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ABSTRACT

POU genes encode a family of transcription factors
involved in a wide variety of cell fate decisions and in
the regulation of differentiation pathways. We have
searched for POU genes in the zebrafish, a popular
model organism for the study of early development of
vertebrates. Besides five putative pseudogenes we
have identified five POU genes that are expressed
during embryogenesis. Probes obtained by PCR were
used to isolate full-length cDNAs. Four of the isolated
genes encode proteins with class III POU domains.
Analysis of genomic clones suggests that the fish
genes in general do not contain introns, similar to
class III genes of mammals. However, the C-termini of
two of the encoded proteins vary due to facultative
splicing of a short intervening sequence. These two
genes show very strong similarities in their sequence.
They have probably arisen by gene duplication,
possibly as part of a larger scale duplication of part of
the zebrafish genome. Analysis of the expression of
the class III genes shows that they are predominantly
expressed in the central nervous system and that they
may play important roles in patterning the embryonic
brain.

INTRODUCTION

The zebrafish (Danio rerio) is a popular model organism to study
early embryonic development of vertebrates (1–3). The completely
transparent embryos develop rapidly and are easily accessible.
Furthermore, large-scale mutagenesis screens have been performed
in several laboratories identifying hundreds of genes involved in
controlling early development (4,5). Analysis of these mutants
will be instrumental for an increased genetic understanding of
developmental pathways in vertebrates. Many genes involved in
the regulation of early embryogenesis have been isolated from
other species. Molecular characterization of homologs of many
such genes in zebrafish is complementing the genetic approaches
and will provide possible candidate genes for some of the obtained
mutants (see e.g. ref. 6).

POU genes encode a class of DNA-binding proteins interacting
with DNA through a bipartite domain of ∼150 amino acids. The
POU domain consists of a N-terminal POU specific region

separated by a short linker from a particular type of homeodomain
(reviewed in refs 7,8). Both the POU-specific and the homeodomain
contribute to DNA binding each via helix–turn–helix motifs. The
two subdomains are also involved in several types of protein–protein
interactions (reviewed in ref. 8). POU domain proteins generally
act as transcription factors but some of them also have additional
functions e.g. in DNA replication. POU genes are found all across
the animal kingdom. According to the sequence of their POU
domain these genes have been grouped into at least six classes
(reviewed in ref. 9).

Some POU genes, like oct-3/4 in mice or pou-2 in zebrafish, are
expressed very early during embryogenesis and are possibly
involved in controlling some of the first steps of development
(10–13). Expression of other POU genes is initiated later during
development. Many of those are transcribed in the forming
central nervous system, especially the genes with a class III POU
domain. In mammals each of these genes show a very elaborate
expression pattern in the brain (reviewed in ref. 14). Similarly, the
zebrafish class III gene zp-50 shows a very complex and dynamic
expression pattern in the embryonic brain (15). Genetic analysis of
naturally occurring or genetically engineered mutations demonstrate
that POU genes are involved in cell fate decisions and in the
control of terminal differentiation. For example, genetic defects in
several class III genes have been investigated: naturally occurring
mutations of brn-4 in human patients lead to profound sensori-
neural deafness (16) whereas knock-outs of the mouse brn-2 gene
cause the loss of several types of neurons in the hypothalamus
(17,18).

To investigate POU genes that are potentially involved in the
control of zebrafish embryogenesis we isolated several cDNAs
with POU domain probes obtained by PCR. We have previously
described the sequences of two of the identified genes (13,15). In
this communication we report the sequences of three more genes
encoding putative transcription factors containing class III POU
domains. One of these genes has been independently found by
others (19). Some of the genes appear to have arisen by gene
duplication events that happened after the separation of the
actinopterygian lineage from higher vertebrates. The transcripts
of two class III genes are alternatively spliced which leads to the
formation of POU domain proteins with variable C-termini. This
appears to cause a diversity of class III proteins in zebrafish that
is larger than in mammals. All these POU genes are expressed
predominantly in the central nervous system and may thereby be
involved in patterning the developing brain.
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MATERIALS AND METHODS

