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Letter

Deeply conserved chordate noncoding sequences
preserve genome synteny but do not drive gene
duplicate retention

Andrew L. Hufton, Susanne Mathia, Helene Braun, Udo Georgi, Hans Lehrach,
Martin Vingron, Albert |. Poustka, and Georgia Panopoulou’

Max Planck Institute for Molecular Genetics, 14195 Berlin, Germany

Animal genomes possess highly conserved cis-regulatory sequences that are often found near genes that regulate tran-
scription and development. Researchers have proposed that the strong conservation of these sequences may affect the
evolution of the surrounding genome, both by repressing rearrangement, and possibly by promoting duplicate gene
retention. Conflicting data, however, have made the validity of these propositions unclear. Here, we use a new compu-
tational method to identify phylogenetically conserved noncoding elements (PCNEs) in a manner that is not biased by
rearrangement and duplication. This method is powerful enough to identify more than a thousand PCNEs that have been
conserved between vertebrates and the basal chordate amphioxus. We test 42 of our PCNEs in transgenic zebrafish
assays—including examples from vertebrates and amphioxus—and find that the majority are functional enhancers. We
find that PCNEs are enriched around genes with ancient synteny conservation, and that this association is strongest for
extragenic PCNEs, suggesting that cis-regulatory interdigitation plays a key role in repressing genome rearrangement.
Next, we classify mouse and zebrafish genes according to association with PCNEs, synteny conservation, duplication
history, and presence in bidirectional promoter pairs, and use these data to cluster gene functions into a series of distinct
evolutionary patterns. These results demonstrate that subfunctionalization of conserved cis-regulation has not been the
primary determinate of gene duplicate retention in vertebrates. Instead, the data support the gene balance hypothesis,
which proposes that duplicate retention has been driven by selection against dosage imbalances in genes with many protein
connections.

[Supplemental material is available online at http:// www.genome.org. All in vivo tested elements have been deposited into

the ORegAnno database [http:// www.oreganno.org] under data set no. OREGDS00016.]

Researchers are increasingly recognizing the importance of cis-
regulatory sequences in genome evolution. About 3% of vertebrate
noncoding sequences are selectively constrained, and most of
these sequences—often called conserved noncoding elements
(CNEs)—can function as cis-regulators of gene expression in
transgenic assays (Nobrega et al. 2003; Margulies et al. 2003;
Cooper et al. 2005; Siepel et al. 2005; Woolfe et al. 2005; Drake et al.
2006; Sanges et al. 2006; The ENCODE Project Consortium 2007).
The most highly conserved of these CNEs are enriched near genes
that regulate transcription and development (Bejerano et al. 2004;
Sandelin et al. 2004; Woolfe et al. 2005), where the precise and
complex regulation required by these genes may impose an ex-
ceptional selection against mutation within their cis-regulatory
sequences. Researchers have proposed that the exceptional con-
straint on these cis-regulatory sequences may influence the evo-
lution of their surrounding genome regions, both by constraining
genome rearrangement (Mackenzie et al. 2004) and by promoting
the retention of duplicated genes (Force et al. 1999).

Because many cis-regulatory sequences lie distantly from their
target genes, and sometimes even in the introns of neighboring
genes, intervening genomic rearrangements have the potential to
disrupt their cis-regulatory functions. Mackenzie et al. (2004)
termed this “gene interdigitation” and proposed that since many
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of these sequences are under strong purifying selection, they
should act to conserve the surrounding genome architecture. In
support of this idea, studies in vertebrates and insects have shown
that regions of the genome with conserved gene order (synteny)
tend to contain many CNEs (Ahituv et al. 2005; Engstrom et al.
2007; Kikuta et al. 2007; Navratilova et al. 2008). However, the
synteny—CNE association observed in these reports could be at
least partly methodological. These articles defined CNEs using al-
gorithms that favor colinearity, and allowed CNEs to contribute to
the detection of conserved syntenic regions, raising the possibility
that it may simply be easier to detect CNEs in syntenic regions,
and/or easier to detect conserved synteny in regions with many
CNE:s. In support of this possibility, Sanges et al. (2006) used more
flexible algorithms and detected many CNEs that had been shuf-
fled and rearranged in fish-mammal comparisons.

In addition to conserving genomic synteny, some inves-
tigators have proposed that cis-regulation may play a key role in
determining which genes are retained after duplication. In general,
duplicated genes should be functionally redundant, leading to
rapid removal or nonfunctionalization by mutation. However,
metazoan genomes have retained many functional duplicate genes
(Hughes and Hughes 1993; Nadeau and Sankoff 1997; Lynch and
Force 2000; Lynch et al. 2001; Blomme et al. 2006). The evolution
of new beneficial functions (neofunctionalization) could act to
preserve some duplicates; however, this mechanism appears to be
insufficient to explain the large number of vertebrate gene dupli-
cates, leading researchers to search for additional retention
mechanisms (Lynch and Force 2000). The first of these proposed
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mechanisms was inspired by the observation that many genes
possess modular cis-regulatory sequences that drive functions in
distinct biological contexts (Force et al. 1999). After duplication,
these cis-regulatory sequences can be subdivided by complemen-
tary degeneration, thereby requiring that both duplicates be
retained in order to maintain the entire ancestral function. This
model, called the duplication-degeneration-complementation
(DDC) model, can act upon any gene with multiple essential
subfunctions that can be separated by mutation, and while there is
some evidence that this can occur at the protein-coding level for
genes with domains of distinct function (e.g., Cusack and Wolfe
2007), the majority of reports supporting this model have focused
on cis-regulation. Clearly, expression partitioning does occur fre-
quently in retained gene duplicates (Huminiecki and Wolfe 2004;
Postlethwait et al. 2004; Li et al. 2005; Duarte et al. 2006; Woolfe
and Elgar 2007), and in yeast, genes with complex cis-regulation
are over-retained after duplication (He and Zhang 2005). Within
metazoan lineages, the same types of gene functions that are
enriched near CNEs are also over-retained after whole-genome
duplication (WGD) (Blanc and Wolfe 2004; Maere et al. 2005;
Blomme et al. 2006).

Despite this evidence, an alternate model has been proposed
to explain biased retention of gene duplicates. The gene balance
hypothesis (GBH) postulates that selection against gene dosage
imbalances will promote the retention of certain types of genes
after WGD events (Veitia 2002; Papp et al. 2003; Birchler et al.
2005; Freeling and Thomas 2006; Freeling 2008). Immediately af-
ter a WGD event, genome-wide relative gene dosage is maintained,
but subsequent step-wise mutation or deletion of duplicate genes
can lead to deleterious dosage imbalances. Genes whose proteins
have many interaction partners may be more sensitive to these
dosage changes, possibly leading to an over-retention of highly
connected gene functions, such as transcriptional regulators and
signaling complexes (Birchler et al. 2001; Veitia 2002; Papp et al.
2003). Conversely, small-scale genomic duplications immediately
disrupt relative dosage, so highly connected genes should avoid
this type of duplication during evolution. This anti-correlation
between gene retention after WGD and small-scale duplication is
a key distinction between the GBH and the DDC models; DDC
should promote the same patterns of gene retention for all types of
gene duplication. In support of the GBH, vertebrate and Arabi-
dopsis genes that function in transcription regulation or signal
transduction are over-retained after WGD events but not after
small-scale duplications (Blomme et al. 2006; Freeling 2008).

The relative merit of these two competing models remains
difficult to assess. Clearly, transcription and development genes
have more complex cis-regulation and more CNEs, which may
allow greater subfunctionalization, but they are also often assumed
to be highly connected and dosage sensitive. If expression parti-
tioning via the DDC model is the main force driving duplicate
retention, we would expect to see a tight correlation between gene
functions that have CNEs and the gene functions that are over-
retained after WGD duplication; however if retention after WGD is
not driven by the DDC model, then one might expect to find key
differences in these enrichments. To date, there has been no
combined analysis in vertebrates of the gene functions associated
with CNEs and gene duplication.

