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Abstract

Non-coding sequence in eukaryotes encodes functionallypiontant signals for
the regulation of gene expression. Since these elementsearlutionary con-
served among related taxa due to stabilizing selection thegccumulate less
mutations than adjacent non-functional DNA. These conseed non-coding
sequences with potential regulatory activity, are known aphylogenetic foot-
prints. They can be detected by comparison of the sequences surrding
orthologous genes in (distantly) related species. Loss ocauisition of phy-
logenetic footprints in some of these lineages provides @smce for the evo-
lutionary modi cation of cis-regulatory elements. In orde to observe the
distribution of phylogenetic footprints among whole genelgsters and vari-
ous species we developed the software tdidcker . It is designed for large
scale analysis and identi es corresponding footprints irohg sequences from
multiple species more e ciently than other available algoithms.

We apply our novel method to the published sequences ldbxA clusters
to study the footprint evolution after the most recent cluser duplication in
Danio rerio (zebra sh) and Takifugu rubripes (pu er sh). We introduce a
statistical model that allows us to estimate the loss of noneding sequence
conservation that can be attributed to gene loss and othertctural reasons.
According to this model we observe an unexpectedly high los$ sequence
conservation suggesting that binding site turnover and/omladaptive modi -
cation also contribute to the massive loss of sequence camagon.

The statistical analysis of phylogenetic footprints in thetwo known Hox
clusters ofHeterodontus francisci(horn shark) and the four mammalianHox
clustersA,B,C and D shows that the sharkHoxN cluster isHoxD-like. From
this nding we conclude that the most recent common ancestaof gnathos-
tomes (jawed vertebrates) had at least fouHox clusters, including those
which are orthologous to the four mammaliarHox clusters.

Within the intergenic region from hoxA13 to hoxAll we discovered a set
of footprints speci cally conserved among the available peesentatives of the
tetrapods. Since exclusive expression domains ldxA13 and hoxAll are
known to determine limb development we propose that thesedtprints are
crucial for the n limb transition. Consequently we predict the presence of
homologous footprints in amphibians and reptiles.
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Zusammenfassung

In nicht-kodierender DNA von Eukaryoten nden sich funktionell wichtige
Signale fur die Regulation der Genexpression, die durchatiilisierende Se-
lektion in verwandten Taxa evolutionar konserviert sind. Sie akkumulieren
weniger Mutationen als benachbarte nicht-kodierende Regien und werden
gemeinhin als 'phylogenetische Fu stapfen' (engh\phylogenetic footprints™)
bezeichnet. Durch Vergleich nicht-kodierender Bereich@ ider Umgebung
von orthologen Genen verwandter Arten, werden solche phgenetischen
Fu stapfen aufgefunden. Der Verlust von konservierten Fustapfen, sowie
das Erlangen neuer Motive gibt Auskunft uber evolutionae Anderungen an
cis-regulatorischen Sequenzen. Um die Verteilung von konsemten Regio-
nen entlang gesamter Gen-Cluster und einer Vielzahl von Cagismen zu
untersuchen, entwickelten wir das Programntracker . Es ist in der Lage,
Analysen an einer Vielzahl langer Sequenzen durchzufeinrend identi ziert
zusammengeherige Fu stapfen e zienter als andere verigbare Programme.

Eine erste Anwendung fand unser neues Programm bei der Urgechung
der rezentesten Duplication imHoxA Cluster von Danio rerio (Zebra sch)
and Takifugu rubripes(Kugel sch). Zusammen mit dem vorgestellten, statis-
tischen Modell zur Abschatzung des Verlustes nicht-kodiender Sequenzkon-
servierung, der durch Gen Verlust und strukturelléAnderungen erklart wird,
schlagen wir vor den unerwartet hohe Verlust von konservien Fu stapfen
durch co-evolutiven Anderung von Bindungsstellen und adaptive Modi ka-
tion zu interpretieren.

Statistische Analysen phylogenetischer Fu stapfen in debeiden bekan-
nten Hox Clustern von Heterodontus francisci(Hornhai) und den vier Hox
Clustern A,B,C und D in Saugetieren zeigten, da derHoxN Cluster des
Haies demHoxD Cluster amahnlichsten ist. Aus dieser Beobachtung schlen
wir, da der rezenteste gemeinsame Vorfahre der GnathostenfKiefertragen-
de) mindesten vierHox Cluster hatte, von denen vier ortholog zu den vier
Clustern in Saugetieren sind.

Die weitere Analye der intergenischen Region vohoxAl13 bis hoxAll
ergab eine Reihe von Fu stapfen, die spezi sch far alle véagbaren Vertreter
der Tetrapoda (Vierfa er) sind. Da die nicht uberlappende Expression von
hoxA13 und hoxAll die Entwicklung von Extremitaten bestimmt, ist an-
zunehmen, da diese Fu stapfen far die Entwicklung von Fl@sen zu Ex-
tremitaten entscheidend sind. Daraus schlie en wir, da @ Konservierung
der Sequenzstacke auch in Amphibien und Reptilien zu erwian ist.
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CHAPTERL

Introduction

One of the major principles in biology that still did not get ait of fashion is to
sloppily copy information. This may seem strange since on®e@s not expect
to introduce improvements at random. But everyone who has e copied
a homework at highschool or observed others doing so for a goenough
time has learned that it is worth taking the risk of slightly unpro table
modi cations to experiences the bene t of rare striking chages at least once.
In general, after prove of the bene t the innovation is seléed, copied and
disseminated to serve as template in another round of mulfipation bringing
fame to its creator.

The biological term for this principle is 'evolution’, eventhough it is
valid in many situations of life it refers to the process of i cation and
selection of DNA sequences and the corresponding changethefphenotype.
Some of the DNA modi cations do not cause changes in the phagpe and
are said to be neutral. The others concern functional DNA antherefore
lead to functional changes and 'visible', phenotypic di eences. During the
last centuries, geneticists focused on protein coding regs (genes) and their
function. By means of mutagenesis they modi ed the coding ggon and
analyzed the phenotypes to further assign functions to theoding regions.
As the term 'non-coding DNA' implies, they thought of it as na-functional,
spacing DNA. Nowadays, we know that regulatory sequencesthese regions
occupy a much larger fraction of genomic sequences than thetein coding
counterpart [49]. Furthermore, they are at least as importat as the coding
regions themselves because of their dramatic e ect on therfttion of the reg-
ulated genes. Mutations at these regulatory sites can caube establishment
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2 CHAPTER 1. Introduction

of di erent expression patterns and tremendous phenotypichanges.

Experimental evidence from a variety of sources shows that major
mode of evolution is based on the modi cation of cis-regulaty elements
[5, 19, 24, 70]. The most famous data concern thdox clusters of de-
velopmental genes [53]. These are clusters of paralogousegecoding for
homeodomain containing transcription factors with widesyggad conservation
among bilateral metazoans. They participate in the formatin of the anterior-
posterior axes of the embryo and determine the positional edtities of seg-
ments and matter for the development of their morphologyHox genes have
critical e ects on nearly all functional groups in a vertebate body.

This turns Hox clusters into an interesting research subject as well as an
appropriate model system for various reasons:

First, changes of regulatory regions in the cluster of gen@sth general
importance in the pattering of the body will unerringly caug visible mor-
phological changes. This is due to the activation of the rshox gene before
primitive streak formation a developmental stage at whichtsuctural changes
can already be analyzed.

Second, theHox cluster are common in a wide range of di erent struc-
tured organisms with still highly conserved genes and clust composition.
This attracts the attention of theoretical biologists deaihg with the homology
of characters [67]. Changes in the level and sequencéhokx gene expression
result in the change of archetypes. The discovery of homolmgs genes de-
termining non-homologous morphological structures in 'mo-related groups
is a new challenge to morphologists studying the problem obmology.

Third, to compare cluster sequences one aligns the sequente identify
regions of similarity and divergence. Alignment methods tel to work more
e ciently on very similar sequences but less similar sequers are quiet more
interesting from the biological point of view. Thus using caservedhox pro-
teins assists the alignment of the less conserved surroumgliDNA and this
increases the quality of the alignment.

Forth, when many taxonomically well placed species are seanced, it
may be possible to assign regulatory changes to major evotutary changes,
for example to the n limb transition [76] or the origin of mammals.

Finally, a particular feature of hox gene expression is that the genes
in each cluster are expressed in a temporal and spatial orddrat re ects
there order on the chromosome (Figl.1). There is experimental evidence
that 3' genes are turned on in the anterior part of the body anlyestages
of development regulated by retinoic acid which binds to RARes. During
proceeding embryogenesis more 5' genes are expressedwstbgor parts (or
distal parts concerning limb development) due to the inaeerof cdx The
reason for colinearity is not known yet. One plausible idethat enhancer



anterior posterior
1 2 3 4 5 6 7 8 9 10 11 12 13
s~ 5
early @ late
IGRs IGRs
hlgh ConservedN low conservec
f\.-s.\:.__
T AT
4 J 2 = Ry

Figure 1.1: Colinearity inHox clusters. The 13 genes of the dierent paralogous groups
of a Hox cluster are expressed in spatial and temporal order cotirteathe order on the
chromosome. The 3hox genes are expressed in the anterior body parts at early dewe¢ntal
stages. As recently reported, the intergenic regions (Il5Rsated 3' in the cluster are more
conserved.
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shearing prevents that the cluster breaks up. ForHlo&D cluster Kmitaet al.
show quantitative colinearity [45] which is due to a genemAlncer element and
its decreasing activity with rather gene distance than gdestity. Santiniet
al. found out that intergenic regions between genes locateu tBe Hox cluster
are signi cantly more conserved [63]. That explains thditalof functional
complementation observed for 3' genes by Manzamrald53]. The conclusion
is that the body is rst roughly patterned by the highly cangel genes located 3'
in the cluster which are also necessary for the correctaditiivof the subsequent
Hox expression system. With increasing distance from tteeafdhe body, the
level of non-coding sequence conservation decreasesvititiigy of 5' genes in
contrast to the evolutionary diversity of these distal bpéyts. The underlying
mechanism is not well understood and captures the attemtiatevelopmental
geneticists [45, 60].

It is di cult to investigate the molecular evolution of ciegulatory elements
because of the absence of a reliable \genetic code for ndingeequences" [10].
Binding sites for transcription factors are usually shod gariable or fuzzy and
are thus hard to identify unambiguously, in particular & thanscription factors
involved are not knowa priori [73]. Moreover, there is good evidence that not
only the nucleotide sequence de nes the activity of a baqndite [46]. Additional
constraints such as their spatial distribution, relativeabsolute distances and
helical phasing between adjacent binding sites is oftegested to play an
important role. Little work, however, has been carried auintvestigate spatial
constraints.

An experimental way to determine protein binding sites iectanterfer-
ence footprinting (Fig. 1.2a). In this case, DNA is modi ealahe e ect on
recognition by the protein is studied. The nucleotides lwbannot be modi ed
without losing the binding of the protein represenfamtprint. Phylogenetic
footprinting is the computational attempt to nd regulatprelements assum-
ing that functional important parts of non-coding sequenes well as coding
sequences evolve much slower than the adjacent non-foacfdNA due to se-
lective pressure. Evolution modi es the sequences stochkhs while negative
selection prevents mutations in functional regions to getd in the population.
Therefore, conserved regions detected in a carefullyteglset of related species
reveal functional DNA if the sequences are divergent ensodhat stochastic
conservation is highly unlikely (Fig. 1.2b). Phylogentetatprints can therefore
be viewed as islands of strongly conserved segments inodomgcsequences
[72].

The above assumption is very important for phylogeneti¢pfoding. It
is basic for the detection of conserved non-coding DNA &®€-450 million
years of evolution [21]. Unfortunately, it is not excepaiothat experimentally
characterized regulatory elements fail to show sequentkarsy even between



a b
ATTAGATGGGT-TCAGCAITATAGCAGCAA

AAGAAAGGCGATCAGCATTTCAGCAGAAL
AAAAGTTEEEATEACCICTITAAAAAAAA - AAAAGTTGGGATCAGCACTTTAAAAAAAA

AR Pt ot RARRE

Figure 1.2: Footprinting is a method to determine the region of DNA&mIence covered by a
bound protein. (a) One experimental approach is called ifeeence footprinting. In this case,
DNA is modi ed and the e ect on recognition by the protein idudied. The nucleotides which
must not be modi ed to retain binding of the protein repregea footprint. (b) Analogously
evolution is modifying DNA and selection causes conseovatif the binding site, whereas the
surrounding non-coding DNA evolves faster. Detecting jpigg@netic footprints by comparison
of orthologous sequences from di erent species is a biomfatics approach to de ne protein
binding sites.

closely related species [73]. Explanations would be @umattco-evolution and
selection for compensatory neutral mutations rather thividual binding site

speci city [50].
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The Tracker Method

2.1 The Three Wishes

The comparison of various footprinting methods describiddnsection 2.3.3
revealed a number of shortcomings (Table 2.14) and broughtha idea of
writing our own method for phylogenetic footprinting. Thig us in the position
to satisfy our own wishes. We want a fast method ( rst wishattis able to

cope with a large set of long sequences (second wish). ltdshewo big e ort

to write it (third wish) and it should automatically write @jper given the input
data (forth wish). It is worth mentioning that just three digm came true.

In order to follow our own speci cations we combine the pairthe programs
with good performance. Therefore, we decide to take the pastwise local
alignment toolblastz [64] to preselect regions which might be conserved. This
alignment algorithm is used ®ipMaker. It can cope with sequences in the
order of nearly 100Mb and produces an output that describeslignments by
coordinates within the sequences. The bene tis, that thgpouis easy to parse.
To build up multiple alignments the pairwise alignmentsnepay overlapping
sequence fragments of the same organism are clustered. nfdrenation of
sequence sharing by a certain subset of sequences can &etezkiirom these
clusters. To regain the information about the location ghgthe sequences in a
cluster are now realigned with a standard multiple aligrirteesi. We included
DIALIGNdue to the good results in our test and those doneBlanchette et
al. [14]. An extra benet was incurred by implementing our owrthoé. We
could design an output that is human readable as well ascapj#ito further

7



8 CHAPTER 2. The Tracker Method

guantitative and statistical analysis. We decided thasadf footprints should
give their position in the sequences. From this list one xkiact the distribution
of footprints among the input sequences. It turned out thastts our purpose
very well.

2.2 The Intestines of Tracker

2.2.1 Initial Set of Pairwise Alignments

The programtracker is based upon thdlast [2] implementationblastz
[65], which is used to produce an initial list of local paenalignments from
comparisons of all pairs of thé input sequences. This list is then assembled
into clusters of partially overlapping regions that aressgently analyzed in
detail. By default, only the intergenic regions between hwmologous genes
are compared. Additional (non-homologous) genes comtaimeone or both
sequences are disregarded. For instance the IGR beltveaeA9band Hox-A2b
together with the region betweddox-A2band SNex of Takifugu is compared
with the region betweeRox-A9aand SNexof the zebra sh with the exception
of the exons and introns of the zebra blox-A5a Hox-A4a Hox-A3a and Hox-
Alagenes and the Takifugdox-A2bgene (Fig. 2.2). In the current study we
exclude introns; they could be included easily by simpdyirtigethem analogous
to IGRs, i.e., by listing individual exons instead of egiees in the input. In the
current implementation a table listing which genes (or exare homologous has
to be provided by the user. A tool suchlagan [17] could easily be integrated
to construct this table automatically from the input seqoes

Formally, the combined results of allastz comparisons of thé&l input

which is the basis of all further analysis steps. Each aégh#y, is repre-
sented as pair of interval#\}; AZg. More explicitly, we writé\, = f Al; A2g =
fxP[izzj ; x9[i:;] ]g. For instancexP[i:;j ] is the substring between positionand
J of the input sequencr® that forms rst sequence in the alignmeA.
The blastz searches are performed with non-stringent parameters in an
attempt to avoid false negative at this early stage. As areamdble side-e ect
of reducing the stringency diflastz we observe that some repetitive sequence
elements slip into the initial set of alignments. We use #tlear straightforward
local entropy criterion described below to identify sucjuseces and to remove
the correspondinparts of pairwise alignments from our initial list. In some cases
low complexity repetitive sequences actually connect igva santly conserved
sequences. In this case we fragment the alignment into twwoe shorter ones.
We prefer to use a local entropy measure rather than a tobl asRepeat-
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list of orthologous genes
gene positions
sequences

Y/

read input

do pairwise
local alignments

remove remove
low entropy poorly conserved
regions regions
cluster
overlapping
alignments

l

assess consistency

consistent inconsistent
split
cluster
multiple alignments presence/absence
of clusters pattern distribution
sorted list phylogenetic
of clusters ] distribution
multiple
alignments

Figure 2.1: Functional parts of theracker algorithm. For a detailed description see sec-
tion 2.2.
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Figure 2.2: Comparison of orthologous intergenic regions. Paifsodhologous genes are
used as boundaries for the description of orthologous nodieg sequences. For a detailed
description see text.

