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Abstract

Duplicated genes can undergo different fates, from nonfunctionalization to subfunc-
tionalization and neofunctionalization. In particular, changes in regulatory sequences affect-
ing the expression domain of genes seem to be responsible for the latter two fates. In this
study we used in silico motif detection to show how alterations in the composition of regula-
tory motifs between paralogous genes in zebrafish and Tetraodon might reflect the functional
divergence of duplicates.

Copyright © 2007 S. Karger AG, Basel

When a gene gets duplicated, it awaits four possible fates. The most likely
fate is pseudogenization or nonfunctionalization [1-3]. In rare cases, one of the
two duplicates acquires a new function (neofunctionalization; [4]). Subfunction-
alization, where both gene copies divide the gene’s original functions, forms a
third potential fate [5]. Furthermore, recent studies revealed that subfunctional-
ization is often accompanied by neofunctionalization, which has led to a new
model of gene function evolution called sub-neofunctionalization [6]. Finally,
both copies can be retained, but, instead of diverging in function, they remain
largely redundant and provide the organism with increased genetic robustness
against harmful mutations [7, 8]. In addition, retention and redundancy of genes,
at least for certain functional classes, is predicted by the ‘gene balance’ hypothe-
sis, which states that retention of genes with strong dosage effects, such as for
instance transcription factors, will be selected against if they are copied without
their interacting partners [3, 9, 10].



In particular the subfunctionalization model [2, 5] received much attention
of late, since it can, at least partially, explain the large number of genes retained
after duplication events, and their subsequent functional divergence [11]. The
subfunctionalization model assumes that besides depending on its protein func-
tion, the functionality of a gene is also determined by its expression domain
(where and when the gene is expressed). The specific expression domain of a
gene results at least partially from its transcriptional regulation, which is, in
turn, encoded by a specific combination of transcription factor binding sites
(defined as a regulatory module) in the gene’s promoter. Each transcription fac-
tor binding site (TFBS) in a module corresponds to a DNA consensus sequence
or motif that is recognized by its cognate regulatory protein or transcription fac-
tor. Changes in these TFBS can therefore be an important antecedent for
expression divergence and thus for sub- or neofunctionalization [5, 8, 12—-18].
However, the number of studies that show how expression divergence between
paralogs is reflected by differences between regulatory elements of paralogous
gene pairs is still limited [19, 20].

As a result of a genome wide fish-specific duplication event that occurred
some 350 mya [21-23] and of more recent duplication events [9], ray-finned
fish such as Tetraodon and zebrafish contain a large number of duplicated
genes [24-27], of which several have already been shown to have undergone
subfunctionalization [25, 28-33]. In this study, we further investigate to what
extent ‘in silico’ analyses support expression divergence of genes through iden-
tified changes in regulatory sequences. To this end, we explicitly searched for
motifs that have been preserved over 450 mya of vertebrate evolution (from
mammals to ray-finned fish), but have been differentially retained in either one
of two duplicates in zebrafish or Tetraodon and that thus might explain the
experimentally observed expression divergence.

Methodology

Identification of Suitable Data Sets

In this study we focused on duplicated fish genes for which there was
(some) experimental evidence that supported subfunctionalization, such as for
bmp?2 [34], glyRa [35], msx2 [36], pax6 [37, 38], and shh [39]. In addition, sev-
eral other duplicated fish genes were included, namely efnal, en2 [5, 40],
kenipl, ntngl, ntng2 and six4, and a glyRa-related gene family. Phylogenetic
trees were constructed based on the predicted protein sequences (Ensembl [41]
release 37) from human, mouse, Tetraodon nigroviridis, zebrafish (Danio
rerio), rat (Rattus norvegicus), chicken (Gallus gallus), and frog (Xenopus trop-
icalis). If splice variants were reported, the longest transcript was used.
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To delineate vertebrate gene families, a similarity search was performed
(BLASTP, [42]; E-value cutoff E-10) with all proteins from the organisms
listed above, plus those of Ciona intestinalis [43], version 1 and Drosophila
melanogaster (Ensembl [41]), version 3, which were added as outgroup species.
Blast hits between vertebrate sequences with a score better than the best score
between a vertebrate sequence and an outgroup sequence (Drosophila or
Ciona) were retained and considered members of the same gene family. The
Drosophila or Ciona sequence was used to root the phylogenetic tree (see
further). For each gene family, a multiple sequence alignment was created with
T-Coffee 1.37 using default parameters [44]. Alignment columns containing
gaps were removed when a gap was present in more than 10% of the sequences.
To reduce the chance of including misaligned amino acids, all positions in the
alignment left or right from the gap were also removed until a column in the
sequence alignment was found where the residues were conserved in all genes
included in our analyses. This was determined as follows: for every pair of
residues in the column, the BLOSUMS62 value was retrieved. If at least half of
the pairs had a BLOSUMS62 value =0, the column was considered as con-
served. Neighbor joining trees (with 500 bootstrap replicates) were constructed
with PHYLIP 3.5 [45] using both nucleic and amino acid sequence alignments
and simple Poisson-corrected substitution models.