Addressing these issues requires that we are able to identify
CNEs sequences deeply in evolution. Previous reports have found
many CNE sequences that can be dated back to the divergence of
fish and tetrapods, and in some cases all the way back to the early
vertebrate WGD events (Bejerano et al. 2004; Siepel et al. 2005;

McEwen et al. 2006; Stephen et al. 2008; Wang et al. 2009).
Moreover, 77 CNEs were recently identified that have been con-
served between humans and amphioxus, a nonvertebrate chordate
(Holland et al. 2008). This report used relatively simple whole-
genome blasts, leading us to suspect that more powerful methods
would be able to identify many more vertebrate-amphioxus CNEs.
Indeed, Sanges et al. (2006) have previously shown that CNE
searches anchored to orthologous genes can be more powerful
than whole-genome searches in fish-mammal comparisons.
With these goals in mind, we have developed a computa-
tional CNE identification method that relies on local similarity
searches within phylogenetically defined chordate gene families. A
series of simple rules allows the method to adapt to gene families of
different sizes and species compositions. Random simulations are
used to prove that the discovered phylogenetically conserved
noncoding elements (PCNEs) are highly specific to their associated
gene families. This method is powerful enough to identify PCNEs
that have been conserved between vertebrates and nonvertebrates,
including more than a thousand PCNEs in the basal chordate
amphioxus. We test 42 of our predicted PCNEs in transgenic
zebrafish assays—including examples from vertebrates and
amphioxus—and find that the majority are functional enhancers.
Moreover, we find a clear association between the number of
PCNEs associated with a gene and the likelihood that the gene will
have conserved its synteny during evolution. This trend is most
apparent for extragenic PCNEs (those outside of their predicted
target genes), suggesting that interdigitation of cis-regulatory se-
quences plays a key role in conserving genome architecture. Next,
we use a clustering-based approach to dissect how PCNEs and
other aspects of genome evolution are associated with different
gene functions. These patterns are most consistent with the GBH
model of gene duplicate retention and indicate that sub-
functionalization of CNEs is unlikely to have been a primary de-
terminate of gene duplicate retention in vertebrates. Further sup-
porting the GBH, genome-wide estimates of protein connectivity
suggest that genes with many interaction partners are selectively
retained after WGD duplication, and avoid segmental duplication.

Results

A local-similarity-based method to identify CNEs
within families of genes

In order to identify CNEs deeply within vertebrate evolution and
without bias in regards to duplication or rearrangement, we have
developed a CNE identification method that relies entirely on local
similarity searches in the genomic regions surrounding phyloge-
netically defined gene families. Searching genomic regions around
gene families is generally more sensitive than whole-genome
searches and also allows us to identify conserved sequences in
paralogous regions created by duplication events. For the analysis
presented here, we have searched the genomes of four organisms:
Branchiostoma floridae (amphioxus), Mus musculus (mouse), Taki-
fugu rubripes (fugu), and Danio rerio (zebrafish). The amphioxus
genome, as our best conserved chordate ancestor, forms the out-
group used to root the gene families. Mouse, fugu, and zebrafish
were selected for the quality of their genome sequence, their his-
tory of use in previous CNE analyses, and their diverse genome
evolution histories.

Briefly, we first build families of genes from the four genomes,
where each family of genes is orthologous to a single gene in
the hypothetical chordate ancestor (Table 1). Around each gene
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Table 1. Orthology summary

Genes® Gene families®
Total 51,942 8368
Amphioxus 18,946 8368
Mouse 11,935 7443
Fugu 9612 6518
Zebrafish 11,449 6315

*The number of genes in our orthologous gene families.
®The number of gene families with at least one gene from the organism.
Families are rooted by the amphioxus genes.

in a family, we extract the genomic sequence within the gene and
extending out 100 kb from both the gene start and end, while
masking known coding regions and repeats (Fig. 1A). The set of
genomic sequences for each family is then searched for conserved
regions using a two-step local similarity search. The first step uses
BLASTZ, a fast but powerful local alignment algorithm, to identify
a set of candidate sequences that have been conserved across
species (Fig. 1B; Schwartz et al. 2003). The second step of the lo-
cal similarity search fills in gaps left by the cross-species com-
parisons and uses a slower more sensitive local alignment algo-
rithm to identify more distant similarities (Fig. 1C; Brudno et al.
2003). Hits are then filtered and collected into loose groups of
related CNEs. A final filter removes any conserved regions that
are less than 45 bp in length (Fig. 1D). A series of simple heuris-
tic rules vary the thresholds according to the size of the gene
family being searched. More details can be found in the Methods
section.

extract genomic regions
A around chordate gene family B

mouse gene-1

fugu gene-1
mouse gene-2

zebrafish gene-2a

zebrafish gene-2b

identify cross-species conserved
sequences with BLASTZ

/

We find 20,790 conserved elements across these four genomes
(Table 2; Supplemental Data S2). Despite masking out known pro-
tein coding exons, 16% of these conserved elements code for pep-
tides with significant similarity to known proteins, probably repre-
senting unannotated exons and pseudogenes. Additionally, about
7% of the conserved elements have significant similarity to known
RNA species, although these estimates are probably low in fugu and
amphioxus since nearly all available chordate RNA sequences are
derived from mammals or zebrafish. In the two genomes that have
genome-wide untranslated region (UTR) predictions—mice and
zebrafish—about 9% of the elements fall within UTRs. The amphi-
oxus conserved elements have a higher proportion of protein-cod-
ing sequences (40%), indicating that there are more unannotated
coding exons in the amphioxus genome or that over this evolu-
tionary distance cis-regulatory sequences become harder to identify,
thereby indirectly enriching for conserved protein coding se-
quences. Because our UTR and RNA detection is biased toward par-
ticular species and because functional cis-regulatory elements may
reside in UTRs, we filter out only the elements with protein simi-
larity and remain open-minded regarding the function of the rest of
the conserved elements, declaring them simply phylogenetically
conserved noncoding elements (PCNEs). Overall, we find 17,511
PCNEs with a minimum length of 45 bp, including 1299 amphioxus
PCNEs. These elements are found in 1281 gene families and around
6345 genes, including 786 amphioxus genes (Table 2). Because these
PCNE:s are defined within gene families, there is redundancy in cases
where multiple gene families claim the same conserved regions. In
total, 4980 (28%) of the PCNEs overlap another PCNE. After merg-
ing all overlapping PCNEs, there are 14,400 nonredundant PCNE
segments, covering 2,444,564 bp across the four genomes.

Across all four organisms, 6% of the
PCNEs lie within 1 kb of the transcrip-
tional start site (TSS) of a predicted target
gene and are therefore likely to be pro-
moters, but many also lie near the 3’ end
and throughout the 100 kb regions up-

\\ mouse gene-1

—i

mouse gene-2
zebrafish gene-2a

stream and downstream of the genes (Fig.
2). The fish PCNEs are concentrated no-
ticeably closer to their predicted target
genes, in line with their more compact
genomes (Supplemental Fig. S1).

Of the vertebrates, fugu has the few-
est identified PCNEs (4746) (Table 2). This

fugu gene-1

zebrafish gene-2b

amphioxus gene

C search for additional sequences D
similar to the BLASTZ hits

/ ~\ mouse gene-1

fugu gene-1

__ \ mouse gene-2
zebrafish gene-2a
zebrafish gene-2b

amphioxus gene

Figure 1.

group and filter sequences

Overview of our method for identifying PCNEs around a hypothetical chordate gene
family. (A) Genes related to a single ancestral chordate gene are identified, and the genomic sequences
surrounding these genes are extracted, extending out 100 kb on either side of the genes. (B) A fast
search algorithm (BLASTZ) is used to identify conserved noncoding sequences in cross-species com-
parisons. (C) A slower, more sensitive algorithm (CHAOS) searches for additional noncoding sequences
similar to the BLASTZ elements. (D) The resulting conserved sequences are grouped into loose families
and filtered to remove low-confidence sequences and any remaining coding sequences.

amphioxus gene

is at least partly due to the fact that the
fugu genome has undergone a dramatic
compaction (Vandepoele et al. 2004),
during which it has been depleted of du-
plicate genes (9612 fugu genes in our gene
families vs. 11449 in zebrafish) (Table 1),
leading to fewer paralogous PCNE dupli-
cates. However, there is some evidence
that this reduction may have also been
caused by increased PCNE loss. Of the
1299 identified amphioxus PCNEs, 432
are similar to at least one mouse PCNE,
379 are similar to at least one zebrafish
PCNE, and 305 are similar to at least one
fugu PCNE. These counts seem to support
recent estimates that there has been in-
creased CNE loss in the teleost—and espe-
cially pufferfish—lineages (Stephen et al.
2008; Wang et al. 2009).

mouse gene-1
fugu gene-1
mouse gene-2
zebrafish gene-2a

zebrafish gene-2b

amphioxus gene
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Table 2. Conserved noncoding element summary statistics

Conserved  With protein ~ With RNA Median length  Genes with  Nonredundant PCNE  Coverage

elements® similarity similarity InUTR  PCNEs PCNEs PCNEs segments (bp)
Total 20,790 3279 1511 1184 17,511 90 6345 14,400 2,444,564
Amphioxus 2174 875 184 o° 1299 54 786 1136 76,096
Mouse 6587 1241 393 821 5346 105 2176 4375 836,198
Fugu 5095 349 137 30 4746 96 1477 4069 676,845
Zebrafish 6934 814 797 360 6120 92 1906 4820 855,425

Elements without protein similarity were declared phylogenetically conserved noncoding elements (PCNEs). Merging any overlapping PCNEs creates
nonredundant PCNE segments, which are used to calculate the total genomic area covered by PCNEs.
?Conserved elements were detected using our gene-family-based method.

PAmphioxus and fugu lack genomic UTR predictions.