Masker[69] which uses a database of repetitive elements. Themregasoat we
only want to remove repetitive low complexity sequencesg snore complex
repetitive elements that are conserved between very tispaties may well be
functional. Local entropy measures are computed from tlkeatide frequencies
fa(i) in a sequence windofv = W=2;i + W=2] of width W around positiori.

In addition, we use analogously de ned joint frequentigf) of nding the
nucleotides andb separated by a distancealong the chain. The corresponding
local entropies are

X X
H(i) = fa(i)log, fa(i) H (i) = Fan(i) 10, Fo(i)  (2.1)

a ab

ClearlyH(i) 2bitandH (i) 4bit. We designate a positianas having \low
complexity” if bothH (i) and the average mutual information measure

Max
H (i) H(3) (2.2)

=1

M (i) =

max

are smaller than user-de ned threshold valHgg, andM ., respectively. The
default value#i i, = 1:25andMn,, = 0:75have been determined by inspecting
a large sample of test cases. The procedure is insensitismdatl changes of
these parameters.

The second problem with the initiblastz alignments is that in many cases
they consist of a few highly conserved blocks separateddbiyedy long (several
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dozens of nucleotides) stretches of completely divergpaesees. For our pur-
poses it is desirable to separate such hits by removing theomserved parts
of the sequence. To this end, we re-align btastz hits using a conventional
dynamic programming alignment algorithm suchcasstalw [74] and post-
process these alignments in the following way: We de ne @apatignment as
su ciently conserved if (i) it contains a windo\;i + L 1] of lengthL in
which the sequence identity is at leagf,, and (ii) it does not contain a window
of the same length. with an identity of less thanna. In other words, the
blastz hit is divided at any sequence window of length at leasiith very low
conservation. Of the resulting fragments only those thattaio a su ciently
conserved block of length at ledstare retained for further evaluation. The
values ofL, in, and nax May have to be adjusted from their default values
for sequences from very closely related species.

2.2.2 Consistent Cliques

We say thattwo alignmentsAy, and A, overlapif at least one of the four in-
tersectionsAi \ Al, AL\ A?, A2\ A', and A2\ A? is non-empty. For the
construction of footprint clusters it can be useful to comebalignments that are
separated only by a short intervening sequence into a singleWe thus treat

U= xPizi% and AY = xP[j;j Q with i® j as if they were overlapping when
j i Dma. The default isDna = 0, however, so that only true overlaps
are considered. We can view the combined results frombldstz scans as a
graph that has the individuablastz -alignments as its vertices. The edges of

are then the overlapping alignments.

Overlapping alignments may either indicate that (partsfobxprints are con-

served between more than two sequences or they arise elge bjplication of
a footprint pattern in one or both of the input sequences. Ha trst case we
will attempt to construct a multiple alignment of the fooiqtrin all sequences
in which it appears. In the second case this is not possiite sie have con-
icting pairwise alignments between parts of the same twqueaces, Fig. 2.3a.
The second stage of macker run therefore consists of a careful analysis of
the overlap graph and its constituent sequence alignmews. begin with a

will refer to as \clusters". Since the clusters are indegemnaf each other, they
can be processed separately in further processing stages.

The complicated part of the analysis is the further invesiog of the indi-
vidual clusters since they may contain mutually incomfemabgnments. A set
U A of pairwise alignments is said to bempatibleif there is a multiple align-
mentA that \contains" each pairwise alignmeAt2 U in the following sense: If
the sequence positiom8[i] andx9[j ] are aligned irA then they are also aligned
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p p I
B A /
q q
@) : 0
P - ©)
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Figure 2.3: (a) Two alignments that overlap in sequengamatch with disjoint subsequences
of p: clearly these two alignments are inconsistent in the setigg they cannot even be
approximately part of a common alignment. (b) This situatioon the r.h.s. is more subtle
because the small overlap of only a few nucleotides might e drtifact here. In this case
we might want to treat them as a single alignment with a longsértion in sequencp. (c) In
this case the alignmenté and F between sequence-q and p-r respectively are inconsistent
because di erent subsequences pfare mapped to the same subsequencer dfy means of
the alignmentB. Note that i we were to disregard alignmenB then the alignmentsA and

F belong to di erent connected components.

in A providedA is an alignment of subsequencexbfind x9 that contains the
positionsi andj, respectively. We will use here a somewhat weaker notidn tha
allows us to avoid the explicit construction of alignmentthes stage. We say
that U is consistentif A = fxP[i::i 9; x9[j::j 9g is contained imA in the (weaker)
sense that the sequence intervat§i::i 9 andx9[j:;j 9 are aligned imrA, but not
necessarily in the exact same way. The simplest case of patibitity involves
only one pair of alignment& = fx[i::i9; y[i;j 99 and B = fx[k::k9;y[l;199
between the same two input sequengesndy that overlap in one sequence but
not in the other one, as in the example shown in Fig. 2.3a,lre omplicated
inconsistencies, such as the situations in Fig. 2.3c, apjpebe very rare in
practical applications with few sequences but play an itaporole for larger
samples. Our task is therefore to determine maximal setautfatty consistent
alignments within a cluster. Such sets of pairwise aligtsnean be combined
to a multiple alignment which we callcdique of footprints.

such thatAjZ\ Ajl+l 6 ;. Note that any such sequence corresponds to a path
in the overlap graph.. Then we consider the \image" of the initial sequence
interval Al at each step of the series, i.e., the pAi} of the sequencd? that

is aligned with (a part of pZ through the concatenation of the alignmets,

1 j k. We callu the trace of the initial sequence. Whenev&f and Al
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Figure 2.4: Notation for the inconsistency- nding algorithmv{; v9] is trace offuy; uy] under
the alignmentA. See text for details.

are parts of the same input sequendewe have to check whethe‘fﬁ Al
An inconsistency occurs &2 6 Al i.e., if the image oAl after a series of
alignments is another interval on the same input sequendg. 2E3c is the
simplest example for this situation.

In the following paragraphs we outline the algorithm foredghg incon-
sistencies in more detail. It is convenient to drop the expleference to
the sequence from the notation and to wrife = [py; po]; [ch; @] instead of
A = fxPligia]; X9 1;)2]g- In order to nd all alignments in the cluster that
are inconsistent with the initial alignmeAl = [ p1; p2]; [h; ] We construct a
directed tree recursively starting with the directed eflgep,] ! [o; ] by
means of the following rule: To each endpainof the growing trek which is
associated with an interv@ll;; uy], we attach edges for each alignmetthat
overlaps witHus; u,] and has not been used already along the path {mnp;]
to [uy; uy]. The vertex at the endpoint of the new edge is associated twh
trace [vY; V9] of [us; uy] under the alignmenf that is de ned as the part of
[v1; Vo] aligned with the overlafuf9udf = [uy; uo]\ [u?; ud], see Fig. 2.4. The
traces can be interpreted as sequence piecesstimildbe aligned witHpy; p-]
according to the given series of alignments.

The preprocessed alignments do not contain large gaps inaser We can
therefore estimate the traces just from the intervals byiiessg that alignments
act like linear transformations on the intervals. Simpliedsine ; such that

lwith the exception of the root [p;; p2], of course
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u®= u+ (U3 W) forj =1;2ie, ;= (u® ud)=(u3 u?);then
Vo Vi
ug  u?’

VY= v+ (U ) (2.3)

In this way we avoid the explicit construction of the aligntee The correction
factor (v vi)=(ud u9) is close tol since gaps are rare. The inaccuracies
incurred by this approximation may lead to slight displaa#siof the aligned
intervals. This can be compensated in the computation lywaly a small
tolerance such that we accept the intervi@; j _[c;di a ¢ tandb d+t.

After each extension of our search tree three situation ncayro
(i) We arrive at a tracdp, ; p,] such that there is an previously constructed trace
[p9; P9] satisfying[p,;p,]  [P%;P3]. Then we abandon the branch fi;p.]
since any inconsistency wigh ; p,] is also an inconsistency with the larger trace
[%; 3.

(i) We encounter an alignmewt, with a trace[p,; p,] at its terminal vertex that

is part of the same sequengpes the \root interval[ps; p2]. If [py;P,] 6 [P1; P2]
then at least one sequence interyi; u,] encountered (as trace) somewhere
along the path fronip,; p,] to [p:1; p2] would be aligned with two distinct inter-
vals on the same sequenge Consequently, the initial alignme®t, and the
alignmentAy are inconsistent. We store this fact and do not further edtthre
search tree fronfip;; p,].

(iii) Otherwise, the tree is extended along all alignmelnég bverlap witHp,; p,].

We remark that, more abstractly, this procedure can be wtded as a
depth rst search on the path-graph of the overlap graph o #lignments.
(The path-graphP () of a graph has as its vertices all paths inTwo paths
are adjacent irP() if one is obtained as an extension by a single edge of the
other one.) The individual alignments are represented byptiths of lengtlO
and serve as roots of the search trees. Along each edge dfarehgree (i.e.,
an alignment) we compute the trace (which can be regarded\astax label)
and check for consistency with the label of the root vertex.

For each alignment we therefore obtain a (possibly) emgttpliinconsistent
alignments. Repeating this search procedure with eachnadigt as \root"
we obtain all pairwise inconsistencies. These de ne thphgra that has the
blastz -alignments of the cluster. as its vertices and has an edge betwéen
andB if and only ifA andB are inconsistent. From; we obtain the maximal
sets of consistent alignments as the cliques of the complegnaph ; (which
has an edge betwegxandB if and only if there is no edge in.). The graphs
~ . have sometimes dozens or even a few hundred nodes (intipainsise
alignments). In general,; is close to a complete graph, i.e., \most" pairwise
alignments are mutually consistent. The I&t= f CSg of the cliques of . can
therefore be produced e ciently by means of the Bron-Kedhoalgorithm [16]
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Figure 2.5: Decomposition of a cluster of alignments: First the dap graph is computed
for a set of alignments. Here we show only a single connectadponent (\cluster”). The
inconsistency graph summarized pairs of alignments that cannot be derived fromoamon
multiple alignment. Next cliques of its complement are determined. Here we obtain four
cliquesC; = fA;B;Eg, C, = fC;Dg, C3 = fC;Eg, and C4 = fB;Dg. Only [ C1], [ C2]
and [ Cs3] are connected, hence we obtain the revised list of cligGgs C,, Cs, fBg, fDg.
Neither of the two isolated points is maximal, i.e., each & is contained in at least one
strictly larger clique, thus the nal result of the decompitisn are the three non-trivial cliques
C4, Co, and C3.
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even though in general even nding the maximal clique of algra NP-hard
[36].

The induced subgraphs;[C] are not necessarily connected, however, i.e.,
they might consist of alignments that do not overlap, Fi¢gp. 2Ve thus revise
the list of cliques by replacing.[C:] by all its connected components. It is
possible that such a componedf is a strict subset of a larger one. In this case
CCis removed from the list of cliques.

2.2.3 Postprocessing

Phylogenetic footprints typically appear in clusters. therpurpose of the anal-
ysis in this contribution we pragmatically de nephylogenetic footprint clique
as a single consistent clique. In some case one might wangte dhat two
or several cliques in close proximity should only be cowstedsingle footprint
cligue. For example, in [21] footprints are merged into #mes \phylogenetic
footprint cluster" (PFC) if they are separated by less th&®rit. This bound
on the separation appears to be rather arbitrary. Furtheemae are interested
in relative abundances here, so that it makes little di eeemvhether PFCs or
footprint cliques from theracker program are used.

The next step is rather straightforward. For each clifuand each sequence
x we determine the minimal intervid® x°} that contains all intervals of ap-
pearing in alignments belonging X0. A multiple alignment of these sequence
intervals is then produced using a standard program sudfuatalw [74] or
DIALIGN[56]. So far our data indicate that the nal outcome is esgalht in-
dependent of the multiple alignment algorithm, which as tlevel serves mostly
as a convenient method for visualization.

The nal processing stage consists of relating the pregabsence pattern
of the detected footprints with the established (or assunm@d/logeny of the
species in question. Given a phylogenetic treepliglip format) as input,
tracker automatically compiles an overview table in which cliquestaanged
according to common presence/absence patterns togethérthe parsimony
score for the corresponding tree (see Fig. 2.6). In additomerview charts
are produced that summarize the locations of the footprimith a common
distribution on the phylogenetic tree.

2.2.4 Implementation

The tracker method is implemented as a perl program utilizagSI Cmod-
ules e.g. for determining the inconsistency graph. Fumtbes, blastz [65],
clustalw [74], andDIALIGN[56] are used as system calls. The output is pro-



2.2. The Intestines of Tracker 17

>
c
o
| @™ D)D m -%w
TISITI2 32|88
L | Q|a|X|IT| I (|aa|n| Cliques
+ |+ |+ |+ |+ | + O | 7]13141819222324
+ + |+ |+ | + 1 11 20
+ |+ |+ | + 1 | 3||51011
+ |+ | + 1 |7]23467812
+ + 2 1)1
+ + 2 | 4|9151621
+ + 2 | 1|17

Figure 2.6: Footprint distribution summarized byracker . Given a phylogenetic tree,
tracker assigns the cliques to the possible distributions on thestrealculates the minimum
number of mutations necessary to achieve a certain presabsence pattern (parsimony score)
and counts the number of cliques) matching that distribution. The concrete example shown
here, is taken from a comparison of tHexA4-hoxA3intergenic region of 6 sequencelet-
erodontus francisciHf), Homo sapiengHs), Rattus norvegicugRn), Polypterus senegalus
(Ps), Danio reriocluster Aa (Da) andTakifugu rubripescluster Aa (Fa). RunID{racker ) =
06292219BCSU
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vided as a*[pXdocument with included Postscript gures (such as in Fig32
and it is on the way to look like an automatically generategepa

The tracker program allows the user to adjust a number of parameters,
compiled in Tab. 2.1. We found that the results are relagivakensitive to
the parameter settings. For closely related sequencesvagwene should use
more stringent values for the minimal quality of the corsgrsequence blocks.
Interleukins, for instance, are only available for closeligted species (man,
mouse, and rat). In this case we used a threshold.gf = 95%. Results for
these data sets are reported in the diploma thesis of Cldtraid [32].

Table 2.1: Default parameters fotracker .

Processing step Parameter Value
blastz search Minimal Score K 1500
Low Complexity Detection | Window Size W 20
Separation max 6
Minimal Entropy Hmin | 1.25
Minimal Avg. Surprisal My, | 0.75
Minimum Identity Window Size L 12
Quiality of Best Block min 75%
Low Quality Cuto max | 35%
Cluster Construction Maximal Distance D max 0
Cligue Decomposition Tolerance t 3

2.3 Program Performance

2.3.1 Detection of Regulatory Elements

A variety of programs exist that is used to de ne potentigulatory elements
| mostly protein binding sites | using quite di erent assumpions to solve this
biologically hard taskMeeting on Systems Biology: Genomic Approaches to
Transcriptional Regulation, Cold Spring Harbor Labosatbtarch 6 - 9, 2003

A popular way to nd regulatory elements is to search for kmomotifs in
the non-coding sequences of interest. Its popularity anbariggist simply arises
with the obvious, low sophisticated algorithm used witlis tapproach. The
existence of large binding site databases such as TRANSK&@rfincreased
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the popularity of this method since the database speci éonty some patterns
to look for but all known patterns. Such pattern detectiontiogls are limited
by a signal-to-noise problem for many eucaryotic genongeselatively weak
sequence patterns are dispersed across large regiongofigidunction. Various
methods have been developed to increase speci city. Sortiemf are based
on searches for homotypic or heterotypic clustered cigdatgy elements [75].
Blanchetteet al. [13] have developed a method to septerate real motifs from
their artifacts. They report a real motif if it's overrepeesation can explain
the high counts for similar motifs. An even higher hit ratd greater precision
depends on the involvement of additional constraints iraecdér organization,
such as distances. Structure of similar regulated or klgenes in the same
organism can be used as additional constraints [38, 61].

