appear at each side of the third ventricle which has
been formed in the 24 h embryo. Whereas one symmetrical
pair is located at the ventral border of the rostral expression
domain described for the earlier stages (Figure 4c and d),
the other pair can be seen in the central part of the developing
forebrain (Figure 51 and o). These two areas seem to map
to the regions of the neural tube underlying the eyes and
the olfactory bulbs respectively (Figure 51 and o). In 36 h
embryos, hybridization signals are detected in additional
regions of the forebrain and midbrain (Figure 4e and f).
Thus, at this developmental stage, a relatively uniform level
ofpax[zf-a] transcripts appears to be present throughout the
entire prechordal division. Further modulation of the rostral
expression pattern occurs later in development and one week
after hatching of the zebrafish larva, pax[zf-a] transcripts
are detected only in specific groups of cells at different
positions in the brain such as the anterior part of the olfactory
bulb and in the eye (Figure Sm and p; data for further brain
regions not shown).

Expression of pax[zf-a] in the hindbrain and the spinal
cord
In the hindbrain and spinal cord, the spatial distribution of
pax[z,f-a] transcripts is clearly different from the expression
pattern observed in the diencephalon. The intensity of the
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Fig. 6. In situ hybridization of par[;f-a] on whole mount embryos at
15 h of development. A lateral (a) and a dorsal (b) view of the
embryo are shown. The embryos are oriented with the anterior end to
the right. Abbreviations: d. diencephalon; e, eye; h. hindbrain; m,
midbrain; t, telencephalon.
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Fig. 7. Schematic illustrations showing pax[zf-a] expression in the
neural tube. (a) Simplified scheme of the neural tube at 17 h
demonstrating how the pax[zf-a] expression correlates with surrounding
morphological features; (b) schematic illustration of pax[zf-a]
expression in cross-sections of the posterior hindbrain at different
developmental stages. Abbreviations: ap, alar plate; bp, basal plate;
d, diencephalon; e, eye; fp, floor plate; h, hindbrain; i, isthmus;
m, midbrain; o, otic vesicle; rp, roof plate; t, telencephalon.
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hybridization signal is considerably weaker and the region
in which the gene is transcribed extends caudally from a
border in the anterior hindbrain. As seen from Figure 4c
and d and Figure 5e and f, at 24 h of development the
anterior limit of expression seems to map near the border
between hindbrain rhombomeres rol and ro2. We cannot
say exactly when this expression is initiated since 12 h
embryos were the earliest stage analysed by in situ
hybridization (Figure 5a and b). However, by this
developmental stage, weak hybridization signals are detected
in an area of the hindbrain which in the caudal direction
becomes progressively more restricted. A similar cone
shaped expression domain was also detected in whole mount
in situ hybridization experiments on 15 h embryos (Figure
6). At this embryonic stage, the hybridization signal extends
somewhat further posterior in the spinal cord. This extension
seems to be complete at 24 h of development, when the
posterior component of the pax[zf-a] expression has reached
the tail of the embryo (not shown). At the same
developmental stage, horizontal sections of the hindbrain
reveal that pax[zf-a] transcripts are distributed in a wave-
like pattern toward the luminal margin of the neural tube
reflecting the segmental organization of rhombomeres (see
arrowheads in Figure Se and f). In cross sections derived
from a region in the posterior hindbrain of 17 h embryos,
pax[zf-a] transcripts are mainly detected in the ventral portion
of the neural tube. Within this area, two zones of higher
signal intensity are observed at medial and ventral levels,
respectively (see arrows in Figure 5g and Figure 7b).
However, in the most ventral region where the floor plate
is located, the pax[zf-a] gene is not expressed. At 24 h,
pax[zf-a] transcripts are exclusively detected within a ventral
longitudinal column which includes the basal plate and most
probably the intermediate plate (Figure Si and j and Figure
7b).