PCR reactions

PCR reactions on genomic DNA were done first with 35 cycles
using the two following primers: 5′-TITWYGGIAAIGTITTY-
WSICARACIAC-3′ (64-fold degeneracy) and 5′-TGGTTYTG-
YAAYMGIMGICARAAR-3 ′ (256-fold degeneracy). The
annealing temperature was 50�C. An aliquot of amplified material
was then further amplified over 38 cycles with the nested primers
5′-CCGGAATTCYTIAAIAAYATGTGYAARYT-3 ′ (32-fold
degeneracy) and 5′-GTIRTIMGIGTITGGTTYTGYAAGGAT-
CCGGG-3′ (16-fold degeneracy) and annealing at 52�C. For
PCR of cDNA libraries 3–6 × 107 phage particles were heated to
100�C for 10 min. Their DNA was then amplified with either of
the two primer pairs mentioned above. PCR products were treated
with Geneclean� (Bio101) glass beads to remove low molecular
weight DNA. The ends were polished with T4 DNA polymerase
and the DNA fragments were phosphorylated with T4 polynucleo-
tide kinase before subcloning and sequencing.

Library screening and DNA analysis

Standard procedures were used to isolate cDNAs and genomic
clones for the different zp genes (20). Probes obtained in the original
PCR screens were used to probe 5 × 105 plaques of 9–16 h post
fertilization (hpf) (neurula) or 20–28 hpf (postsomitogenesis)
cDNA libraries constructed in λZAPII (prepared by R. Riggleman
and K. Helde, a kind gift from D.J. Grunwald). Inserts of the
phages were subcloned into BSSK– by in vivo excision. Nested
deletions were generated from both ends of the longest cDNAs by
the Erase-a-Base system (Promega). These deletions were used for
sequence determination using the Sequenase kit and 35S-dATP
(USB/Amersham). Sequences were analyzed by the GCG program
suite of DNA analysis programs. A genomic library prepared in
λFIXII (Stratagene) was screened using full-length cDNAs of the
class III POU genes. Inserts of positive phages were characterized
by restriction analysis.

RNA analysis

RNA was prepared from embryos or adult tissues. For Northern
blot analysis 10 µg total RNA were run on formaldehyde agarose
gels (20), blotted to nylon filters and hybridized to 32P-labelled
cDNA probes.

In situ hybridization analysis was carried out as described (21).
Digoxigenin-labelled RNA probes were generated by T7 RNA
polymerase transcription of subcloned restriction fragments. In
the case of zp-12 we used a ∼570 nucleotide (nt) probe specific
for the 5′ UTR reaching from the 5′-end of clone #20 to the XmnI
site at –27. The ∼840 nt probe for zp-23 extended from the BsmI
site downstream of the second stop codon through most of the
3′-UTR to a TaqI site just before the polyadenylation site. The
∼2115 nt long zp-47 probe was derived from an exonuclease
deletion clone removing the poly-A tail. That probe started at the
Asp718 site 59 nucleotides upstream of the end of the open
reading frame and extended through the entire 3′-UTR region.

RESULTS

PCR screen for zebrafish POU genes

To identify zebrafish POU genes we performed two consecutive
rounds of PCR reactions on genomic DNA. We used nested

primers targeting conserved regions in POU domains of other
species. Sixty randomly picked clones of the subcloned population
of PCR products were analyzed by sequencing. Forty-one clones
were related to POU domains and could be grouped into 11
different classes (data not shown). Sequence inspection of five
classes obviously suggested that they represented either pseudo-
genes or that they arose only during PCR amplification e.g. by
‘polymerase jumping’ (22).

