


All the functional associations were analyzed considering
as reference ‘universe’ the groups of genes (or sequences)
containing at least one rCNE in sea squirt or one vCNE in
mouse. Such a strategy is necessary to avoid false enrich-
ments resulting from the fact that these elements are
primarily conserved inside each group. First of all, we
decided to verify whether genomic regions containing a
specific oCNE were enriched for genes containing the
same specific protein domains both in vertebrates and
tunicates. Therefore, domain enrichment analyses were
performed by (i) identifying if and which length interval

in mouse and sea squirt showed significantly enriched fre-
quency of common domains; and (ii) checking for the
specific significantly enriched domains. The protein
domains identified from genes transcribed in genomic
intervals containing each oCNE were compared with
those identified in randomly paired vCNE/rCNE
regions. We performed the analysis over three length inter-
vals around oCNEs, and the significance of the associ-
ations decreases proportionally with respect to the
extension of the window, disappearing at �1Mb
(Supplementary Figure S5), in line with previous

Figure 3. Potential transcription of oCNEs: The oCNEs result to be enriched for eRNAs. Pie-charts in (A) show how vCNEs and oCNEs
overlapping enhancers from Kim et al. (49) segregate between the classes of eRNAs and non-transcribed enhancers. Twenty-eight vCNEs overlap
enhancers from Kim et al. and �40% of them overlap eRNAs. Conversely, 18 oCNEs overlap enhancers from Kim et al. and >80% of them overlap
eRNAs. The three oCNEs used for the validation of the enhancer function were also validated for transcriptional activity in D. rerio (B), M.
musculus (C) and C. intestinalis (D). Primers were designed to amplify a fragment of �100 bp around each element. As positive control, we used the
following coding transcripts: bActin (D. rerio and M. musculus), Otx2 (M. musculus), Ci-atbf (C. intestinalis). Non-coding transcripts used were as
follows: Ci-Pans (C. intestinalis) (51) and Pans (Mm.221244, the murine homolog of Ci-Pans) (52). All the used controls are known to be expressed at
the time of the sampling. As negative control, we used DNAseI-digested RNA (indicated as RNA in B and C and as ‘-’ in D). In C. intestinalis, we
also used different combinations of the forward/reverse primers. The absence of signal in the cDNA template PCR is indicative of the absence of
genomic DNA contamination in the cDNA preparation demonstrating that the amplicons are real RNA products.
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observations for the range of action of long-distance en-
hancers (62). Focusing on a window of 500 kb (adjusted
P=0.03), the common domains resulting significantly
enriched in oCNE regions as opposed to random
vCNEs/rCNEs pairs are the homeobox (adjusted
P=0.02) and the helix-turn-helix (HTH) lambdare-
pressor (adjusted P=0.02), as shown in Figure 4A. The
homeobox gene superfamily encodes transcription factors
that act as master regulators of development through their
ability to activate or repress a diverse range of down-
stream target genes (75). The HTH domain is a common
denominator in basal and specific transcription factors
from the three superkingdoms of life and is frequently
present in homeobox genes (76).
Then, to check if oCNEs may indicate a common

conserved regulatory mechanism, we performed a similar
analysis focused on transcription factor binding site
enrichments taking into account as significant only
binding sites significantly enriched in all the groups of
organisms. To this aim we used the transcription factor
binding matrices from the Jaspar Family database (56),
which provides generic matrixes for major families of tran-
scription factors. We found common significant enrich-
ments for binding sites recognized by the homeobox
(Ciona adjusted P=1.0E-13), the high mobility group
(HMG; Ciona adjusted P=4.3E-05) and the forkhead
(Ciona adjusted P=1.0E-03) transcription factors
classes within oCNEs sequences (see Figure 4B for
results in Ciona and Supplementary Table S8 for results
in all the tested species). Interestingly, the HMG proteins
are a superfamily of nuclear proteins that bind to DNA
and nucleosomes and induce structural changes in the
chromatin. They are important in chromatin domains
dynamics and in regulating the expression of specific
genes during development (77). Forkhead box (Fox)
proteins are a superfamily of evolutionarily conserved
transcriptional regulators, which control a wide
spectrum of biological processes and are heavily used in
developmental processes (78). Finally, GO enrichment
analysis was performed on the set of genes associated
with oCNEs and compared with the genes associated
with rCNEs found in C. intestinalis. GO classifications
for C. intestinalis were extracted from the Aniseed anno-
tation database (see ‘Material and Methods’ section).
Figure 4C shows the GO classes resulting specifically
enriched in Ciona oCNEs: multicellular organismal devel-
opment (adjusted P=6.58E-06), sequence-specific DNA
binding (adjusted P=1.17E-05), transcription (adjusted
P=0.0007), cell differentiation (adjusted P=0.0008),
transcription factor activity (adjusted P=0.008) and
calcium ion binding (adjusted P=0.017). Taken
together, these results clearly indicate that the genes sur-
rounding oCNEs as well as the transcription factors po-
tentially binding oCNEs are significantly associated with
genes involved in development and, more specifically, to
morphogenesis and differentiation and these enrichments
are significantly more specific than the ones related to
rCNEs. GO enrichment analyses performed in mouse
using either DAVID (58) or FATIGO (59) gave similar
results when we compared oCNEs or vCNEs with rCNEs,
but no enrichment was found comparing mouse oCNEs