Expression of pax[zf-a] in the eye
Apart from the expression described above, pax[zf-a]
transcripts are also detected in the developing eye.
Expression of pax[zf-a] is clearly seen in the optic vesicles
of 12 h embryos (Figure Sa and b). This is shortly after the
optic vesicles can first be distinguished as lateral bulges of
forebrain tissue. From the optic stalk which is located at the
border between the diencephalon and the telencephalon, the
optic cup bends caudally and covers a major part of the lateral
walls of the diencephalon. The initial pax[zf-a] expression
is restricted to the portions of the optic cup which face
towards the diencephalon, whereas the hybridization signals
become more diffuse in the region of the optic stalk (see
Figures 5k and n and 6b). At 24 h a uniform hybridization
signal is detected throughout the eye (Figure 51 and o)
excluding the anterior three-quarters of the optic stalk. A
more differentiated expression pattern is seen in the eyes
of one week old zebrafish larvae where pax[zf-a] transcripts
are mainly detected in the two medial layers of the retina
(see Figure Sm and p) which correspond to the ganglion cell
layer and the bipolar nerve layer (Mann, 1964).

Interestingly, pax[zf-a] is also expressed in a tissue derived
from an invagination of the ectoderm overlaying the optic
vesicle (McKeehan, 1951). The lateral portions of this tissue
will later form the cornea whereas the medial portions will
generate the lens (Mann, 1964). As seen in 24 h embryos
(Figure 51 and o), pax[zf-a] transcripts are restricted to the
lateral tissue.

Discussion
Molecular structure of pax[zf-a]
In this report we describe the isolation and characterization
of cDNAs for a novel paired box-containing gene paz[zf-a]
from zebrafish as well as a detailed analysis of the expression
pattem of this gene during embryonal development. Pax[zf-a]
encodes a putative protein organized into five domains: an
N-terminal region, a paired box separated from a paired
homeobox by an 80 amino acid long glycine-rich, acidic
linker and a C-terminal 149 amino acids region with a
preponderance of serine, proline and threonine residues.
The paired box-containing genes are thought to encode

transcription factors. Drosophila Prd, containing both a
paired box and a homeobox, is capable of sequence-specific
DNA binding (Hoey and Levine, 1988; Han et al., 1989).
Prd contains two distinct DNA-binding activities. The
homeodomain is responsible for one of them while the other
is not dependent on the helix -turn -helix (HTH) motif of
the homeodomain (Treisman et al., 1989). Due to its basic
nature and evolutionary conservation the paired box is an
obvious candidate for another DNA-binding domain outside
the homeodomain (Burri et al., 1989; Bopp et al., 1989;
Jostes et al., 1991; Goulding et al., 1991). In this context
it is interesting to note that the Drosophila Pox meso and
Pox neuro genes, which contain a paired box but no
homeobox, have been shown to encode nuclear proteins
(Bopp et al., 1989). Very recently, Treisman et al. (1991),
using the e4 and e5 sequences of the even-skipped promoter,
showed that the paired box of Prd harbours a DNA-binding
activity which is both independent of the paired homeo-
domain and displays a different sequence specificity. The
N-terminal 90 amino acids of the paired box including an
earlier proposed ae-helix (Burri et al., 1989, see Figure 2A)
is both necessary and sufficient for DNA binding (Treisman
et al., 1991). In addition, Goulding et al. (1991) showed
that murine Pax3 is also able to bind to the e5 site. If both
the paired domain and the homeodomain represent DNA-
binding elements the question arises whether proteins
containing both domains, like Pax[zf-a], recognize two
different DNA sequences or if the two domains act in concert
to specify binding to one target sequence. The latter scenario
has recently been shown to be correct for transcription factors
of the POU family where both the POU box and the
homeobox contribute to specific binding to one target
sequence (for a recent review see Ruvkun and Finney, 1991).
On the other hand, in prokaryotes it is known that two
autonomous DNA-binding domains may reside in the same
polypeptide (Moitoso de Vargas et al., 1988). The SV40
enhancer-binding factor TEF-1 is also able to bind to two
different sites (Xiao et al., 1991). Our observation (see
Results) that the paired box is separated from the paired
homeobox by a glycine-rich, acidic linker in the known
sequences of this class may be significant, because this could
imply that the two basic domains (the paired box and the
homeobox) can be placed in close apposition on the DNA
due to the flexible linker which also is subjected to charge
repulsion from the DNA. In fact, Treisman et al. (1991)
present data from binding to the e4 site in the even-skipped
promoter implying that the paired domain and the homeo-
domain can simultaneously bind adjacent sites in a co-
operative manner. For another site in the same promoter
(e5) the paired domain binds independently of the homeo-
domain. Since the e4 and e5 sites most probably do not
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represent important sites for regulation of transcription by
Prd in vivo (Frasch and Levine, 1987; Treisman et al., 1991)
it will be important to identify such sites and use these for
further studies of possible co-operativity versus independent
binding of the two domains. It is likely that a double potential
including both cooperative binding to one site and linking
of two sites is retained by paired box-containing proteins
harbouring a homeodomain since this would increase the
complexity and flexibility of transcriptional regulation by
these proteins.