The thresholds used to identify these PCNEs were chosen to
maximize sensitivity while maintaining an acceptably low error
rate. We estimated our false-positive rate by replacing each gene in
the original gene families with random substitute genes from
within the same genome, thereby creating sets of genomic regions
that share the same size and species characteristics as the original
data. We then repeated our PCNE analysis twice using randomized
gene families, finding less than 2% as much PCNE sequence as
with real gene families (Table 3). The amphioxus predictions have
the highest false-positive rate (10.9% and 2.2%), probably due to
the larger evolutionary divergence time between amphioxus and
vertebrates than between mammals and fish (>800 Myr vs. ~450
Myr) (Blair and Hedges 2005). While these tests indicate that the
majority of PCNEs are the product of real sequence conservation,
the primary goal of our method is to detect CNEs that are specific
to a certain gene family. To assess the specificity of our predictions,
we used the set of PCNEs generated from real gene families, and
searched for similarity both in the original genomic sequences that
generated the PCNEs and within a second randomized gene family.
Across all gene families, the specificity is ~95%; i.e., 95% of the
similarity hits (excluding self-hits) generated by the PCNEs lie
within the sequence for their original gene family. While amphi-
oxus had the highest false positive rate, its specificity remains quite
high (95.5% and 98.4%).

To further confirm that these PCNEs represent deeply con-
served sequences, we calculated the phastCons score for each
mouse PCNE wusing existing 17-way genomic alignments
(Blanchette et al. 2004; Siepel et al. 2005; Kuhn et al. 2007).
PhastCons assigns a score to each aligned base pair in multi-
genome alignments, ranging from 0 (not conserved) to 1 (most

conserved). Our mouse PCNEs have a mean score of 0.708 (95%
confidence interval [CI] = 0.696-0.720), with 99.8% of the base
pairs aligned, much higher than the average genome-wide con-
servation for all aligned blocks (0.0829, 95% CI = 0.0826-0.0831).
In fact, PCNE conservation is nearly as high as mouse coding re-
gions (0.751, 95% CI = 0.749-0.752).

PCNEs around the Sox14/21 gene family

As an example of our PCNE predictions, Figure 3 illustrates the
PCNEs linked to the Sox14/21 gene family, including a partial se-
quence alignment of one of the PCNE groups (Fig. 3B). Some of the
fugu Sox21 CNEs have been previously described by Woolfe et al.
(20095); e.g., CNE Sox21_18 overlaps with fugu Sox21 PCNE 7, and
Sox21_19 is largely the same as fugu Sox21 PCNE 1. Our results
indicate that some of these elements can be found around both the
Sox21 and Sox14 genes, indicating an ancient origin that probably
predates the early vertebrate WGDs. PCNE order is largely con-
served within the vertebrate Sox21 and Sox14 subfamilies, and
some aspects of positioning are conserved throughout the entire
family (group 5 and 1 PCNE:s are always downstream, while group
2 PCNEs are always upstream). Despite conservation of PCNE or-
der, the neighboring genes are mostly different in each genomic
region, indicating that extensive gene rearrangement is possible
even when PCNE order is conserved. Nonetheless, there is some
evidence of ancient synteny conservation—mouse Sox21, fugu
Sox21, and amphioxus SoxB2 all lie near a heparan sulfate 6-O-
sulfotransferase gene (Hs6st3), although it sometimes lies outside
the regions shown in Figure 3A. Moreover, several genes in the
family lie near a Claudin gene; however, this syntenic association
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o o o o
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PCNE frequencies
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Figure 2. Histograms of PCNE locations relative to their parent genes across all four organisms studied. The right and left panels show PCNE distri-
butions upstream and downstream (bin width is 1 kb). There is an increase in elements near the TSS and at the 3’ end, but many conserved elements
continue to be found throughout the 100-kb flanking regions. In fact, 48% are found more than 10 kb from their associated gene. The middle panel shows
the distribution of elements found within the introns and UTRs of their parent genes, using relative bin sizes. The mean size of genes with PCNEs is 31.026
kb, so the space within each gene was divided into 31 equal bins, with a mean width of ~1 kb.
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Table 3. PCNE error and specificity

described transgenic protocol that relies

on PCR amplification of the putative

Random PCNEs 1 (bp) Random PCNEs 2 (bp) Specificity 1 Specificity 2 enhancer sequences, followed by coin-
Total 44,199 (1.8%) 14,992 (0.6%) 94.50% 95.709 Jection with a GFP reporter (Milller et al.
Amphioxus 8326 (10.9%) 1665 (2.2%) 95.50% 98.40% 1997; Woolfe et al. 2005). Embryos in-
Mouse 26,047 (3.1%) 6195 (0.7%) 92.00% 92.30% jected with an active enhancer sequence
Fugu 3803 (0.6%) 5300 (0.8%) 94.20% 94.60% show a highly mosaic pattern of GFP ex-
Zebrafish 6023 (0.7%) 1832 (0.2%) 95.80% 97.20%

pression, which can then be compiled

PCNE predictions were repeated twice with randomized genes families, and used to quantify the error

and specificity of our method.

is not present in amphioxus. Fugu SoxI4a lies near a heparan sul-
fate 2-O-sulfotransferase gene (Hs2stl), but this gene does not
appear to be closely related to the heparan sulfate 6-O-sulfo-
transferases, so its position may not be the product of syntenic
conservation.

Many PCNEs are functional regulatory elements

We tested 42 PCNEs for in vivo enhancer activity in transgenic
zebrafish embryos (Methods) and found that about half of the
elements show significant activity (Table 4). We used a previously

cldn10e
hs6Bst3 cldn10c \ cldn10b
S~ I

Trsox21 |

into a composite expression pattern for
each tested PCNE (Supplemental Fig. 2B—
D). To determine which PCNEs have en-
hancer activity, we compare the number
of GFP expressing embryos observed when injected with each
PCNE to the number observed in injections with the GFP vector
alone, and assess the significance of any difference with a conser-
vative statistical test (Williams-corrected G-test) (Table 4). Overall,
23 out of 42 tested PCNE showed significant enhancer activity
after multiple test correction (55%). In general, a higher propor-
tion of PCNEs from the fish genomes showed significant enhancer
activity (13/20, 65%), while fewer of the amphioxus elements
were significantly positive (10/22, 45%); although considering
the small sample sizes, these differences are not significant.
Nine negative control sequence fragments of similar lengths were
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(A) PCNEs associated with the Sox74/21 gene family. Each genomic region is 204 kb long.
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of transcription. Black boxes indicate exons. The small single-exon Sox14/21 genes are labeled with red triangles. PCNEs are shown as colored lines; the
colors and the numbers above the PCNEs indicate the group membership of each PCNE and reveal conservation of PCNE order. Neighboring genes that
may represent conserved syntenic relationships are labeled; unlabeled genes are not syntenically conserved. A maximum likelihood phylogenetic tree of
the Sox14/21 proteins is shown on the right. (B) A multiple alignment of a portion of the Sox14/21 group 1 PCNEs, with conserved binding motifs

highlighted in pink. Bf, amphioxus; Tr, fugu; Dr, zebrafish; Mm, mouse.
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Table 4. In vivo enhancer activity of tested PCNEs