Alternatively, orthologous non-coding sequences fromoapgiof related
species are aligned. However, the genomes to use in thepartgon must be
carefully selected if useful results are to be obtained. padson of too closely
related species identi es non-functional conservatidmreas too distantly re-
lated sequences lack su cient conservation for a meanlrgdmparison.

Most searches for phylogenetic footprints in the past waget on com-
puting global alignments. Standard motif search techrscared segment-based
alignment algorithm such d&3IALIGN[56] have been shown to be more e cient
[12]. The identi cation of unusually well-conserved seges that hint at a reg-
ulatory function has shown to be a successful approach ge&3472, 21, 14]
and the review, see [26].

In a related approach, the/ISTA tool uses pairwise alignments of ortholo-
gous regions to determine the signi cance of putative tcapsion factor binding
sites found by comparison with a database of binding mdt#fs Most recently
footprinting was expressed assabstring parsimony probleand an exact and
rather e cient dynamic programming algorithm was proposed implemented
[12]. This method takes the known phylogeny of the involypeties explicitly
into account and retrieves all common substrings with aepdttan-threshold
parsimony score from a set of input sequences.

2.3.2 The Test Set

In our attempt to test the performance of di erent prograntsde ne potential
protein binding sites, we looked at the orthologous regiom hoxA4 to hoxA3
in a variety of vertebrate species (Table 2.2).

The region fromhoxA4 to hoxA3is especially useful to test the performance
of di erent programs since four experimentally describextep binding sites
are situated in this intergenic region of mammals and sh&8k [ Sequences
spanning the whole cluster are usually not accepted by thgable programs.
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Table 2.2: Source and length of theoxA4-hoxA3non-coding region oHeterodontus francisci
(Hf), Homo sapiens(Hs), Rattus norvegicus(Rn), Polypterus senegalugPs), Danio rerio
cluster Aa (Da) andTakifugu rubripescluster Aa (Fa). The lower panel gives the boundary
positions for short orthologous fragments in the intergéneegion. rc = reverse complement.

organism|| length | source

Hf 17407| AF479755 (as inChiu et al. 2002[21])

Hs 18584| AC004080rc+AC010990rc(overlaps 200nt with
anking fragments)+AC004079[75001-end]
(as in Chiu et al. 2002[21])

Rn 29196| NW_043751[910030-1194462]rc

Ps 11607| AC126321rc+AC132195 (overlapping 4307nt)

Da 8905| AC107365rc

Fa 9410| Fugu v.3.0 sca 0ld47[103001-223000]rc

organism|| length subregion

Hf reg 1750| 12500 - 1425(Q

HSreq 2000| 13750 - 15750

RnNyeq 2100| 24400 - 26500

PSeg 1500 8500 - 10000

Dayeg 1300| 6100 - 7400

Fareg 1000| 6000 - 7000

Shorter fragments (Table 2.2) can also cover the clusten@four known binding
sites and are used in cases when the intergenic regionshiveA¥ to hoxA3

are still too long to pass the qualifying conditions of thegpam. The four
experimentally described sites are listed in Table 2.3.

2.3.3 Available Methods - how suitable are they?
String Search

Using the string search function of the editor emacs it iy éasnap the known
sites (Table 2.3) onto the sequences of shark, human andoie celative, the
rat. The lack of matches to the teleost sequences may beiezglay the loss of
these motifs and their function or by variations in the bagdsite motifs similar
to the di erences between the human and shark HOX/PBC sited Rrep/Meis
site patterns while all four functions are retained.

This problem is due to the shortness of footprints with 6 toidrength, as
the KrA and the Prep/Meis site. Therefore, it is not very kelly to nd them
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by chance, which means that they need not to be homologousangout any
function. To estimate the likelihood of a binding site ocogr by chance, we
calculate the average stochastic occurrence of a bindiedsi

P(b9 =(fn)"fic)"fe)"fm)" (M 1) (2.4)

while M is the length of the sequencky is the nucleotide frequency in the
sequence of lengtM, | is the length of the conserved binding site amd is
the total number oiN s in the binding site. For our test data set the solution of
the above equation di ers by a factor of 1 to 3 for the short kadd Prep/Meis
sites (Table 2.4). Thus, the occurrence of these sites cstilldbe explained by
stochastic processes.

To bene t from this method one requires the precise pattdrthe site from
the organisms used. Otherwise the method yields a lot & fedgative due to
binding site variation (turnover). This problem could b&/ed by summing up
the individual variations of a site. A pattern is than repreed as a consensus
sequence or a position specic score matrix giving a stegistlescription of
regulatory signals (as used for TFsearch).

Assuming that a footprint is more than a nucleotide pattelspaa bunch
of false positives is detected due to stochastic occurrehtiee typically short
strings. Improvement could be achieved in two ways. Fissttaking into
account some of the properties which may turn a nucleotittenpanto an active
regulatory site. We may think of protein binding sites in #mnity, absolute
or relative distances to these sites or the regulated gemesepigenetic e ects
such as chromatin structure. Second, by looking at oveeseptation of the
sites compared to their stochastic occurrence since pattef active sites are
usually clustered and the sites and there variations arerepgesented in the
surrounding sequence [68].

TFsearch

TFsearch [1] makes use of tHERANSFAdatabases [37] as source of binding
sites with known function. The detection of sites is done Byngle correlation
calculation with the position speci ¢ score matrix proddy TRANSFAQ every
known site. These matrices are binding site pro les that synthe individual
variations of a site and serves for overcoming the problémfalse negatives
due to slight biding site variation. This increases the lgrobwith false positives
causing a huge number of predictions that are randomly aifioronty distributed
(Table 2.5 and 2.6).
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The data in Table 2.5 and 2.6 show that none of the experintigritaown
binding site is detected by TFsearch. Most likely, this ie tu the lack of
entries of hox regulatory elements in the last public releashe database. Two
patterns for CdxA are yielding 100% identity matches, tlaes&'-CATAAATCT-
3" and 5-ATTTATG-3'. The rst pattern is part of the HOX/PBGsiteB. With
the default setting of an identity score85.0 the Hf.y sequence gives 51 high
scoring hits for CdxA, thereby matching the CdxA pro le ty &T-rich region.

Advanced search tool relying GiRANSFA&e provided together with the
licensed version of the database. The algorithmviatch uses two values to
score putative hits. First, the matrix similarity score abhis a weight for the
quality of a match between the sequence under study and tloéewhatrix.
Second, the core similarity weights the quality of a matdiween the sequence
and the ve most conserved consecutive positions in a matrix

Further improvement should also consern the alignmenesdomight be
better to use a normalized sequence alignment score foratigm bias like
the z-score instade of the identity score. This would leatbéeer scores for
weak patterns and reduce there recurring detection. Furtbee, the position
speci ¢ score matrix makes the strong assumption that eamsitipn within a
binding site is independent. Correlations among posigriss in many examples
of experimentally characterized binding sites as showKapjan et al. [9].
Their study revaled that modelling the dependencies leads more accorate
identi cation of the exact binding locations in the sequenc

The comparison with a large database of binding sites cadsdoe improved
by combination with comparative sequence analysis, as lbonéISTA This
procedure reduces the number of predicted transcriptioctorfdinding sites by
several orders of magnitude. It simultaneously searchesntdjor TRANSFAC
matrices selected by the user and utilizes global sequdiggenant to sieve
through the data.

PipMaker

PipMaker computes pairwise local alignments usbigstz [64]. Because of
the alignment algorithm use®ipMaker is rather fast. The resulting local align-
ments are then summarized in an percent identity plot (Fig@).2 This plot
correlates the sequence position in the rst sequence \mighptercent identity
of a local alignment spanning this position. Subsequertlg@nts are (i) the
strong dependency on the rst sequence (in multiple sequants) showing dif-
ferent numbers of aligned regions for di erent runs withyirag rst sequences
(Fig. 2.8)) and (ii) the loss of information where this ahgent is located in the
sequences other than the rst one. Some of this informatian be regained
from the global alignment by tedious work.
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Figure 2.7: Percent identity plot ofhoxa4-hoxa3from Heterodontus francisci ( rst sequence)
compared to the orthologous region in Hs, Rn, Ps, Da and FaisTgiot correlates the sequence
position in H. francisci (x-axis) with the percent identiffy-axis) of a local alignment (small

horizontal lines) spanning this position. Information altathe location of the alignments in

the orthologous sequences is not provided by this represtént of the data.
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Figure 2.8: PipMaker overview plots. Each of the 6 sequences once used as rstesszp!
Hf, Hs and Rn on the left hand side, Ps, Da and Fa on the right ti@ide. Green bars highlight
aligned regions, strongly aligned regions (at least 100 bfheut a gap and more than 70%
nucleotide identity) are shown in red.

FootPrinter

Utilizing a dynamic programming algorithfgotPrinter is able to calculate an
exact solution for the footprinting problem and promisesdjeesults on a set of
multiple sequences. It was designed to nd motifs in promgions or introns,
where each sequence is of length at most a few thousands bgtricRens
for the length of input sequences are set by the FootPrintoserver. The
downloadable version of FootPrinter2.0 does not have angtreants on the
length of the input sequences but (even with short sequemstslength about
2000nt) rarely terminates without error.

For each motif the coocurrence, position, evolutionary spigni cance score
and number of mutations are available. A dependency of thdtseon the
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phylogentic relationship can be observed in our set of cagmimotifs. This is
visualized in the graphical representation dfamtPrinter output. If PS¢ is
placed neighboring to shark and tetrapods,{JfHsey and Rpy) 8 fooptrints
within the Ps sequence are detected that would not have bmemdfwith Pgg
neighboring to the Teleosts ([2g and Faeg). This is a major disadvantage in our
purpose to comparklox cluster sequences because of previous ndingShy
et al. 200321] showing that substantial changes in the regulatoryepas do
not necessarily conform with established phylogenetatioathips. Irrespective
of the phylogenetic tree, neither of the experimentallywkndomologous sites
were recognized WyootPrinter .

[ | I NI HFREG

1 1 1 I IR HSREG
1 | ] [ RNREG

| 1 PSREG

1 DAREG

1 1 FAREG

1 1 1.1 1 INl HFREG
Al | IIW | HSREG

[ | i | (W1 RNREG.
1 il ] PSREG

| DAREG
1 FAREG

Figure 2.9: Dependency ofootPrinter results on the phylogenetic relation of the input
sequences.

Upper panel: (Hfreg,((Hsreg,Rnreg),(Psreg,(Dareg,Fg¥g),

lower panel: (((Hfreg,(Hsreg,Rnreg)),Psreg),(Daregreg)).

Corresponding motifes in di erent sequences are highleghtvith the same color. Tick marks
are separated 100 nuleotides.

BayesAligner

BayesAligner is a pairwise local alignment algorithm [78]. Whereas stan-
dard algorithms rely on suitable scoring matrix and gap lpeparameters, the
BayesAligner returns the best alignments weighted proportional to itsbpr
bility, considering the full range of gapping and scoringrioes. This requires
NMk space and time wheit is the length of the query sequendg,the length
of the data sequence ardthe number of blocks expected to be aligned. There-
fore, the Bayesian Phylogenetic Footprint Homepage ascepibtal sequence
length (query sequence length + data sequence length) o@mOmMmaximum.
5000nt for each sequence is as large as one can go usingdhBdges Block
Aligner since the number of possible alignments over ows a doublgsprn
number.

The results strongly depend on the length of the sequencasg™®.7) and
their order of input (data not shown). A footprint once foumay therefore not
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Figure 2.10: Probability distribution of the sequences,kf(query sequence) and g (data
sequence) being aligned computed wiBayesAligner . The high scoring hits reported in
table 2.7 appear around position 600 of the query sequence.

be retrieved when length and order of sequences or the nwhbkgned blocks
(k) are changed. Because of the non-symmetric relation betdet and query
sequence one would have to sample over di erent possilleiggaicombinations
of fragments of di erent size to gain a meaningful result.

DIALIGN

DIALIGNis a segment based alignment algorithm able to handle a $atgef
long sequences. The output is a typical multiple alignméatwith lower case
letters that are not considered to be aligned even thougi #ne at the same
position in the alignment. Therefore, one can just 'trusifoi capital letters
when looking for footprints. It is obvious that this calls post-processing when
attempting to useDIALIGNfor phylogenetic footprinting. Moreover, there is no
easy way to check the quality or plausibility of the multgdignment at glance.
Therefore, a simple visualizing tool was implemented tkiaaets the conserved
regions and alowes a comparison with wacker method.

The alignment of the 6 sequences ranging fraxA4to hoxA3took DIALIGN
18 min. The graphical overview of ti2ALIGNoutput is compared to the
overview of our own methddacker . In general, the results seem to be consis-
tent even thougtDIALIGNreports more hits visualized throw the higher density
of lines in Fig. 2.12. To determine if this results from a tgeaensitivity and
more aligned positions we calculate the fraction of alignesitions for each
sequence and both methods (see Table 2.9). We observe a pmjlcentage of
upper case letters in the singlALIGNalignment compared to the sum of all
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non-overlappin@lALIGNalignments of footprints resulting fromti@acker run.
This shows thaDIALIGNis indeed more sensitive than our method but at the
expense of loss of speci cityracker does not report very short stretches about
4 to 6 nt due to low signi cance to ensure higher speci cityile/lperforming
a more restrictive search. To further describe the qualitthe alignment we
de ne a measure for 'multiplarity’ which is the fraction ofiltiple aligned posi-
tions on all aligned positions. This measure can be cagtliiatiependently for
2;3;4:::n sequences part of an alignment, further called 'degree tifptauity’.
Table 2.10 and Fig. 2.11 show that the multiplarity decendsoeentially with
the degree of multiplarity without signi cant di erencegtiweenDIALIGNand
tracker .

Table 2.8 lists the known motifs from Table 2.3 that are aigjcorrectly and
shows that most of the sites are found.

An additional test on the whole cluster sequences ran foy2 aaa Pentium
IV with 2.4 GHz and revealed three major shortcomings. ,AHM#LIGNdoes
not even correctly align all exons of thiex genes. This is shown in Fig. 2.13
by the absence of lines protruding from thex3 hox2 and hox1 of the HSA
sequence. A quantitative comparison of matches in the wihadter region and
a seperat alignments of all orthologous genes underlirefath of missmatch-
ing sequences since more aligned positions are reportdtefeum of all genes
that for the whole cluster. This results in negative numbershe di erence
between whole cluster and gene alignements (Tables 2.12.483 Therefore,
the quanti ed DIALIGNresults cannot be directly comparedttacker . Cal-
culations would lead to the assumption that no non-codirgueeces can be
found usingDIALIGN Second, one of the sequences (DrAa) is wrongly placed
in the alignment and therefore not part of any aligned segrdenoted by zero
upper case letters in Table 2.11. Second, we expect a reduztialigned posi-
tions with a higher degree of multiplarity (Table 2.12)DMALIGNresults due to
such displacements. Third, with a runtime of 2 dBYALIGNis a very resource
consuming method.