Studies of transcriptional activation domains have revealed
different structural features such as acidic helices, glutamine-
rich, proline-rich and serine/threonine-rich domains
(Ptashne, 1988; Courey et al., 1989; Mermod et al., 1989;
Tanaka and Herr, 1990). Interestingly, Pax[zf-a] contains
a C-terminal region particularly rich in serines, but also with
a preponderance of proline and threonine residues. A high
serine content (12-20%) is also present in the C-terminal
regions of all the other paired box-containing genes where
this region has been sequenced; prd, gsb-p, gsb-d, Pax2,
Pax3 and Pax8. It remains to be demonstrated whether these
regions contain functional transcriptional activation domains.

Expression of pax[zf-a] in the neural tube
At early developmental stages, pax[zfla] is expressed in two
areas of the neural tube, anteriorly in the portion of the
diencephalon which will later form the thalamus, and
posteriorly in the basal plate and intermediate plate of the
hindbrain and spinal cord. Both areas are separated by a non-
expressing region extending from the midbrain to
rhombomere 2. Morphological studies and cell lineage
analyses have been shown that the developing neural tube
of vertebrates can be partitioned in the transverse plane at
the midbrain-hindbrain isthmus to form a prechordal
(rostral) and an epichordal (caudal) division (see Jacobson,
1985). The early expression patterns of many vertebrate
homologues to Drosophila developmental regulatory genes
seem to reflect the two divisions. One major example in-
cludes the large number of homeobox genes of the murine
Hox clusters which are expressed posterior to different
anterior limits in the hindbrain and spinal cord (Wilkinson
et al., 1989; Murphy et al., 1989; Kessel and Gruss, 1990).
Some vertebrate genes which are closely related to
Drosophila segmentation genes are known to be expressed
in both the epichordal and prechordal divisions during early
embryonic stages. Similar to pax[zf-a] the features of their
expression patterns seem to differ on either side of the
midbrain-hindbrain isthmus (Wilkinson et al., 1987; Jostes
et al., 1991).
We observe that the early embryonic expression of the

pax[zf-a] gene in the hindbrain and spinal cord is restricted
to the basal plate and possibly the intermediate plate (for
definition see Altman and Bayer, 1984). Thus, similar to
several of the murine Pax genes which show overlapping
or complementary pattems of expression along the epichordal
division of the neural tube (Nomes et al., 1990; Jostes et al.,
1991; Goulding et al., 1991), pax[zf-a] may be involved in
the specification of neuronal cells or cell groups in the
hindbrain and spinal cord.

During the early stages of neural development pax[zf-a]
is also expressed in the diencephalic region of the prechordal
division. In 12 h embryos and more pronouncedly at 17 h
of development, before morphological subdivisions are

visible in the rostral brain, this area of pax[zf-a] expression
has features which suggest an involvement in early
regionalization of the diencephalon. One of these is that most
of the expression boundaries seem to be colonized by axons
(Wilson et al., 1990; Krauss et al., 1991a). Furthermore,
the area of expression is related to the neurogenic pattern
known for the developing rostral brain (Bergquist and Kallen,
1954; Keyser, 1972). Similarly, another zebrafish paired box
gene, pax[zf-b], is regionally expressed in the optic stalk and
the posterior midbrain (Krauss et al., 1991a,b). In addition,
also the murine Dlx gene and several members of the Wnt
family appear to be involved in early regionalization of the
rostral brain (Roelink and Nusse, 1991; Price et al., 1991).
The increased complexity of pax[zf-a] expression observed

