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ABSTRACT: With the increasing availability of
mammalian genome sequences it became possible to use
large scale phylogenetic analysis in order to locate po-
tentially functional regions. In this paper we describe a
new probabilistic method for the characterization of phy-
logenetic conservation in mammalian DNA sequences.
We have used this method for the analysis of Hox gene
clusters, based on the alignment of 6 species, and we
constructed a map of Hox indicating short and long con-
served fragments and their positions with respect to the
known locations of Hox genes and other elements, some-
times showing surprising layouts.

1 INTRODUCTION

The utility of comparative sequence analysis has been
evident for many years, as the conservation patterns re-
veal the homology between genomic segments, as well
as the effects of functional constraints on mutations [4].
A popular theory is that conserved regions did not suc-
cumb to the evolutionary drift due to the effect of delete-
rious mutations, so sequence alignments became impor-
tant for locating functional loci in DNA [9]. For larger
regions, such as gene exons, pairwise alignments already
serve well, but for subtler signals one needs multiple
sequences. Until just a few years ago large scale stud-
ies of multiple alignments were not possible in eukary-
otes, mammals in particular, but with the advancement
of sequencing projects this situation is rapidly chang-
ing. Projects directed towards targeted sequencing of
genomic regions for the purpose of the analysis of con-
servation [17], [16] have already started.

Early attempts to identify functional DNA elements
based on phylogenetic conservation were largely heuris-
tic, but there were efforts to statistically characterize
them with respect to the background [8]. Local back-
ground is important, as it has been known for a while that
regions like Hox gene clusters may be protected from
evolutionary drift by some yet unknown mechanism [3].
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Thus if a region of good conservation appears unlikely
in its environment, that is a strong indication that it is
important. A “likely” region can still be functional, but
it does not stand out clearly enough to suggest function
based solely on the conservation. However, before ad-
dressing this issue we need to characterize what “local”
means. Concerning the rate of change between homolo-
gous sequences it should clearly be an area over which
this rate does not vary much.

We have applied our method to the analysis of mam-
malian Hox clusters. We have chosen them because they
have been extensively studied, so the locations of genes
and many other elements are known, and also because
of their good phylogenetic conservation, which involves
features other than simple conservation of sequence mo-
tifs, like the conservation of intergenic spacing in paral-
ogous clusters and an apparent resiliency to the insertion
of transposable elements [7]. There are 4 Hox clusters
in mammals (labeled A, B, C and D), spanning about
100-200 Kb each, and containing a total of 39 genes in
human, in 13 groups of paralogs (labeled 1 through 13).
They are ordered in the same way in each cluster, al-
though not every cluster contains the full set of 13 genes.
The function of the paralogs is only partially redundant,
as the loss of one cannot be completely compensated by
the others [5].

Hox genes, named after a common homeodomain mo-
tif, produce transcription factors which regulate the for-
mation of the anterior—posterior axis of an animal during
early embryonic development, acting on a large num-
ber of downstream genes. Since this axis is common
throughout the evolution, Hox clusters are well con-
served, often over regions much longer than expected
under a simple model of coding sequence and transcrip-
tional regulation. This was instrumental for our purpose,
because we could build reliable multiple alignments, and
also expect that the nature and positions of functional el-
ements could not have varied much. However, the main
goal of our work was the characterization of overall phy-
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logenetic sequence conservation in Hox clusters, rather
than a search for individual functional elements. The lat-
ter task can be better achieved by projects like ENCODE
[16], since HoxA is already one of its target regions, and
it would likely spark further analysis of its paralogs.

2 METHODS

‘We have constructed long alignments of all 4 Hox clus-
ters and their surrounding regions (of about 500 Kb each,
measured in human sequence) from 6 mammals rep-
resenting 3 distinct groups: two primates (human and
baboon), two ungulates (cow and pig) and two rodents
(mouse and rat), using Multi-LAGAN software [2]. Be-
cause of the state of the sequences at the time when these
alignments were built we had to restrict our analysis only
to a large contiguous high—quality interval in each clus-
ter, but the resulting fragments included a majority of
Hox genes.

We started by fragmenting the alignments into large
blocks where the conservation rate appeared constant.
This was done iteratively, expanding the small seed
blocks until the application of the Central Limit Theo-
rem indicated that the neighboring ones are unlikely to
draw from the same distribution, at 0.99 or higher signif-
icance. The seed length has been set to 50, as we wanted
it as short as possible and below this sample size the ap-
plication of the CLT may be unreliable.

