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Letter

Metrics of sequence constraint overlook regulatory
sequences in an exhaustive analysis at phox2b

David M. McGaughey,' Ryan M. Vinton,' Jimmy Huynh," Amr Al-Saif,’
Michael A. Beer,'? and Andrew S. McCallion'-3>*

"McKusick-Nathans Institute of Genetic Medicine, Johns Hopkins University School of Medicine, Baltimore, Maryland 212035,
USA; ?Department of Biomedical Engineering, Johns Hopkins University School of Medicine, Baltimore, Maryland 21205, USA;
3Department of Molecular and Comparative Pathobiology, Johns Hopkins University School of Medicine,

Baltimore, Maryland 21205, USA

Despite its recognized utility, the extent to which evolutionary sequence conservation-based approaches may
systematically overlook functional noncoding sequences remains unclear. We have tiled across sequence
encompassing the zebrafish phox2b gene, ultimately evaluating 48 amplicons corresponding to all noncoding
sequences therein for enhancer activity in zebrafish. Post hoc analyses of this interval utilizing five commonly used
measures of evolutionary constraint (AVID, MLAGAN, SLAGAN, phastCons, WebMCS) demonstrate that each
systematically overlooks regulatory sequences. These established algorithms detected only 29%-61% of our identified
regulatory elements, consistent with the suggestion that many regulatory sequences may not be readily detected by
metrics of sequence constraint. However, we were able to discriminate functional from nonfunctional sequences
based upon GC composition and identified position weight matrices (PWM), demonstrating that, in at least one case,
deleting sequences containing a subset of these PWMs from one identified regulatory element abrogated its
regulatory function. Collectively, these data demonstrate that the noncoding functional component of vertebrate
genomes may far exceed estimates predicated on evolutionary constraint.

[Supplemental material is available online at www.genome.org.]

Regulatory sequences play significant roles in development
(Stathopoulos and Levine 2005; Davidson and Erwin 2006), dis-
ease (Lettice et al. 2003; Emison et al. 2005; Kleinjan and van
Heyningen 2005), and interspecific phenotypic variation (Levine
and Tjian 2003; Stathopoulos and Levine 2005; Davidson and
Erwin 2006). Efforts to identify regulatory sequences have been
heavily weighted on the use of evolutionary sequence conserva-
tion through comparative sequence analysis (Marshall et al.
1994; Aparicio et al. 1995; de la Calle-Mustienes et al. 2005; Grice
et al. 2005; Woolfe et al. 2005; Fisher et al. 2006a; Pennacchio et
al. 2006; Prabhakar et al. 2006; Venkatesh et al. 2006; Pennacchio
et al. 2007) because, in contrast to coding sequences, we are un-
able to reliably predict the identity of regulatory noncoding re-
gions based on sequence alone. However, no single evolutionary
distance or metric of constraint has been shown to reliably cap-
ture all regulatory sequence intervals. Although some studies rely
heavily upon stringent conservation (e.g., 100% identity over
200 base pairs [bp]) across great evolutionary distances (human
versus fugu) to identify putative regulatory sequences (Bejerano
et al. 2004; Pennacchio et al. 2006), many functional sequences
have been identified under less rigorous parameters or closer evo-
lutionary distances (Frazer et al. 1995; Fisher et al. 2006a). Addi-
tionally, a small number of examples exist of regulatory se-
quences that are not conserved, even among mammals (Bejerano
et al. 2004; King et al. 2005; Siepel et al. 2005; Taylor et al. 2006;
The ENCODE Project Consortium 2007).

Some straightforward questions remain unanswered in stud-
ies of this type. First, how efficiently does a metric of constraint
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actually detect functional information? Second, with what fre-
quency are functional sequences overlooked when analyses are
restricted to a metric of constraint? Insight into these issues re-
quires the comprehensive evaluation of the regulatory activity of
all noncoding sequences surrounding a gene, irrespective of their
sequence conservation.

To directly address this issue we focused our efforts on the
zebrafish phox2b locus, employing a transgenic enhancer assay in
zebrafish (Fisher et al. 2006a) to determine the regulatory activity
of 48 amplicons tiled across a 40.7-kb interval encompassing this
gene. The phox2b gene has three exons spanning 3.1 kb; it en-
codes a paired homeobox transcription factor whose expression
is both critical for autonomic neuron specification and tightly
controlled (Pattyn et al. 1997, 1999; Amiel et al. 2003; Benailly et
al. 2003; Trochet et al. 2005).