This shows thaDIALIGNcan only be used to align previously selected sub-
regions in the range of 10000nt maximum (the length of a #&lpiatergenic
region).
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Figure 2.11: Percent of aligned positions in thieoxA3-hoxA4 The data resulting from
DIALIGNare shown as red hetched bars. The valuestfacker are overlayed as bars with
green outline. Abbrevations refer to Fig. 2.12 and Fig. 2.13
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Table 2.3: Four experimentally examined footprints in the humarsbarkhoxA4-hoxA3non-
coding region [53] and their positions in the sequences. itRos in bold letters are the
functional sites. For Ps, Da and Fa positions of both, the dhand human patterns of a site
are given. Abbreviations: Hf =Heterodontus francisciHs = Homo sapiensRn = Rattus
norvegicus Ps = Polypterus senegalysDa = Danio rerio cluster Aa and Fa =Takifugu
rubripescluster Aa.

binding sites
site name human shark
KrA site GTCAGCA GTCAGCA
HOX/PBC siteA || TGATTATTGAC TGCGCATTGAC
HOX/PBC siteB || TCATAAATCT TCATAAATCT
Prep/Meis TGACAA CGACAG
positions
Hf Hs Rn Ps| Da Fa

KrA site 12907 | 13707 | 24565 - - -

12454| 23322

14685

HOX/PBC siteA || 12935 | 13736 | 24594 - - -
HOX/PBC siteB || 13132 | 13936 | 24800 - - -
Prep/Meis 13156 | 13960 | 24824 - - -
16712 566 | 1393| 878| 4112
6755| 1446| 6666| 8776
9873| 3241| 7828
14981| 3590
16102| 6938
22371
27298
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Table 2.4: Occurrence of the four binding sites (KrA, HOX/PBC sitt, HOX/PBC site B,
Prep/Meis (Table 2.3)) in the hoxA4-hoxA3 non-coding region of Hf, Hs, Rn, Ps, Da and
Fa. Columns containing integers show the observed occeeest the given site, followed be
the corresponding stochastic occurrence. The stochasticusrence of the human and shark
patterns in the sequences of for Ps, Da and Fa are summed updch site. Abbreviations
used are de ned in Table 2.2.

occurrence of
organism| length KrA site A site B Prep/Meis
Hf 17407 || 1| 0.6218| 1 | 0.00216| 1 | 0.05749| 1 | 1.9437
Hs 18584 || 3| 1.0494| 1| 0.00576| 1 | 0.02076| 2 | 4.5447
Rn 29196 || 2| 0.8817| 1 | 0.00433| 1| 0.01713| 8 | 4.6657
Ps 11607 || 0 | 0.2777| 0 | 0.01005| 0 | 0.05382| 5| 4.4504
Da 8905 || 0| 0.2466| 0 | 0.00787| 0 | 0.03324| 3 | 3.5021
Fa 9410 | 0| 0.2116] 0 | 0.00209| 0 | 0.00633| 2 | 2.1789

Table 2.5: TFsearch result with identity score 92.0 applied to the HEy sequence (1750nt
see Table 2.2).

site occurrence| | site occurrence
CdxA 18 CP2 1
GATA 7 STATX 1
SRY 2 v-Myb 1
C/EBP 2 Nkx-1 1
Oct-1 2 MZF1 1

Table 2.6: Number of CdxA binding sites found by TFsearch (idenstore>95.0). Sequence
names refer to Table 2.2; rand represents the average resudtr 5 random sequences (min
#CdxA = 0, max #CdxA = 9).

sequence length || #CdxA | #CdxA/length

Hf reg 1750 10 0.571%
HSreq 2000 7 0.350%
RnNreg 2100 5 0.238%
PSeg 1500 18 1.200%
Dayeg 1300 9 0.692%
Fareg 1000 2 0.200%
rand 1500 3 0.200%
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Table 2.7: BayesAligner results for pairwise combinations with the short ortholagofrag-
ment within the hoxA4-hoxA3 shark sequence. The left column of each column gives the
distances to the upstrearhox gene. The right lane shows the probability of the concerning
alignment. All the listed matches do align with the sequerafecomparison in the expected
regions. A indicates that the motif is not entirely high scoring. The $th and Hssm se-
quences marked witth are shortened to a third of the length of Hfreg and Hsreg restpeely.
Comparisons between Hj and Pseq , as well as Fag and Pseq did not yield any high scoring
hits at the region of interest.

BayesAligner positions
Hfreg-Hsreg | Hfsm-Hssni
KrA site - 0.0-0.2| 12907 0.2-0.4
HOX/PBC siteA - 0.0-0.2 - 0.0-0.2
HOX/PBC siteB 13132 0.999 | 13132 1.000
Prep/Meis 13156 0.999 | 13156 0.995
BayesAligner positions
Hfreg-Fareg \ Fareg-Hfreg
KrA site - 0.0-0.2 - 0.0-0.2
HOX/PBC siteA - 0.0-0.2 - 0.0-0.2
HOX/PBC siteB 13132 0.875 6782 0.874
Prep/Meis - 0.0-0.2 - 0.0-0.2

Table 2.8: Experimentally known motifs of the intergenic regioarh hoxA4 to hoxA3 correctly
aligned byDIALIGN Notice: The alignment between the Hf HOX/PBC siteA and Farcaot
be validated with any other method.

DIALIGN positions

Hf| Hs| Rn|Ps|[Da| Fa
KrA site - | 13707| 24565| - - -
HOX/PBC siteA | 12935 - - - - | 6221

- | 13736| 24594, - - -
HOX/PBC siteB | 13132| 13936| 24800| - . .
Prep/Meis 13156| 13960| 24824| - - -
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Figure 2.12: Comparison oDIALIGN(upper panel) andtracker (lower panel) output for
the hoxA4-hoxA3intergenic region. Aligned positions are connected by @ lof the same
color. In thetracker run one direct match between Hs4-3 and Rn5-3 longer than 1200
is ignored because of its overall high similarity which cainprovide any information about
single binding sites or footprint clusters. Abbrevatiorefar to Table 2.2. RuniDifacker ) =
05150002YDNE
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Table 2.9: Number and percentage of aligned positions (upper dasers) in the hoxA4-
hoxA3 intergenic region observed WyIALIGNand tracker

hoxA4-hoxA3

# upper case

% upper case

sequence DIALIGN | tracker | DIALIGN | tracker
Hf4-3 3199 2586 18.38| 14.86
Hs4-3 10804 10927 58.14| 58.80
Rn5-3 11378 10846 38.97| 37.15
Ps4-3 2855 1489 2460, 12.83
Da4-3 2422 770 27.20 8.65
Fa4-3 2846 994 30.24| 10.56

Table 2.10: Number and percentage of multiple aligned sequencsitipms in thehoxA4-hoxA3
intergenic region observed WYIALIGNand tracker . The 'degree of multiplarity' de nes the
number of sequences being part of the multiple aligned posit

hoxA4-hoxA3 # aligned % aligned

degree DIALIGN | tracker | DIALIGN | tracker
2 11267 9401 80.00| 81.25
3 1418 1068 10.07 9.23
4 696 391 4.94 3.38
5 286 224 2.03 1.94
6 417 487 2.96 4.21
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Figure 2.13: Comparison oDIALIGN(upper panel) andtracker (lower panel) output for
the wholeHoxA cluster sequence. Aligned positions are connected by adfrthe same color.
HfM = Heterodontus francisceluster M, HsA = Homo sapiengluster A, DrAa = Danio rerio
cluster Aa, DrAb = Danio rerio cluster Ab, FrAa = Fugu rubripescluster Aa, FrAb =Fugu
rubripescluster Ab, MsA = Morone saxatiliscluster A; RuniD{racker ) = 06061727JGHQ
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Table 2.11: Number and percentage of aligned positions (upperecksters) in the whole
hoxA gene cluster observed HRIALIGNand tracker . Whereastracker results refer to
intergenic regions only th®IALIGNresults include aligned genes. To correct the e ect of
aligend genes, we aligned the genes udigLIGNand substracted the counts from the whole
cluster alignment (column D.corr.). Negative values inglie wrong aligned exons.

cluster # upper case % upper case

sequence| DIALIGN | D.corr. | tracker | DIALIGN | tracker
HfM 8888| -2896 8449 7.14 6.79
HsA 3977 -8199 7799 2.43 4.77
DrAa 0| -7909 5225 0.00 4.07
DrAb 5735 -25 3141 5.92 3.24
FrAa 9988 -1171 8146 8.32 6.79
FrAb 9301 3726 2158 18.50 4.29
MsA 4831 -537 4388 15.75| 14.30

Table 2.12: Number and percentage of multiple aligned sequencstjpms in the wholehoxA
cluster observed bipIALIGNandtracker . The 'degree of multiplarity’ de nes the number of
sequences being part of the multiple aligned position. Tladadfor DIALIGNare corrected by
the e ect of aligned genes as in Table 2.11 (column D.corr.)

cluster # aligned % aligned

degree|| DIALIGN | D.corr. | tracker | DIALIGN | tracker
2 13677 7521 9366 78.06| 65.78
3 1411 -1246 1300 8.05 9.13
4 1579 -1390 1664 9.01| 11.69
5 307| -2301 1459 1.75| 10.25
6 547 | -1434 428 3.12 3.00
7 0 -378 22 0.00 0.15
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Tracker

Tracker is designed to deal with a moderately large set of (very) $eggences
as whole gene clusters for example. The computations farttiee Hox cluster
sequences of 5-8 taxa and an average length of 100kb run imel@l/ 5 minutes
on a fast PC. Since the resource usage scales approxima@(y.a N?2) for N
input sequences of lengthit is possible to use thigacker tool for much larger
datasets than those reported in this and the following sasti The resulting
overview is shown in Fig. 2.13 and discussed in section. 2:8Rg. 2.12 you
can see thatracker is yielding less hits thaDIALIGNfor the intergenic region
from hoxA4-hoxA3 A property oftracker that turnes out to be a benet if
sequences that are 10 times longer are used as input. Mprfalss positive
results are avoided while pointing at the most signifcatst hi

Table 2.13: Experimentally known motifs of the intergenic regifmom hoxA4 to hoxA3
detected bytracker . The hit concerning Fa is not supported with any other method

tracker positions

Hf| Hs| Rn|Ps|Da| Fa
KrA site 12907 - -l - - | 6535
KrA site - | 13707 24565 - - -
HOX/PBC siteA - | 13936| 24594 - - -
HOX/PBC siteB || 13132| 13936| 24800 - - -
Prep/Meis 13156| 13960| 24824| - - -

In contrast to the local alignment tools presented in Tahl&42aligning
the sequences is not the major issue our method solves. hirrativeys the
potential footprints bounded by local alignments and taketose look at their
distribution on one sequence and among the whole set of seggieThe table
holding this information is easy to understand and easy te.pais is imortant
for biologists and downstream programs respectively. tidddl outputs such
as multiple alignments of all footprints can serve to camsta phylogenetic
tree (section 4). TFsearch or a similar program can be appdiehese multiple
alignments to destruct a footprint cluster into its singb®tprints (section 5).
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2.4 Improvements of Tracker

2.4.1 Inputles

At this state of development it is still hard to write the inpes. Tracker needs
the positions and names of the genes given in the exon le,tlamarthology
information in the form of a table (genename le). Later kused to conclude
from orthologous genes to the orthologous non-coding megidhis part may be
automated. A tool likdagan [17] may be integrated to pair orthologous genes.

The fasta le and exon le of each input sequence usedtmaeker run must
be listed in the main input le, called segex le, togethethithe genename le, a
phylogenetic tree, the parameter settings and the run gegon. This results in
four possibilities to spell each sequence name incoraautlyfo causdracker
to exit with an error message. (1) The name of the fasta Ig, tf path given
in the seqgex le pointing at it, (3) the leaves of the phylogen tree and (4)
the label of the columns in the genename le. Analogously, ithalso valid for
the gene names. But there are only two possibilitys to nedisée gene names
given (1) in the exon le and (2) the genename le.

Even though homemade tools exist for various input prowesseps, as the
extraction of exon positions from genebank les (regthbank.pl) or the task
to revert and cut sequence and exon le simultaniously_éeafandex.pl), we still
have to facilitate the writing of input les.

2.4.2 Automatic Detection of Orthologous Regions

Orthologous regions are sequence fragments in di erentiepdahat can be
viewed as 'the same' sequences irrespective of accumutatetions during
the evolution from the common ancestor to there nal compi@si They need
neither to be highly similar in sequence nor identical intfan even though they
usually are. Again, that's why it is di cult to destinguishitbologous sequences
from simply homologous (homology - similarity in any featime to a common
origin) ones, which may arise by intragenomic duplicatioelsling paralogous
sequences. One of the algorithms solving the task of ctinglarthologous
genes idagan [17]. If it workes well even for long sequences includirgjecki
of paralogous genes, an integration in our footprintinggmm would nally
yield a tool, that could be used for screening whole sets ariatated genomic
fragments for regulatory regions.
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2.4.3 Clustering Footprints

With a look at the implemented clustering method it becomlesarcthat the
de nition for 'clique’ is a computational one. The biolaglianeaning of the
resulting cliques is much harder to outline. It is obvioliat & clique in the order
of 15-300nt can not always be interpreted as a single fowtprotein binding
site. Thinking of a clique as a cluster of footprints therefseems to be much
closer to the facts. But one has to be aware that a detectestetiof footprints
is not necessarely conserved in its entirety. To underm@nrterpretation of a
clique as a whole footprint cluster we tried to put all clgjtegether into PFCs
(phylogenetic footprint clusters as de nd in [21]) that aeparated by less than
100nt. PFCs therefore include more non-conserved DNAck&stand reduces
the number of clusters and the selectivity of the detectia@thmd. This turns
out to be problematic for statistical evaluations.

2.4.4 Sorting Footprints

The output written bytracker is an unsorted list of cliques. It seems to be a
simple problem to sort footprints in their order along the@ees. But it turns
out to be complicated by the fact that not all footprints are-lmear among all
sequences: they may cross each other. The problem thus bsdondentify
the crossing footprints, to sort the remaining co-lineagques, and nally to
insert the non-colinear ones at \reasonable" positions.is Tgroblem can be
interpreted as a \Minimum Weight Vertex Feedback Set Probl§83], which
is known to be NP-complete and APX-hard, which means that di cult to
solve. Nevertheless we think that good approximationsldmeibbtained for our
datasets by computation of the transitive closure of an lexgetaph and linear
extension of the resulting partial order.

2.4.5 Signi canc Measure

Signi cance measures for the reliability of the reportaquels may be based
on the reliability of the alignment. This would involve tbadth, composition
and complexity of the sequence and the fragment found. Scotes could
be adapted from alignment programs and there signi cancsorea e.g., the e-
value. A similar approach could utiliBayesAligner and its probability score in
the initial step of our program. The resulting signi cancers for a clique would
combine the probabilities of all alignments part of theudigThe conservation
of the sequences in a clique could be calculated this wayt kit not re ect
the probability of containing protein binding sites. liisg on the assumption
that conserved regions are functional in terms of bindinggalatory protein we
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have to look at further binding site properties to varify thiading activity of

a sequence fragment. To achieve a measure for the posdjilgyclique being

a (sum of) binding site(s), we could try to look at overrepregation of motifs
[68] or run TRANSFA®D the cliques. In any case, reporting a reliable signieanc
value to our cliques would de nitely make our method moreaative.

2.4.6 Counting Module

Counts of consistent cliqgues with sequences in speciale@@@ucombinations

still need to be done by the 'Prazisionszahlwerk’ (au@#éan every experimental
lab working on genetic or microbiological issues) withampmuter aid. This

may be suprising since we stated that thecker output is machine readable
as well as human readable. The concept we developed, dexrgegeral format

for phylogenetic footprints, setting up a method with XMlatthandles them

and nally writing the counting functions was obviouslyete¢nt. If one bears
in mind that the 'Prazisioszahlwerk' thinks of going omike it becomes obvious
that the implementation of a counting module is important.

2.4.7 System Compatibility and Weberver

Tracker is written with Perl, v5.6.1 built for i386-linux. Accordito numerous
system calls and les that are written to disk, it will not #asun on Windows. To
make our program accessible to biologists and windows igelisbe necessary
to write a web interface and a local version also running orlinax computer
systems.