For all datasets, the phylogenetic tree showed genes duplicated in at least
one of the fish species. These duplicates, and their homologs in human, chicken
and frog were selected for further analysis (table 1). Intergenic regions of these
homologs were retrieved using the Ensembl mart database release 37.
Intergenic regions were defined as the region upstream of the transcription start
(as defined by Ensembl), limited to 2 kb and including the 5'UTR.

Pairwise Alignment of Paralogous Intergenic Sequences

Pairwise alignments of paralogous intergenic regions were obtained with
Smith-Waterman using the default parameters (gap open penalty 10 and gap
extension penalty 0.5) [46]. The expected percentage identity between two
unrelated intergenic sequences of the same organism was estimated by averag-
ing the scores obtained by aligning each intergenic sequence against all other
intergenic sequences of the same organism but not belonging to the same pro-
tein family.

Search for Regulatory Motifs Conserved in Each of the Gene Sets

For each gene set (i.e., all genes belonging to the same gene family), inter-
genic sequences were subjected to BlockSampler [47]. BlockSampler was run
using default parameters — searching plus strand only (s = 0) and searching for
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Table 1. Description of the datasets

Dataset Newick tree? Ensembl Gene IDs? Experimental evidence
bmp2* ((Xt, (Hs, Gg)), (Dr1) ENSDARG00000013409, (Dr2) ENSDARG00000041430, (Gg) RT-PCR + in situ
(Drl, (Dr2, ENSGALG00000008830, (Hs) ENSG00000125845, (Tn) hybridization [34]
Tn))); GSTENGO00020275001, (Xt) ENSXETG00000005519
Efnal (Hs, (Dr1, Tnl), (Drl) ENSDARG00000030326, (Dr2) ENSDARGO00000018787, (Hs) /
(Dr2, Tn2))); ENSG00000169242, (Tnl) GSTENG00032578001, (Tn2)
GSTENGO00033951001
en2 ((Xt, Hs), (Dr1, (Dr1) ENSDARG00000026599, (Dr2) ENSDARG00000038868, (Hs) /
(Dr2, Tn))); ENSG00000164778, (Tn) GSTENG00023985001, (Xt)
ENSXETG00000013496
glyRal*  (Gg, ((Dr,Tnl), (Dr) ENSDARG00000006865, (Gg) ENSGALG00000004936, (Tnl) in situ hybridization [35]
Tn2))); GSTENG00029286001, (Tn2) GSTENG00022245001
glyRal-  ((Xt, Gg), (Drl,  (Drl) ENSDARG00000012019, (Dr2) ENSDARG00000011066, (Gg) /
related (Dr2, Tn))); ENSGALG00000004134, (Tn) GSTENG00024269001, (Xt)
ENSXETG00000001966
kenipl ((Xt, (Gg, Hs)), (Dr1) ENSDARG00000034808, (Dr2) ENSDARG00000022109, (Gg) /
((Drl, Tnl), ENSGALG00000002132, (Hs) ENSG00000182132, (Tnl)
(Dr2, Tn2))); GSTENGO00020358001, (Tn2) GSTENG00024581001, (Xt)
ENSXETG00000018293
msx2* ((Xt, (Gg, Hs)), (Dr1) ENSDARG00000009936, (Dr2) ENSDARG00000006982, (Gg) in situ hybridization [36]
(Drl, Dr2)); ENSGALG00000002947, (Hs) ENSG00000120149, (Xt)
ENSXETG00000009168
ntngl ((Gg, Hs), (Tnl,  (Dr) ENSDARG00000014973, (Gg) ENSGALG00000001896, (Hs) /

(Dr, Tn2)));

ENSG00000162631, (Tnl) GSTENG00027711001, (Tn2)
GSTENGO00035109001
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ntng2 ((Hs, Gg), (Dr,  (Dr) ENSDARG00000036938, (Gg) ENSGALG00000003677, (Hs) /