Results

phox2b is expressed in autonomic neurons during development

We anticipated that sequences acting as enhancers of phox2b
expression would drive green fluorescent protein (GFP) expres-
sion in vivo consistent with the endogenous gene. Thus we first
determined the developmental expression pattern of phox2b in
wild-type zebrafish embryos between the 12 hours post-
fertilization (hpf) and 4 days post-fertilization (dpf) (Fig. 1).
phox2b is expressed throughout the noradrenergic neuronal
populations of vertebrate embryos prior to 12 hpf (data not
shown). By 24 hpf expression can be clearly detected throughout
the developing hindbrain, in the anterior spinal cord/medulla
oblongata, ventral diencephalon, and cranial sensory neurons,
and persists in these populations at 48 hpf (Fig. 1). It is also less
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Figure 1. In situ hybridization (ISH) of endogenous phox2b expression. ISH was performed on wild-type zebrafish embryos from 24 to 96 hpf using
a dig-labeled phox2b RNA probe. (a) Dorsal view of 24-hpf embryo, illustrating phox2b expression in the hindbrain and anterior spinal column. (b) Dorsal
view of 48-hpf embryo. hb, hindbrain; mo, medulla oblongata; ventral diencephalon (filled arrowhead), locus coeruleus (open arrowhead). (c) Lateral
view of 48-hpf embryo. Rhombomeres of the hindbrain are numbered; mo, medulla oblongata; locus coeruleus (open arrowhead); cranial ganglia (black
arrow). (d) Lateral view of the trunk of a 96-hpf embryo. Spinal cord (open dotted arrow) and ENS (open arrows).

robustly detected in the locus coeruleus, the epibranchial arches,
and throughout the spinal column at the same time points (Fig.
1). Consistent with its role in the genesis and pathogenesis of the
enteric nervous system, phox2b is robustly expressed in migrating
enteric neuroblasts, beginning at 3 dpf (Elworthy et al. 2005) and
is maintained at 4 dpf (Fig. 1).

Construction of a comprehensive tiling path across
the phox2b locus

In order to assess the degree to which conservation identifies
regulatory sequences, we first set out to capture and evaluate the
regulatory activity of all noncoding sequences in the phox2b in-
terval. We constructed a nonoverlapping tiling path of 33 se-
quence intervals, comprising 37.6/40.7 kb (92.4%) of the nucleo-
tides in the phox2b locus. To facilitate this we established two

broad sequence classes: zebrafish conserved sequences (ZCS) (Fig.
2a, green boxes) or zebrafish nonconserved sequences (ZNCS)
(Fig. 2a, red boxes). ZCS correspond to zebrafish sequence inter-
vals for which the MULTIZ alignment tool detects alignment
with fugu, tetraodon, human, and/or mouse sequence; ZNCS
display no such alignment. The selected sequence intervals
(ZCS, n = 20; ZNCS, n = 13; Fig. 2a; Supplemental Table S1) were
amplified and subcloned into GFP reporter transgene constructs
(Fisher et al. 2006a,b). Importantly, MULTIZ detects intervals of
sequence alignment that may be said to display conserva-
tion (Blanchette et al. 2004). It is not, however, a metric of
evolutionary sequence constraint, as defined by sequences dis-
playing evidence of purifying selection (Cooper et al. 2005; King
et al. 2007; Margulies et al. 2007). We have used the terms con-
served and constrained throughout the text to reflect this dis-
tinction.
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Figure 2. Generation of a nonoverlapping tiling path across the phox2b locus and their expression domains. (a) The zebrafish phox2b interval (chr9:
25101456-25141976; Zv5) was divided into 33 amplicons (total size of 39.3 kb) according to whether intervals could be aligned by MULTIZ to any of
four comparator orthologous intervals (fugu, tetraodon, human, or mouse; see Methods). The phox2b exons were excluded. Amplicons are identified
based on their distance from the phox2b transcriptional start site and are displayed as custom tracks on the UCSC Genome Browser (genome.ucsc.edu).
(b) GO embryos were raised to sexual maturity, mated with AB fish, and screened for germline transmission of enhancer activity. Expression is noted in
the black diamonds below each construct. Black refers to strong expression, gray to weaker expression, and white to no expression. For each positive
amplicon at least two G1 founders have been identified that display the reported expression. Those having only one identified founder, thus far, are
designated with the *. VDi, ventral diencephalon; LC, locus coeruleus; r, rhombomeres of the hindbrain; CG, cranial ganglia; PA, pharyngeal arches; SC,
spinal cord; ENS, enteric nervous system.
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ZCS and ZNCS modulate phox2b-appropriate expression

To examine the regulatory activity of all noncoding sequences
within the phox2b interval, all constructs were injected into ze-
brafish embryos (Methods) and examined in at least 200 GO mo-
saic embryos (data not shown). GO embryos that displayed re-
porter signal (24 hpf to 4 dpf) were raised to sexual maturity and
their offspring screened for GFP expression. Reporter patterns in
G1 embryos (Fig. 2b) were consistent with the corresponding GO
embryos for all constructs; multiple independent G1 founders
were identified for each construct unless otherwise noted (Fig.
2b).