Table 2.14: Properties of a set of programs that are used for deitattof protein binding sites. TFsearch scans a sequence riomk binding
sites,PipMaker visualizes the output of the local alignment algorithinlastz in form of a PIP (percent identity plot) BayesAligner is a local
alignment tool relying on Bayesian statistics aldALIGNis a segment-based multiple alignment tool. The remainimggrams are primarely
concepted for phylogenetic footprinting. All the methodseadescribed in more detail in the text. Restrictions comiag the sequence length
refer to the webtools if possible.

e

programs
properties TFsearch | rVISTA | PipMaker | FootPrinter | BayesAligner | DIALIGN | Tracker
webtool + + + + + + {
free stand-alone tool { { { + + + +
max sequence length 8000 | >200000| 2000000| 40000/ #seqs | 4000/ #seqs | 1000000/ #seqs| > 2000000
max number of
sequences 1 2 20 >20 2 >20 >20
phylogenetic tree no no no yes no no no
binding sites yes yes no no no no no
important
parameters 2 many some many non some many
setting parameters easy easy not easy easy easy easy
runtime { | very long short long { long short
risk for false
positives high low low { low low-high low
risk for false
negatives { { high high { high {
signi cance
measure yes yes yes yes yes no no
human readable
output + + + + + { +
mashine readable
output + + { + + + ++

Jlaxoel] Jo sjuawanoidwi|

6€
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CHAPTER3

The Destiny of Duplicated Footprints

3.1 The DDC Model

Eucaryotic genomes contain multiple copies of many genbsclosely related
function. These copies arise from polyploidization or idagbn of genome
fragments. After duplication, one copy shields the secamy ¢rom natural
selection. This causes accumulation of mutations thatrdgsthe function of
one of the copies since deleterious mutations occur muck fremuently than
bene cial ones. Finally, it should turn out that just one sétgenes remains
functional in most cases. But it is observed that a large qrign of duplicated
genes is preserved for a long period of time.

In attempt to explain the high rate of duplicated gene pnestgon the
duplication-degeneration-complementation (DDC) mode developed dyorce
et al. [31]. They assume that genes often have several functiank, & which
may be controlled by di erent DNA regulatory regions. Aftiplication, de-
generative mutations in these regulatory elements camaser the probability
of duplicated gene preservation in the absence of posdieet®n. The usual
mechanism is partitioning of ancestral functions (Fig) &ading to functional
complementation of the duplicated genes which jointlyinetiae full set of sub-
functions present in the original ancestral gene. This cardn rmed by the
observation that duplicated genes with related functidgaro§how spatial and/or
temporal partitioning of expression patterns.

The DDC model implies that ancestral regulatory informmais distributed
to both copies resulting in at least half of the genes andc¥kaone half of the

41
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random resolution of redundant subfunctions

Figure 3.1: The duplication-degeneration-complementation (Dp@odel byForce et al. After
duplication the selective pressure is taken o the copiedilunon-neutral mutations occur.
A null mutation in one copy of the gene result in nonfunctidization and formation of a
pseudogene (left). If a regulatory region acquires a newcfion at the expense of an essential
function, both duplicated genes are retained (center).tiion of subfunctionalization starts
with a degenerative mutation in a regulatory region. Thisifuion is taken over by the second
copy. Over time, the remaining regulatory regions undergmdom resolution of persisting
redundant subfunctions. In either case, half of the funcié non-coding sequence is retained
after resolution. Light blue boxes denote functional gendsereas boxes with dashed outline
represent pseudogenes. The solid ovals denote regulaggipns with unique function, while
dashed ovals indicate loss of function. New functional Hetary regions are represented by a
triangle.

functional non-coding sequence of the duplicated regiomgbietained (assuming
unique function of the regulatory sites).

3.2 Structural Footprint Loss

Hox cluster duplication can lead to extensive loss of non-gosi#guence con-
servation, as shown by Chiu et al. [21], but the causes renmaiear. There are
three biologically distinct processes that can accounthiar phenomenon: (1)
structural loss, (2) binding site turnover, and (3) adaptimodi cation. Struc-

tural loss is the loss of putative cis-regulatory elemenestd gene loss and/or
stochastic resolution of genetic redundancy in the aftédmnoé the duplication

event. Binding site turnover is loss of noncoding sequeonsetvation due
to the replacement of binding sites even though the functibthe enhancer
remains conserved. This was rst documented in the Drotogvien skipped
stripe 2 enhancer [50] and has since been documented for otlagryinverte-

brate taxa. In vertebrates, however, no widespread birsii@gurnover has been
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documented, which might have to do with a variety of reas@f% [Adaptive
modi cation, nally, would be a change in the sequence ofregulatory sites
due to directional natural selection and would thus be astatwith functional
di erences.

Loss of non-coding sequence conservation is associabestmittural changes,
namely gene loss. Hence the question arises whether thenaafdoss observed
is more than what should be expected from the changes in tiegmntent. To
address this question a model for estimating the amount wfstuctural causes
of footprint loss was developed in collaboration wit GenttWagner [59].

To estimate the structural loss of footprints we have to take account the
three main causes: (1) Clearly, if a gene is lost, also theceded cis-regulatory
elements will be lost (nonfunctionalization Fig. 3.1)retimrding enhancer shar-
ing. (2) due to stochastic resolution of genetic redunddradf/of the redundant
enhancers are lost (subfunctionalization Fig. 3.1)(3) deme goes extinct, its
cross-regulatory interactions within the gene cluster b&yost.

First, given the number of retained footprints one can estnthe amount
of footprint retention. Gene-loss implies the loss of tlemeisted cis-regulatory
elements. Therefore, the amount of loss of non-coding segueonservation
has to be calculated in relation to the number of genes whiglhoat in the focal
clusters. The retention probability of an ancestral footprr (F), depends on
the retention probability assuming that the associatedirmpdene is retained,
r(FjG), and the probability that the gene is retained():

r(F) = r(FiG)r(G) : (3.1)

Implicitly, equ.(3.1) assumes that footprints are retdioaly when the associated
gene is retained as well.

Second, all genes in thHeox cluster are paralogs. We call genes which are
related by the most recent gene/cluster duplicatitst order paralogs Genes
which retain 1st order paralogB (1%!) are expected to resolve the genetic redun-
dancy by, on average, losing 50% of their respective aigategy inputs [31].

If only one copy of the gene survivas (P (1%), one would expect that all the
relevant cis-regulatory elements are maintained. Thisbeawritten as:

%P(lSt)+ 1 P@A) (3.2)

Third, it is well known thahox genes are cross-regulatory. We assume that
with the extinction of that gene its associated enhanceutsmpo other genes will
be lost as well. The expected amount of loss due to gene gatinterefore
depends on the fractioR (Gey) of genes in the whole network that were lost
and the fractiond of genes in the network which received regulatory input from
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these extinct genes. In general we do not know the detjcéecross-regulatory
connectivity. We will assume that = 1 which implies that each gene has a
cross-regulatory link to every other gene. After elimamatf cross-regulatory
e ects we have:

1 dP(Gex) : (3.3)

The expected footprint retention probability taking structural loss into
account is a combination of equation 3.2 and 3.3:

0= ZPAH+ 1 PAY 1 dP(Ged)
2
1 (3.4)
=1 5PI% 1 dPGex)

Now we introduce a factor for the footprint loss due to namt&iural causes.
We call this probability . The theoretical total retention rate of footprints is
therefore

AFjG) = ro(1 ): (3.5)
We can determine the rates f&¥(15') and P(Gey). The degree of cross-
regulationd will be set tol and we can observe the rate of footprint retention

per genea (FjG). Thus we can estimate the degree of non-structural foatprin
loss , by solving equ.(3.5) and equ. (3.4) as:

r(FiG) .
1 P(I)=2 1 P(Gex)

(3.6)

A is a minimal estimate for the degree of non-structural ldégshglogenetic
footprints due to the assumption that=1.

3.3 Footprint Retention Statistics in Teleosts

3.3.1 Observed Footprint Retention

The qualitative results in [21] suggested that cluster idapibn leads to a mas-
sive loss of non-coding sequence conservation, which lgeuttlicative of ex-
tensive modi cations in the function of Hox genes. If thithis case one would
expect to nd a similar degree of loss of conservation inraleostHox clus-
ters. Here we extend the analysis to include the HesA clusters of Takifugu,
based on the published genomic sequence [25].
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Therefore, the analysis of thidoxA clusters was performed in two steps.
A re-evaluation of the analysis reported in [21], see Talileahd a combined
evaluation that uses the sequences from Takifugu as wedle§&.2 summarize
the additional footprints and has been used as the basibé@ummary statistics
reported in Table 3.1. Th&aacker program recovers all footprints reported in
[21] with the three exceptions:

11-9-b is a footprint of length 9. It is too short to be accepted asisignt hit
with the default parameter settings tfacker :

HsA_11-10-b GTCTCTCGGCTCGGGGCTGGAACTCCGGCCC--
DrAb_11-10-b --CTAGAAAACAACGGCTGGAACCATTGAAAGC

Fhkkkkkkk

upl3-c does not exist at the reported location.cfustalw alignment yields:

HfM_up13-c ACAGAAAACAGTTTTTGTAAAATAGTCATTTAGTATTAAAT
DrHoxAa_upl3-C  ---mmoemoeeoe CAAAAAAAAAAAAAAACACT G---

*kkk Kk * * %

As the footprint above5-4-b does not correspond to a signi cant match at the
reported positions. The correspondicigstalw alignment is:

HsA_5-4-b --GCTGTGCTGCGATAGGGGGTTGTGGGAGGGEBAAAAABLEASATCGC--G

HfM_5-4-b TAATTAAGAGATCGAAGCACTTTCTCCAACTTAGEARGSTEAATTTGCCCA
* * *%k *k * * *%k * * * * * k%

HsA_5-4-b GGTTGAGGAAAACAAAGTTTCCATTCTAAACAMGEGGTGGT

HfM_5-4-b GCTAGTCAGAAAATGACCTTCTGTGCTCTCCCGMTCTT

* k% *kk * *kk * k% * * *kkk

This footprints are included italics in Table 7.1.

The calculation of retention rates assumes that the contlmnaf footprints
from Heterodontus franciscand Homo sapiengan be interpreted as ancestral
stage. 126 footprint cliques are found in either the shatkusnanHoxA cluster
or both. In contrast, there are only 68 of those retained iteast one zebra sh
clusters and 59 are retained in at least one flgxA cluster, while only 8 and
9 footprint cliques, resp., survived in both paralog chsst&his corresponds to
a retention rate of 27% and 23% respectively (Table 3.1).sTdun rms the
gualitative observation in [21], th&lox cluster duplication is associated with a
massive loss of non-coding sequence conservation. Themperetention rates
are listed in Table 3.1 and are betwe@d9 for zebra sh and0:37 for Takifugu
HoxA clusters.

To test whether comparable numbers are observed fddadlclusters, we
went about performing analogous analysis for the odhex clusters (Fig. 3.2).
It turned out to be dicult at present since either the seques for Takifugu
and zebra sh are incomplete and/or the corresponding @utgrsequences are
not yet available. An additional source of uncertainty & fiéct that the 3'-end



46 CHAPTER 3. The Destiny of Duplicated Footprints

of the DrBb cluster is missing in the currently availablermédy, see Fig. 3.2.
The preliminary footprint clique statistics for ti#oxB clusters are also compiled
in Table 3.1. These numbers, which are substantially lafgar for the HoxA
clusters, should be viewed with caution. In particularftledprint retention rates
r(F) are upper bounds since we miss footprints that have beemrdogpletely
in either mammalia or sh lineages. For thi®xC and HoxD clusters sequence
data of duplicate clusters are currently not publicly add with su cient data

quality.

3.3.2 Estimation of Non-Structural Causes

Before we apply the statistical model proposed in secti@nt@®.analyze the
retention data outlined above, we want to point out a metHodizal issue in
scoring the rate of footprint loss in this type of data.

There are 53 footprint cliques in zebra sh and Takifugu thate no coun-
terpart in shark or human; of these 14 were found only in zgbend 10 only in
Takifugu. These footprint cligues most likely correspoitioee to cis-regulatory
elements which were lost independently in the shark and mlimeage or which
are footprint cliques acquired in the stem lineage of télebs These footprint
cliques, however, cannot be used to estimate the rate opfimbtclique reten-
tion after cluster duplication, because one cannot dethet footprint cliques
that have only been maintained in one of the paralog clustasthat reasons
we ignore all footprint cliques which have no counterpashiark or human. We
have to keep in mind that the counts of footprint cliques argt p sample of
all putative cis-regulatory elements involved. If, howethe retention rates of
these footprint cliques are comparable to those presertarksand human, the
statistics will still give valid estimates.

The fraction of extinct genes in thdox network, P (Gex), is calculated by
counting the paralog group members on each of the four chusteéhe ancestor
of bony sh, i.e. the most recent common ancestor of mousezafa sh, for
instance. This number is compared with the number of reptabees from
di erent paralog groups which are present in the two dupdideclusters of a
teleost.

The number and identity of genes in the most recent commoestorc of
bony sh is based on the maximal parsimony reconstructig8]inFor instance,
the ancestor of bony sh has 11 paralog group membekowA while zebra sh
HoxAaand HoxAb only have a total of 9 paralog groups represented. In other
words 18% (2) of the genes in the ancestaxA cluster went extinct in the
zebra sh lineage, i.e. have no descendant gene copy in kine gie genome. In
total there are 42 genes in the four ancestiak clusters of which only 37 have
at least one descendant gene in zebra sh. This means that d28te genes
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Table 3.1: Footprint clique retention statistic after cluster ghlication based on alignment of
human, shark, pu er sh, zebra sh and striped bass sequesce

Cluster | #genes| r(G) | #pFC | r(F) | r(FiG)
HoxA Clusters

DrHoxAa 7 0.63 39 0.31| 0.49
DrHoxAb 5 0.45 29 0.23| 0.51
DrHoxA 12 0.55 68 0.27| 0.49
TrHoxAa 9 0.82 47 0.37| 0.45
TrHoxAb 5 0.45 12 0.10| 0.21
TrHOXA 14 0.64 59 0.23| 0.37
HoxB Clusters
DrHoxBa 8+ 0.8+ 62 0.53 0:66
DrHoxBb 4 0.4 43 0.37| 0.92
DrHoxB 12+ 0.6+ | 105 | 0.45 0:75
TrHoxBa 8 0.8 69 0.59| 0.74
TrHoxBb 3 0.3 35 0.30| 1.00
TrHoxB 11 0.55| 104 | 0.44| 0.8

N

N

Dr: zebra sh, Tr: Takifugu #genes: number of coding genes reained in clus-
ter #pFC: number of plesiomorphic phylogenetic footprint cliques, i.e., footprint
cliques that have a counterpart in shark or human. See sectio 3.2 for the de nition
of the retention rates.

Due to limited data the retention rates for théloxB clusters are only upper bounds.
For the DrHoxBa cluster we count only the genes that are contained in avddab
sequence data, see the caption of Fig. 3.2 for details.
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Figure 3.2: Phylogenetic footprints irHoxB, HoxC and HoxD clusters. Such overviews
are automatically generated bgracker . Each line corresponds to a footprint, consistent
cliques are shown with the same color. Input sequences wbtairted as follows: HsB =
NT_010783 [931646-1263780] reverse complement, HsC =00P563 [580371-708054]r.c.,
HsD = NT _037537 [4075338-end]; HfD = AF224263; DrBa = AL645782, DrBbAL645798,
DrCa is a composite of zK81P22.00296(r.c.) + 308N + zK81P22.01466(r.c.) + 2956

N + zK81P22.00552 from the Sanger site (download 12.1.03)hwapproximately 3000 Ns as
spacers inserted (marked by *** in the drawing); TrBa is a cposite of sca old1439(r.c)

+ 2501 N + scaold _706 from version 3.0 of the Fugu DB [25], TrBb is a composite of
sca old_1245 [59047-end] + 3020N + sca old 2182 [1-19481], TrC is a composite of scaf-
fold_93[184545-end]+2936 N + sca old 285 [134158-end] (r.c.), TrD is a composite of scaf-
fold_3959 (r.c.) + 2645 N + scaold 214 [160440-end] (r.c.). All these composite sequence
are consistent with a single contiguous cluster.
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Table 3.2: Conditional footprint retention statistics afteHoxA cluster duplication based on
the predictions of the structural loss model. Note that theeglicted retention rate based on
the structural loss model is consistently higher than thesebved rate of loss, indicating other,
non-structural causes of sequence conservation loss. &l&ra notable asymmetry in the
predicted minimal rate of non-structural conservation $osetween the clusters. In zebra sh
the HoxAacluster seems to be twice as strongly modi ed while in Takifuthe HoxAb cluster
has an exceptionally high minimal modi cation rate 6f48. This pattern is consistent with
rates of coding sequence evolution among parattax genes in these species (Takahashi et
al., in prep.).