Tnl), Tn2)); ENSG00000196358, (Tnl) GSTENG00004089001, (Tn2)
GSTENG00014392001
pax6* (((Gg, Hs), Xt), (Dr1) ENSDARG00000045045, (Dr2) ENSDARG00000045936, (Gg) in situ hybridization +
((Drl, Dr2), ENSGALG00000012123, (Hs) ENSG00000007372, (Tn) transient transfection
Tn)); GSTENGO00025814001, (Xt) ENSXETG00000008175 assays + western blot
analysis [37]
shh* ((Hs, Gg), (Drl1, Drl) ENSDARG00000038867, (Dr2) ENSDARG00000039710, (Gg) in situ hybridization
g g Y
(Dr2, Tn))); ENSGALG00000006379, (Hs) ENSG00000164690, (Tn) GSTENG00023991001  [39]
six4 ((Xt, Hs), (Dr1,  (Drl) ENSDARG00000031983, (Dr2) ENSDARG00000004695, (Hs) /
Tn), Dr2)); ENSG00000100625, (Tn) GSTENG00032223001, (Xt)
ENSXETG00000016941

Dataset: Indicates the name of the gene family (derived from the human ortholog in the dataset). For gene sets indicated with an asterisk,
experimental evidence supporting expression divergence between the fish paralogs exists. Newick tree: for each dataset the phylogenetic rela-
tions are given in Newick format. Ensembl Gene IDs: lists the genes present in each dataset by their ensembl gene ID. Experimental evidence:
indicates the type of experimental evidence that supports expression divergence.

aDr: Danio rerio, Gg: Gallus gallus, Hs: Homo sapiens, Tn: Tetraodon nigroviridis, Xt: Xenopus tropicalis.




one motif per run, prior set to 0.2, initial motif length of 8 nt, and a threshold on
consensus score of 1.0. BlockSampler requires the definition of a root
sequence, i.e. only conserved motifs, which are also present in the root, will be
retained. As for our application the biological meaning of a root was less clear,
each sequence of the gene set was chosen once as root. Per root sequence
BlockSampler was run 100 times implying that the total number of runs and
retrieved motifs for a gene set equaled 100 times the ‘number of sequences in
the gene set’. The motifs with a consensus score above 1 were selected and
motifs overlapping for more than 80% were merged to avoid redundancy.

In order to account for the fact that short motifs are more likely to have a
higher degree of conservation than long motifs, the consensus score of each
detected block was normalized for the length of the motif using the following
formula, Cs,y = (L/(L + E)) Cs, where L is the length of the conserved block,
E is an empirical factor (set to 5) and Cs the consensus score [47].

Assessing the Statistical Significance of Detected Motifs

For each gene set, 30 random sets were compiled. These random sets have
a composition similar to the genuine gene set in sequence number and origin
(species), but in contrast to the genuine gene set sequences were selected ran-
domly and as a result do not share any homology relation. For each random set,
we performed the same analysis as for the genuine gene sets: BlockSampler
was applied to identify conserved motifs. Per random set, the number of runs
equaled 100 times the number of sequences in the random set (of which each
one served once as root). After normalizing the scores, from the 100 runs of a
single root the best scoring motif (highest Cs, ) was selected. This resulted, for
each genuine gene set in a number of random motifs equaling 30 (i.e., the num-
ber of random sets) times the ‘number of sequences in this random set (i.e.,
number of root sequences)’. The scores of these motifs were used to estimate a
random motif score distribution. To identify significant motifs in the genuine
dataset we chose the Cs,4 of the xth percentile of this random distribution as a
threshold. As a result, motifs in the genuine dataset with a Cs,4 higher than the
chosen threshold were considered statistically significant.

Identifying Motifs Supporting Subfunctionalization

Motifs that potentially support the subfunctionalization model were identi-
fied using the following criteria: a motif was considered if it was conserved
over a region of at least 8 nt and lost in at least one paralog of the fish species
for which multiple paralogs were present in the gene set. In order to minimize
false positive motifs, extra constraints were set on the number of additional
species in which the motif had to be conserved. Indeed, if conserved over larger
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Table 2. Motifs indicative for subfunctionalization with a Cs,q score exceeding the 90th percentile of the
random score distribution

Dataset # L PI Conservation profile Subf sp. Duplication type Motif name
bmp2* 1 29 99.5 Dr2_Gg_Hs_Tn Dr FSD bmp2_1
pax6* 4 70 90 Dr2_Gg_Hs_Tn_Xt Dr ZS pax6_1

38 90 Dr2_Gg_Hs_Tn_Xt Dr ZS pax6_2

71 90 Dr2_Gg_Hs_Tn_Xt Dr ZS pax6_3

50 90 Dr2_Gg_Hs_Tn_Xt Dr ZS pax6_4
shh* 2 15 95 Dr2_Gg_Hs_Tn Dr FSD shh_1

16 99 Dr2_Gg_Hs_Tn Dr FSD shh_2
kenipl 1 13 95 Dr1_Dr2_Gg_Hs_Tnl_Xt Tn FSD Kenipl_1
Total 8