in the prechordal division at later developmental stages
probably reflects that the gene exhibits additional functions
in the rostral brain. One clear illustration of this is seen in
24 h embryos where the strongest hybridization signals are
detected in restricted regions directly underlying the eye and
the olfactory bulb. Within these regions the highest expres-
sion levels are observed laterally in the wall of the neural
tube. The locations of these sites coincide with the areas in
which high levels of acetylcholinesterase (AChE) are found
at this stage of zebrafish embryogenesis (Wilson et al.,
1990). Since AChE activity appears in postmitotic neurons
which migrate to the periphery of the neural tube (Layer
et al., 1983), the pax[zf-a] expression detected at these sites
indicates an involvement in neuronal maturation and/or
differentiation.

Materials and methods

Cloning and sequencing
Approximately 1.5 x 106 plaques of a 33 h zebrafish embryonic Xgtll
cDNA library and 1 x 106 plaques of a 20-28 h embryonic XZAP-I1
library were screened by plaque hybridization at low stringency (McGinnis
et al., 1984) using a mix of two paired box sequences as probe: a 313 bp
HindIH -EcoRI from murine paxl and a cloned genomic PCR product from
zebrafish pax[zf-d]. Four clones thus isolated contained pax[zf-a] cDNA
sequences (see Results). cDNA inserts were subcloned into pGEM-3Zf( +)
(Promega Biotec) or subcloned by helper phage cotransfection (Stratagene)
and mapped with restriction enzymes. Both strands of overlapping fragments
were sequenced after subcloning in M13mpl8 and Ml3mpl9 using
Sequenase (US Biochemicals). DNA sequences and derived amino acid
sequences were analyzed on a VAX/VMS computer using the GCG software
package (version 6.2; Devereux et al., 1984).

RNA isolation and Northern blotting
l'otal RNA from zebrafish embryos was isolated by the guanidine
thiocyanate-CsCl method (MacDonald et al., 1987). Poly(A)+ RNA was
purified (mRNA purification kit; Pharmacia) and RNA was size fractionated
on a 1% agarose gel containing 2.2 M formaldehyde. Capillary transfer
was performed in 10 x SSC ( x SSC is 0.15 M NaCI, 0.015 M sodium
citrate, pH 7.0). The DNA for the hybridization was 32P-labelled using
an oligolabelling kit (Amersham). Prehybridization and hyridization were
carried out in 50% formamide, 5 x SSPE, 2 x Denhardt's reagent,
100 ug/ml denatured salmon sperm DNA and 200 utg/ml yeast tRNA. The
filters were washed twice for 15 min in 1 x SSPE, 0.1% SDS at 50°C
and once for 15 min at 60°C in the same buffer.

In situ hybridization on tissue sections
Zebrafish embryos after 12 h. 17 h, 24 h and 36 h of development at 28.50C
were manually dechorionated and subsequently fixed overnight in 4%
paraformaldehyde in fixation buffer (4% sucrose, 0.12 mM CaCl,. 0.1 M
P04, pH 7.3) at 4°C. The embryos were then washed (3 x 5 min) in
fixation buffer and embedded in agar-sucrose solution (1.5% agar, 5%
sucrose) at 40°C. The hardened agar-sucrose block was trimmed according
to the desired plane of sectioning and left overnight in 30% sucrose. 16 Am
sections were cut at -20°C. placed on gelatinized slides and air-dried for
2 h at room temperature. Tissue sections were dehydrated in ethanol (50%,
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75%, 95% and 100%; 4 min each). 100 ng probe was labelled by nick
translation (BRL nick translation system) using [32S]dATP. The size of the
fragments was adjusted to an average of 40- 120 nucleotides by the addition
of RQ DNase (Promega) to the reaction. Probes were passed twice over
a spin column, ethanol precipitated, and diluted to a concentration of
0.1 gsg/ml in the hybridization buffer (50% formamide, 15% dextran
sulphate, 0.5 M NaCI, 10 mM Tris-HCI, pH 7.5, 2.5 mM EDTA, 10 mM
DTT, 1 x Denhardt's, 0.1 mg/ml herring sperm DNA, 0.1 mg/ml yeast
tRNA and 1 ziM thio S-ATP). The probe was then heat denatured and cooled
on ice. Tissue sections with the probe were covered with Parafilm, sealed
with rubber cement and hybridized overnight at 45°C in a wet chamber.
After hybridization, the parafilm was removed and slides were washed twice
for 30 min at 45°C in 50% formamide, 4 x SSC, 0.1% 2-mercaptoethanol,
and once for 15 min in 2 x SSC at room temperature. Slides were
dehydrated stepwise in ethanol and 0.3 M ammonium acetate (50%, 75%,
95 % and 100%; 4 min each). For exposure they were dipped in undiluted
LM-1 photoemulsion (Amersham). After exposure (7-10 days), slides were
developed for 3 min in Kodak D 19, fixed for 6 min in Kodak Unifix, washed
for 15 min in H20, stained for 2 min in 5% Giemsa in 1 x PBS, dried
and mounted in Difco DPX 8711 mounting medium.