The alignment columns were scored using the
weighted parsimony algorithm [12], although we em-
ployed a somewhat naive model. It has been established
that rodent evolution rate is faster than that of primates
[10], but the relative positions of rodent and ungulate
branches on the evolutionary tree, with respect to pri-
mates, are still controversial (all 3 groups are at about
equal distance of 80-100 Myr). We have applied a model
under which rodents are closer to primates, as there ap-
pears to be accumulating evidence in support of this hy-
pothesis. Insertions and deletions, reflected as gaps in the
alignment, were treated as any other substitutions, even
if a chain of gaps likely corresponds to a single evolu-
tionary event. This way the entire alignment was repre-
sented as an array of scores, divided into blocks of the
initial seed length, to be further refined. In each iterative
step we calculated the means and sample variances of
the neighboring regions, then used the mean of the larger
sample as the true mean, and the smaller sample for the
calculation of the confidence interval. These steps were
repeated until there was no change in the total number
of blocks. Once it has been determined that neighboring
blocks were unlikely to feature the same conservation
rate, further refinement was done in order to establish

the most likely boundary, by moving it until it optimally
distributed the columns closer to one of the two means.

Intuitively, large blocks of constant conservation cor-
respond to genome loci with the same mutation rates.
This can be due to different concentration of long and
short functional DNA elements or due to some other
mechanism protecting specific domains. After such
blocks have been determined, we proceeded to identify
the outliers. The expectation was that these blocks would .
roughly correspond to gene exons, as they would be the
only known elements that would warrant long blocks of
consistent good conservation.

Knowing the background conservation rate, it is possi-
ble to isolate shorter regions significant within their own
environment. Since the lower values for individual align-
ment column scores obtained through the application of
parsimony indicated better conservation, we modified
them by subtracting them from the average local back-
ground divergence. That gave the best score to the most
conserved columns, and only these scoring better than
the mean remained positive. However, we now assigned
an infinite negative score to gap—containing columns —
while some significant areas might be lost because of this
strategy, it also protected us from dealing with blocks
in which all but one sequence featured a gap. We used
the modified scores in order to isolate the full runs of
columns, by applying an algorithm we adapted from
Bentley [1]. We define full runs as the maximal intervals
scoring higher than any of their subintervals. Our algo-
rithm (unpublished) locates the full runs in O(n) time,
where n is the size of the score array, i.e. the number of
columns in the alignment.

We have calculated the mean and the variance for each
of the located regions, and used them for the compari-
son with these of all background environments. How-
ever, the located regions may not be significant in their
own surroundings, so they needed to be further evalu-
ated. Because they were generally short (up to a few
dozen bases), we used the Student ¢ test. Due to the
decrease in variance when the average is taken over the
longer intervals (and the increase in the degrees of free-
dom), longer ones may be more likely to pass the signif-
icance threshold, although in purely random setting they
would be also less likely to stand out. This corresponds
well with their presumed biological meaning, however
the quality of the background conservation introduces a
semantic bias. Blocks with a significant mean should
thus be considered by that measure only, while the sig-
nificance test should be applied to these discovered in
poor background conservation areas.

Our assumption was that if the areas of constant con-
servation rates do not capture the exons of Hox genes,
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Figure 1: Blocks of maximal sequence conservation in all 4 Hox clusters. Thick horizontal lines indicate the range
that has been analyzed, with position of Hox genes indicated below (all Hox genes have two exons). The bars right
above the line indicate the positions of larger (50-400 bp) environments conserved at, or below, 0.1 average level,
and the bars above them indicate the positions of shorter (25-100 bp) regions at the same level of conservation.

at least their fragments would show up as long signif-
icant blocks. Shorter intervals would indicate possible
transcription factor binding sites and other functional el-
ements, but their actual prediction would require further
work, such as clustering or Bayesian analysis. The fact
that a region is distinguished from its environment still
need not imply that it has a function, and we have thus
limited our study to the annotation of the sequence sites
according to how unusual they are, leaving the actual de-
termination of functionality to expert estimates and lab-
oratory analysis.

3 RESULTS

The primary motivation for doing this work originated
from an informal observation that the overall conserva-
tion patterns in our alignments did not appear to fit well
with our expectations. If an alignment is biologically
correct (and a mathematical optimum under a good scor-
ing scheme would presumably come close to that), one
would expect that gene exons would stand out more—or—
less clearly, while the right regulatory sequences would

be dotted with clusters of conserved transcription factor
binding motifs. Of course, because of the inter—species
genetic variations and the lack of DNA sequence speci-
ficity of most regulatory proteins this rarely happens, but
a reasonably close alignment layout is intuitive [15].