Dataset: The gene set in which the motifs were detected. Gene sets indicated with an asterisk contain fish par-
alogs for which subfunctionalization has been shown in literature. #: the number of motifs detected in the gene set
that support subfunctionalization given this threshold. L: the length of the motif indicative for subfunctionalization
(number of nucleotides) PI: indicates the percentile of the random distribution to which the score of the motif
belongs. Conservation profile: indicates in which homologs of the gene family the motif was also present (see
footnote of table 1). Subf sp.: indicates in which fish-species the motif was lost. Duplication type: indicates from
which duplication event the paralogs originated for which a motif was found that supports subfunctionalization
(FSD: ancient fish specific duplication event; TS: Tetraodon specific duplication event; ZS: zebrafish specific
duplication event). Motif name: the name to unambiguously indicate a specific motif.

phylogenetic distances, we can be more confident in the motif prediction. These
constraints depended on the composition of the gene set: If the gene set under
study consisted of multiple non-fish homologs, either frog, chicken or human
(which was the case for bmp2, en2, glyRa-related, kcnipl, msx2, ntngl, ntng?2,
pax6, shh, six4), a motif was only considered if it was conserved in at least two
non-fish species. If the motif under study was derived from a gene set that con-
tained only one non-fish homolog (efnal and glyRa), the motif had to be pre-
sent in this one non-fish sequence.

For each motif we constructed a profile that indicates whether or not the
motif occurs in the respective species from which the homologs of the gene
family were derived. If the profile of the motif satisfies the requirements men-
tioned above, its profile was said to support subfunctionalization. Phylogenetic
profiles of motifs supporting subfunctionalization are represented in tables 2
and 3. To assess whether the detected motifs correspond to known transcription
factor binding sites, we scanned the human instance of each conserved motif
with the Transfac 8.2 database of vertebrate transcription factor binding site
profiles [48]. This scanning was performed using MotifLocator [49, 50] with a
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Table 3. Motifs indicative for subfunctionalization for the gene sets for which a relaxed selection cri-
terium was used

Dataset # L PI Conservation profile Subf sp. Duplication type Motif name
efnal 2 12 75 Drl_Dr2_Hs_Tn2 Tn TS efnal_1

8 55 Drl_Dr2_Hs Tn2 Tn TS efhal 2
Total 2

For column descriptions and legend see tables 1 and 2.

Oth order vertebrate background model. Hits with a score >0.9 were regarded
as potential binding sites. The binding sites are indicated by the Transfac factor
name [48]. To further validate the link between the binding sites revealed with
this screening and the gene under study, we did a text-based search with
PubMed [51] using the name of the gene/protein under study (e.g. pax6) and the
name of the transcription factor potentially binding the promoter region of this
gene as search terms. When such a link existed, this is explicitly mentioned in
the results section.

Results

The goal of our study was to see whether divergent expression of dupli-
cated genes is reflected in any detectable way by a different composition of
their regulatory sequences, in particular by the presence or absence of specific
motifs. First, this requires identifying interesting case studies, i.e., gene fami-
lies that contain members of fish specific duplication events. Second, we need
to compile the potential regulatory motifs present in the intergenic sequences of
these gene families and to identify which of the motifs have been differentially
retained in one of the fish paralogs. However, since the regulatory motifs pre-
sent in fish genomes are still largely unknown, the list of potential motifs was
compiled based on comparative de novo motif detection methods, better known
as phylogenetic footprinting. Phylogenetic footprinting assumes that biologic-
ally relevant sequences, such as regulatory motifs, evolve slower than their
surrounding non-functional intergenic sequences. By using cross-species con-
servation, short stretches of DNA that are conserved over certain phylogenetic
distances are identified as potential motifs. The greater the phylogenetic dis-
tance over which the motif is conserved and the more orthologs in which the
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motif can be detected are present, the more confidence can be put in this
prediction.

However, as we are specifically searching for conserved motifs that are
differentially lost between paralogs, we had to rely on a phylogenetic footprint-
ing methodology that is able to align strongly evolved sequences of which some
do not contain the motifs [47].