Since the initial PCR screen was carried out using genomic
DNA, intron containing POU genes might have been   missed.
Therefore, we repeated the PCR reactions on phage DNA from
different embryonic cDNA libraries using either of the two
primer pairs. The frequency of (mostly artefactual) non-POU
sequences was higher in the cDNA screens, probably due to the
fact that in these experiments only one round of amplification was
performed. Of the 25 subcloned PCR amplificates from a 6–9 hpf
library four isolates seemed to encode a novel type of POU
domain. This GP-9 group of isolates was subsequently used to
clone full-length cDNAs of the zebrafish pou-2 gene as described
elsewhere (12,13). Of the total 37 isolates analyzed from 9–16 hpf
neurula or 20–28 hpf postsomitogenesis libraries, three more
clones were derived from the pou-2 gene and nine isolates were
virtually identical to sequences present in three groups of PCR
products identified previously in the genomic screen. These groups
were represented by isolates termed ZP-12, ZP-23 and ZP-47.

To determine whether any other POU gene is expressed at some
point during embryogenesis, we 32P-labelled uncloned PCR
products amplified from the cDNA libraries with both sets of
amplification primers. These cDNA derived probes were hybridized
to dot blots containing DNA from all our zebrafish POU isolates.
Using the three different embryonic libraries we found positive
hybridization signals in the cases of pou-2 and of four (ZP-12,
ZP-23, ZP-47 and ZP-50) of the eight potential POU genes
identified by amplification of genomic DNA (data not shown).
The other four genes that were apparently not expressed encoded
potential POU domains whose sequence deviated considerable
from those found in the databases. Therefore, we consider them
to be pseudogenes although we cannot exclude that these genes
are expressed at a very low level or at some later point during
development. The four genes identified by PCR amplification of
genomic DNA that are expressed during embryogenesis all
encode class III POU domains. We used representative PCR
isolates for each gene (ZP-12, ZP-23, ZP-47 and ZP-50) to isolate
full length cDNAs. We report below the molecular characterization
of the zp-12, zp-23 and zp-47 genes, whereas the sequence and
expression of zp-50 has been described earlier (15).

Cloning of zp-12 cDNAs

The postsomitogenesis cDNA library was screened with the
ZP-12 isolate of the initial PCR screen. A PCR fragment with
high similarity to ZP-12 was recently identified also by others
(23). From screening 500 000 plaques we identified 36 plaques
which repeatedly hybridized to the ZP-12 probe. The DNA
sequence of three overlapping clones (#3, #20, #29) was
determined (EMBL accession Y07906). Clones #20 and #3
contain an apparently full-length open reading frame (Fig. 1). The
frame begins with a motif (MATAA) highly conserved among
vertebrate class III POU domain genes. This presumptive start
ATG is preceded three codons upstream by a stop codon. cDNA
#29 starts 28 bp downstream of the putative initiation codon. In
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Figure 1. (A) Schematic representation of the organization of the cDNAs
sequenced from zp-12 and zp-23. White narrow rectangles indicate untranslated
5′ and 3′ sequences, broad shaded boxes the coding region including the POU
domain, and broken lines indicate the spliced out intron. (B) Predicted sequence
of the ZP-12, ZP-23 and ZP-47 proteins. The POU domains are indicated by
bold type. The alternative C-termini of ZP-12 and ZP-23 are listed separately
under the main body of the respective protein shared by either sequence variant.
cDNA sequences have been deposited in the EMBL sequence database under
accession numbers Y07906, Y07907 and Y07908. Alignments of the cDNA
sequences with the corresponding amino acid sequences can be accessed on the
NAR web site.

the second half of the reading frame we find a class III POU
domain that is 98% conserved with that of mouse brn-1. Except
for two nucleotide mismatches the three cDNAs are nearly
identical over the entire length of the reading frame. Clones #3
and #29 differ however significantly from #20 by the fact that a
short intron has been spliced out from their corresponding RNAs
(Fig. 1). This 184 bp sequence starts with a canonical GT motif
and ends with a consensus AG sequence (24). Most of the open
reading frame is unaffected by the splicing event but the resulting
proteins have slightly different C-termini: in the unspliced
version of the mRNA represented by clone #20 the reading frame
is extended by five codons encoded by the facultative intron. If
the intron is spliced out, as in cDNAs #3 and #29, the second exon
contributes 14 amino acids to the body of the reading frame
shared by all three clones. Restriction analysis of additional
isolated cDNAs suggests that the intron is spliced out in the
majority of the cases (data not shown). Although Northern blot
analysis (Fig. 2) suggests a homogenous size of zp-12 mRNAs we