Cluster | #genes | P(1%) r(FjG) n
data | equ.(3.4)
DrHoxAa 0.43 | 0.49 0.69 0.29
DrHoxAb 5 0.60 | 0.51 0.62 0.18
DrHoxA 12 0.50 | 0.49 0.66 0.26
TrHoxAa 0.56 | 0.45 0.58 0.22
TrHoxAb 5 1.00 | 0.21 0.40 0.48
TrHOxA 14 0.71 | 0.37 0.52 0.29

\]

©

went extinct, orP (Geyx) = 0:12 Similarly, in the TakifugutHox clusters there
are descendants of 34 of the 42 genes present in the anddskralusters, which
means that the extinction frequency in the Takifugu lineage(Gey) = 0:19
(Chris T. Amemiya, pers. comm. 2003).

The fraction of genes which retain rst order paraldds!) di ers between
zebra sh and TakifuguHoxA clusters. There are six genes in zebratsbxA
clusters which have 1st order paralog#oxA-13a/h HoxA-11la/lh and HoxA-
9a/b. Hence the fraction of 1st order paralog genes in zebra B{18') = 0:50.

In Takifugu there are ten genes which have rst order pastetained:HoxA-
13a/b, HoxA-11a/h HoxA-10a/lh HoxA-9a/b, and HoxA-2a/b; henceP (1) =
0:71

In order to account for the loss of genes in the fadakA clusters after
duplication, we calculate the conditional retention ratee® nd about 50% for
zebra sh and 37% overall for Takifugu. This suggests thatrected for gene
loss in theHoxA cluster, Takifugu has a lower retention rate than zebra sh.
The two paralog clusters in Takifugu have strongly di eregtention rates0:21
for the HoxAb cluster and0:45 for HoxAacluster. In contrast, the conditional
retention rate in zebra sh is about the same for both clustér49 and 0:51
respectively.



50 CHAPTER 3. The Destiny of Duplicated Footprints

Applying the structural loss model to the footprint lossadaf the HoxA
clusters shows that the observed amount of retention islicasles less than
predicted as the minimal amount of retention if only struatueasons would
cause loss of sequence conservation. Hence the model istaxunwith the
data, in the sense that we do not observe more conservateam ttite minimal
amount predicted by this model.

Calculating the minimal probability of footprint cliquesalue to non-structural
reasons (binding site turnover and directional selecttiows that in zebra sh
and Takifugu this rate is roughly comparable, about 26% &% Pespectively,
see Table 3.2. The slightly higher rate in Takifugu, howasemtirely accounted
for by the higher rate estimate for thdoxAb cluster. The non-structural modi-
cation rate in the HoxAacluster is0:22, about the same as in zebra sh, while
the minimal rate of non-structural modi cation in the Takgu HoxAb cluster
is 48%. This suggests that there was a di erential loss ofecmling sequence
conservation in the TakifugbloxAb cluster. Assuming that the probability of
functionally conservative binding site turnover is abdwe same in the two
paralog clusters, this result strongly suggests that thkifligu HoxAb cluster
experienced adaptive modi cation at a higher rate than libéhTakifuguHoxAa
cluster and either of the zebra sh clusters.

3.4 Evidence for Adaptive Modi cation

While the role oHox genes in animal development is well established, theinrole
evolution is less well understood, see e.g. [24]. A patlguhtriguing problem
is the role ofHox cluster duplications in vertebrate evolution. All invierégées
examined today have at most one cluster, including therdiai®n of verte-
brates, the cephalochordates, eByanchiostoma oridag35]. In contrast, even
the primitive jawless vertebrates have at least three agpanusters [30, 42]
and teleosts, like zebra sh and fugu, have up to seven ot éigk clusters [3].

It is not clear whether this accumulation dbx clusters had played a biologi-
cally important role in the evolution of the various verédbrbody plans [51] or
whether the retention of duplicatddiox clusters is a passive consequence of the
resolution of genetic redundancy [31]. One approach toesddihese issues is
to examine the molecular evolution of tHex genes andHox clusters after du-
plication. Is there evidence that the duplicatédx clusters experienced lineage
and cluster speci ¢ modi cations by natural selection? ©ihe evolution of
duplicated clusters only a consequence of the resolutigeradtic redundancy?
An a rmative answer to the former question would suggestttthiaplicatedHox
clusters provided genetic opportunities for adaptiveutham. An a rmative
answer to the second question would suggest Hhat cluster duplication did
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not play a role in the evolution of the a ected clade. The muastent cluster
duplication event documented is that which leads to thetamfdil Hox clusters

in the teleost lineage. Teleoblox genes are thus the best system to investigate
the evolutionary forces acting d#ox genes after duplication.

The rate of coding sequence evolution in duplicatedHsix genes has been
shown to be increased compared to the unduplicated orteq28] and there is
some evidence that duplicatétbx genes experienced directional selection [57].
These ndings are consistent with the idea that the dupkciiox genes became
involved in adaptive evolutionary changes and played areacie in the evolu-
tion of the teleost disparity and diversity. For non-cogdimgtative cis-regulatory
sequences it has also been found that massive modi catrenssaociated with
the duplications of thédoxA cluster [21]. These changes, however, are associ-
ated with other structural changes in tliiox clusters, most notably the loss of
genes [3], and the shifting of functions among paralog gi#ds In this paper
we propose a simple model to predict the expected loss ofauaing sequence
conservation (NCSC) due to gene loss and resolution of igeeeiundancy ac-
cording to the DDC model [31]. This model allows to estimdtetiver the loss
of conservation is more or less than can be attributed toetlsérsictural reasons.

We applied tharacker software and the loss model to sequence data from
the HoxA clusters of zebra sh and fugu and found that in all cases tise bf
NCSC was more extensive than predicted by the model. Thiasitbat the
modi cation of nhon-coding sequences after cluster duginavas more extensive
than what can be explained by structural changes of theasistEven though
the sets of genes retained in zebra sh and ftipxA clusters are somewhat dif-
ferent the estimated overall excess loss of NCSC is conipanidbs shows that
the estimates of non-structural conservation loss areist@mé among di erent
lineages of teleost shes.

At face value, the existence of excess modi cation of putatis-regulatory
elements is consistent with the idea that the duplicadtec clusters are a ected
by adaptive modi cations during teleost phylogeny. Thisrpretation, however,
is not the only compatible with that evidence. Duplicatedegeand the result-
ing genetic redundancy could also promote the turnoverawfstription factor
binding sites, even though the overall function may not bected. This would
be a form of neutral drift of cis-regulatory sequence elésngt®]. Another
possibility is that the genomic re-arrangements followiegcluster or genome
duplications have caused an increase in mutation rate weaids to a higher
rate of loss of sequence conservation than in the undupticitheages. It is
known, for instance, that GC content [11, 77] and the fregyesf CpG islands
is correlated with increased mutation rate in mammals [@dY perhaps also
in other vertebrates. Neither the CG content nor the numbet size of CpG
island show a phylogenetic pattern that would explain tiss [f NCSC in the
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teleost lineages (data not shown). We thus nd no factord thauld predict an
increased mutation rate of non-coding sequences in thesagks.

With our present methods it is not possible to distinguistween natural
selection and increased binding site turnover to expla@rektess loss of NCSC.
We note, however, that the pronounced asymmetry in the peg getention rate
of NCSC in fugiHoxAb cluster could potentially be caused by natural selection
di erentially modifying the function oHoxAb type genes in the fugu lineage.
It is reasonable to expect that binding site turnover amamgjidated and thus
redundant gene clusters is symmetrical, because of the gasimetry of the
situation immediately after duplication. As the redundargresolved, maybe
di erentially among the duplicated clusters, the TF birglsite turnover should
also cease in both paralog clusters because of complement&his observation
is suggestive of the e ect of directional selection, buteid be desirable to nd
other statistical patterns linked to the action of naturalestion for independent
con rmation.



CHAPTER4

Assignment of Orthologous Hox Clusters

4.1 Models for Hox Cluster Evolution

Homologoushox genes have been found in every bilaterian animal investigat
and basically show clustered organization, although gedechuster number
vary. Early in metazoan evolutioHox and ParaHoxhave resulted from Bro-
toHox gene cluster [55]. Tandem duplications are thought to haceeased
the number of paralogous groups. Multiplex clusters have arisen from whole
cluster duplication maybe as a result of genome duplicaipolyploidization.
The e ect is, that vertebrates, in contrast to all invertebes examined, have
multiple hox gene clusters that presumably have arisen from a singleteadce
cluster in the most recent common ancestor of chordatesanghioxus and
vertebrates [35, 43]. The timing of thdox cluster duplication events in verte-
brate phylogeny is still somewhat unclear. The availakie staongly suggest
a 4Hox cluster organization in the crowngroup tetrapods [58]. @e other
hand, the cephalochordate amphioxus has a siHgbe cluster. Two distinct
models are currently likely to explain the evolutionaryace along the \long
way from amphioxus to us". One model, the 2R hypothesis,estiggvo rounds
of genome duplication, leading {¢AB )(CD)) by two sequential duplication
events [30]. An alternative model has been put forwar@aiey et al.[6]. It
assumes three instead of two rounds of duplication whetebyamncestraHox
cluster was D-like and duplicated to create an A-like ctustan which the B
and C clusters arose in tuf (A(BC))).

Discovery of an organism showing an intermediate clustepaesition would

53
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rule out one of the models above. Therefdrmx clusters branching o the
phylogenetic tree connecting amphioxus and tetrapods sexmeenced.

The most basal branch of vertebrates leads to lampreys (@egromyzon
marinug. We demonstrated that the 3 to Hox clusters ofPetromyzon marinus
and other vertebrate species had arisen from independegtitation since the
paralogoudHox clusters in lampreys are more similar to each other than &ny o
these clusters and a vertebratx cluster [34]. This supports the hypothesis
that the last common ancestor of agnathans and gnathostdradsonly a single
Hox cluster.

The least derived group within gnathostomes is the conithyels including
horn shark Heterodontus francisgii A very popular hypothesis is that the
common ancestor of shark and bony vertebrates (which ieslteleost sh as
well as tetrapods) had four clusters homologous to that imdms [39]. To test
this idea theHox clusters of the horn shark have been isolated and sequenced.
Currently, two clusters, called andM are available [44]. While thé cluster is
clearly homologous to the hum&ioxA cluster, it was more di cult to assign the
homology to theHoxN cluster. In the original descriptid#fHoxN was identi ed
as homologous to the humatoxD cluster, but there is also evidence consistent
with homology taHoxC cluster [51]. Our analysis support the idea, thiHoxN
is D-like.

4.2 Footprints as Phylogenetic Information

The detection of non-coding sequence conservation betiheemorn sharkdox
clustersN andM and tetrapodHox clusters is carried out liyacker . It detects
clusters of conserved footprints that are not easily decs®g into individual
footprints. Our statistical analysis below is thereforedaaon the total length
of signi cantly homologous non-coding sequence fragmefttden pairs of clus-
ters. This measure is roughly proportional to the numbendifiidual footprints.
Homologous footprints are necessarily co-linear (disitegathe possibility of lo-
cal transpositions or inversions which cannot be resolitedhe present analysis
method due to the highly diverged sequence outside therfobgtusters). Non-
colineartracker -hits are therefore disregarded (marked bin the supplemental
material).

The tracker program produces alignments of the footprint cliques using
dialign [56]. These are padded with \gap" characters in those serpgethat
do not take part in a particular clique and then concatenatddhe resulting
\alignment" is sparse in the sense that the \gap" charactethie most frequent
letter. The reconstruction of phylogenies from such a ddthas to take three
complications into account that: (1) gene loss will causeoat certainly caused
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the loss of all the the associated regulatory sequenceshelrextreme case,
presence-absence data footprints might just re ect thaisence-absence pattern
of the genes. (2) We cannot expect to have deteetibdootprints in all species.
(3) Gain and loss of footprints are not symmetric processedact footprint
loss is much easier than tlde novocreation. These complications can be
circumvented by considering only mutations within comrgenon-coding regions,
I.e., within the footprint cliques detected by ttracker program. The distance
of two clusters is therefore derived as the fraction of matet within cliques
that are shared by the two clusters. Technically, this anwtmtreating \gaps"
that arise because a certain cluster does not share a garti@otprint cliques
as missing data rather than as an additional character state

We use a di erent distance-based and parsimony-type appesehere: Neigh-
bor joining method [62] (implemented in tpaylip package, version 3.6) [28],
the canonical split decomposition [7], Buneman trees fd&@kimony splits and
P-trees [8]. With the exception of NJ these methods are imefged in the
splitstree  package (version 3.1) [41]. The split-based methods arcpar
larly suitable for our purposes because they are known teetyeceonservative
it that they tend to produce multifurcations rather than plyosupported edges
[66].

The following sequences are used for the analysis: SHatkrodontus fran-
cisc): M-cluster HfM = AF479755, N-cluster HfN = AF224263; Hum@tiomo
sapieny HsA = AC004080.2rc + AC010990 [201-6508]rc + AC00407 DB
end]rc, HsB = NT.010783 [931646-1263780]rc, HsC = ND9563 [580371-
708054]rc, HsD = NT037537 [4075338-end]. RaR&ttus norvegicys RnA =
NW_043751 [910030-1194462]rc, RnB = N9M2671 [264022-581839], RnC =
NW_044048 [722873-1060956] RnD = NW2732 [1061702-1217610]rc. Here
\rc" means that the reverse complement of the sequence hes hsed (after
extracting the indicated interval).

4.3 The Shark HoxN Cluster

A comparison of the protein sequences of the sh#kN cluster with mam-
malian Hox protein sequences is consistent with D-likesdtbough the data
in Table 4.1 do not show an unambiguous picture. In partictii® HoxD pro-
teins are not always the ones with the highest degree of segudentity, see
Table 4.1. In a similar vein, the analysis of Hox genes anemésglinked to
the Hox clusters such as collagenes does not yield an unsoubigicture for
branching order of the four mammalian Hox clusters [6].

Let us now turn to the analysis of the conserved parts of theaualing
sequences. Table 4.2 summarizes the results of pairwiggadeons of shark and
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Table 4.1: Best Correspondences of Hox proteins with tHexN sequence of the hornshark.
Number are identities in protein alignments obtained wittustalw [74]. Italics and sans
serif fonts indicate that the best match is by a theuman or rat sequence, respectively. A
dash | indicates that the corresponding gene does not exist inammalian Hox clusters.

Cluster | evx 13 12 11 10 9 8 §

A 70 | 57 63 | 53
B | | ]| 68 48
C | 48 54 63 69 44
D 81 68 48 57 69 61 71|

human (or rat) Hox clusters. It should be noted that the segeeof the shark
HoxN cluster is incomplete, spanning only the sequence &exto (almost)
Hox-4 The data show a particularly high conservation of nonrepdequences

in the range fronHox-4 to Hox-1 between sharkdoxM and mammaliatHoxA
sequences. As a consequence, the countsldaN are signi cantly smaller. In
table 4.2 we therefore show also the counts forkifel cluster restricted to the
region betweeevxandHox-4 The total length of sequences conserved between
shark and mammalian clusters in this region is indeed cailgabetweertfM

and HfN.

The homology of the sharkloxM and the mammaliarHoxA clusters in
obvious from these data. For thd#oxN sequence we nd little distinction when
counting colinear cliues and only a moderate signal in uingbers of co-linear
clusters. The total length of the conserved regions, hawevenore than twice
as large withHoxD than with HoxC and about 50% longer iRloxD compared
to HoxA The location and distribution of the footprint cliquesgFi.1 also
strongly argues for a homology wittoxD rather thanHoxC

A comparison oHfHoxN with the fugu HoxCaand HoxD sequences also
placesHfHoxN with the D rather thanC cluster. These data must be interpreted
with caution: (i) The Fugu sequences are preliminary canottrcombining two
or three sca olds and hence not complete. (ii) Even though ¢brrent version
3.0 of the Fugu genome database [25] does not contain ewagraCb cluster,
it is most likely that the teleosT cluster was duplicated since the zebra sh does
have both aHoxCaand aCb cluster [3]. The duplication event might have
caused the additional loss of a substantial number of fougpr

The sensitivity of the tracker method in increased by inolydnore se-
guences. In particular, homologous footprints can be igehbetween two
sequences even if they do not yield a signi cant signal wherivio sequences
are compared directly. We have therefore run a completgsisaif both shark
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Table 4.2: Pairwise comparison of non-coding sequences in theksHax clusters with mam-
malian Hox clusters. In addition we report the comparisorthapreliminary HoxC and HoxD
cluster sequences (obtained from version 3.0 of the Fugwatase [25, 4]; see [59] for details).
Comparisons with the duplicated, highly divergdexA and HoxB clusters are meaningless.