Identifying Gene Sets Containing Duplicated Fish Genes

Our analysis was performed on a selection of gene families that contained
paralogs either originating from a duplication event before the divergence of
zebrafish and Tetraodon (further referred to as the ancient fish specific dupli-
cation, FSD) or from a more recent duplication specific to either zebrafish or
Tetraodon (that occurred after divergence of both species [9]) (for a complete
list of these gene families see table 1). For some of these fish-specific paralogs,
subfunctionalization was supported by literature (e.g., bmp2 [34, 39], glyRa
[35], msx2 [36], pax6 [37, 38] and ssh [39] (see table 1)).

For gene sets bmp?2, efnal, en2, glyRal, glyRal-related, kenipl, ntngl,
ntng2, pax6, shh and six4, the topology of the corresponding phylogenetic trees
indicates that the paralogs resulted from the ancient FSD event which took
place before the divergence of zebrafish and Tetraodon (about 150 mya [24]).
For the pax6 gene family, the two zebrafish copies are the result of a more
recent zebrafish specific duplication event (table 1). Concerning the msx2 gene
family, the topology did not allow us to conclude whether the msx2 zebrafish
copies resulted from the ancient FSD or whether they were the result of a more
recent duplication event in zebrafish.

Determining the Overall Homology Between

Paralogous Intergenic Regions

In order to determine their overall conservation, intergenic paralogous
regions in fish were aligned using Smith-Waterman [46]. Results are shown in
table 4. The conservation level of paralogous intergenic regions resulting from
the ancient FSD [9] (Tetraodon: 40.4% and zebrafish: 43.6%) was comparable
to that of unrelated sequences, which was estimated 40.4% and 43% for
Tetraodon and Danio rerio respectively (see methods section). This analysis
also indicates that in these ancient duplicates, except for the conserved regula-
tory motifs, no sequence conservation is to be expected.

Identification of Motifs Supporting Subfunctionalization

To search for differences in motif composition between duplicates, we first
compiled all potential motifs conserved within the intergenic regions of genes
belonging to the same gene family (see material and methods). To this end we
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Table 4. Intergenic homology between fish duplicates

Dataset Compared duplicates Type Identity (%)
bmp2* Dr1-Dr2 FSD 44.4
glra* Tnl-Tn2 FSD 414
msx2* Drl-Dr2 FSD/ZS 44.5
pax6* Dr1-Dr2 ZS 39.2
shh* Dr1-Dr2 FSD 43.6
efnal Dr1-Dr2 FSD 43.9
Tnl-Tn2 FSD 32.6
en2 Drl-Dr2 FSD 45.9
glra-related Dr1-Dr2 FSD 42.3
kenipl Dr1-Dr2 FSD 43.4
Tnl-Tn2 FSD 41.9
ntngl Tnl-Tn2 FSD 423
ntng2 Tnl-Tn2 FSD 43.9
Six4 Dr1-Dr2 FSD 41.7

Intergenic regions of fish paralogs present in the gene sets under study were
pairwise aligned using Smith-Waterman [46]. Dataset: indicates the name of
the gene family (derived from the human ortholog in the dataset) from which
the fish paralogs were compared. For gene sets indicated with an asterisk,
experimental evidence supporting expression divergence between the fish par-
alogs exists. Compared duplicates: the fish genes for which the intergenic
sequences were aligned; for the corresponding Ensembl gene IDs and legend
we refer to table 1. Type: the type of duplication event the duplicates are the
result of (based on the phylogenetic trees); FSD: ancient fish specific duplica-
tion; ZS: zebrafish specific duplication. Percent identity: the similarity
between the intergenic sequences of the aligned duplicates.

used BlockSampler, a procedure based on Gibbs sampling that searches for sta-
tistically overrepresented motifs. In the presence of an appropriate background
model, the procedure is known to be quite robust against noise, i.e., sequences
that do not contain the motif [52-54]. In the context of subfunctionalization,
this property is essential as it allows finding motifs that are not conserved in all
branches of the phylogenetic tree. For each set, applying BlockSampler resulted
in a list of conserved motifs. To detect motifs supporting subfunctionalization,
from this list we selected those motifs that were significantly conserved but
missing in at least one of the fish paralogs, either Tetraodon or zebrafish (i.e.,
the species for which multiple paralogs are present in the gene set under study).
Especially for the ancient duplications for which the overall similarity in inter-
genic sequences between the fish paralogs is quite low, many differences are
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expected to be found in their promoter regions, most of which probably do not
correspond to biologically relevant subfunctionalized motifs. Therefore, in
order to select the most relevant predictions we considered only those motifs
that were also conserved in phylogenetic lineages other than fish and thus were
preserved over 450 mya of vertebrate evolution (see materials and methods for
the exact criteria).