In situ hybridization on whole mount embryos
The whole mount in situ hybridization protocol is a modification of the
procedure described for Drosophila by Tautz and Pfeifle (1989). Zebrafish
embryos were manually dechorionated and fixed overnight in 4%
paraformaldehyde in fixation buffer (see above) at 4°C. The embryos were
washed for 4 x 15 min in PBT (1 x PBS, 0. 1 % Tween-20, 0.2 % BSA),
10 s in H20, and transferred for 8 min to acetone at -20°C and washed
again 2 x 15 min in PBT. PBT was then stepwise changed to hybridiza-
tion buffer as follows: 15 min in 1:1 PBT/hybridization buffer and 15 min
100% hybridization buffer (50% formamide, 5 x SSC, 100 ,Ag/ml salmon
sperm DNA, 50 yg/ml heparin and 0.1% Tween-20). The embryos were
then prehybridized for 30 min at 45°C in hybridization buffer. The desired
fragment was labelled for 1 h at 15°C in the following reaction mix: 250 ng
DNA, 5 41 lOx buffer (500 mM Tris pH 7.8, 50 mM MgCI,, 100 mM
2-mercaptoethanol), 1 Al dNTP mix (BMB Geneus kit), 4 Al 1/10 diluted
RQ DNase (Promega) and 5 Al DNase-polymerase mix (BRL nick
translation system). The reaction was stopped by addition of 5 pl Stop mix
(BRL nick translation system) and heating for 10 min at 68°C. The probe
was then run through a Sephadex G50 column, precipitated and taken up
in an appropriate volume of hybridization buffer. After prehybridization,
the digoxygenin labelled DNA probe was added at a concentration of 5 Ag/mnI
to an appropriate volume of hybridization buffer, boiled for 2 min and put
on ice. Prehybridization solution was removed and hybridization buffer was
added to the embryos. Embryos were hybridized overnight at 45°C. After
hybridization, embryos were washed for 1 h at 45°C in hybridization buffer,
for 15 min at 45°C in 1:1 hybridization buffer and PBT, and twice for 15 min
at room temperature in PBT. Embryos were refixed for 30 min in 4%
paraformaldehyde fixation buffer, washed 2 x 15 min in PBT and left for
1 h in PBT (the refixation step is not essential). After the last washing steps,
50% of the embryos were transferred into a new tube and incubated for
1 h with anti-digoxygenin antibodies (BMB) diluted 1:2000 in PBT. 700 /II
antibody -PBT solution were used per 100 embryos. Pretreated antibodies
were then added to the remaining embryos and left at 4'C overnight.
Embryos were again washed (4 x 15 min) in PBT, and washed subsequently
(3 x 5 min) in pH 9.5 buffer (100 mM NaCi, 50 mM MgC12, 100 mM
Tris-HCI pH 9.5, 1 mM Levamisol, 0.1% Tween-20). The staining
reaction was carried out in staining solution (4.5 tl NBT (BMB) and 3.5 izl
X-phosphate (BMB) in 1 ml pH 9.5 buffer) for 20 min to 2 h. After a suitable
signal: background ratio was reached, the reaction was stopped by washing
the embryos twice for 5 min in PBT. Embryos were finally dehydrated in
ethanol (30%, 50%, 75%, 85%, 95% and 100%; 3 min each), put for 1 h
in methyl salicylate and mounted in Permount.
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