We identified 17 sequence intervals, 13/20 ZCS (61%) and
4/13 ZNCS (31%), directing tissue-specific reporter expression,
including the ventral diencephalon, locus coeruleus, hindbrain,
cranial sensory neurons, epibranchial arches, spinal cord, and
enteric nervous system. Indeed, all directed expression in phox2b
positive tissues (Fig. 2b), with most directing expression in the
hindbrain (15/17) (Figs. 2b, 3b,c) among other structures. Some
amplicons drove expression in discrete subsets of rhombomeres.
ZCS —35.5 directed expression in thombomeres 1 and 2; ZCS
—11.2 directed reporter expression predominated in rhombo-
meres 6-7 and extending into the anterior spinal cord (Fig. 3b).
Three elements, ZCS —1.4, ZCS —16.6, and ZNCS —27.9, drove
expression in the locus coeruleus; these constructs shared addi-
tional expression domains in the hindbrain and spinal cord.
ZNCS —27.9 also directed expression in cranial sensory neuron
populations (Fig. 2b). Expression in the ventral diencephalon
was controlled by ZCS —1.4, ZCS +9.7, ZCS —-8.3, ZCS —13.9,
and ZNCS +5.6.

Although the above regulatory control in adrenergic popu-
lations may all be discerned by evaluation of embryos from 12 to
48 hpf, phox2b is also required for the formation of the cholin-
ergic neurons of the enteric nervous system (Elworthy et al.
2005), which is not detected until 3 dpf (Elworthy et al. 2005).

+5.6 +0.5
+9.7 +8.7 +6.4]+5.4 431 +1.3

| -5.5
0-0.6-1.4-2.7 -3.5-4.

-5.9

-8.3 -10.2)-11.6

We identified two sequence intervals with regulatory control that
included the enteric nervous system (ENS) (ZCS —8.3 and ZCS
—23.7; Figs. 2, 3). Additionally, eight sequence intervals directed
expression in domains beyond the endogenous pattern of phox2b
expression. This observation is consistent with similar transgenic
enhancer assays conducted in vertebrate systems (Nobrega and
Pennacchio 2004; Woolfe et al. 2005; Fisher et al. 2006a; Pen-
nacchio et al. 2007) and may simply be an artifact of regulatory
DNA taken out of genomic context and thus removed from po-
tential cooperative interactions that may refine their expression.
Alternatively, these sequences may regulate neighboring genes
whether exclusive from or in addition to their regulation of
phox2b. However, expression of the most proximal 5’ neighbor-
ing gene (ZGC113342; 40 kb) is restricted to the notocord (data
not shown) and is therefore not consistent with this hypothesis.

As defined by MULTIZ, 13/20 ZCS and 4/13 ZNCS sequences
display tissue-specific regulatory control. The parameters imple-
mented by algorithms commonly used to identify sequences un-
der purifying selection are, however, more stringent than those
imposed by MULTIZ. To determine what fraction of tested func-
tional sequences may therefore be defined as constrained or non-
constrained, we applied several commonly used metrics (phast-
Cons, PipMaker, AVID, MLAGAN, Shuffle-LAGAN) to this inter-
val (Fig. 4), comparing the zebrafish reference sequence to the
orthologous interval in all available vertebrates (chimpanzee, ba-
boon, rhesus macaque, cow, pig, cat, dog, rat, mouse, opossum,
chicken, frog, fugu, and tetraodon).

Metrics of evolutionary constraint capture some but not all
regulatory sequences

To determine the success of calls made at the phox2b locus by the
AVID, MLAGAN, SLAGAN, PipMaker, and phastCons algorithms,
we set out to establish multiple characteristics of their efficiency
(sensitivity, specificity, and positive and negative predictive val-

-13.9
-11.2 -128 -14.1
-15.1 -16.6

-17.9 -20.1

Figure 3. Amplicons across the phox2b display significant functional overlap. The total interval assayed is depicted by color-coded rectangles: red
(ZCS), green (ZNCS), purple (phox2b exons), and blue (phox2b introns). (a,b) Images corresponding to functional ZCS constructs. (a) 72-hpf zebrafish
embryos with arrow marking ENS expression (ZCS —8.3 and ZCS —23.7). (b) Images indicating the range of hindbrain expression patterns driven by
ZCS constructs. (c) Images indicating the range of hindbrain expression patterns driven by ZNCS constructs.
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Figure 4. Implementation and comparison of multiple sequence alignment strategies. Predictions made by AVID, MLAGAN, SLAGAN, phastCons,
PipMaker, and WebMCS were compared with functional data generated in this study and with each other. Some analyses were predicated on
comparisons using T zebrafish versus fugu comparisons, § zebrafish versus human comparisons as described in the text. Results of these analyses are
displayed as custom tracks on the UCSC Genome Browser (genome.ucsc.edu).

ues). First, sensitivity, defined as the fraction of experimentally comparing the above metrics of constraint with conserved se-

validated functional elements detected. Second, specificity, de- quences identified using MULTIZ, specificity increases from 56%
fined as how effective the algorithms correctly identify the non- to 81%. Furthermore, these metrics display positive predictive
functional elements. Third, positive predictive value, defined as values of 70%, marginally higher than MULTIZ (65%), in com-
the rate at which a positive prediction of function is true. Fourth, parisons of zebrafish to fugu, with negative predictive values of
negative predictive value, defined as the rate at which a predic- 57%. In general, greater confidence can be placed in positive calls
tion of nonfunction is true. from all algorithms measuring constraint than the negative calls.