To test to what extent the choice of the threshold on the motif scores
(defined as the xth percentile of the random scores) determined the total num-
ber of motifs retrieved and thus the number of gene sets for which we detected
a motif(s) indicative for subfunctionalization, we repeated the analysis for mul-
tiple threshold levels (ranging from the 99.5th to the 50th percentile of the ran-
dom score distribution). The results for gene sets containing homologs from
multiple non-fish species are summarized in table 2, considering the 99.5th,
99th, 95th and 90th percentile of the random distribution as threshold on the
motif scores. As expected, lowering the threshold of our search allows detecting
more motifs indicative for subfunctionalization. However, as the stringency of
the search becomes lower, the motifs taken into account become gradually
shorter and presumably less reliable.

When using a quite conservative threshold (motif scores exceeding the
90th percentile of the random distribution), in three (bmp2, pax6 and shh) out
of the five datasets for which expression divergence was experimentally
demonstrated, we could find at least one motif indicative for subfunctionaliza-
tion. Besides in these experimentally supported datasets, we also found motif-
based indications for subfunctionalization in efnal (although only when using a
relaxed threshold in the motif scores, table 3) and kcnip|.

Detailed Description of the Datasets with Subfunctionalized Motifs

Figures 1 to 5 display the results for the datasets bmp2, pax6, shh, kcnipl
and efnal. Significantly overrepresented motifs are mapped. An arrow indi-
cates motifs that might be supportive of subfunctionalization. Below we give a
more detailed description of these results.

In vertebrates, bone morphogenetic proteins (Bmps) play a crucial role in
establishing the early body plan and in organogenesis [55]. Martinez-Barbera
et al. [34] studied the expression pattern of zebrafish bmp?2 paralogs, bmp2a
and bmp2b. They found indications for divergent expression profiles in the
gastrulating embryo and in the pectoral fin bud. In this study, the bmp2 gene fam-
ily consists of two zebrafish genes (table 1, fig. 1) that correspond to the genes
studied by Martinez-Barbera et al. [34]. The motif indicated in figure 1 (table 2)
that has been retained in one zebrafish copy (Dr2, ENSDARG00000041430)
but that was lost in the other (Drl, ENSDARG00000013409), could possibly
explain this observed divergence.
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Fig. 1. Graphical display of the motifs found in the upstream regions of bmp2.
Graphical display of all motifs with a score exceeding the 90th percentile of the random
score distribution. The motifs that are in support of subfunctionalization are indicated by an
arrow. The phylogenetic tree (branch lengths not drawn to scale) illustrates the evolutionary
relationships between the homologs; these are indicated as defined in table 1. Abbreviations
used: Xt: Xenopus tropicalis, Hs: Homo sapiens, Gg: Gallus gallus, Dr: Danio rerio, Tn:
Tetraodon nigroviridis.
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Fig. 2. Graphical display of the motifs found in the upstream regions of pax6.
Interpretation is as in figure 1.

Pax6 plays an important role in the central nervous system and in the
developing eye of both vertebrates and invertebrates. According to our analysis,
the pax6 gene family contains two zebrafish paralogs, which (given the position
of the Tetraodon homolog in the tree topology) originated from a zebrafish spe-
cific duplication (fig. 2). The presence of two zebrafish paralogs is consistent
with the observations of Nornes et al. [37]. They observed that both zebrafish
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Fig. 3. Graphical display of the motifs found in the upstream regions of shh.
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Fig. 4. Graphical display of the motifs found in the upstream regions of kcnipl.

Interpretation is as in figure 1.
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Fig. 5. Graphical display of the motifs found in the upstream regions of efial.

Interpretation is as in figure 1.
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copies have unique expression domains that sum up to the total expression
domain for the single pax6 copy present in birds and mammals [2]. Figure 2
displays the conserved motifs identified in the promoter region of the pax6
homologs. Motifs that might be indicative for subfunctionalization are indi-
cated by arrows: we identified four motifs conserved in human, chicken, frog,
Tetraodon and in one zebrafish paralog (Dr2, ENSDARG00000045936; table 2).
The complete absence of all of these motifs in the zebrafish paralog (Dr1, ENS-
DARG00000045045) can also be interpreted as an indication for nonfunction-
alization of this paralog. However, because experimental evidence about the
expression of both zebrafish paralogs exists [37], subfunctionalization seems
the more likely fate. The order in which the motifs occur in the intergenic
regions seems to be perfectly conserved in the non-mammalian sequences
where they are concatenated into a large conserved region of circa 250 nt (fig. 2).
In the human ortholog on the contrary, the order and spacing of these motifs
seems to be altered. In order to get an idea of the binding sites localized in the
four motifs reported here, we screened the human motif instance with the
Transfac database of transcription factor binding sites. As is summarized in
table 5, different potential binding sites are present in the pax6 motifs. For
instance, pax6_3 contains an AP-2a and an AP-2rep binding site. This is plau-
sible, since both Pax6 and AP-2a function in eye development [56]. Moreover,
both transcription factors are known to interact in coordinating corneal epithe-
lial repair [57].