Parent Relative GFP Percent G-test
PCNE Species gene position Length positive Total Positive P-value
2031-Bf_ECR1_C2 Bf meis Upstream 150 2 187 1.07% 0.525
2791-Bf _ECR10_C1 Bf elav-like Downstream 45 5 344 1.45% 0.629
2791-Bf_ECR5_C4 Bf elav-like Upstream 51 20 154 12.99% 2.99 X 107>
2791-Dr_ECR2_C1 Dr elavl4 Downstream 391 11 56 19.64% 2.59 X 107>
2791-Tr_ECR4_C4 Tr elavl4 Intronic 144 2 115 1.74% 0.867
3062-Bf_ECR8_C3 Bf shh Upstream 57 2 243 0.82% 0.352
3352-Bf_ECR32_C5 Bf pax6é Upstream 48 22 365 6.03% 0.0272°
3621-Bf_ECR11_C2 Bf six3/6 Downstream 46 12 111 10.81% 1.79 x 1073
3621-Tr_ECR7_C2 Tr six3 Downstream 485 38 343 11.08% 1.44 X 107>
3643-Bf_ECR1_C1 Bf six1/2 Downstream 172 25 161 15.53% 7.65 X 10772
3643-Tr_ECR4_C1 Tr six2 Upstream 175 2 180 1.11% 0.551
3703-Bf_ECR2_C8 Bf pou3 Upstream 67 8 140 5.71% 0.124
3958-Bf_ECR24_C1 Bf tfap2 Downstream 49 6 138 4.35% 0.352
4517-Bf_ECR2_C4 Bf sps Upstream 227 31 415 7.47% 3.01 x 1073
4517-Tr_ECR5_C4 Tr sp5 Upstream 447 48 258 18.60% 1.31 x 107102
4881-Dr_ECR1_C11 Dr S0X2 Downstream 491 146 371 39.35% 1.11 x 10733
4881-Dr_ECR1_C12 Dr sox2 Upstream 232 37 96 38.54% 2.83 x 10718
4881-Tr_ECR3_C12 Tr sox2 Downstream 68 11 76 14.47% 3.03 x 107%
4881-Tr_ECR5_C11 Tr sox2 TSS 45 36 212 16.98% 1.03 x 1078
496-Tr_ECR1_C3 Tr myo3b Upstream 477 12 259 4.63% 0.192
5157-Bf_ECR2_C2 Bf tob1/2 Intronic 55 82 120 68.33% 1.52 x 107462
5157-Tr_ECR1_C2 Tr tob1 Upstream 222 10 115 8.70% 0.0134°
5349-Bf ECR3_C2 Bf acbd6é Upstream 72 3 126 2.38% 0.902
5596-Bf_ECR1_C1 Bf soxB2 Downstream 351 113 363 31.13% 3.41 x 107242
5596-Dr_ECR3_C1 Dr sox21b Downstream 586 7 179 3.91% 0.395
5596-Tr_ECR5_C1 Tr sox21 Downstream 554 64 151 42.38% 2.69 x 10262
5672-Tr_ECR4_C12 Tr Imo1 Intronic 64 33 124 26.61% 1.27 X 10712
5694-Bf ECR5_C3 Bf barH-like Intronic 45 51 313 16.29% 1.96 x 1072
5694-Bf_ECR6_C6 Bf barH-like Downstream 45 14 386 3.63% 0.386
5694-Dr_ECR1_C14 Dr barhi2 Upstream 52 39 168 23.21% 3.89 x 10712
5694-Dr_ECR1_C6 Dr barhl1.1 Upstream 299 41 115 35.65% 3.35 x 10782
5694-Tr_ECR20_C3 Tr barhl2 Upstream 285 8 298 2.68% 0.733
5694-Tr_ECR6_C14 Tr barhl2 Upstream 451 7 229 3.06% 0.623
5848-Bf_ECR2_C1 Bf msx Upstream 239 160 574 27.87% 1.80 x 107232
5882-Bf ECR12_C2 Bf muscleblind Downstream 48 1 278 0.36% 0.108
6281-Bf_ECR2_C1 Bf gbx Downstream 303 2 172 1.16% 0.585
6436-Bf_ECR2_C1 Bf hand Downstream 56 10 240 4.17% 0.314
6456-Bf_ECR2_C1 Bf dlx Downstream 54 2 150 1.33% 0.65
67-Bf_ECR4_C4 Bf ptpr S/D/F Upstream 46 3 145 2.07% 0.973
67-Dr_ECR2_C4 Dr ptprd Upstream 69 31 152 20.39% 1.05 x 1072
67-Dr_ECR7_C2 Dr ptprf Downstream 76 3 86 3.49% 0.623
8085-Bf_ECR1_C1 Bf id Upstream 192 54 454 11.89% 1.10 x 10762
rand_602-215234-215293 Bf None 2 78 2.56% 0.867
rand_2286-4103-4162 Bf None 3 218 1.38% 0.629
rand_1452-2928-2987 Bf None 5 131 3.82% 0.476
rand_2889-297-356 Bf None 4 498 0.80% 0.24
rand_2370-6155-6214 Bf None 9 126 7.14% 0.0557
rand_1028-6323-6382 Bf None 0 224 0.00% 0.0247
rand_16-46219015-46219064 Mm None 27 293 9.22% 4.63 x 1074
rand_12-46392970-46393019 Mm None 0 189 0.00% 0.0353
rand_8-31645402-31645451 Dr None 0 236 0.00% 0.0222

Significant enhancer activity was assessed by Williams-corrected G-test, vs. vector alone, and corrected for multiple testing by the Benjamini-Hochberg
method. Randomly selected negative control elements are at the bottom of the table. Bf, amphioxus; Tr, fugu; Dr, zebrafish; Mm, mouse.

“Element shows significant enhancer activity versus vector alone (P = 0.05).

chosen randomly from the amphioxus, mouse, or zebrafish ge-
nomes and tested for enhancer activity—only one showed signif-
icant activity (1/9, 11%). Overall, the PCNEs had a significantly
greater mean enhancer activity than the negative controls: 13.7%
GFP-expressing embryos for PCNEs versus 2.8% GFP-expressing
embryos for random sequences (P = 0.031, permutation test). To
evaluate the stringency of our final PCNE length threshold, we also
tested 11 conserved sequences that did not make our 45-bp
cutoff—only one of these sequences showed significant enhancer
activity (Supplemental Fig. 2A). Many of the tested regulatory el-

ements drive expression in tissue specific patterns. Some examples
are shown in Supplemental Figure 2, B through D, and the com-
plete set of observed tissue patterns can be found in Supplemental
Data 54.

Conserved noncoding sequences are strongly associated
with gene order conservation

Our results indicate that extensive gene order rearrangement can
occur in regions with highly conserved PCNE order (Fig. 3), further
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suggesting that the association between PCNEs and gene order
(synteny) conservation deserves rigorous testing. Here, we have
compared our entirely local PCNE predictions to estimates of an-
cient synteny conservation, using a gene-pair-based synteny
method that we have previously described (Panopoulou et al. 2003;
Hufton et al. 2008). This synteny method relies entirely on the
protein sequence of genes and is therefore not affected by the
conservation of surrounding noncoding sequences. A gene is said
to possess ancient synteny if it lies within a proximate gene pair
that is also present in amphioxus (illustrated in Fig. 5A, below).
This method is especially appropriate for our current question be-
cause it defines synteny on a gene-by-gene basis rather than across
genomic segments, thereby allowing us to analyze the association
between PCNEs and synteny conservation with high resolution.
For these analyses, and all further analyses presented in this article,
we have removed all olfactory receptor genes from our gene sets
because their extensive tandem duplication can dominate whole-
genome comparisons (for further discussion, see Methods).

We observe that PCNEs located outside of their predicted
target genes (extragenic PCNEs) are strongly associated with con-
servation of synteny (Fig. 4A). The presence of at least one extra-
genic PCNE increases the probability of synteny conservation by
about 10% in mice and zebrafish and 5% in fugu. Additional
extragenic PCNEs smoothly increase the probability of synteny
conservation, such that when genes have at least 15 extragenic
PCNEs, more than 80% of mouse and zebrafish genes have evi-
dence of anciently conserved synteny. Some concern was raised
that the most distal PCNEs—near our 100-kb boundary—might be
more prone to error; however, repeating the analysis presented in
Figure 4A with only extragenic PCNEs that lay within 50 kb or 10
kb of their predicted target genes creates similarly strong associa-
tions between PCNE number and synteny conservation (Supple-
mental Fig. 3). PCNEs located within their predicted target gene’s
introns or UTRs have a much weaker, but also significant, corre-
lation with synteny conservation (Fig. 4B). This trend is signifi-
cantly weaker than the one observed with extragenic elements
(tested by permutation of the data; see Methods).

Interestingly, gene families that have conserved their syntenic
relationships in multiple places in a single vertebrate genome have
more extragenic PCNEs than other syntenic genes (Fig. 5). For

a gene family to have synteny in multiple locations within the
genome, the genes must have been duplicated and retained during
vertebrate evolution. However, gene duplication alone does not
appear to explain the trend. Genes retained in duplicate after the 2R
WGD events show only a weak increase in the number of linked
extragenic PCNEs (Fig. 5B). Moreover, genes that are both anciently
syntenic and retained WGD duplicates do not have significantly
more PCNEs than do genes with only ancient synteny. The sim-
plest explanation for this observation is that it is not the presence of
duplication, per se, that increases the association between synteny
and conserved elements. Rather, when a gene family has conserved
its syntenic neighborhood in multiple genomic locations, there is
likely to be exceptional purifying selection acting to preserve the
surrounding genome architecture. These cases of exceptional syn-
teny preservation seem to be strongly associated with genomic
regions that are densely packed with PCNEs.

Genes located within segmental duplicates are also enriched
for extragenic PCNEs in mice and zebrafish (for an explanation of
segmental duplicate identification, see Methods) (Fig. 5B). This is
surprising since segmental duplications disrupt synteny and
thereby risk separating extragenic cis-regulatory sequences from
their target genes. Nevertheless, some reports have described cases
where tandemly duplicated genes have retained the same cis-reg-
ulation as their parental copy (e.g., Ponce and Hartl 2006). We do
not observe this trend in fugu, but this may be caused by the
paucity of segmentally duplicated genes in the fugu genome (155
fugu genes vs. 792 mouse genes and 1967 zebrafish genes). The
olfactory receptor genes within the mouse genome are a prime
example of this phenomenon of tandem duplication while
maintaining PCNEs (Fig. 5B). These genes form five families rep-
resenting five genes in the chordate ancestor, which have then
expanded to 1127 genes in mice. These tandem arrays of olfactory
genes contain 252 nonredundant PCNEs, and each olfactory gene
is linked on average to one PCNE (Fig. 5B).