Figure 2. Northern blot analysis of zp gene expression. Total RNA of the
indicated embryonic stages or from adult tissues was size fractionated on
agarose gels and blotted. In case of RNA from adult tissues the ‘gut’ RNA was
obtained from all the intestinal organs, ‘trunk’ RNA was prepared from mostly
muscle tissues obtained from the tail, and ‘brain’ RNA was purified from the
brain, the eyes and the attached cranial nerves. Filters were hybridized to
radioactive probes specific for either zp-12, zp-23, zp-47 or zp-50. The
estimated size of each transcript species is indicated.

found cDNAs with variable 3′-ends: cDNA #3 ends 14 nucleotides
downstream of a perfect AATAAA polyadenylation motif. In
contrast, cDNA #20 ends just upstream of an A-rich sequence
between nucleotides 1861 and 1880 which may have erroneously
served as template for the oligo-dT primers during library
preparation. Partial sequencing of additional isolated cDNAs
(data not shown) showed 3′-ends with short poly-A stretches at
several positions which however were not preceded by obvious
AATAAA motifs. 

Cloning of zp-23 cDNAs

We screened the neurula library prepared from 9–16 hpf embryos
with the ZP-23 isolate of the initial PCR screen. Fifteen of 500 000
screened plaques repeatedly hybridized with the ZP-23 probe.
The two longest inserts of 2.1 and 2.3 kb were entirely sequenced.
Clone #10 is shorter at the 5′-end (Fig. 1) resulting in a truncation
of the open reading frame by more than 150 amino acids in
comparison to the ORF of clone #7. The predicted N-terminus
encoded by clone #7 starts with a MATAA motif conserved
among other class III POU domain genes. Besides the 5′-end
variation, clone #7 differs from #10 downstream of the POU
domain by the removal of an intron sequence of 309 nt. Thereby
37 amino acids of clone #7 replace 19 amino acids at the
C-terminus encoded by the unspliced cDNA #10. Restriction
analysis of additional cDNAs suggests that the majority of zp-23
transcripts are unspliced (not shown). Since Northern analysis
(Fig. 2) suggested a considerably longer transcript size of around
3 kb we screened with the entire zp-23 #7 cDNA the cDNA
library prepared from 1 day old embryos. We found nearly 100
positive phages in the 500 000 screened plaques. The longest
insert (#18) was sequenced (EMBL accession Y07907). This
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cDNA was derived from an unspliced mRNA and extended the
region of the 5′ untranslated region by 0.5 kb (Fig. 1).

Apart from the spliced out intron, isolate #7 is nearly identical
to the sequenced cDNAs #10 and #18, except for the insertion of
a CAG trinucleotide at amino acid position 116. An additional
five mismatches or deletions both in and outside the coding region
have no functional consequences. There is a microheterogeneity
at the immediate 3′-end of the three cDNAs resulting in the
addition of the poly-A tail either 12 or 16 nucleotides downstream
of a canonical AATAAA polyadenylation signal. A RNA (zfpou1)
with strong similarity to the unspliced zp-23 #18 has been
reported by others (19). However, its open reading frame deviates
at 12 nucleotide positions from the sequences of our three zp-23
cDNA isolates thereby changing eight amino acids in the encoded
protein.