with vCNEs, suggesting that, in vertebrates, oCNEs and
vCNEs belong to similar functional classes (data not
shown).

Conservation in the Oikopleura and amphioxus genomes

To understand if oCNEs are retained in other sequenced
model chordates, we searched for their presence in the
Oikopleura dioica and amphioxus (Branchiostoma
floridae) genomes. The pipeline we presented needs at
least two sequenced and well annotated genomes belong-
ing to the same class to analyze that specific class of or-
ganisms, and therefore we could not analyze them using
our pipeline. Moreover, as we did not detect Ciona
oCNEs sequences in the Oikopleura and amphioxus
genomes by using Blastn, we decided to use information
from all the organisms in oCNE blocks to build HMM
(41) matrices from each oCNE multiple alignment based
on the sequences conserved in all the analyzed species. We
then scanned the Oikopleura and amphioxus genomes with
the HMMs thus generated. This search yielded nine
conserved elements in the Oikopleura and 13 in the amphi-
oxus. Genes flanking and overlapping the elements thus
discovered were annotated using Blast2GO (42) and con-
sidered as putative target genes. Annotations were
manually checked against Ciona and mouse overlapping
and flanking genes for each respective element (see
Supplementary Table S6). Again, these elements resulted
not to be located in the vicinity of evolutionarily related
genes, although they appear to be associated to genes
functionally related. Indeed, according to the Blast2GO
classification, the top scoring biological processes repre-
sented in the associated genes are related to development
and regulation (Supplementary Table S9). The number of
conserved elements is small, and therefore, we cannot test
for significance; however, the biological functions
annotated by Blast2GO are remarkably similar to those
enriched in the 183 original oCNE dataset. It is particu-
larly interesting the presence of oCNEs in Oikopleura
genomic loci containing putative orthologous for the
Bmp and Lim homeobox genes. Indeed, these genes are
also associated to oCNEs in vertebrates and ascidians. In
the amphioxus, interesting genes associated to oCNEs are
the putative homologs of Jumonji, Argonaute and Znf729.
We conclude that only a small number of oCNEs is rep-
resented in the Oikopleura and amphioxus genomes, and
these elements are not syntenic with ascidians or verte-
brates but, again, their genomic loci result to be associated
to functionally similar regions.