Different functional gene classes show distinct patterns
of genome evolution

Our results indicate that genes with synteny conservation, genes
retained after WGD, and segmentally duplicated genes are all
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Figure 4. Genes linked to PCNEs are more likely to have conserved synteny. The association between PCNEs and synteny conservation in three
vertebrate organisms for extragenic PCNEs (not in an intron or UTR of their associated gene) (A) and intragenic PCNEs (in an intron or UTR of their
associated gene) (B). As genes are required to have a greater number of associated PCNEs (x-axis), the proportion of genes with anciently conserved
synteny tends to increase (y-axis). Error bars, standard error of the proportion. Each data point is calculated from at least 10 genes. All of these trends
represent a significant positive correlation between PCNE number and synteny conservation, where ris the point biserial correlation coefficient, and p is
the Bonferroni-corrected probability that the true correlation is greater than zero.
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segmental a group of catalytic terms (Fig. 6). Within
duplicate the mouse, these broad groups show
additional subdivision: Developmental

[a1] terms cluster separately from transcription

A ancient synteny ancient synteny
(single) (double)
amphioxus .;é VA )
genome [B1] _E 7%

vertebrate

genome

and metabolism; ion transport and kinase
activity separate into distinct clusters; and
a histone cluster is created. This additional
resolution is at least partly due to the fact

that the mouse genome enjoys more
thorough functional annotation than the

O fugu

@ al zebrafish genome, with approximately
@ mouse twice as many GO terms attributed to
O zebrafish genes. Regardless, the overall clustering

patterns are clearly similar. Since the two

mean distal PCNEs per gene

lineages diverged about 450 Myr ago (Blair
and Hedges 2005), this suggests that
these functional biases are generated by
shared evolutionary mechanisms and not
lineage-specific adaptations.

The transcription, metabolism, and

all genes  ancient single duplicate WGD WGD segmental olfactory
synteny ancient ancient  duplicate duplicate and duplicate receptors development clusters in mouse and
synteny  synteny :;:{52:, zebrafish account for 45% of the GO

Figure 5. Genes with different synteny and duplication patterns have different PCNE amounts. (A)
lllustration of our synteny and segmental duplication definitions. (B) The mean number of extragenic
PCNEs linked to different synteny and duplication related gene sets. Error bars, bootstrap-based 95%
confidence intervals on the mean estimates. Asterisks denote PCNE enrichments that are significant at
a =0.05 by a Bonferroni-corrected permutation test. Bold lines show the population medians, which are
zero in all cases except for the olfactory receptor genes. This serves to emphasize the fact that in all
populations the majority of genes have no PCNEs, and the observed differences between the gene sets,
while significant, are generally the result of changes in PCNE number around a subset of genes.

positively associated with PCNEs. Many of these processes have
been previously associated with specific gene functions. For ex-
ample, genes near PCNEs and genes retained after WGD tend to
function in transcription and development (Bejerano et al. 2004;
Woolfe et al. 2005; Blomme et al. 2006; Brunet et al. 2006), and
anciently syntenic genes are enriched for metabolic, catalytic, and
ribosomal functions (Hufton et al. 2008). However, a unified
comparison of these functional associations has not yet been
attempted. Here, we have used a clustering approach to dissect the
genome evolution patterns of different gene functions, providing
us with a detailed picture of how these different genome-evolution
processes are interrelated.

First, we identified Gene Ontology (GO) terms that were sig-
nificantly associated with five different genome-evolution pro-
cesses: linkage to PCNEs, WGD duplicate retention, segmental
duplication, conservation of synteny, and bidirectional promoters
(for the criteria used to classify genes and determine significant GO
enrichments, see Methods). Bidirectional promoters were included
because a previous report has shown that they act to promote
synteny conservation (Li et al. 2006). For each relevant GO term,
we then calculated an enrichment or depletion value for each
genome-evolutionary process and then used these values to cluster
the GO terms with a hierarchical method commonly used in the
microarray analysis field (Methods). Figure 6 shows the mouse and
zebrafish clustering results for the 50 molecular function and bi-
ological process GO terms with the most significant associations.

This clustering procedure divides the GO terms into func-
tionally similar groups with distinct patterns of genome evolution:
(1) transcription, general metabolism, and development related
terms; (2) molecular transducers, specifically ion transport and ki-
nase related terms; (3) DNA/RNA/protein metabolism; and (4)

terms in the lists and appear to reflect the
well-recognized association of CNEs and
WGD duplicates with transcriptional and
developmental processes (Fig. 6). The
metabolism terms in these clusters tend
to be very general, and most are parents
to the more specific transcription-related
terms, suggesting that transcription-re-
lated processes may play a large role in
driving the evolutionary patterns observed for these functions
(e.g., the term “RNA biosynthetic process” is a child of “metabolic
process,” “primary metabolic process,” “cellular process,” and
“biosynthetic process”). As expected, nearly all of the gene func-
tions in these clusters are positively associated with PCNEs and
synteny conservation but negatively associated with segmental
duplications. The majority also show increased retention of WGD
duplicates; however, this is not consistent for all transcription and
metabolism terms.

Interestingly, the differences in post-WGD gene retention di-
vide the transcription, metabolism, and development GO terms
into general and regulatory subgroups, revealing that the gene
functions associated with PCNEs and those retained after WGD
have important differences (Fig. 6). The general transcription and
metabolism GO terms are not consistently over-retained after WGD
and are enriched for bidirectional promoter pairings, while the
regulatory and developmental GO terms are depleted for bidirec-
tional promoters and have a stronger association with WGD gene
retention. The boundaries between these subgroups are somewhat
fuzzy; “DNA binding” is in the general group in the mouse cluster
but in the regulatory subgroup in the zebrafish cluster. This is not
surprising since many transcription factors are annotated with a
mixture of terms from both clusters. A good example of the general
subgroup genes is general transcription factor IIIC, polypeptide 4
(Gtf3c4), which encodes a protein involved in the production of
small nuclear and cytoplasmic RNAs (Hsieh et al. 1999). This gene
has 10 PCNEs and shares a bidirectional promoter with Ddx31,
a helicase molecule presumably involved in RNA unwinding
(Abdelhaleem et al. 2003). The best prototypes for the regulatory
subgroup are well-known development transcription factors, like
the Hox genes, which have anciently conserved synteny, many
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Figure 6. Different gene functions are associated with distinct patterns of genome evolution. Hierarchical clustering of gene functions (rows) and
five genome evolutionary processes (columns): linkage to PCNEs, retention of duplicate genes after the early vertebrate WGD events, synteny conser-
vation, bidirectional promoter, and segmental duplication. The gene functions are derived from the biological process and molecular function name-
spaces of the Gene Ontology; the 50 classes with the strongest associations are shown, using data from the mouse (A) and zebrafish (B) genomes. Yellow
colors indicate that genes annotated with the GO term are more strongly associated with the genome evolutionary process than the genome-wide
average; blue colors indicate less than the genome-wide average. The clustering procedure divides GO terms into groups that represent broad cellular
processes (labels on the right), each of which is associated with a distinct pattern of genome evolution. All olfactory receptor genes were removed from
the data prior to this analysis.
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nearby PCNEs, and have retained their WGD duplicates. Overall,
these results seem to indicate that different evolutionary pressures
act on low-level transcriptional machinery and metabolic genes
versus genes with more distinct regulatory functions.

Supporting the idea that PCNEs and WGD duplicate retention
are not associated with identical gene sets, signaling-related gene
functions are strongly favored for retention after WGD but have
weak or no association with PCNEs. These terms include specific
enrichments for functions related to ion transport and kinase ac-
tivity, in addition to the general signaling term “molecular trans-
ducer” (Fig. 6).

The two remaining clusters—DNA/RNA/protein metabolism
and miscellaneous catalytic—are generally not retained after WGD
(Fig. 6). The DNA/RNA/protein metabolism cluster includes genes
that are involved in building, processing, and degrading DNA,
RNA, and proteins, including riboproteins, proteins involved in
ubiquitin-mediated degradation (e.g., f-boxes), chaperones (e.g.,
prefoldin), RNA processing proteins, and DNA metabolic enzymes.
These genes are enriched for bidirectional promoters but appear
to avoid any form of duplication. The miscellaneous catalytic
cluster includes a diverse set of terms describing catalysis-related
functions. In both organisms, this cluster contains the GO terms
“oxidation reduction” and “tetrapyrrole binding,” indicating
a common focus on redox processes. These gene functions have
been favored for segmental duplication, avoid WGD retention,
and generally do not retain their synteny.

Vertebrate protein connectivity estimates support the GBH

The GBH predicts that genes with many protein-protein inter-
actions (PPIs) should be over-retained after WGD and should avoid
segmental duplication in order to conserve the relative stoichiom-
etries of their interactions. We tested this prediction by estimating
the number of PPIs for all genes in the mouse genome and then
comparing the mean number of interactions for genes in different
genome-evolutionary categories (Fig. 7). Genome-wide PPI data are
still at an early stage in vertebrates, so we inferred PPI counts from
two different databases—Human Protein Reference Database
(HPRD) (Peri et al. 2003; Mathivanan et al. 2006; Mishra et al. 2006)
and HomoMINT (Persico et al. 2005)—to help control for biases
introduced by different database methodologies (see Methods).