All algorithms were tested on alignments generated using The observation that MULTIZ provides more reliable negative
the zebrafish phox2b interval as the reference sequence under prediction likely reflects the fact that the other algorithms pre-
default parameters (75% identity; =100-bp windows; Methods). dict a greater number of amplicons nonfunctional (13 versus

AVID, MLAGAN, and SLAGAN construct iterative pairwise align- 19-23). Sequences identified by the above algorithms are sche-
ments with a common reference sequence and slide a window of matically displayed in Figure 4.

fixed width along the aligned sequences seeking sequence To evaluate whether any of these characteristics improved
stretches that satisfy certain criteria of length and identity. When when comparisons over greater evolutionary distances were con-
these algorithms were applied in comparisons between zebrafish sidered, we repeated these analyses comparing the zebrafish and

and fugu, they displayed a sensitivity of 41% (Table 1), contrast- human PHOX2B loci. In short, specificity increased for AVID and
ing with the sensitivity of MULTIZ (76%). As expected, when MLAGAN from 81% to 88% and remained unchanged at 81% for

Table 1. Quantitative analysis of multiple sequence alignment strategies

Algorithm TP FP TN FN Total Sensitivity Specificity Positive predictive value Negative predictive value
MULTIZ 13 7 9 4 33 0.76 0.56 0.65 0.69
AVID? 7 3 13 10 33 0.41 0.81 0.70 0.57
MLAGAN? 7 3 13 10 33 0.41 0.81 0.70 0.57
SLAGAN? 7 3 13 10 33 0.41 0.81 0.70 0.57
AVID® 5 2 14 12 33 0.29 0.88 0.71 0.54
MLAGAN® 6 2 14 11 33 0.35 0.88 0.75 0.56
SLAGAN® 6 3 13 11 33 0.35 0.81 0.67 0.54
phastCons 9 5 11 8 33 0.53 0.69 0.64 0.58
PipMaker® 8 3 13 9 33 0.47 0.81 0.73 0.59
PipMaker® 8 3 13 9 33 0.47 0.81 0.73 0.59
WebMCS 6 3 12 12 33 0.33 0.80 0.67 0.50

The predictions made by AVID, MLAGAN, SLAGAN, phastCons, PipMaker, and WebMCS were scored as True Positive (TP), False Positive (FP), True
Negative (TN), and False Negative (FN) according to how they corresponded to our functional assay for the initial 33 amplicon tiling path. Sensitivity
is calculated as the ratio of the number of TP divided by the number of functional amplicons. Specificity is calculated as the ratio of the number of TN
divided by the number of assayed nonfunctional amplicons. Positive predictive value is calculated as the ratio of TP divided by predicted functional
amplicons (TP + TN). Negative predictive value is calculated as the ratio of TN divided by predicted nonfunctional amplicons (TN + FN).

#Zebrafish versus Fugu comparisons.

bZebrafish versus Human comparisons.
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SLAGAN (Table 1). In contrast, sensitivity decreased from 41% to
29%-35%, although the drop in sensitivity is perhaps not sur-
prising given the increased evolutionary gap between these or-
ganisms. The corresponding positive and negative predictive val-
ues did not change substantially (Table 1). To summarize, the
above measures of constraint failed to detect 47%-71% of the
functional amplicons identified in our assay (Sensitivity, Table
1); none detected any functional ZNCS amplicons.

To exclude the possibility that our observations were biased
by the use of global alignment approaches, we then applied the
PipMaker, WebMCS, and phastCons algorithms to this interval.
PipMaker is a local alignment strategy predicated on the use of
BLASTZ (Schwartz et al. 2003). WebMCS uses BLASTZ sequence
alignments and phylogeny to calculate the probability of observ-
ing a given number of sequence identities at each nucleotide
position (Margulies et al. 2003). In contrast, phastCons utilizes
the MULTIZ threaded blockset multispecies alignment strategy
(Blanchette et al. 2004), implementing a hidden Markov model
to maximize the identification of known functional sequences.
Importantly, both WebMCS and phastCons can impute signifi-
cance to aligned sequence stretches under 100 bp (Margulies et
al. 2003; Siepel et al. 2005). As anticipated, when compared to
the above global alignment metrics, phastCons displayed by far
the highest sensitivity (53% versus 29%-41%; Table 1) and low-
est specificity (69% versus 80%-88%; Table 1). However, despite
identifying more constrained amplicons than the other algo-
rithms, phastCons displayed largely similar positive and negative
predictive values (Table 1). The PipMaker algorithm performed
strongly, displaying sensitivity close to that of phastCons (47%)
and counter intuitively, relatively high specificity (81%). This
algorithm performed equally when being applied to sequence
comparisons between zebrafish and fugu, and those between ze-
brafish and human. PipMaker also had very strong relative posi-
tive and negative predictive values (73% and 59%). However,