Finally, we checked if oCNE neighborhoods lacking
synteny between Ciona and vertebrates could show evi-
dences for common origin when taking into account the
genome of amphioxus (i.e. are close together on the
amphioxus genome). The results indicated that only
three oCNEs could be associated to pairs of putative
target Ciona/mouse genes localized on the same scaffold
in the amphioxus genome (with a distance between them
of 263 617, 2 448 029 and 898 799 bp). Randomizations
showed that this result is not significant (1000 randomiza-
tion produced an average of 6.4 associations with a
standard deviation of 2.8). Interestingly, Hufton et al.
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Figure 4. Functional enrichment analyses: A shows, for each domain, the percentage of oCNEs (light grey) and vCNEs/rCNEs random couples
(dark grey) falling in intergenic regions associated to genes containing the same specific domain in all the species analyzed. Only domains for
which the percentage is higher in oCNEs are reported. Adjusted P-values of the differences between the two groups are reported only if significant.
Panel B shows, for each Jaspar fam motif, the percentage of C. intestinalis oCNEs (light grey) and C. intestinalis rCNEs (dark grey) containing at
least one binding site for the specific motif. Adjusted P-values of the differences between the two groups are reported only if significant. C shows
GO enrichments for each GO class associated to genes flanking tunicate oCNEs (light grey) and tunicate rCNEs (dark grey). Only oCNEs-associated
significantly enriched classes are reported with the respective adjusted P-values.
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reported the discovery of >1000 CNEs [defined as phylo-
genetically conserved non-coding elements (PCNEs)]
among vertebrates or between vertebrates and amphioxus.
Out of 183 oCNEs, 122 overlap the published set of ver-
tebrate PCNEs, and 42 of them overlap the set conserved
between vertebrates and amphioxus (data not shown).
These PCNEs are conserved collinearly between verte-
brates and amphioxus as a result of the methodology
adopted. Our HMM approach could only map 4 out of
these 42 oCNEs in Amphioxus, despite identifying some
non-syntenic well-conserved oCNEs in this organism. This
is probably because of the fact that the alignments by
Hufton et al. were produced in a locus-specific way and
with an estimated false-positive rate between 2 and 10%
(based on two randomizations) as compared with our
oCNE analysis, which was performed genome-wide at
an FDR of 0.05%, and our HMM search, which was
calibrated at high stringency, i.e. to yield only the
original oCNE and close paralogs within the genome of
origin, and thus only similar conserved elements in other
genomes.

DISCUSSION

In this study, we developed a pipeline capable to identify,
for the first time, CNEs spanning Olfactores genomes. Our
analysis resulted in a set of 183 conserved non-coding
blocks (oCNEs). We showed that oCNEs mainly overlap
previously published UCEs and, although they are
syntenic among vertebrates, they are found in
non-syntenic loci in tunicates. Nevertheless, oCNEs are
significantly associated with homeobox containing genes
and genes involved in organismal development; also, they
are significantly enriched for binding sites recognized by
homeobox transcription factors. Such preponderance of
homeobox genes associated to oCNEs, in the genomic
context as well as in binding site predictions, could
indicate a complex network of interactions which,
during development, involve reciprocal regulatory rela-
tionship within this family of genes. The players of this
network (usually defined as the ‘input’) appear to be the
same genes in all the animal groups studied, but the regu-
latory interactions and the domains of expression encoded
within these networks (often seen as the ‘output’), appears
to be different in distant groups [see Cameron and
Davidson (26) for a first proposal of the input/output
theory]. Genomic fragments containing oCNEs act as
domain-specific enhancers in developing embryos of sea
squirt, mouse and zebrafish without retaining the same
domain specificity between the groups. The cross-
transgenesis experiments indicate that despite the long
evolutionary distance separating the species under investi-
gation, conserved oCNEs can retain enhancer effect in
cross-species analysis and support the functional signifi-
cance of these conserved sequences. While the specificity
of enhancer effects is not fully retained, at least in the case
of Ciona E1, anterior telencephalic activity is enriched in
zebrafish, which is reminiscent to the zebrafish
orthologous element resulting mostly specific to the
anterior telencephalon. It is noteworthy that all elements

tested appear to enhance the activity of a minimal
promoter in fish as well as in Ciona. We chose to
amplify larger fragments because the conservation
between vertebrates and ascidians is limited to short se-
quences of �50 bps, which is unlikely to reflect the
minimal functional unit. Consistent with this expectation
oCNEs are anchored in longer regions conserved within
each respective group. Thus oCNEs might represent a part
of a specific regulatory element which, to work, would
need support from sequence elements found in the
flanking regions.