Discarding the opening and closing gaps in incom-
plete sequences, we have selected for analysis only parts
of the alignments that exhibited reasonable sequence and
layout quality throughout. In HoxA that was from the
second exon of HoxAll gene through about 11 Kb 3’ to
HoxAl gene, including the 3’, but not the 5’ end of the
cluster. In HoxB it was from about 7 Kb 3’ to HoxB13
to about 13 Kb 3’ to HoxB4, thus missing several genes
at both 5’ and 3’ end of the cluster. Interestingly, due to
the deactivation of 3 genes between HoxB13 and HoxB9
this left us with a large intergenic region at the opening
end. In HoxC we have selected the area between about
48 Kb 5’ to HoxCI3 to about 15 Kb 3’ of HoxC5. This
included the 5’ end of HoxC cluster, with a significant
starting intergenic area, but excluded its 3’ end, missing
the HoxC4 gene. In HoxD we had the least sequence to
work with — our fragment included the last 264 bp of
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500-10005" 200-5005" 0-2005" Exons Introns 0-10003" Intergenic
HoxA, long 2 1 1 2 0 1 4
HoxA, short 5 10 14 28 10 15 54
HoxB, long 1 2 5 9 0 1 10
HoxB, short 4 7 7 3 8 14 29
HoxC, long 1 2 4 7 4 2 8
HoxC, short 3 4 9 8 13 15 51
HoxD, long 0 0 0 1 0 0 @
HoxD, short 0 0 0 0 2 4 (22)

Table 1: Number of short and long regions of average conservation 0.1 substitution per site, or better, falling into
each distinct genomic domain. The intergenic region numbers for HoxD have been parenthesized because of the
Ensembl gene prediction at the location where many of these regions have been found.

500-10005> 200-5005" 0-2005" Exons Introns 0-10003" Intergenic
HoxA 0.067 0.315 0.616 0.223 0.066 0.077 0.057
HoxB 0.115 0.342 0.788 0.639 0.071 0.145 0.024
HoxC 0.104 0.202 0.609 0.521 0.089 0.105 0.035
HoxD 0 0 0 0.061 0.026 0.066 (0.027)

Table 2: Fractions of the total number of alignment columns in each distinct genomic domain contained in the
regions of minimal length 25 bp, with average conservation 0.1 or better. The intergenic data for HoxD have been
parenthesized because of the Ensembl gene prediction at the location where many of these regions were found.

the intron of HoxD4 (thus missing 6 Hox genes, plus 1
exon) until about 46 Kb 3’ of HoxD1. Atthe 3 end of the
HoxD cluster we thus had a large segment of intergenic
sequence, however there is an Ensembl [6] prediction of
another gene (XP_496612.1) in that area. Overall, this
gave us a good blend of Hox environments in which any
patterns should be clearly visible.

The initial breakup of the alignments into areas of con-
stant conservation rate was somewhat surprising, divid-
ing them into a large number of blocks of 250 bp on av-
erage, which could not be further merged. This was pri-
marily due to very low sample variances, and that con-
firmed the known fact that genomic sequences are far
from random, even outside genes. However, since inter-
vals of this size can capture exons, we were content with
this division, especially as it did not substantially change
with large increases in the significance threshold. Using
this division we have also located shorter full runs stand-
ing out in these environments.

We first looked at all segments, either large constant—
rate environments or shorter regions of minimal length
25 bp, featuring a parsimony score of at most 0.1 substi-
tutions per site. Minimal length was set at 25 because it
is unlikely that an individual element would be this long
(with transcription factor binding sites of 5-25 bp, and
miRNAs of about 22 bp), and we still wanted to analyze
the trends. The distribution of these areas is shown in

Figure 1. As it can be seen from the picture, the layout
of these regions was slightly indicative of the concentra-
tion at the anterior end, and some studies have indicated
[14] that the mechanisms of regulation may be consider-
ably different between groups of Hox genes, and that cis—
acting elements are more likely to be found in the close
proximity of anterior genes, with posterior ones being
regulated in increasingly complex and spatially distant
ways.