Shark HoxM Shark HoxN
mamm. || HoxA | HoxB | HoxC | HoxD || HoxA | HoxB | HoxC | HoxD
evx to hox-4 only
Cliques Homo 51 30 15 12 21 23 21 36
Rattus 56 19 13 7 25 22 23 27
Fugu * * * * * * 12 17
Length Homo | 2955 1554 736 652| 1359 935 891 2548
Rattus || 3871 1008 669 537/ 1633 910, 1050 2468
Fugu * * * * * * 508 1000
Complete cluster
Cligues Homo 96 35 17 20
Rattus 97 25 17 15
Length Homo | 7392 1995 791 1036
Rattus || 7167 1525 827, 868

clusters and all four human Hox clusters. The supplemengémal lists all
footprint cliques in the range froevxto hox-1that appear in at least one shark
and at least one human cluster. The statistics of the comeskerggions between
clusters is summarized in Table 4.3.

Table 4.3: Comparison of phylogenetic footprints fromteacker run of both shark and all
four human clusters. Only co-linear cliques in range betweex and hox-1 are counted. The
data contain six cliques (484, 485, 486, 513, 514, 515 in thpEement) of which at most
three are consistent with co-linearity. These are counteithva weight 1=2.

Count || HsA | HsB | HsC | HsD || HsA | HsB | HsC | HsD
Hf-M Hf-N

cliques| 79 23 13 16 15 10 20 25

length 1728 961| 1148 1995

These data clearly indicate that the shafkbxN cluster is D-like at least as
far as the non-coding sequences are concerned. In fact] baswotal size of
the footprints that are shared between clusters, the nertlciate would be the
mammalian A-cluster, not the C-cluster as proposed in [51].
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Figure 4.1: Overview of the phylogenetic footprint cliques proeédcby tracker for the
comparison of the horn sharkdoxN sequence (HfN) and the humaHoxC (HsC) andHoxD
(HsD) sequences, respectively. X denotes twex genes.

A phylogenetic analysis of the combined footprint cligdehe four mam-
malian clusters for either human or rat together with the twailable shark
sequences strongly suggests that iHtexN cluster is not only most similar to the
mammaliarHoxD clusters but in fact is a true homologue. Both distance-thase
Fig. 4.2 and parsimony-based methods, Fig. 4.3, agree ®mtbipretation. We
have chosen a variety of split-based algorithms for thisysisafor this analysis
because these techniques are known rather produce nudtitums than poorly
supported edges. For comparison standard neighborgotrees are shown in
Fig. 4.2.

All data presented in Figs. 4.2 and 4.3 either support theclogion that
the sharkHoxN cluster is homologous with mammali&toxD cluster or are
at least consistent with this conclusion (whenever lfieoxN-HoxD node is a
multifurcation).

The evidence presented in this paper supports the origgpalthesis, namely
that the shark HoxN cluster is orthologous to the mammatiamD cluster [44].
The method employed is novel, namely to use the number ardtext non-
coding sequences for phylogenetic inferences. Below Wweiseliss the use
of this type of data as well as the implications of the preseding for our
understanding of Hox cluster evolution in vertebrates.

Conserved non-coding sequences have long been used tondidata cis-
regulatory elements, see [26] for a review. ldenti catibputative cis-regulatory
sequences requires long stretches of sequence from bistated species [72]
or a set of species which have su cient additive divergermers them [71].
More recently this method has been used to trace the nomgoskquence
divergence aftddoxAcluster duplication in teleosts [22]. In this paper it hasbe
shown that non-coding sequences can remain highly codserttee absence of
Hox gene cluster duplication, as documented between th& stexM and the
mammalianHoxA cluster (see also this paper). Hence it is possible to treat
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Figure 4.2: Distances based phylogenies of shark and mammalian ¢fiesters. Neighbor
joining trees [62] are computed using Felsensteipfg/lip package (version 3.6). Buneman
graphs representing the canonical decomposition of theaglise function and the split-based
Buneman trees are computed using Daniel Husaptitstree  package (version 3.1) [41].
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Figure 4.3: Parsimony based phylogenies of shark and mammalian ¢lasters computed
usingsplitstree  [41].
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the loss of ancestrally conserved sequences as poterdrabgghies and thus as
source of phylogenetic signal. The congruence betweenrttitusal and coding
sequence evidence and the comparison on non-coding seq@servation for
HoxM andHoxA cluster validates this assumption. In the case of the dHarh
cluster the evidence from coding sequence and structugainimation is less
strong and we thus rely on the evidence from non-coding segqu®nservation.
While the signal is still not as strong as for the HoxM eacHyaisis at least
consistent and in many cases positively supportive of logiidoetween shark
HoxN and mammalian HoxD cluster.

The conclusion that both the shaitoxM as well as théHoxN clusters are
directly orthologous to the mammalidtoxA and HoxD clusters has important
implications for the history of Hox cluster duplicatiortstollows that the most
recent common ancestor of cartilaginous shes and the batyclade (which
includes mammals) had at least four Hox clusters orhologotise four mam-
malian Hox clusters. It is thus likely that sharks have twoenausters than
those currently described. This evidence also con rms ttpothesis of Peter
Holland that the four cluster situation typical for most magnathostome lin-
eages has arisen before the most recent common ancestbRefceht gnathos-
tomes [35, 40]. Of course this result does not guarantee dhajnathostome
lineages in fact have at least four Hox clusters since ctustn get lost. This
can happen in particular soon after the duplication, whichld have occurred
shortly before the split between the shark and mammaliaadjes.
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CHAPTERD

The Fin Limb Transition

5.1 Origin of the Tetrapod Limb

In the Devonian period various sarcopterygian sh weredaggad for moving
out of water onto land. These shes are a group of bony shestejohthyes)
with eshy ns (lobe- nned shes). They had functional luagnd two pairs of
bone-strengthened muscular ns on which they could move Hualies out of
the water. One of the recent sarcopterygian shdsasmeria menadoensi3he
transition from shes to crawling four-legged tetrapodsurced 370 million years
ago \one sunny afternoon in the Devon" 5.1 and encompassex thr more
separate lineages. However, there is strong evidence lthagcant tetrapods
derived from one of these lineages leading to amphibiansefaspus tropicalis
and amniotes (aslomo sapiengnd Gallus gallus

The other group within the osteichthyes are the ray- nneldes actinoptery-
gii (ray- nned shes). Their ns have no speci c skeletakeients in common
with the tetrapod limb. The characteristic n rays belongtte dermal skeleton
and do not have homologous bones in tetrapod limbs. Dereledst shes as
Danio rerioand Takifugu rubripesare recent living species of this group. One
of the most basal teleosts Rolypterus senegalus

Morphologically, the origin of the tetrapode limb is coestd to be coinci-
dental with the origin of the autopodium (Fig. 5.2), whicmdéges distinct hand
and feet in the paired appendages. The most distal part oathepodium (the
acropodium) arose from new elements rather than transtiomaf distal n
sceleton and is seperated from the zeugopodium by one opwgoaf small and
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Figure 5.1: One sunny afternoon in the Devon.

most often nodular elements (mesopodium). The criticaktigmental change
underlying this morphological innovation is the origin ajemetic mechanism
responsible for determining the autopodial eld. One higpsts for the basis of
such a mechanism was estabished\fggner et al.[76]. They observed that
the expression domains lodxAlland hoxAl3are mutually exclusive in mouse
and chicken but the expression domainshokAll and hoxA13 orthologs of
teleost shes are overlapping in the n development. Thaesfthey assume
that the ancestral state is one in whitloxA11 and hoxAl13 have overlapping
expression domains while in the derived state the genesahlaally exclusive
expression domain determining the limit between the dpwejazeugopodium
and autopodium.

5.2 Footprint Detection

To map the expression pattern bdxAl1land hoxAl3to changes of regulatory
elements, we looked for footprints in the vicinity of thesmeg. Therefore,
we appliedracker to a set of sequences spanning the IGR betwasm\13-
hoxAll from animals with ns Heterodontus francisci, Polypterus senegalus,
Danio rerio, Takifugu rubripeand Latimeria menadoengjsanimals with limbs
(Homo sapienandGallus gallusand Branchiostomdalso called amphioxus), a
cephalochordate, which is used as outgroup species tbrads. The sequences
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mesopodium acropodium
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OO,

stylopodium zeugopodium autopodium

Figure 5.2: The three main segments of a tetrapod limb: stylopodiureugopodium and au-
topodium. The latter is built up by the mesopodium and the apodium. The only consistant
morphological di erences between ns and limbs is the segimm of acropodial elements and
the zeugopodium by one or more rows of mesopodial elements.

are listed in Table 5.1.

Clusters with interesting distribution among species #ttean analysed with
TFsearch [37] to look at the ne scale distribution of birglisites within the
clusters.

5.3 The Tracks of Tetrapods

The search for footprints usiritgacker yields 32 cliques with standard parameter
settings. Eight of these footprints exclusively occure umdn and chicken
whereas not even one footprint is present in all of the segsefsee Table 5.2).
The two largest cliques and the 8 human/chicken speci c jaats are depict

in Fig. 5.3.

The largest cliques concerning length and distribution ragmspecies are
cligue 12 and 31. Clique 12 is about 170nt long and lies 20000 upstream
of vertebralhoxAllgenes. It is worth noting that in case of duplicatddxA
clusters (as in zebra sh and fugu) only one of the duplicatiedters retained
this footprint. Clique 31 is about 200nt in length and représ the proximal
promotor of all vertebrahoxAll genes examined. These conserved footprints
must have been important in regulation since the origin debeates.

1000nt upstream ofioxAlltracker detects a region spanning 3000nt and
8 footprints conserved between human an chicken only. Weserthat these
are crucial for autopodium formation and may mediate théuske expression
domains ohoxAl13andhoxAll With limb formation and the encounter of land
some meachanical di culties arose mediating the evolutbadaptive solutions
concerning the whole body plan. Therefore, terrestriaruation coevolved not
only with the limb formation but also with the pectoral andviegirdles which
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Table 5.1: Source and length of théoxA13-hoxAllnon-coding region ofHeterodontus
francisci (Hf), Homo sapiengHs),Gallus gallugGg), Polypterus senegalugs), Danio rerio
cluster Aa (Da), Danio rerio cluster Ab (Db), Takifugu rubripescluster Aa (Fa), Takifugu
rubripescluster Ab (Fb),Branchiostoma oridae(Bf) and Latimeria menadoensia coelacanth
(Co). The position of the genes were either taken from the atation at genbank or tblastn
searches of knowhox proteins against the cluster sequence. rc = reverse compiletn

hoxA13-hoxAll
organism|| length | source

Hf 12395| AF479755 (as inChiu et al. 2002 [21])

Hs 13057 AC004080rc+AC010990rc(overlaps 200nt with
anking fragments)+AC004079[75001-end]
(as in Chiu et al. 2002[21])

Ps 10128| AC126321rc+AC132195 (overlapping 4307nt)

Da 6647 | AC107365rc

Db 7756

Fa 8009 | Fugu v.3.0 sca 0ld 47[103001-223000]rc

Fb 5053

Co 15184 kindly provided by Chris Amemiya

Bf 23261| L2751512751623sept02 Hox10-14
kindly provided by Chris Amemiya

Gg 8471| AF327372 as inBodenmiller et al. 2002[15]

support the spine at two major points along the axis. Thesagbs could be
viewed as secondary e ects of limb formation that would &lsaegulated by
human/chicken speci c footprints.

In the attempt to assign the 8 footprints to the n limb tratisn the following
problem arises: both, human and chicken, are amniotes.efdrer the regula-
tory sites conserved in these two tetrapod species may bew@speci c. To
rule out this possibility one could include an amphibiag. (¢enopus tropicaljs
or primitive tetrapod into the set of sequences. Appeararideuman/chicken
speci ¢ footprints in amphibian sequences would supporthypothesis that
these are limb speci c.

5.4 Zooming into Highly Conserved Cliques

Conserved cliques reported tbsicker are thought to be clusters of functional
protein binding sites. To reveal the detailed compositichese cliques, we take
a closer look and appliFsearch to the aligned sequence fragments. Table 5.4
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Table 5.2: Footprint distribution summary table.

score

Bf
Fb

Clusters
3132
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1
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+
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+
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+
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and 5.5 summarize all possible binding sites, most of whelswgpported by
cooccurence at the same position in more than one sequeieehigh density
of detected motifs including multiple CdxA binding sited #re congruent struc-
tural organization of a footprint such as clique 28 or 29 esgfor a functional
cluster of binding motifs. On the other hand, we also nd ewwed sequences,
each composed of di enrent binding sites. These observatay be interpreted
as artifact of theTFsearch method or rather recent destruction of functional
binding sites in one of the sequences (clique 27).

The distribuion of sites within the proximal promotor shdhat two sites,
USF/SREBP and CREB, are conserved among all sequencesrs @thag be
missing in some of them (C/EBP site downstream of CREB) ghtji shifted
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0 15184

0 8009

Figure 5.3: Location and pairwise similarities of clique 31, ckgd? and the eight hu-
man/chicken speci c cliqgues 11 and 23 - 29. All sequencespéxhe amphioxus sequence
are part of clique 31. Clique 31 is located immediately upatn ofhoxAl11 and termed 'prox-
imal promotor'. Clique 12 is present in Hf, Co, Hs, Gg, Ps, DidaFa about 3000nt upstream
of hoxAl1l The eight footprints of Hs and Gg, spanning 3000nt are allicear and at compa-
rable distances in both species. Non-horizontal linesdat# pairwise similarity. Abbrevations
refere to Table 5.1.

(GATA). One the level of single binding sites one could atsbpatterns, which
destinguish tetrapods from other animals. For instance, ribn-orthologous
MZF1 sits between the two overall conserved motifs just r@scin the human
and chicken sequence, same as the second SRY site downsfr8&h in clique
12.

We conclude that even though the sequences are highly rsiiméa may
be composed of di erent sites. Fine scale analysis mayIrbneage specic
changes with potential regulatory e ects comparable to lausters. There-
fore, destruction of phylogenetic footprints reportedtiacker using the in-
formation of concrete binding sites may enhance the sehsitf predicting
regulatory changes that cause major transitions in aniwalléon.
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Figure 5.4: Transcription factor binding sites reported by TFsehrfor the eigth tetrapod
speci c cligues 11 and 23 to 29 (tracker RunID = 04031410CLFRuestion marks indicate
potential, unknown binding sites in highly conserved regio Hs = Homo sapiens and Gg =
Gallus gallus. Sequences and sites are roughly drawn t@scal
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Figure 5.5: Transcription factor binding sites reported by TFsehron cliqgue 31 and clique
12 (tracker RunID = 04031410CLFR).Question marks indicagtetential, unknown binding
sites in highly conserved regions. Hf = Heterodontus fraeti Co = Latimeria menadoensis
(colacanth), Hs = Homo sapiens,Gg = Gallus gallus, Ps = Pdlgpis senegalus, Da = Danio
rerio Custer Aa, Db = Danio rerio Cluster Ab, Fa = Takifugu ruipes ClusterAa and Fb =
Takifugu rubripes ClusterAb. Sequences and sites are rbudrawn to scale.