As predicted by the GBH, genes that have been retained
in duplicate after WGD have significantly more protein in-
teractions than the genome mean, and genes that have undergone

segmental duplication have significantly fewer interactions
(Fig. 7). We also observe that genes with PCNEs are significantly
overconnected, which is not surprising considering that the gene
functions associated with PCNEs and WGD duplicate retention are
largely—but not entirely—overlapping (Fig. 6). As usual, olfactory
receptor genes were excluded from these gene sets, but like other
segmental duplications, they are extremely low in protein in-
teractions (HPRD mean = 0.007, median = 0). Genes with ancient
synteny or with bidirectional promoters showed protein connec-
tivity values similar to the genomic mean (Fig. 7).

Discussion

Identifying CNEs between distantly related species

Sequence conservation remains one of the most powerful methods
available to identify cis-regulatory sequences, and our results in-
dicate that these methods may be useful in more distant species
comparisons than has been widely appreciated. Here we show that
by using sensitive local sequence searches anchored to phyloge-
netically defined gene families we can identify 1299 PCNEs con-
served between amphioxus and vertebrates (or 1136 when over-
lapping PCNEs are merged). Moreover, 45% of 22 tested amphioxus
PCNEs demonstrate enhancer activity in zebrafish embryos, in-
dicating functional conservation of both the enhancer and the tran-
scriptional machinery that interprets these sequences, across more
than 800 Myr of divergence (Blair and Hedges 2005). Overall, these
findings provide a rich source of anciently conserved cis-regulation,
possibly representing essential chordate regulatory programs.

We can detect PCNEs between extremely distant species pairs
in part because we search genomic regions around orthologous
gene families, rather than make whole-genome comparisons. This
approach was inspired by a similar method published by Sanges
et al. (2006), who showed that gene-anchored searches could
greatly increase CNE detection between mammals and fish. In
addition to their added power, gene-anchored methods implicitly
predict a target for each identified CNE. Compared with the Sanges
et al. (2006) method, our method does not rely on initial multiple
alignments and uses a set of simple rules to adapt to gene families
of very different sizes. Therefore, our resulting PCNEs are not bi-
ased by local genome rearrangement or gene duplication and are
well suited for further evolutionary analyses.

Despite the power and flexibility of our PCNE method, we
find that our ability to predict functional cis-regulatory sequences
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Figure 7. Retained WGD duplicates are overconnected and segmental duplicates are underconnected. The degree of protein—protein interaction (PPI)
connectivity was estimated for mouse gene sets with different genome evolutionary characteristics using two different PPl databases, HPRD (A) and
HomoMINT (B). Bar heights indicate the mean connectivity for each gene set. Each mean is bounded by a bootstrap-based 95% confidence interval.
Median connectivity is indicated as a bold line, and the difference between the median and mean gives some indication of the right-skew of the con-
nectivity distribution for each gene set. Genes with PCNEs or that are retained WGD duplicates have significantly more PPI connections than the genome
mean (asterisks), while genes that are the result of segmental duplication have significantly fewer connections (triangles). Significance was assessed by
a Bonferroni-corrected permutation test, a = 0.05.
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is comparable to previous reports. Holland et al. (2008) tested eight
human CNEs identified by human-amphioxus whole-genome
comparisons and found that four had enhancer function in mouse
(50%). We test 22 amphioxus PCNEs and find that 10 are func-
tional enhancers in zebrafish (45%). It should be noted that, in
contrast to Holland et al. (2008), we tested the amphioxus se-
quences directly rather than their vertebrate orthologs. Among the
20 vertebrate PCNEs that we tested, 13 showed significant en-
hancer activity (65%). Previous fish-mammal CNE analyses have
reported somewhat higher rates of enhancer activity: Sanges et al.
(2006) reported 81% (20/27), and Woolfe et al. (2005) reported
92% (23/25). However, at least some of the disparity is due to
methodological and statistical analysis differences. Here, we declare
significant enhancer activity using a conservative and multiple-test
corrected statistical test. Similarly, Sanges et al. (2006) reported that
only 48% (13/27) of their tested elements had statistically signifi-
cant general enhancer activity. Moreover, the difference between
our results and Woolfe et al. (2005) seem to stem largely from the
fact that we observed a higher rate of enhancer activity in our
vector controls, despite using the same assay system, thereby in-
creasing the amount of enhancer activity required to declare
a PCNE significantly active (2% of control embryos expressed GFP
vs. 0.2% in Woolfe et al. [2005]). Since both of these previous re-
ports used mammalian multiple alignments that constrained the
colinearity of CNEs, it is possible that constraints on colinearity
may aid in the discovery of functional cis-regulatory sequences.
Indeed, this seems plausible considering the strong correlation
that we observe between synteny conservation and PCNEs (Fig. 4).
Nonetheless, methods—like the one described here—that do not
constrain colinearity may be able to identify functional elements
in highly rearranged regions where other methods fail.

PCNEs conserve genomic synteny

Our results provide the most rigorous evidence yet that CNEs are
correlated with the conservation of genome synteny. In fact, our
results show that mouse or zebrafish genes linked to enough
extragenic PCNEs are nearly guaranteed to have preserved some
aspects of their genomic neighborhoods (>85% synteny conser-
vation with >16 extragenic PCNEs) (Fig. 4A). The extent of this
conservation is particularly striking when one considers that our
definition of ancient synteny requires conservation of the proxi-
mate gene pair in both the amphioxus and vertebrate lineages.
This suggests that the orthologous amphioxus genes also have
complex highly conserved cis-regulation that is constraining their
synteny, even though in many cases we cannot identify amphi-
oxus PCNEs. In essence, complex cis-regulation seems to have
frozen certain aspects of genome organization during both am-
phioxus and vertebrate evolution. Nonetheless, these tight con-
straints appear to have been relaxed in the pufferfish lineage,
where there has also been dramatic genome compaction and ac-
celerated loss of ancient CNEs (observed here and in Wang et al.
2009 and Stephen et al. 2008).

The MacKenzie et al. (2004) proposition that distant cis-regu-
lation should act to conserve genome synteny was based on the idea
of “gene interdigitation”—neighboring genes that possess spatially
interlocking cis-regulation. Our results support this hypothesis by
showing that PCNEs located outside of their target genes—those
that are mostly likely to interlock with the cis-regulation of
neighboring genes—have the greatest effect on synteny conser-
vation. Moreover, the clear difference between extragenic and in-
tragenic PCNEs indicates that the observed correlation between

PCNEs and synteny is not caused by some passive third factor, such
as a lower mutation rate within syntenically conserved regions
(Fig. 4).

In addition to gene interdigitation, some of the observed
synteny conservation is likely to be caused by PCNEs that regulate
multiple targets, possibly explaining the increase in genome syn-
teny conservation associated with intragenic PCNEs (Fig. 4B). In
support of this mechanism, Sémon and Duret (2006) observed that
neighboring genes with shared expression domains are more likely
to retain their genomic synteny. We note that our gene-based
PCNE prediction algorithm allows us to identify cases where
PCNEs are shared by multiple genes, suggesting that investigators
may be able to use methods like ours to identify candidate cis-
regulatory sequences that control coexpressed gene clusters.

Bidirectional promoters are an additional source of synteny
conservation within vertebrate genomes. Previous reports noted
that genes in bidirectional promoter pairs tend to conserve their
synteny (Li et al. 2006), and we observe that the majority of gene
functions with bidirectional promoter enrichment are also syn-
teny enriched (17/22 functions in mice and 11/20 in zebrafish)
(Fig. 6). Moreover, the synteny conserving effects of bidirectional
promoters and PCNEs appear to be largely independent. Overall,
bidirectional gene pairs are not enriched for PCNEs (data not
shown). Genes in bidirectional pairs but without PCNE:s still show
strong synteny enrichment (22% have ancient synteny, P =9.1 X
10™*), as do genes with PCNEs but without bidirectional promoters
(20% have ancient synteny, P = 1.1 X 10~°%). Moreover, 43% of
genes with both PCNEs and bidirectional promoters have an-
ciently conserved synteny, an approximately additive increase in
synteny conservation.

The GBH best explains the patterns of gene duplication
observed in vertebrates

Our results provide compelling support for the GBH. As predicted
by the GBH, we find that gene functions that are preferentially
retained after WGD avoid segmental duplications, and vice versa
(Fig. 6), supporting previous observations in vertebrates and plants
(Blomme et al. 2006; Freeling 2008). In addition, the patterns of
gene duplication that we observe seem to be better explained by
the GBH than by the DDC model. We identify several transcription
and metabolism-related gene functions that are enriched for
PCNEs but that are not enriched for gene duplicates (Fig. 6), in-
dicating that complex and essential cis-regulation is not sufficient
to promote duplicate retention via subfunctionalization. Similarly,
molecular transducer functions have been consistently over-
retained after WGD but have no PCNE enrichment (Fig. 6). These
functions include kinases and ion transporters, which have been
reliably favored for retention after WGD in both vertebrates and
plants (Blanc and Wolfe 2004; Maere et al. 2005).