Vertebrate hedgehog genes are involved in many developmental processes
[58]. As Laforest et al. showed that zebrafish hedgehog paralogs exhibit expres-
sion patterns that suggest subfunctionalization, we chose to study the somnic
hedgehog or shh gene family [39] in more detail. Figure 3 illustrates two signif-
icant motifs (see arrows) that possibly support subfunctionalization (see also
table 2). These motifs, indicated in red and green, have both been conserved in
human, chicken, Tetraodon and Dr2 (ENSDARG00000039710) but were lost in
Dr1 (ENSDARGO00000038867). The order and spacing between these two
motifs also seems to have been retained during evolution. Besides these, figure 3
also displays some additional interesting motifs pointing towards subfunction-
alization (for instance, the dark purple and dark yellow motifs). These were not
initially retained as ‘significant motifs’ under our strong selection criteria,
because they were either too short or not conserved in multiple non-fish
species.

kcnipl encodes the potassium channel-interacting protein [59]. In this
study we identified a frog, chicken and human homolog, two zebrafish and two
Tetraodon paralogs. The tree topology (fig. 4) indicates that the four fish genes
are the result of an ancient FSD. As is shown in figure 4, we identified one
motif that is in support of a possible divergent expression profile (table 2). This
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Table 5. The potential transcription factor binding sites located in the detected motifs indicative for subfunctionalization

Motif Name Consensus and possible binding sites
bmp2_1 TTGTTTTGTTTTGTTTTTT
SRY, M00148: AAACWAM: 5-11 —(1.0); 10-16 — (1.0)
pax6_1 GGCTCGAGGGCCAGGTTGAGGGTACTCATCGAGCCTCGAACTCCTCCTAAAAATGATTCCTGCCAAAAGC
Cap, M00253, NCANHNNN: 49-56 — (0.963)
CdxA, M00101, AWTWMTR: 46-52 — (0.904)
Hnf4, M00967, AARGTCCAN: 6-14 + (0.931)
Etf, M00695, GVGGMGG: 43-49 — (0.906)
Lyf-1, M00141, TTTGGGAGR: 59-67 — (0.931); 43-51 — (0.950)
NF1, M00193, NNTTGGCNNNNNNCCNNN: 51-68 — (0.919)
pax6_2 ACCACTGTCACTTTCAAATTGGAGAGCCAGATGGAAGC
E2a, M00804, GGCGSG: 21-34 - (0.907)
Irf, M00772, BNCRSTTTCANTTYY: 1-15 + (0.946)
Tall, M00993, TCCAKCTGNY: 26-35 — (1.0)
pax6_3 TGGTAAGGTCTAGGCCCAGACTAGAGTGGCCAGTGGGAGGTGGGCGCTCCTAGGCCTTAACACAGGATGCC

AP-2a, M00469, GCCNNNRGS: 29-37 + (0.917)

AP-2rep, M00468, CAGTGGG: 31-37 + (1.0)

Cap, M00253, NCANHNNN: 16-23 + (0.906); 63-70 — (0.925); 36-43 — (0.904)
CCAAT box, M00254, NNNRRCCAATSA: 25-36 + (0.933)

C/EBP, M00159, NNTKTGGWNANNN: 54-66 — (0.906)

CHCH, M00986, CGGGNN: 34-39 + (0.932)

Etf, M00695, GVGGMGG: 34-40 + (0.911)

Ets, M00971, ACTTCCTS: 63-70 — (0.925)

Pea3, M00655, ACWTCCK: 64-70 — (0.933)
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Table 5. (continued)

Motif Name Consensus and possible binding sites

pax6_4 ATTTTCCTGTTTTCCTCCTCTAAGTCACAAAGTCAACAGTTAATTCAAAG
AP-1, M00172, RSTGACTNMNW: 19-29 — (0.942)
AP-1, M00517, NNNTGAGTCAKCN: 18-30 — (0.905)
AP-1, M00924, TGACTCANNSKN: 16-27 — (0.901)
AP-1, M00926, TGAGTCAN: 21-28 + (0.904)
Fox, M00809, KATTGTTTRTTTW: 29-41 — (0.953)
Hnf3e, M00724, TRTTTGYTYWN: 28-38 — (0.932)
Hnf3B, M00131, KGNANTRTTTRYTTW: 29-43 — (0.908)
Poulfl, M00744, ATGAATAAWT: 39-48 — (0.915)
Sf1, M00727, TGRCCTTG: 28-35 — (0.918)
Stat], M00496, NNTTTCCN: 1-8 + (0.948); 9-16 + (0.9704)
Stat6, M00500, NNYTTCCY: 9-16 + (0.915)

shh_1 GCTCTCCAGGCTTGC
shh_2 TCAGATGCGCCCCTGG
kenipl_1 TGTGTATCTGTGT
efnal_1 ACGCAGACACACA
efnal_2 ATGTTTATT