although PipMaker is an alignment algorithm and not a measure
of constraint, it does provide the alignment substrate on which
WebMCS operates. In contrast, the MCS predictions display the
lowest sensitivity (33%) of all metrics of constraint assayed, and
also the lowest specificity (80%). However, as with phastCons,
the MCS predictions display positive and negative predictive val-
ues within the range of all other tested measures of constraint
(Table 1).

Additionally we also noted that sequence analyses using
these metrics identified multiple independent constrained non-
coding sequence intervals within several of our initial 33 ampli-
cons. To determine whether regulatory control (Fig. 3a,b) could
be attributed to one or multiple constrained sequences therein,
we selected three amplicons for further analysis (ZCS —1.4, ZCS
—8.3, and ZCS —23.7; Fig. 5). We also wanted to establish how
splitting functional elements into multiple smaller elements
based on alignment therein would affect our initial observations.
In two instances (ZCS —1.4 and ZCS —8.3) the primary amplicon
could be separated into fragments containing sequence con-
served across the vertebrate radiation and sequence conserved
solely among teleosts. Thus we set out to ask whether regulatory
control exerted by the primary amplicon could be explained by a
single derived fragment conserved over the greater evolutionary
distance. ZCS —1.4 was reduced to two smaller sequences (ZCS
—1.4a and b): ZCS —1.4a aligned with all four vertebrate species
(human, mouse, tetraodon, and fugu; Fig. 5f) and ZCS —1.4b
aligned only among teleosts (tetraodon and fugu; Fig. 5f). Both
displayed tissue-dependent regulatory control. ZCS —8.3 was
separated into three nonoverlapping sequence fragments (ZCS
—8.3a, b, and ¢; Fig. 5g). ZCS —8.3b aligned with all four verte-
brate orthologs and was detected by all algorithms used and in all
comparisons; sequence intervals ZCS —8.3a and ZCS —8.3c
aligned only to the teleosts (Fig. 5g) and were detected by all
algorithms used but only in comparisons among teleosts. Inter-

a.
Sequence Motif Rank
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Figure 5. Functional dissection of biological activity in identified regulatory intervals. (a) Sequences with high predicted affinity to the identified motifs

which discriminate functional from nonfunctional regions within the assayed phox2b interval and their rank order as identified in Supplemental Table
S4. (b—d) Logos representing position weight matrices M6, M36, and M39, respectively. Regulatory amplicons ZNCS +6.7, ZCS —1.4, ZCS —8.3, ZCS
—23.7, and ZNCS —27.9 were reduced in size and evaluated as component amplicons to determine the sequence origins of their observed activity
(e-h). Boxes shaded red denote functional ZNCS and those shaded green denote functional ZCS; open boxes denote no observed activity.
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estingly, only ZCS —8.3b and ZCS —8.3c displayed regulatory
control similar to the original ZCS —8.3 (Fig. 5g and data not
shown); ZCS —8.3a did not display reporter expression. Consis-
tent with our above observations, sequence constraint detected
in comparisons among teleosts displayed no reduced predictive
value.

Similarly, we separated ZCS —23.7 into five pieces (ZCS
—23.7a—e; Fig. Sh), detected by all algorithms in all comparisons.
All but one of the five sequence fragments demonstrated hind-
brain expression in GO mosaic embryos, consistent with the
original ZCS —23.7 fragment (Supplemental Fig. S1; data not
shown). This reflects our observations with ZCS —1.4 and ZCS
—8.3, suggesting that identified regulatory sequences may occa-
sionally be comprised of modules with discrete but overlapping
and potentially cooperative function. Consistent with their in-
dependent function in this assay, these ZCS —23.7a-e sequences
are scattered over an interval =20 kb in the human genome in
stark contrast to their tight distribution in the zebrafish genome
(Fig. 4). Furthermore, although ZCS —23.7d did not display re-
porter expression at any of the times examined, we cannot rule
out other roles for this sequence, perhaps later in development or
in refining the regulatory control of other identified phox2b en-
hancers.