Cloning of zp-47 cDNAs

The cDNA library prepared from 1 day old embryos was also
screened with the ZP-47 isolate of the initial PCR screen. From
500 000 screened plaques eight phages were recovered that
repeatedly hybridized to the ZP-47 probe. The clone with the
longest insert was subjected to the generation of nested deletions
and these were subsequently used for sequence determination
(Fig. 1; EMBL accession Y07905). Although the long open
reading frame extends up to the 5′-end of the cDNA we believe
that translation starts at the first ATG codon found 41 nt
downstream of the 5′-end. This start codon is part of a MATTA
motif as found in other class III POU genes. The POU domain
itself is found as in other class III genes in the second half of the
protein. The cDNA ends with a long 3′ untranslated region of over
2 kb in length. This 3′-UTR terminates with an AATAAA
polyadenylation signal followed 27 nucleotides downstream by
a long poly-A tail.

Isolation of genomic clones for zp-12, zp-23, zp-47 and zp-50

We have used the longest cDNA isolates for each of the four class
III POU genes to screen a zebrafish genomic library. Inserts of
repeatedly hybridizing phages were subcloned and analyzed by
restriction digestion (not shown). For this purpose we used
restriction enzymes that were cleaving sites close to the 5′- and
3′-ends of the cDNAs. We compared the size of several restriction
fragments of genomic clones with fragments derived from the
corresponding cDNAs. In all cases we could not detect significant
differences in size. This suggests that the genomic sequences are
colinear with their respective cDNAs. Therefore, the four genes
zp-12, zp-23, zp-47 and zp-50 apparently do not contain intron
sequences, with the exception of the facultatively spliced small
intervening sequence at the end of the open reading frames of
zp-12 and zp-23. Our finding that all four class III POU domain
genes isolated in the zebrafish lack introns mirrors the absence of
introns in the murine class III genes brn-1, brn-2, brn-4 and oct-6
(25). The non-existence of introns in the class III POU genes
contrasts, however, with the presence of multiple introns in other
POU genes (see e.g. 12,13,26,27).

Analysis of zp gene expression

Total RNA was prepared from various developmental stages and
of several adult tissues. In all cases single major RNA species
were detected after hybridization with probes specific for the
longest available cDNA sequences (Fig. 2). For zp-47 a RNA was

detected that had an estimated size of ∼3.1 kb. For the zp-50 gene
we observed a RNA of ∼2.9 kb. In the case of the highly related
zp-12 and zp-23 genes we estimated transcripts sizes of ∼2.7 and
∼3.2 kb. The two bands predicted from the alternative splicing of
the latter two genes were apparently not resolved in these blots.

Transcripts of all four identified class III genes begin to
accumulate between 10 and 12 hpf just after completion of the
gastrula period. Maximal RNA levels are observed in all cases
after 1 to 2 days of development. zp gene expression slightly
decreases during the following days but is still clearly detected 2
weeks after fertilization. In adult zebrafish we could detect
transcripts of all four genes only in the brain. At the sensitivity of
these Northern blots we can, however, not exclude that these
genes might also be expressed in other adult tissues, albeit at
lower levels.

To investigate the sites of embryonic expression of the zp genes
we began to study their expression pattern by in situ hybridization.
In the case of zp-50 we have found previously that this gene is
expressed in a highly dynamic and complex pattern in several
regions of the central nervous system (15). To investigate the
expression patterns of the other genes we prepared probes specific
mostly for untranslated regions thus ensuring that the probes do
not crossreact with other class III mRNAs. Similarly to zp-50, we
found predominant expression of zp-12, zp-23 and zp-47 in
various portions of the CNS (Fig. 3). All zp genes are thus
expressed in all the major subdivisions of the embryonic CNS,
including the fore-, mid- and hindbrain and the spinal cord.
Interestingly, the precise arrangement of the expression domains
varies between the different genes. Whereas zp-47 shows some
similarities of expression to the zp-50 pattern, it differs from zp-12
and zp-23 expression. For example, zp-47 and zp-50 are strongly
expressed in the cerebellum whereas the other two genes are not.
Although zp-12 and zp-23 show in general very similar expression
profiles, there are also differences, e.g. in the telencephalon where
zp-23 expression is more widespread. Besides their predominant
expression in the CNS zp-12 and zp-23 transcripts were detected
at notable levels also in the pronephric duct (Fig. 3B and D).