With constant refinements in the technologies capable
to detect non-abundant transcripts, the observations that
a large number of enhancers are also transcribed are
tangibly increasing (49,54,70,71), suggesting that, at least
in mammals, thousands of enhancers are transcribed.
Interestingly, the oCNE dataset also shows significant
overlap with the eRNA dataset. This enrichment is not a
bias determined by the composition of vCNEs, indicating
that oCNEs probably belong to a specific class of enhan-
cers, which can also be transcribed. Furthermore, we
indicate, by analyzing a large number of publicly available
ENCODE datasets, that they are unlikely to transcribe
short RNAs. It should be noted that for most eRNAs
and UCEs analyzed, the full length and nature of the
RNA molecules transcribed by these regions remains a
largely unresolved question. Indeed, in this work, we
demonstrated that oCNEs can effectively be transcribed
even if we have not directly addressed the functional as-
sociation between the transcription and the enhancer
function. Further and more in-depth validations would
need to be conducted to verify the extent, nature and spe-
cificity of oCNE expression.

It is important to specify that our results depend heavily
on the methodology we used to identify oCNEs and that
some homology relationships might be missing from
current annotations. This raises the question whether
oCNEs might be identified by mere chance. Our
randomization-based filtering approach, which makes
use of stringent FDR criteria indicating that <1 oCNE
could be false, is pointing against this idea. On the
contrary, given that other approaches were performed
with more lenient statistical stringency, it is possible that
we have missed some bona fide oCNEs, which might
warrant future investigation. Similarly, our HMM
search of oCNEs in other species such as amphioxus
was performed stringently and might thus miss related
and relevant CNEs, which could have diverged beyond
the stringency of our approach. Manual curations of
results and the significant overlaps with other relevant
datasets such as eRNAs, UCEs, ENCODE data and the
experimental evidence we produced are further proof of
oCNEs’ biological relevance. A different and altogether
more complex issue is to what extent oCNE-like
elements could arise by convergent evolution. We do not
have sufficient data to tackle appropriately this issue but
we speculate that it could be unlikely if we consider a
parsimonious scenario for the evolution of such
elements. Finally, assembly errors could have generated
some of the extensive non-orthologous shuffling we have
observed. This is an important concern to address because
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many of these elements are found in gene deserts in which
the lack of gene annotations can cause a higher proportion
of assembly errors. However, in our pipeline this is
unlikely because oCNEs originate from regionally
conserved collinear regions in each group of organisms.
Thus, to make an assembly error responsible for the gen-
eration of an oCNE, the same error should have occurred
twice in the same collinear manner in at least two different
organisms, which we believe to be highly improbable. It is
possible, though, that assembly errors could cause some
artificial duplication within the same genomic region of
similar oCNEs, as seen in the duplication analysis within
Ciona.

So, how can we explain the fact that such conserved
regions are not conserved in a collinear fashion? The
sequencing of new genomes could help us in shedding
light on this point. Classically, CNEs are considered col-
linear regulatory regions conserved among lineages in
terms of their position as well as in terms of their associ-
ation to target genes whose sequences are conserved in
their respective lineage but not among different lineages
(6). oCNE elements do not appear to belong to this class,
because they are well conserved among different lineages
in terms of sequence while not being collinear. This is
supported by the observation that, genes associated to
oCNEs are significantly enriched for groups of genes in
ascidians lacking clear vertebrate orthologs. Although
they are not associated to the same potential target gene,
they appear to maintain a clear preference for certain
functional classes of genes. Despite a longer divergence
time between amphioxus and vertebrates compared with
Ciona and vertebrates, the conservation of synteny with
vertebrates is greater for amphioxus than for Ciona (16).
About 74% of amphioxus scaffolds show a significant
presence of orthologs from the same human chromosome,
while in Ciona, this proportion is �9%. The Oikopleura is
the only known chordate genome to show no significant
conservation of gene neighborhood with other chordates
(79). Our sensitive pipeline has been able to find a single
collinear element conserved between vertebrates and as-
cidians, and analysis in the amphioxus and Oikopleura
genomes show the presence of a minority of non-collinear
oCNEs. Such observations lead to speculation that these
elements could have been present in a chordate ancestor
and have been differentially lost or co-opted by different
genes during the dramatic changes that brought to the
differentiation of the chordate lineages. Particularly
intriguing are the findings that early vertebrate whole
genome duplications were predated by a period of
intense genome rearrangement (80) and that, in addition
to whole genome duplications, segmental and single-gene
duplications shaped the genomes of extant vertebrates
(81). A mechanism that can be taken into account
for the generation of non-syntenic conserved elements
in such a scenario can be accounted by partial
rediploidization following local- or whole-genome dupli-
cations, which, in vertebrates, have been demonstrated to
be at the basis of the retention of regulatory regions
deriving by exons of lost duplicated genes (82). We
screened oCNEs for specific overlap to cDNAs and
single whole genomes to understand if they could result