We then repeated our analyses using the expanded ampli-
con set; the result was a marginal improvement in sensitivity and
positive predictive value for all algorithms and a corresponding
marginal decrease in specificity and negative predictive values
(Supplemental Table S2). Overall, these data indicate that analy-
ses restricted by commonly used metrics of constraint risk a po-
tentially significant loss of functional information, ranging be-
tween 39% and 71% at this critical locus.

Dissection of functional regulatory nonconserved sequences

The fact that nonaligned sequence intervals, not simply those
with insufficient identity to be designated as constrained, were
observed to display tissue-specific regulatory control is quite un-
expected. However, similar examples are known; four noncon-
served functional sequences are known in the human HBB com-
plex (King et al. 2005), and recently the ENCODE project re-
ported ~50% of functional elements identified in vitro were
nonconserved across mammals (The ENCODE Project Consor-
tium 2007). Several parsimonious explanations may exist. First,
the unaligned interval might be duplicated in the reference se-
quence and therefore preclude alignment. Second, the sequence
interval may be rearranged in the reference sequence and there-
fore fail to align. Third, the boundaries of functional aligned
regions may be imprecisely defined, excluding functional se-
quence components from overtly aligned intervals because they
fall below a required threshold or diffuse enhancer modules com-
prised of transcription factor binding sites that are used in con-
cert but separated by sequence under reduced selective pressure
and might not be detected as conserved blocks of sequence. Ei-
ther example may potentially be considered an example of a
diffuse enhancer module. Fourth, the sequence may correspond
to a species-specific regulatory element.

To address the first two possibilities, we aligned shorter 500,
1000, and 2000 bp overlapping tiling windows across the phox2b
locus against the genomes of mouse, human, fugu, and tetra-
odon (frl, tetNigl, mm8, and hg18). Surprisingly, we did not
detect any additional significant alignments that were missed by
aligning the whole locus (data not shown). Additionally, we de-

termined that paralogous regions within the zebrafish genome
were not aligned with the reference genome and therefore were
not obscuring alignments within the phox2b locus.

To address the third possibility we selected two intervals,
ZNCS +6.7 and ZNCS —27.9, making systematically smaller con-
structs by progressively excluding 5’ and 3’ flanking sequence
(Fig. Se,h). ZNCS +6.7 regulatory control was extinguished when
it was reduced by 594 bp (ZNCS +6.7 [ - 594]). We then made two
further constructs, one restoring the deleted sequence 3' to ZNCS
+6.7[left], i.e., adjacent to ZCS +9.7, and the other restoring the
deleted sequence 5’ to the ZNCS +6.7[right], i.e., adjacent to ZCS
+6.4. Only the latter construct restored regulatory control expres-
sion in GO zebrafish (Fig. 5Se). These data are consistent with
imprecise definition of regulatory element boundaries. However,
the regulatory control displayed by ZNCS +6.7 and ZCS +6.4 do
not overlap. Furthermore, we have independently tested whether
smaller 500-bp sequence intervals can align with any portion of
the locus and do not observe any alignment within ZNCS +6.7
with any fragment of the four comparison genomes. Therefore,
the boundary of ZNCS +6.7 appears conservatively defined. In
concert these data suggest the above sequences may cooperate in
exerting their regulatory output or that the regulatory control of
ZNCS +6.7 is truly independent and may be better explained as a
diffuse regulatory module.