DISCUSSION

After the discovery of the family of POU genes it was initially
attempted to group the family members into four subclasses based
on differences in their POU domains (28). The discovery of
additional POU genes led to the expansion of this scheme to six
different subclasses (7,9). Within any of these classes, genes show
high similarity within the POU domain. In addition, a limited
degree of homology among class members is also found outside
of the DNA binding region, especially among vertebrate genes.
While the majority of known POU domain genes can be easily
fitted into one of the six subclasses, the sequence comparison in
Figure 4 shows that some genes cannot be easily assigned to a
particular class. These include the zebrafish pou-2 gene (12,13),
the Xenopus oct-25, oct-60, oct-79 and oct-91 genes (29–31), the
rat sprm-1 gene (32), and the nematode ceh-18 gene (33).
Similarly, the partial sequences of the planarian dtpou-2 and
djpou-2 POU domains deviate considerably in their homeodomains
from other POU genes (34,35) and might thus have to be grouped
into a separate class, at least until the evolutionary relationships
of invertebrate POU genes are better understood.
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Figure 3.  In situ hybridization of early zebrafish embryos. Probes specific for zp-12 (A and B), zp-23 (C and D) and zp-47 (E and F) have been hybridized to zebrafish
embryos and whole-mount preparations were photographed as side views under Nomarski optics (A–C, E–F) or as a dorsal view under a dissection microscope (D).
zp-12 expression is well visible at 27 h post fertilization in several regions of the brain (A) and in the spinal cord and pronephric duct (arrowheads) (B). zp-23 expression
in the pronephric primordium is already visible at the 10 somite stage (arrowheads in D) and expression in all major portion of the CNS is well visible at the 23 somite
stage (C). Expression of zp-47 in distinct domains of the forming CNS is already clearly visible around the 7 somite stage (E) giving then rise to an elaborate pattern
of expression at 27 hpf in the fore-, mid- and hindbrain and in the spinal cord (F). Abbreviations: c, cerebellum; d, diencephalon; f, forebrain; h, hindbrain; m, midbrain;
nt, notochord; sc, spinal cord; t, telencephalon.

Despite the problem to accommodate all POU genes into one
of the proposed six subclasses the four zp genes are all obviously
of the class III type. The POU domains are >90% identical to
those of mammalian class III genes. There are also considerable
homologies outside of the POU domain (Fig. 5). Similarly to the
intron-lacking mammalian class III POU genes (25), the zebrafish
zp genes do not contain introns, except for the short sequences at
the immediate C-termini of zp-12 and zp-23 which are removed
in a subset of transcripts. Resembling the mammalian genes also
functionally, our analysis shows that the zp genes are primarily
expressed in the embryonic and adult central nervous system. 

Notwithstanding the fact that our screen identified in zebrafish
the same number of four class III genes as reported in mammals
(25), it is not possible to assign each of the fish gene a direct
homolog in the mammalian genome (Fig. 5). For example, no
obvious homolog has yet been found in zebrafish for the
mammalian brn-4 and the amphibian xlpou2 genes. As pointed

out previously, zp-50 is probably the homolog of xlpou1 in
Xenopus (15). This gene pair shows some similarity to mammalian
oct-6. Nevertheless, differences in the expression argue against
the assumption that zp-50/xlpou1 are functional homologs of
oct-6. On the other hand, the pair of highly related zp-12 and zp-23
genes shows very high sequence similarity to mouse brn-1. Both
zebrafish genes are expressed in very similar domains in the
developing central nervous system and in the pronephric Wolffian
duct. This expression pattern mirrors the embryonic expression of
mammalian brn-1 detected in several domains of the brain, as
well as in the fetal kidney (28). Therefore, we consider both zp-12
and zp-23 to be direct homologs of mammalian brn-1. The zp-47
gene is most closely related to xlpou3 of Xenopus and may be a
direct homolog of mammalian brn-2. Interestingly, a partial
sequence of another zebrafish class III POU domain gene, termed
brn-1.2, has been recently reported (23). Over the known 112
amino acids this sequence differs from the zp-47 POU domain at
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Figure 4. Sequence comparison of all POU domains. POU domains deposited in the EMBL and GenBank databases were compared to each other. Their relationship
is displayed by the output of the GCG program Pileup. The generally used classification into subgroups is indicated by roman numerals. An alignment of the
corresponding sequences can be viewed at the NAR web site.