As it is difficult to see from the figure where these re-
gions are exactly located, we have tabulated their distri-
bution over several distinct genomic domains, including
5’ regulatory regions, exons, introns, 3’ sequences and
intergenic sequences in Table 2. As we have mapped the
Hox genes by the beginnings of their coding sequences,
and in Hox they are always located in the first exon,
the immediate 5’ sequence always contained the untrans-
lated regions, with the promoter and the associated ele-
ments being more distant. Because of the varying sizes
of the regions, their counts were not very informative, so
we have measured the percentage of the columns con-
tained in the regions with the mean less than 0.1 and
shown the results in Table 2.

The layout of these columns is somewhat surprising. It
shows the highest density not in gene exons, as expected,
but at their immediate 5’ loci, normally containing the
UTRs. This phenomenon has also been noted by other
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Figure 2: A region from the HoxA cluster standing in a stark contrast with its environment. Solid line box encloses
the area of perfect conservation in all species. Dashed and dotted lines show the areas of rodent and primate
differential conservation, respectively. Dots indicate the same letter as in the row 1 (human).

studies, on other gene clusters [11]. The conservation
density drops as one moves away from the genes, how-
ever the fact that the density is measured over regions of
minimal length 25 is somewhat puzzling. One can argue
that some of these regions actually represent clusters of
regulatory elements, since not every included column is
required to maintain the same high conservation rate, but
the conservation is still too good for this scenario. Over-
all, from the high block conservation of the 5° UTRs and
promoter regions one can hypothesize that some yet un-
known mechanism protects these entire areas from too
many mutations, imposing a much wider constraint on
the sequence than just on the functional elements.

Surprisingly, no regions of high overall conservation
have been found in the small part of the HoxD cluster
we analyzed. Further inspection has shown that both the
exons of these genes and the corresponding 5’ sequences
were indeed conserved, although not at the stringent 0.1
substitution average level. More puzzling was the con-
centration of high conservation in an apparently inter-
genic region, but they almost all lie at or around the site
of the Ensembl gene prediction, providing additional ev-
idence for its correctness. However, many highly con-
served regions have been found in the intergenic regions
of other Hox clusters, too. Some of them contain func-
tional elements, although it is an open question why
they are so long. Recent studies [18] have found sev-
eral miRNA genes within Hox clusters, important for
gene regulation at the post—transcriptional level, and dis-
tal regulatory sequences are common in the genome.

In addition to its capacity to identify general trends,
our program is capable of finding small isolated regions
when they stand in a contrast with their environment, as
depicted in Figure 2. We have looked at the regions of
minimal length 5 whose cumulative score was exceed-
ing the mean of their environment. As expected, many
such regions have been located, and we used the Student
t test in order to estimate their significance. Roughly
half were significant above the 0.99 level, again con-
firming the fundamental non-random nature of genomic
sequences. Some of these regions were clustering, but
there was only an occasional match with experimentally

confirmed functional sites (dataset compiled from the lit-
erature by Laura Elnitski, unpublished). As these regions
were more likely to stand out only in the areas of poor
general conservation, we have not attempted to plot them
on a chart similar to that of Figure 1.

4 DISCUSSION

In this paper we have presented an argument that the
functional constraints on DNA sequences may be en-
forced by a mechanism broader than a simple prohibi-
tion of mutations within functional elements. The over-
all conservation patterns, both in the background and in
the contiguous areas scoring better than the background
indicate consistent good conservation in sequences up-
stream of the translation start sites, and often better than
within the coding sequences themselves. In addition, a
large number, if not a majority, of both long and short in-
tervals that score better than their local environment do
so with high significance.

In many respects, this is a work in progress. We still
need to find a good way of integrating data from vari-
ous background conservation levels and long and short
outlier regions, along with their significance. There are
existing tools, like the Multi-PipMaker [13] that per-
form similar tasks, and also provide an intuitive graph-
ical representation. However, the PipMaker software
works from gap—free pairwise alignments towards the in-
tegration into a multiple alignment, while our approach
takes the other direction. In addition, PipMaker leaves
the deduction of the significance to the user. However,
the significance is the center-point of our approach, and
any way of presenting the information must include it.

We would like to perform further systematic analysis
by varying thresholds for the mean score of the conser-
vation, and analyze the trends. In addition, our treatment
of gaps in sequences, while practical, is not satisfactory.
The uncritical inclusion of gaps often leads to artifacts,
but their exclusion creates problems, too. No matter how
uncomfortable they are to work with, gaps in alignments
are presumed to reflect the natural process of nucleotide
insertion and deletion, and as such they should be fully
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included in the analysis.
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