The proposed connection between sequence constraint and
biological function is straightforward; functional modules harbor
sequences that are intolerant of substitution and are therefore
conserved. The constrained sites in cis-regulatory modules are
presumed transcription factor binding sites (TFBS). Because these
are frequently short (6-20 bp), the more densely they are distrib-
uted, the easier they are to detect by alignment. Conversely, regu-
latory modules whose TFBS are not densely distributed (diffuse
enhancers) (Pennacchio et al. 2006) are more difficult to detect
by alignment. We sought to determine whether nonaligned se-
quences also contained conserved TFBS that would discriminate
them from nonfunctional sequence intervals, albeit distributed
at insufficient density to permit their detection based on align-
ment alone. These TFBS can be represented by position weight
matrices (PWMs) or oligomers (strings of nucleotides of arbitrary
length). To this end we used AlignACE, an algorithm to find
PWMs overrepresented in functional regions (Hughes et al.
2000). Although this approach detected significant differences
between motifs found in functional versus nonfunctional re-
gions, most of these differences could be attributed to the higher
GC content of the functional regions (data not shown). The
mechanistic basis of this correlation is unclear, but it is consistent
with previous reports that functional mammalian enhancers fre-
quently display higher GC content than nonfunctional se-
quences such as ancient repeats (Taylor et al. 2006). While tran-
scription factors frequently bind degenerate sites that are more
realistically modeled by PWMs, using oligomers significantly re-
duces the dimensionality of the search space and is not subject to
GC bias. We therefore sought to determine which oligomers (6,
7, or 8 mers) were able to most clearly distinguish functional
from nonfunctional sequence intervals. Several oligomers were
present exclusively in functional intervals, but the frequency of
occurrence of these oligomers was not above that found in the
control experiment in which the sequence across the locus is
randomized (data not shown). Finally, we used these oligomers
to seed PWMs, which were then optimized using simulated an-
nealing (Beer and Tavazoie 2004; see Supplemental Materials).
This approach yielded 80 PWMs that had sites suggestive of
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strong binding affinity in all functional regions and weak affinity
sites in nonfunctional regions. The best match in any nonfunc-
tional region is weaker than the worst match in any functional
region. The magnitude of the difference between the scores in
functional and nonfunctional regions is reflected in the log-
likelihood (see Supplemental Materials). The density and distri-
bution of these sites are shown in Figure 4. In contrast, searching
for PWMs in 20 independent randomizations of the total assayed
sequence space yielded significantly fewer such PWMs
(52.7 = 13), establishing that the PWMs found in the functional
regions were statistically significant at P < 0.02, assuming a nor-
mal distribution (for examples, see Supplemental Fig. S2; Supple-
mental Table S3). Of the 80 predictive PWMs many are similar;
for the purposes of presentation we distilled this list to 66 PWMs
that are distinct by a similarity threshold of 0.8 (Supplemental
Table S4; Hughes et al. 2000). While it is unlikely that these are
all functional TFBS, the possibility that they are functionally sig-
nificant is strengthened by the observation that significantly
fewer PWMs are found on randomized sequence. Consistent with
this interpretation, deletion of sequences with predicted strong
binding affinity to the novel motifs (M36, M7, M6, M39, M46,
M75, M28, M77; Fig. S5a-d) from ZNCS +6.7, to create ZNCS
+6.7[left], abrogates regulatory control (Fig. Se; Supplemental
Table S4).

However, we also identify motifs in aligned portions of
ZNCS —27.9, although they have low power to discriminate
functional from nonfunctional sequences and lie outside the
core functional interval; reduction of ZNCS —27.9 by 165 bp or
by 305 bp failed to overtly compromise its regulatory control
(Fig. Sh). Interestingly, ZNCS —27.9 (—305) displays no se-
quence similarity with other evaluated vertebrates, consistent
with our fifth postulate of a lineage-specific regulatory element.
We were surprised to find many PWMs that were present in all
functional regions and absent from all nonfunctional regions; it
is likely that the relatively small set of positive and negative
functional regions in this study prevents the identification of
binding sites which are present in subsets of the functional re-
gions. This may also explain the absence of identified motifs
within ZNCS —27.9 (—305).

Discussion

There is broad consensus that constrained, noncoding sequences
frequently display regulatory control of tissue-specific expres-
sion. The development of in silico tools for the identification of
noncoding functional regulatory sequences frequently makes use
of training sets of empirically identified functional sequences,
the vast majority of which correspond to constrained sequences.
In order to establish whether such assumptions are valid, it is
thus crucial to better understand what information may be
missed by restricting analyses to constrained sequences.

We can now provide robust data to address our two initial
questions. First, we demonstrate that, at phox2b, the evaluated
parameters for constraint detect functional elements at rates
ranging from 29% to 61%. Second, we also demonstrate in vivo
that relying on standard methods to detect evolutionary con-
straint overlooks significant functional information with fre-
quencies ranging from 42% to 51%; these data are consistent
with emerging in vitro data and in silico predictions from the
ENCODE project (The ENCODE Project Consortium 2007; King
et al. 2007). Critically, we also show that functional elements

within this interval share sequence characteristics, even when
they are not identifiably constrained. Although our data clearly
establish a precedent, there is a need to interpret these observa-
tions with caution. The teleost radiation occurred 3-400 million
years ago; thus, zebrafish and fugu are separated by a much larger
evolutionary distance than mammals and this may also, in part,
explain the lack of observable alignment or constraint. Similar
analyses of other loci, including those in mammals, will be
needed before the degree to which this study may be extrapolat-
ed becomes clear. However, these data state clearly the impor-
tance of exhaustive functional analyses and also demonstrate a
need for new computational techniques to uncover a broader
spectrum of functional noncoding sequences. In summary, these
data have the potential to significantly impact the manner in
which mutation detection is conducted in the context of human
disease and establish a data set from which further refinement of
existing algorithms may be leveraged.