According to the GBH, genes that are sensitive to dosage im-
balances will be retained after WGD and will avoid segmental
duplication. Investigators have suggested that proteins with many
binding partners are the most likely to be dosage sensitive (Birchler
etal. 2001; Veitia 2002; Papp et al. 2003). Consistent with this idea,
we observe that genes retained after WGD encode proteins with
more binding partners than the genome average, while segmen-
tally duplicated genes encode proteins with fewer partners (Fig. 7).
Naturally, estimates of protein-protein connectivity must be
interpreted with caution, since current vertebrate PPI databases are
certain to contain a variety of biases. Developmental and signaling
genes could appear overconnected because of greater research
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attention, and predicted interactions may not be well-distributed
among paralogous genes, possibly leading to unpredictable biases
in regard to gene duplication. These resources will certainly con-
tinue to improve, but there may also be other methods available in
the future for predicting genes that are likely to be dosage sensitive.
Recently, investigators demonstrated that dosage sensitive pro-
teins can be directly identified from their structures—via a prop-
erty called “under-wrapping”—and in yeast, retained WGD du-
plicates tend to be “under-wrapped” (Liang et al. 2008).

Nonetheless, there is ample evidence that expression sub-
functionalization does occur after gene duplication (Huminiecki
and Wolfe 2004; Postlethwait et al. 2004; Li et al. 2005; Duarte et al.
2006; Woolfe and Elgar 2007), and we cannot completely rule out
that subfunctionalization contributes to duplicate gene retention.
Here, we have reasoned that genes with the most highly conserved
cis-regulatory elements—genes with PCNEs—would be the most
likely to have duplicates retained by DDC, since weakly conserved
or nonessential regulation would not force the kind of retention
envisioned by the DDC model. However, it is clear that our set of
PCNE:s represent only a small portion of all cis-regulatory elements,
so it remains possible that less strongly conserved cis-regulation
may contribute to gene retention via DDC. Regardless, we must
conclude that the GBH appears to better explain the complement
of gene duplicates present in vertebrates.

Concluding remarks

These results reveal an intricate web of correlations between
a gene’s function and the evolutionary fate of its surrounding ge-
nomic sequence. The mixture of genes within any genomic region
are likely to impose a variety of different constraints, dependent on
their functions and regulation, that will control how the whole
region is able to duplicate and rearrange. In the end, this may
create distinct “genome-evolutionary microenvironments” that
influence the evolution of all of the genes within a region.

Methods

Orthology and phylogenetic trees

Genes from the M. musculus (mouse), T. rubripes (fugu), and D. rerio
(zebrafish) genomes were grouped into families by comparison to
the B. floridae (amphioxus) genome using Inparanoid (Remm et al.
2001). This creates families of vertebrate and amphioxus genes,
where each family of genes is orthologous to a single gene in the
hypothetical chordate ancestor (Table 1; Supplemental Data S1).
For each gene family, an automated method builds a phylogenetic
tree, using a modified version of the Phylogenie method (Frickey
and Lupas 2004). In our version, Phylogenie is run on a protein
database consisting of the proteins within a single Inparanoid
family. Phylogenie then uses each sequence in the Inparanoid
family as a starting point to build a multiple alignment, from
which we then select the best available multiple alignment, based
on alignment length and the number of sequences included. TREE-
PUZZLE is then used to infer a maximum likelihood phylogenetic
tree for each family (Schmidt et al. 2002). Gene-models and ge-
nomic sequence for the vertebrates were taken from Ensembl
version 42 (Flicek et al. 2008); JGI v1.0, for amphioxus (Putnam
et al. 2008).

Identifying phylogenetically CNEs

Around each gene in a gene family, we extract genomic sequence
within the gene and extending out 100 kb from both the gene start

and end and then mask known coding regions and repeats (Fig.
1A). Our 100-kb threshold was chosen to maximize detection of
real PCNEs, while controlling our false detection rate and com-
putational running time. About 84% of the PCNEs are within 50 kb
of a predicted target gene, and only 5% lie in the last 10 kb. The
four organisms analyzed have genomes of very different sizes, and
arguably smaller region sizes could have been used for the organ-
isms with more condensed genomes. But the genomes have not
been condensed or expanded uniformly, so it is impossible to
predict appropriate species-specific region sizes for each gene
family. Importantly, using a consistent region size across all species
leads to a similar expectation of false-positive hits for each species.

The set of genomic sequences for each family is then searched
for conserved noncoding sequences using a two-step local simi-
larity search. The first step uses BLASTZ (Schwartz et al. 2003), a fast
but powerful local alignment algorithm, to identify a set of se-
quences that have been conserved across species (Fig. 2B). For each
gene family, all possible cross-species pairwise comparisons are
made, except the zebrafish—fugu comparisons. This effectively re-
quires all conserved sequences identified at this stage to show at
least 450 Myr of conservation (Blair and Hedges 2005). The BLASTZ
searches were run without chaining, so there is no preference for
colinear conservation. Sequences identified by the various species
comparisons were then merged into a set of nonredundant
“BLASTZ-elements.”

The gene families being searched can vary widely in size and
species representation, and therefore if a static score threshold is
used in the BLASTZ searches, the outcome tends to be dominated
by random hits found within large gene families. As such, we vary
the BLASTZ score threshold (K) according to the size of the se-
quence space searched for each species pair within each family,
according to the formula K = 126.78 X In(mn — 726.88), where m
and n equal the length of the genomic sequences from each of the
two species being compared (masked and ambiguous base pairs
are not counted and K is required to be =1000). This formula is
simply a derivation of the formula used to calculate BLAST E-values
(Altschul et al. 1997). Parameters were estimated from simulations
with random genomic segments from our four organisms, and
provide us with a similar expectation of random hits (about three
hits per species pair) regardless of the size of the gene family. While
three random hits per species pair may seem like a high level of
background noise, the second step of our method imposes addi-
tional constraints on each BLASTZ-element, thereby removing
most false positive sequences.

The second step of the local similarity search fills in gaps left
by the cross-species comparisons and uses a slower more sensitive
local alignment algorithm, CHAOS, to identify more distant sim-
ilarities (options: -wl 10, -co 10, -rsc 1800, -ext -v -b) (Fig. 1C;
Brudno et al. 2003). In this step, each gene family’s BLASTZ-
elements are searched against the family’s entire set of genomic
regions. This allows us to identify sequences conserved between
paralogous gene regions and conserved elements that may be
present in tandem arrays (Fig. 1C).

After these two phases of local similarity searching we have
a set of BLASTZ-elements that each possesses a collection of
CHAOS-based similarity hits. At this point, we remove BLASTZ-
elements that are most likely to be false positives using two
thresholds. First, each is required to have generated hits in the
genomic regions around at least two family genes in other species
(oneis likely to be the BLASTZ partner that originally generated the
element). Second, every BLASTZ-element is required to have hits in
at least 20% of the genes in the family (rounded down), further
helping to maintain a consistent error rate across families of dif-
ferent sizes. After filtering, all remaining BLASTZ-elements are
passed through a simple clustering and condensation routine. Any
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two BLASTZ-elements are considered linked if one has a CHAOS hit
that overlaps the other BLASTZ-element. Single-linkage clusters are
then formed, and all BLASTZ and CHAOS hits within a cluster
group are merged into a set of nonredundant elements. A final
filter removes any conserved region less than 45 bp in length (Fig.
1D). This length threshold was chosen in part based on the results
from our in vivo transgenic assay results. Previous reports have
shown that similar small stretches of homology can be sufficient to
identify functional regulatory elements in the regions around
orthologous genes (Sanges et al. 2006).

All resulting elements were then screened for similarity to
known protein-coding or RNA sequences. Protein-coding se-
quences are identified by BLASTX searching each element against
all of the known protein sequences in the same genome (Altschul
et al. 1997). Arguably, we could have searched each element
against a larger protein set from multiple genomes. While this may
have identified additional elements with similarity to proteins in
other organisms, larger databases increase e-values, thereby re-
ducing overall sensitivity. Because of these trade-offs, multiple
genome searches tended to identify a similar total percentage of
elements with significant protein similarity, while dramatically
increasing search time. RNA searches were conducted by Infernal
searching against the Rfam database (Griffiths-Jones et al. 2005).
Hits with e-values below 0.05 for BLASTX, or bit scores above 20 for
Infernal, were considered significant. Sequences with significant
protein similarity were excluded from further analysis. Sequences
and genomic locations for the final PCNE set can be found in
Supplemental Data S2.

PhastCons scores were calculated for the PCNEs from 17-way
vertebrate genomic alignments downloaded from the UCSC Ge-
nome Browser, for the mouse February 2006 assembly (Blanchette
et al. 2004; Siepel et al. 2005; Kuhn et al. 2007). Mean scores were
calculated for each nonredundant PCNE segment, and these scores
were averaged to calculate the mean phastCons score for all PCNEs.
ClIs are Studentized bootstrap-based 95% CIs.