from rediploidization events but no such results were
found. A different scenario to justify the unexpected vari-
ability observed in oCNEs, in terms of their location as
well as of their expression domains, could be addressed to
several peculiarities of the tunicate genomes. First,
tunicate genomes are highly re-arranged and experienced
extensive gene losses as compared with the non-duplicated
early chordate karyotype. Putnam et al. (16) have
identified 8437 gene families with members in amphioxus
and other chordates that represent the descendants of
genes found in the last common chordate ancestor. They
also estimate that subsequent family expansions have
generated �13 000 genes in amphioxus and vertebrates
and �7000 in C. intestinalis. The lower number of
tunicate genes is believed to be due to an extensive gene
loss, which caused �2000 genes to be lost (83). The
families of transcription factors that have lost
the highest proportion of orthologs in tunicates are the
homeobox, high-mobility group (HMG) and helix-loop-
helix (HLH) [see (84) and its supplementary for a complete
list of references and genes]. Intriguingly, these are the
same gene families, which appear to be enriched in
oCNEs. Hence, another mechanism that could justify
the shuffling of oCNEs is that it could be associated
with tunicate-specific gene losses and subsequent
genomic rearrangements. If oCNEs were present in the
chordate ancestor, they were probably co-opted by
non-homologous but functionally similar genes, in tuni-
cates, after the loss or the extreme derivation of the ori-
ginally associated ones. A recent study shows that the
roles of some Hox genes are not homologous to their ver-
tebrate counterparts during Ciona larval development,
further supporting the evidence that functional
homology between tunicate and vertebrate genes is not
always observed (85). In addition, gene expression
dynamics of orthologous genes between developing
C. intestinalis and D. rerio embryos were shown to be
broadly divergent (18). Further support along this line is
given by the fact that Hox and ParaHox genes in
C. intestinalis are not organized in clusters, do not retain
spatial and temporal developmental gene expression col-
linearity and contain transposable elements in their
genomic loci (86,87). To us, this level of genomic and
proteomic variability, unique to tunicates, could have
occurred in concomitance with a peculiar rewiring of regu-
latory modules aimed at maintaining the chordate body
plan. A final mechanism, which could be used to justify
the shuffling of such elements, derives by the observation
that they can be actively transcribed. Indeed, given that
any type of RNA can serve as template for reverse tran-
scription (88), the fact that oCNEs are transcribed
suggests that they could have also been retrotransposed
in new locations by the same mechanism involved, for
example, in the creation of pseudogenes.
We thus propose that these conserved elements were

shuffled either in an active (retroposition) or passive
(rearrangements, rediploidization, derivation) fashion
and co-opted by similar genes. The necessity for them to
be shuffled is likely to have arisen during evolution of
chordates to accommodate the coding variability, exten-
sive gene gains and losses, genomic re-arrangements and
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the establishment of different developmental times to
maintain a similar body plan for all the chordates.
Unfortunately, the impossibility to find genomic relics

of shuffling events related to oCNEs makes it extremely
difficult to demonstrate which mechanism took the
leading part in their evolution. We searched for any
such relics, but did not find any enrichment for specific
k-mers, repeats, pseudogenes, chromatin interaction
features in the genomic intervals overlapping or surround-
ing oCNEs, nor did oCNEs result to be derived by lost
coding or non-coding exons (data not shown). When more
chordate genomes and transcriptomes will be sequenced, it
will be possible to answer more in-depth questions related
to the evolutionary history of chordate regulatory
elements. Nevertheless, the analysis herein presented is
the first report of a sensitive and stringent pipeline that
could be adopted to look for conservation of non-coding
elements in distant and derivate groups of genomes as
soon as new genomes are published. Moreover, the data
provided constitute the first collection of non-coding
elements conserved among Olfactores and represent an
extremely valuable resource for future comparative, evo-
lutionary and developmental studies. Finally we provide
initial evidence that oCNEs can act as enhancers (also in
cross-transgenesis) and are transcribed in different
organisms.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1–9 and Supplementary Figures
1–5.
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