Methods

Selection and amplification of zebrafish noncoding sequences

Genomic sequence corresponding to chr9: 25101456-25141976
of the zebrafish genome (Zv5) was utilized for this study. Com-
parison of the Zv6 and the ZvS builds of the phox2b interval
revealed inconsistency between them at sequences within the
interval between ZNCS —12.8 and ZCS —13.9. At this point ZvS
and Zv6 differ in the contig placed 5’ to ZNCS —12.8. To deter-
mine which build was correct we assayed the breakpoints pre-
dicted by both Zv5 and Zv6 using PCR amplicons bridging the
interval and confirmed that sequence within Zv$5 at this point is
an accurate reflection of the endogenous genome of the AB ze-
brafish strain (data not shown). The interval selected displayed
uninterupted synteny among vertebrates. The four vertebrate ge-
nomes presently aligned by MULTIZ (teleosts tetraodon and
fugu, mouse, and human) were used to identify regions that
aligned with this genome build for zebrafish. Amplicons were
designed to exclusively amplify zebrafish sequence intervals
aligned with other vertebrate sequences (ZCS) and those deter-
mined not to align with other vertebrate sequences (ZNCS). Se-
quences were amplified from AB zebrafish genomic DNA under
standard conditions (sequences specified in Supplemental Table
S1). Each amplicon was subcloned into the Tol2-based transgene
reporter construct pGW-cfosEGFP (Fisher et al. 2006a,b).

Fish care

Zebrafish were raised and bred in accordance with standard con-
ditions (Kimmel et al. 1995; Westerfield 2000). Embryos were
maintained at 28°C and staged in accordance with standard
methods (Kimmel et al. 1995; Westerfield 2000). Embryos for in
situ hybridization were raised in embryo medium containing
0.003% phenylthiocarbamide to prevent pigmentation.

Embryo injections and analysis

Constructs were generated and injected into wild-type GO em-
bryos (n = 200) as previously described (Fisher et al. 2006b). In-
jected embryos were evaluated for reporter expression at 24, 48,
72, and 96 hpf. Embryos displaying consistent expression were
selected and allowed to mature to facilitate germline transmis-
sion and evaluation of reporter expression. Embryos were ana-
lyzed and imaged using a Carl Zeiss Lumar V12 Stereo micro-
scope with AxioVision version 4.5 software.
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In situ hybridization

Embryos were collected from matings from wild-type zebrafish,
fixed at desired time points 24, 48, 72, and 96 hpf and fixed for
in situ hybridization using standard protocols. Plasmid from
which the phox2b riboprobe was generated was a kind gift from
Robert Kelsh (University of Bath); digoxin-labeled antisense
probe was prepared using T7 RNA polymerase after Notl cleavage
of the plasmid.

Informatics

Sequence corresponding to zebrafish chr9: 25101456-25141976
(Zv5) was submitted to the VISTA browser (www-gsd.lbl.gov/
vista/) in concert with ~200 kb of sequence encompassing the
orthologous interval from each of 14 vertebrates (chimp, baboon,
rhesus, cow, pig, cat, dog, rat, mouse, opossum, chicken, frog,
fugu, tetraodon; see Supplemental Table S2 for sequence inter-
vals). Sequences were subjected to AVID, SLAGAN, MLAGAN
analyses under default parameters (75% identity, =100 bp;
Supplemental Figs. S3-S5) using the zebrafish sequence as refer-
ence. Sequence intervals identified within Zebrafish-Human and
Zebrafish-Fugu comparisons by these analyses were submitted to
the UCSC browser as custom tracks for visual comparison.

Alignments were obtained by running BLASTZ on overlap-
ping tiling windows across the phox2b locus (0-500 bp, 250-750
bp, 500-1000 bp, 750-1250 bp, etc.) using the HoxD55q similar-
ity matrix ([91-90-25-100], [—90 100-100-25], [—25-100 100-
90], [-100-25-90 91]) and BLASTZ parameters which match
those used in the UCSC genome browser alignments: dr versus
mm or hg (K =2200 L = 6000 H = 2000), dr versus fugu (K = 3000
L =2200 H = 2000) dr versus tetNig (K = 3000 L = 2200 H = 2500)
dr versus dr (K = 3000 L = 2200 H = 2000).

We used the most significant 100 6, 7, and 8 mers to seed
PWMs which were then optimized using simulated annealing in
an approach modified from Beer and Tavazoie (2004) with 10
different random seeds (Beer and Tavazoie 2004). Matrices were
randomized a column at a time and scored according to the like-
lihood, L, that strong sites are found in functional regions and
weak sites are found in nonfunctional regions. Changes were
accepted if L increased, and rejected if L decreased with probabil-
ity e*1°8T where T, =1, and T decreased exponentially with a
half-time of 2000 iterations. The likelihood is given by the prod-
uct over the 33 tested regions, L = IT,p;, where p; is the prob-
ability of finding a site in a region. The strength of the sites were
modeled with the sigmoidal function, g; = 1/(1 + e 20%i-079),
where x; is the best normalized matrix score in the sequence, and
p; = q; if the region j with site i is functional, and p;= 1 — g; if the
region is nonfunctional. In this way PWMs which score highly
on functional regions and weakly on nonfunctional regions re-
ceive higher probability, P. This analysis further underscores the
flexibility of PWMs as opposed to k-mers, which while generally
advantageous can be more prone to overfitting.
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