Functional assay for in vivo enhancer activity

We selected 42 PCNEs for functional in vivo testing, selecting
PCNEs across a range of gene families while attempting to choose
elements that had not been studied in previous reports. On the
latter point, we were not entirely successful: 5596-Tr_ECRS_C1 was
later found to overlap a previously described CNE (Sox21_19)
(Woolfe et al. 2005). PCR primers for each element were designed
with PRIDE (Haas et al. 1998), and the sequences can be found in
Supplemental Data S3. Tested element sequences have also been
deposited in the ORegAnno database as data set OREGDS00016
(Griffith et al. 2008).

Purified PCR products containing the predicted PCNE or
control sequence (at a final concentration of 75 ng/nL) were
coinjected with the reporter construct without ligation (at a final
concentration of 25 ng/uL) and 10% phenol red as tracer, into
zebrafish embryos produced from natural matings between the
one to four cleavage stages, using an Eppendorf FemtoJet pressure
injection system. The reporter construct, consisting of EGFP
(Clontech) under the control of a minimal promoter from the
human beta hemoglobin gene, was PCR-amplified from a plasmid
kindly provided by G. Elgar (Queen Mary, University of London,
London) (Woolfe et al. 2005). Each probe was injected in at least
two different batches of embryos, each batch consisting of ~500
embryos. For every batch of injected embryos, normal uninjected
embryos were raised to control for variation of the survival rate,
and a positive control probe was injected in order to assess varia-
tions during the injection procedure. Injected embryos were
screened for GFP expression on the second day of development

(~24-26 hpf), by which time roughly 100 of the original injected
embryos would be expected to have survived. Injected embryos
were anesthetized in Tricaine and screened by observation under
fluorescence illumination using a Zeiss Confocal Microscope
(LSM510). GFP-expressing cells were classified to tissue categories
similar to Woolfe et al. (2005).

The location and tissue category of each GFP-expressing cell
for each embryo was recorded schematically using Adobe Photo-
shop software (Adobe Systems), by manually drawing color-coded
schematized cells in appropriate positions onto an overlay of
a camera lucida drawing of a 24-hpf embryo kindly provided by G.
Elgar. GFP expression data were collected from all live normal
injected embryos. Tissue counts for each tested element can be
found in Supplemental Data S4.

Identifying conserved transcription factor binding sites

We used Clover (Frith et al. 2004) to identify over-represented
transcription factor binding sites within the Sox14/21 group 1 el-
ements, using all vertebrate transcription binding sites in
TRANSFAC (Matys et al. 2003). Three background sequence sets
were supplied to Clover: (1) the genomic regions surrounding the
Sox14/21 genes (minus coding sequence and repeats), (2) all
PCNEs, and (3) all PCNEs predicted around the Sox14/21 family.

Classifying genes according to genome evolution
characteristics

For the clustering-based analyses presented in Figure 6, all mouse
and zebrafish genes contained within our orthology data were
classified according to five different genome-evolution character-
istics. Genes were declared anciently syntenic if they were con-
tained in a syntenic gene pair that was also found in amphioxus.
Retained duplicates created by the 2R WGD events were identified
by parsing maximum likelihood gene trees for each gene family, as
previously described in Hufton et al. (2008). Genes with bi-
directional promoters were defined as protein-coding genes on
opposite strands whose TSSs lay within 1 kb of each other, a com-
mon definition used, e.g., by Li et al. (2006). Segmental duplica-
tions were identified by searching for cases where paralogous ver-
tebrate genes (genes in the same Inparanoid family) lay near each
other in the genome (with less than 10 intervening genes). All
genes with at least one PCNE were considered linked to PCNEs.
Olfactory genes were removed prior to analysis (for more expla-
nation, see the GO Analysis section).

Estimating protein connectivity

Two PPI databases were used to estimate the number of connec-
tions for each gene in the mouse genome. The first source, the
HPRD, is currently the largest publicly available vertebrate-cen-
tered PPI database and contains manually curated human PPIs
deduced from experimental evidence in mammalian model sys-
tems (Peri et al. 2003; Mathivanan et al. 2006; Mishra et al. 2006).
The second source, HomoMINT, maps interaction data from a va-
riety of organisms onto orthologous human genes using auto-
mated methods (Persico et al. 2005). HomoMINT includes data
from nonvertebrates such as yeast and drosophila, and while data
from these simpler model organisms are generally much more
complete, inclusion of these data created obvious biases in our
protein connectivity estimates. For example, inclusion of the yeast
data tends to make the most highly conserved cellular machinery
seem overconnected (such as ribosome genes), while developmental
genes appeared underconnected because they generally lacked
yeast orthologs. As such we only used HomoMINT interactions
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that had been identified in a vertebrate organism. For both data-
bases, we then transferred predicted human PPIs onto the orthol-
ogous mouse genes using Inparanoid.

Statistical analysis of gene set associations and synteny trends

The distributions of PCNE number and protein connectivity are
extremely right-skewed; the majority of genes have zero or one
values. These right-skewed distributions are somewhat difficult to
summarize. The mean is not a measure of central tendency in these
cases, but instead tends to be proportional to the thickness of the
distribution tail. Nonetheless, the median, which is resistant to tail
values, can be exactly the same across distributions that have sig-
nificant and biologically interesting differences (see Fig. 5, where
most categories have a median of zero PCNEs). We have opted to
display both the mean and the median in all cases, allowing
readers to gauge the skewedness of the distribution by the differ-
ence between the two. Statistical inference is conducted with
a permutation test on the mean (perm.test in the R package
exactRankTests) (Rohmel 1996). Moreover, each mean is shown
with a bootstrap-based 95% CI (Studentized CI), displaying the
extent to which outliers may cause the means to fluctuate. These
methods make no assumptions about the underlying distributions
and have been shown to be appropriate for skewed populations
(Ludbrook 1994; Carpenter and Bithell 2000).

The significance of the difference between the extragenic and
intragenic synteny-PCNE trends was tested by permutation. For
each permutation, the extragenic/intragenic labels on the PCNEs
were randomly shuffled, trend lines were produced as in Figure 4,
and the slope of the trend between PCNEs minimums 0-5 were
calculated (the portion of the trend that is largely linear). For the
real data, the slope difference (extragenic minus intragenic) was
0.041 for mouse, 0.040 for zebrafish, and 0.005 for fugu. In 1000
permutations, the mouse and zebrafish slope difference was never
met or exceeded by the slope differences of their permuted data (P
< 0.001), and the fugu slope difference was met or exceeded only
12 times with the permuted data (P = 0.012).

Gene Ontology analysis

Within the mouse and zebrafish genomes we identified functional
gene categories that were associated with five genome-evolution
characteristics: PCNEs, retained WGD duplicate, ancient synteny,
bidirectional promoter, and segmental duplicate. GO annotation
was provided by GOA (Barrell et al. 2009). For each genome-evo-
lution characteristic, enriched or depleted terms were identified
using the parent—child intersection method implemented by the
Ontologizer software package (Grossmann et al. 2007; Bauer et al.
2008). This method accounts for the hierarchical nature of the GO
when calculating enrichment P-values, thereby returning shorter
lists of enriched terms that better capture the true points of func-
tional enrichment. During preliminary analyses, we noticed that
many of the most significantly enriched and depleted terms were
related to olfactory receptor genes, of which there are more than
a thousand in mice and all of which share a common and excep-
tional evolutionary history: extensive segmental duplication while
retaining noncoding sequences and completely avoiding bi-
directional promoters. While this pattern is biologically relevant,
the strength of the signal created by these genes tends to drown out
more subtle functional associations. Therefore, olfactory receptor
genes were removed from the gene sets prior to analysis. Complete
lists of significantly enriched and depleted GO terms can be found
in Supplemental Data SS.

We then clustered the most enriched and depleted GO terms
according to their pattern of genome evolution using a hierarchical

method adopted from the microarray field (Eisen et al. 1998). For
each organism, we selected the top 50 enriched or depleted mo-
lecular function and biological process terms from the olfactory-
receptor free results (measured by P-value). For each GO term and
genome-evolution characteristic, enrichment/depletion is quan-
tified as a log-ratio, E, where

E=1log,(X/G) — log,(T/N),

and X is the number of genes with the GO term and the genome-
evolution feature; T'is the total number of genes with the GO term;
G is the total number of genes with the genome-evolution feature;
and N is the total number of genes.

Positive values of E indicate an association between a GO
category and genome-evolution characteristic, while negative
values indicate an anti-correlation between the two. Where X
equals zero, this formula produces a log-ratio of —. In these cases,
we set E equal to the smallest non-infinite E-value observed for the
genome-evolution characteristic. This truncation was used in three
cases for the mouse data, and two for the zebrafish data. After
calculating all E-values, we have a matrix that is numerically sim-
ilar to expression microarray data, where GO categories are anal-
ogous to genes, and the genome-evolution characteristics are anal-
ogous to experimental conditions. This matrix of E-values was then
hierarchically clustered by Cluster3 (Eisen et al. 1998; De Hoon et al.
2004), using uncentered Pearson correlation, complete linkage,
and normalization across both rows and columns (Fig. 6). Cluster
visualizations were generated by Java Treeview (Saldanha 2004).
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