Motif name: The name to unambiguously indicate a certain motif detected (with a Cs,y score exceeding 90th percentile of the random score
distribution for bmp2, pax6, ssh and kcnipl and a Cs,q score exceeding 50th percentile for efinal). These names correspond to the ones in tables
2 and 3. Consensus and possible binding sites: the sequence of the motif in the intergenic region of the human homolog (table 1) is given fol-
lowed by the possible binding sites situated in this motif (Transfac name, Transfac ID, consensus sequence, positions, strand and score). Remark:
For the shortest motifs MotifLocator could not be used to screen for potential binding sites. Therefore only the motif instance in human is given.




motif, indicated in red, is retained in frog, human, both zebrafish paralogs, and
one Tetraodon paralog (Tnl, GSTENG00020358001). Two other interesting
motifs (the green and light blue motifs) were detected in Tn2, GSTENGO00
024581001: both these motifs seem to be present in the human sequence but are
divergently retained over the fish paralogs. The smaller blue motif is retained in
Drl and Tnl, while the green motif is retained in Dr2 and Tn2. From the tree
topology it seems that the combined motif, still present in the human sequence
might have been subfunctionalized after an early fish duplication that took
place before the speciation between Tetraodon and zebrafish. The motifs seem
to have a classical pattern of subfunctionalization. Note, however, that we did
not primarily retain them as they do not meet our selection criteria (the motifs
are conserved in one non-fish homolog only).

Also in efnal, which encodes an ephrin-Al precursor, we found two
motifs indicative of expression divergence between paralog Tnl (GSTEN
G00032578001) and paralog Tn2 (GSTENGO00033951001; fig. 5). These two
motifs, respectively 12 and 8 bp long, and conserved in the intergenic sequences
of the human homolog were also present in both zebrafish paralogs, but only in
one of the two Tetraodon paralogs (Tn2; see table 3).

Discussion

In this study, we found indications that expression divergence between par-
alogs in zebrafish and/or Tetraodon is reflected by differences in regulatory
motifs. We investigated five gene families for which experimental evidence sup-
ported subfunctionalization. For three of these proof-of-concept gene families,
we identified at least one motif that was differentially lost after a fish-specific
duplication event and that seemed to be in accordance with the experimentally
observed expression divergence. Besides in the ‘proof-of-concept’ datasets, we
found differential alterations in regulatory motifs between the fish paralogs that
point towards potential subfunctionalization in two other gene families (efnal
and kcnipl).

In order to assess which potential transcription factors bind to the con-
served motifs, we screened them with the Transfac database of TFBS. Several
potential TFBS seemed to be present in the conserved motifs but to our know-
ledge, for the majority of these TFBS no clear link with the genes containing
the conserved motifs was found in literature.

The sequence dependent indications for subfunctionalization identified in
this study of course largely depend on the reliability of our in silico predicted regu-
latory motifs. To select confident predictions, we used strict selection criteria and
considered only those motifs that were conserved over at least 450 mya of vertebrate
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evolution. On the other hand, by using these conservative selection criteria we
probably discard many functional motifs. Indeed, motifs that are too short, too
degenerated, or very lineage specific will remain undetected. As a result, we most
likely underestimate the number of motifs indicative for subfunctionalization.
This might explain why we only find in a subset of the ‘proof-of-concept’ datasets
sequence based indications for subfunctionalization. Moreover, according to its
strict definition, subfunctionalization implies that both paralogs divide the gene’s
original function over both gene copies. When relating this to expression diver-
gence and subsequent changes in regulatory motifs, one expects to find two ances-
tral motifs still present in an outgroup species to be divided between the two
paralogous intergenic regions. We could not detect any example of this idealized
situation of subfunctionalization due to our conservative approach; however, when
using more relaxed criteria our method identified such an example.

Despite our conservative strategy, in nearly half of the tested datasets clear
sequence based indications for potential expression divergence were present,
indicating that subfunctionalization is probably more general than is assumed at
this point (see also [8]).
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