only two positions. Nevertheless, sequence identity at the nucleic
acid level is only ∼83%. This clearly demonstrates that zp-47 and
brn-1.2 are distinct although highly related genes.

In our PCR screen we have identified only class III POU genes
and the prototype of a novel class of POU domains (pou-2) (13).
Comparing the sequences of the PCR primers to POU domain
sequences of other species it is clear in retrospect that the
homologies were not high enough to amplify members of all the
major POU gene classes. In our screen no members of classes II
(oct-1-like genes) or V (oct-3/4) have been amplified. This is
unexpected since the primers match well the POU domain
sequences of these classes in other species and were capable in
control experiments to amplify POU domains of the human oct-1
and oct-2 genes, the Drosophila nubbin gene and of the murine
oct-3/4 gene (data not shown). Since at least class II genes have

been found not only in mammals but also in amphibians and even
in invertebrates like sea urchin and Drosophila, it would be
expected that members of this class were also present in zebrafish.
It is currently not clear why we have not identified such genes in
the PCR analysis of the cDNA libraries. Possibly, the genes are
expressed either at low levels or only at later time points of
embryogenesis. Another gene that has certainly been missed in
our screen is the brn-1.2 gene (23) related to zp-47. Furthermore,
we have not found a direct homolog of the class III genes xlpou2
(Xenopus) and brn-4 (mammals).

The protein coding sequences of the zp-12 and zp-23 genes are
highly similar over their entire length. They share, except for their
divergent C-termini, a sequence identity of nearly 90%. This
sequence similarity suggests that these genes have a common origin
and have arisen by gene duplication which must have occurred
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Figure 5. Sequence comparison of full-length vertebrate class III POU protein
sequences. Those class III proteins of which full-length sequences have been
determined were compared. The relationship over the entire length of the
proteins has been determined by the GCG program Pileup. An alignment of the
corresponding sequences can be viewed at the NAR web site.

after the actinopterygii diverged from the higher vertebrates. The
common ancestry of the two genes is also reflected in their
splicing pattern: despite the general absence of introns from class
III POU genes short intervening sequences are spliced out near
the 3′-end of the coding region during processing of a fraction of
zp-12 and zp-23 transcripts. As a result proteins differing at their
C-termini are produced. Since the POU domains are unaltered it
can be assumed that these proteins maintain the same DNA-binding
potential. However, the amino acid variations downstream of the
POU domain might modulate interactions with other regulatory
proteins, e.g. analogous to the auxiliary factor P-OTX which
specificially interacts with the N-terminus of the POU protein
Pit-1 but not with Brn-2 (36). At least in the case of the zp-23
reading frame the variation of the primary sequence might also
affect posttranslational protein modifications since splicing of the
transcript removes a potential N-linked glycosylation site (37).
Although the zp-12 and zp-23 genes resemble each other in their
overall splicing pattern, they differ in the details since the position
of the 5′ splice site of the intron of zp-23 is 14 codons more
upstream than the 5′ splice site used in two of the zp-12 cDNAs
that we sequenced. An unpublished longer cDNA has been
deposited in GenBank (38) that is related to the brn-1.1 PCR
fragment (23) which is derived from the zp-12 gene. That cDNA
appears to lack a sequence corresponding roughly to the intron
removed in zp-23 clone #7. However, it is not clear whether the
sequence absent in this brn-1.1 clone is really an intron since
comparison of this segment with our full-length zp-12 sequence
does not show good matches to splicing consensus sequences (24).

Despite the high degree of amino acid sequence conservation
over the entire length of the zp-12 and zp-23 reading frames the
corresponding DNA sequence is only 78% identical, whereas 5′
and 3′ untranslated regions display even less than 65% identity.
This indicates that the duplication of these genes has occurred a
considerable time ago allowing since the DNA sequences to diverge.
Nevertheless, there appears to have been substantial evolutionary
pressure to maintain the amino acid sequence both within as well
as outside of the POU domain. This is remarkable since in the
cases of many transcription factor families the DNA binding
motifs often remain highly conserved whereas sequences outside

of the DNA binding regions tend to be much less conserved.
Similar evolutionary pressure may have applied to maintain the
zp-47 and brn-1.2 coding sequences relatively homogenous.
However, more sequence information about brn-1.2 will be needed
to investigate this point further. Several reasons can be imagined
why protein sequences of duplicated genes should remain closely
conserved: POU genes with highly similar sequences could be
expressed in different cells of the brain. Nevertheless, the genes
may still be regulating the transcription of related sets of target
genes and could do so only if their sequences are highly
preserved. In another scenario, highly related POU genes could
be coexpressed in the same cells. Eventual expression of sequence
variants could lead to aberrant transcription of some of the target
genes which in turn could negatively affect cell functions.
Alterations of the protein sequences could therefore not be tolerated.

Our analysis of zp gene expression during embryogenesis
shows that the different genes are primarily expressed in the brain,
although the expression of zp-12 and zp-23 in the pronephric duct
suggests that some genes may also be involved in patterning of
other tissues. The expression patterns of zp-12 and zp-23 in the
embryonic brain show strong similarities but they are not entirely
overlapping. Most importantly, these genes are not expressed
homogeneously throughout the brain. They are strongly expressed
only in some regions of the brain but not, or at much lower levels,
in others. Conversely, the zp-47 expression pattern in the
embryonic brain is distinct and resembles in part that reported for
zp-50 although several differences exist. It therefore appears that
each class III POU gene is expressed in a unique pattern that
partly overlaps with expression domains of other class III genes.
This is somewhat reminiscent of the overlapping ranges of
expression of different Hox genes in more posterior CNS regions
(39). Higher resolution mapping of the individual zp gene
expression domains may reveal an analogous POU code for the
patterning of the anterior brain.

The close relation between the zp-12 and zp-23 genes, as well
as between zp-47 and brn-1.2, suggests that these genes have
arisen by gene duplication. These findings are further evidence
that a considerable portion of the zebrafish genome has been
duplicated after the branching off of the actinopterygii: several
gene families have been found that have more family members in
the zebrafish than in mammals. Examples include both the
engrailed-like (40) and the otx genes (41). In both families three
gene copies are found in fish but only two occur in mammals.
Similarly, four msx genes have been found in zebrafish compared
to three genes in mice (42). Also the number of zebrafish dlx
genes exceeds that found in mammals (43). In the case of genes
encoding RXR-type nuclear receptors five genes have been found
in zebrafish, whereas only three genes are known to exist in
mammals (44). Although the precise organization of the family
of ash helix–loop–helix regulators has not yet been elucidated in
zebrafish, it appears that in fish there are two genes that are both
most closely related to a single gene in other vertebrates (45).
Furthermore, several genes encoding signalling molecules similar to
sonic hedgehog exist in zebrafish that have no direct mammalian
counterparts (46,47). In the face of a possible large-scale
duplication of the zebrafish genome and the existence of two pairs
of closely related class III POU genes, it is tempting to speculate
that a precursor of zp-12 and zp-23 might have been duplicated
at the same time as a precursor of zp-47 and brn-1.2. It might even
be possible that zp-12 might be physically linked to either zp-47
or brn-1.2, whereas zp-23 might be located on the same
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chromosome as the other member of the zp-47/brn-1.2 gene pair.
Whether these genes are arranged in such syntenic relationships
will be tested when the position of these genes are established on
the genetic map (48).

See supplementary material available in NAR Online.
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