CHAPTERD

Conclusion

In this work we have presented the navatker method for phylogenetic foot-
printing that is able to handle a large set of long sequendésut great resource
consumption. The tool is fast and runs without user intetieen It is successful
in detecting footprints conserved only in a subset of sempsewithout relying
on phylogenetic assumptions. The various outputs compkieeview pictures,
a detailed list of footprints, all local multiple alignmernd their distribution
among the sequences. We have shown that currently it is the suitable
program to extract large amounts of quantitative data on-coding sequence
information that can be passed on to statistical analysd the structural loss
model (section 3). Furthermore, we have demonstrated thean be used to
nd orthologous clusters when comparison of coding regioes not lead to an
unique solution (section 4). Its ability to detect footpgsrwith a certain dis-
tribution among input sequences can be utilized to nd tapacsc footprints,
which { in case ohox genes { may indicate evolutionary important transitions
(section 5).
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CHAPTER/

Outlook

7.1 Detecting Protein Binding Sites

The obvious step following the detection of conserved msgighich usually span
about 100nt and several dozens of individual protein kgnsites, would be to
mark concrete footprints or protein binding sites as it wasedvia webtools
in section 5. Therefore, known motifs must be assigned tosdmuences.
One big database with a collection of various protein baqndites is realized
in TRANSFAChis database attempts to reach good completeness in tdetec
ing motifs by the costs of also reporting a lot of artifactaay®ay, connecting
TRANSFAG tracker is a question of cost.

If we assume that the problem of detecting functional reégufaelements is
solved, the next step would be to reconstruct the regulatetyork. A lot of
work will have to be done to reach this nal goal that agair ieé&ve a lot of
work to the hardcore biologists and the interpretation af thutcome.

7.2 Biological Challenges Lying Ahead

7.2.1 Distances of Footprints

The establishment of certain gene expression patterngasnieed by the coac-
tion of a set of regulatory regions each of which controlgigpsubfunctions.
These regions can carry out there subfunction independant are therefore
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viewed as the elementar motifs of gene regulation. Expetainevidence sug-
gests that order, direction and distance of regulatoryorgiimay be important.

Currently, it is not examined if relative or absolute disemhave to be main-
tained for full functionality. With our methottacker it is possible to locate

regulatory regions onto sequences of related organisnth wiay have varied
distances of footprints over time. With the ability to obaeithe changes in
footprint distribution along the sequence, biologicalsfieas may be answered
(Fig. 7.1). Is it the absolute or relative distance betweeneg and sites that
is important? Is it possible to nd the regulated gene by nseah distance

conservation in related species? Can shared enhancersnbiesti because of

a characteristic distance patterns?

7.2.2 The Importance of Colinearity

The untouched organization éfox clusters suggests a mechanism for maintain-
ing cluster integrity. The driving force is spatial and temgb colinearity, linking
gene regulation to the gene order within the cluster. Buttviéhe mechanism

of spatial and temporal colinearity? Are the mechanismsgatial an temporal
colinearity independent?

Cluster Destruction

Since the importance of colinearity and cluster integsta irule there are also
exceptions to it. The two prominent examples are the clusteDrosophila
melanogastemhich is split into the Antennapedia and Bithorax complees
the broken 'cluster’ ofCaenorhabditis elegartisat comprises three groups. Got
anything lost together with the cluster organization? feeet al. [29] postulated
that in these destructed clusters temporal colinearitgss IThe e ect, however,
is not very dramatic in animals with a brief period for agamgmt of segmental
identity. Therefore, the absence of the temporal aspecbtmearity may lead to
relaxation of a selective constraint on the organizatiothefHox cluster. But
is there an in uence on spatial colinearity?

One suggestion for a mechanism regulating spatial calyaarenhancer
sharing coupled with quantitative colinearity [45]. Siclcsster destruction would
destroy this organization it would be interesting to corete regulatory region
of homologousox genes from destructed and compact clusters. One expettatio
would be to nd a previously shared enhancer duplicated aededistances to
all cluster fragments.
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Figure 7.1: Changes in footprint distribution after shrinkage otérgenic regions. In situation
A, both footprints regulate the downstream gene. In the Igitture, the absolute distance to
the regulated gene is maintained. Length reduction of théemgenic region occurs upstream
of the footprints until the rst footprint is next to the prevous gene. The right picture depicts
the situation of maintained distance relations. Situati@assumes that the footprints regulate
di erent neighboring genes. The left picture shows a harglausible evolutionary scenario in
which inversion of footprints would be necessary to maintproper absolute distances. For
the case that this does not occur the footprints would de nevanimal distance of neighboring
genes. Situation C assumes enhancer sharing. In the leftidhe distance of the coregulated
genes is xed. Blue, green and red balls denote footprintscsApoint at the regulated genes
which are illustrated as open boxes.
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Transposable Elements

The strong dependency of accurate development on the aajeomi of the clus-
ter causes negative selective pressure on unstable gelestients. Since repet-
itive and transposable elements are thought to be one ropteHich genome
rearrangement can occur, these elements are usually dbsenvertebrateHox
clusters. A challenge would be to signi cantly prove thansposable elements
are underrepresented lifox clusters over hundreds of million years (Fig. 7.2).

7.2.3 Major Evolutionary Transitions

In section 5 we related a major evolutionary transition, théimb transition,
to changes in regulatory regions upstreanh@fAl11l Maybe a set of footprints
can be de ned to be su cient to explain the origin of tetrapgadThe arising
guestion is: do other major innovations in animal body péss map orhox
genes and/or their regulatory sequences?

It seems possible to further assign regulatory changesetorilgin of major
phylogenetic groups. The origin of vertebrates an the @®oé cluster duplica-
tion are of special interest. But other transitions, suchhasorigin of mammals
and one of its major characters 'hair', could be an intemgsteld of research.
Where does hair come from? As recently investigatedgenes asioxC13play
an universal role in hair follicle development. Therefbige believed that subse-
guent to the role of specifying positional identities aldrgbody axis subsets of
hox genes have been co-opted for patterning functions in péaggigally more
recent structures.

However, for all these purposes whate clusters of species phylogenetically
placed around the transition of interest have to be examirstd
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Figure 7.2: Location of repetitive and transposable elements detd by RepeatMasker. The
left panel shows théHoxA clusters with their genes as gray boxes. The numbers aboeseh
boxes indicate the paralogous group. In the right panel,@apregions are added (gray boxes
without numbering) Three of the eight sequences do not shosirgle repeat (FrAa, MsA and
FrAb).
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Appendix

Reevaluation of Chiu et al. [21]

Chiuet al. [21] performed a search for phylogenetic fooprint clugeFCs) on
the HoxA cluster of 4 members of the three major gnathostome lineaget
erodontus francisqHfM), Homo sapiengHsA), Danio rerioclusterAa (DrAa),
Danio reriocluster Ab (DrAb) and Morone saxatiligMsA). Using PipMaker,
ClustalW and BayesAligner they identi ed 36 PFCs. A reevaluation of these
data using our methottacker resulted in detection of 148 cliques. We further
extended our search onto the tvdoxA clusters ofTakifugu rubripes(TrAa,
TrAb). For a detailed description see chapter 3.
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Table 7.1: Comparison with [21]. The last column gives the destipraof the \phylogenetic
footprint clusters" (PFCs) from [21]. Footprints that wer@ot found bytracker are listed

in italics without numbering,+ denotes novel ones. +XXX means that we found footprint
also in XXX; analogously, -XXX means that the footprint wagtdcted in theHox cluster
XXX in the previous study [21] but was not found in this sequerby thetracker program
with the default parameter setting. Positions of footprsthat are missing in some sequences
in the tracker output are given in parentheses. Dierences between the Imlited position
numbers of the DrAa sequence and our data are explained byude of two versions of the
DrAa sequence in [21].

Footprint HfM HsA DrAa DrAb MsA PFCs
1 865 23 1553 23 +
2 2891 51 39450 51 +
3 8197 31 33525 31 +
4 2283 76 7560 76 +
5 2287 70 6101 70 +
6 3246 62 | 29283 60 +
7 7147 46 | 32044 46 +
8 13150 59 | 15129 59 +
9 13216 30 | 15198 31 +
10 13258 12 | 15241 12 +
11 15102 41 7692 47 +
12 3734 81 [ 20391 84 +
13 3881 23 4203 23 +
14 25741 38 15607 33 +
15 27295 29 35475 29 +
16 5901 75 | 28483 75 +
17 5949 23 4134 23 +
18 6483 120 | 45120 121 upstream of 13-a
19 6775 40 | 45433 37 upstream of 13-b
8558 40 21743 19 upstream of 13-c
20 11868 26 47489 26 +
21 16307 78 | 22716 78 +
22 18316 42 | 29824 42 +
23 18387 55 | 29928 55 +
24 13192 120 | 53810 88 | 22652 65 | 58295 121 upstream of 13-d
25 13360 13 58469 14 +
26 16127 49 58996 48 13pp -DrAa +DrAb
27 16233 57 59103 56 13pp -DrAa +DrAb
28 19133 112 | 59505 114 | 25574 24 13-11-a +DrAa
29 20828 47 63519 47 +
30 27207 32 28565 32 +
31 27545 30 66363 30 +
32 27606 116 | 68103 118 +
33 70181 58 | 28402 58 +
34 29483 35 | 67002 35 +
35 29781 168 | 70665 152 | 31068 118 | 67981 132 13-11pp
36 33896 155 | 71142 153 11-9-a DrAa(29667)
37 34076 42 43022 42 +
38 34423 77 | 75337 78 11-10-a
76034 9 71322 9 11-10-b
39 35043 77 | 76069 52 | 34212 31 | 71442 74 11-10-c +DrA
40 41272 55 71853 55 +
41 78189 21 | 32835 21 +
42 43143 93 | 81631 94 73488 75 +
43 46400 43 | 85314 39 10-9-a
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Table 7.1 continued.

Footprint HfM HsA DrAa DrAb MsA PFCs

44 46546 24 85435 24 10-9-a

45 46591 188 85479 187 2977 139 10-9-a

46 47542 116 86410 116 |41556 97 | 76755 93 3393 97 || 10-9-b DrAa(37297)

47 76892 16 3556 16 ||+

48 48333 30 87347 38 | 41872 35 | 77048 44 3791 49 10-9-c +HsA +DrAa +MsA

49 52969 35 90122 35 10-9-d

50 53030 45 90215 44 +

51 53084 55 | 90267 55 10-9pp -MsA(6219)

52 53229 28 90412 28 10-9pp -MsA

53 53264 42 90452 41 10-9pp -MsA

54 43987 63 6298 64 ||+

55 45766 47 8387 46 ||+

56 77140 16 3893 16 ||+

57 77166 94 3929 96 +

58 56953 99 94192 61 | 46679 175 | 81365 81 8912 182 || 9-7-a +DrAa +Drab +MsA

59 57228 219 94465 223 | 47016 208 9511 229 || 9-7-b +DrA + MsA

60 57682 31 94836 31 +

61 59503 39 87245 36 +

62 97345 38 9394 38 ||+

63 62154 12 | 99257 12 9-7-pp

64 62176 33 99279 32 11485 29 9-7-pp

65 62226 107 99327 107 | 48807 54 11530 104 || 9-7-pp

66 49660 26 | 88070 26 +

67 66439 203 | 103206 206 |49942 219 14805 164 || 7-6-a +DrAa

68 66923 24 | 103654 24 +

69 71720 40 | 108022 41 7-6-pp

70 71778 148 | 108078 147 16637 28 7-6-pp

71 74400 27 | 111988 27 +

72 53087 33 18217 34 +

73 74469 34 | 112053 26 |53164 31 18300 31 +

74 74519 268 | 112101 265 | 53250 229 18389 228 6-5-pp

75 76119 11 | 114171 11 5-4-a HfM(76427)

76 76145 22 | 114197 22 5-4-a HfM(76427)

77 76181 22 | 114231 22 5-4-a HfM(76427)

78 76215 38 | 114264 37 5-4-a HfM(76427)

79 76266 25 | 114314 26 5-4-a HfM(76427)

80 76323 69 | 114356 70 5-4-a HfM(76427)
76648 63 | 114717 7 5-4-b

81 76784 44 | 114894 44 +

82 77565 326 | 115543 323 | 55930 245 21536 250 || 5-4-c

83 78818 52 | 116743 54 +

84 79794 29 83629 29 +

85 56180 25 21789 23 || +

86 56277 12 21873 12 +

87 81947 71 | 119346 105 |57520 105 23483 104 5-4-d +DrAa

88 82035 16 23604 16 ||+

89 82436 286 | 119799 284 |57972 163 24139 180 || 5-4-e +DrAa

90 82749 16 | 120098 15 +

91 58177 68 24365 70 +

92 84826 231 | 121990 231 |59802 175 27247 180 || 5-4-f +MsA

93 122238 27 86591 27 +

94 85596 41 | 122775 40 88770 23 +

95 85651 41 | 122822 41 5-4-g

96 85787 19 85007 19 +

97 85814 29 85029 31 +

81



82

Table 7.1 continued.

Footprint HfM HsA DrAa DrAb MsA PFCs
98 87745 114 | 125173 76 61442 176 28922 183 +

99 91064 132 |128822 129 4-3-a
100 91515 58 | 129461 58 +

101 91602 30 | 129556 30 +

102 92853 91 (131248 89 +

103 93227 73 [ 131592 77 +

104 93311 42 | 131680 42 +

105 93372 81 |131766 83 +

106 94873 34 88361 34 +

107 98246 55 | 136897 58 +

108 98424 35 | 137066 37 +

109 98476 62 | 137119 58 +

110 98868 148 | 137526 147 +

111 65895 19 | 87490 19 +

112 99108 85 | 137815 82 67086 81 +

113 99764 29 89449 29 +

114 101931 276 | 140542 277 +

115 102590 50 69681 56 +

116 102694 27 | 141968 27 +

117 102966 86 | 142331 46 70109 86 4-3-b
118 103058 129 | 142393 129 70220 50 +

119 105041 154 | 144063 157 +

120 105199 33 | 144236 32 +

121 106120 92 | 145095 94 71542 39 4-3-pp +HsA
122 106233 124 | 145205 135 71593 132 4-3-pp +HsA
123 109890 95 | 148351 96 +

124 109999 217 | 148482 218 +

125 151198 30 89631 28 +

126 73712 35 | 87719 35 +

127 112888 123 | 151235 121 75190 114 | 89669 117 +
128 113671 123 | 152783 127 3-2-a
129 113939 243 | 153130 247 90535 218 3-2-pp
130 116088 86 | 155551 83 +

131 116229 30 | 155683 30 +

132 116301 11 | 155747 11 +

133 117348 99 | 156872 100 2-1-a
134 117460 78 | 156985 79 2-1-a
135 119953 54 | 159818 54 +

136 120009 44 | 159883 44

137 120063 69 | 159973 72 +

138 161549 39 92267 39 +

139 121736 18 | 161979 16 +

140 121808 11 | 162032 11 +

141 121838 56 | 162050 57 +

142 122218 85 | 162406 90 +

143 122334 39 | 162528 39 +

144 122397 12 | 162592 12 +

145 122423 25 | 162618 23 +

146 122483 17 | 162663 17 +

147 162790 27 | 113979 27 +

148 122765 79 | 162923 79 +

Appendix



Table 7.2: Footprints inTakifugu rubripes
Data from Table 7.1 that do not involve dakifugu rubripesmatch are not listed. Clusters that are separated into moham one

entry are sometimes merged into a single cluster here. @lustimbers in brackets refer to Table 7.1.

# HiM HsA DrAa DrAb MsA TrAa TrAb Di erence

Z TO89 36 7284 36

3 2059 22 10359 22

) 22925 46 99 46

5 29449 21 6078 21

6 33702 74 315 74

8 4617 47 926 48

9 4671 26 980 23

10 4707 88 1013 88

11 4838 24 1147 24

16 7143 50 32044 46 2898 22 +TrAa [7]

29 45312 27 6637 27

30 46640 28 1522 28

31 11868 70 6300 91 47489 26 1808 91 +TrAa [20]

32 13165 11 10614 11

34 17215 29 6153 29

37 54090 84 5381 84

38 13185 127 53810 88 22603 114 58295 121 10639 95 6656 93 +TrAa +TrAb [14]
40 16127 163 23490 69 58985 174 11378 183 7315 176 +TrAa +TrAb [26,27]
43 27080 34 14008 34

45 14820 39 8813 39

46 27545 30 66363 30 18891 21 +TrAa [31]

47 27606 116 68103 146 18970 141 +TrAa [32]

49 29386 61 18580 56

51 29781 168 70665 152 31057 129 67981 132 20662 129 13385 120 +TrAa +TrAb [35]
52 33041 93 23147 89

53 31192 27 68131 21 20795 26 13521 21 1

54 33813 39 24159 40

55 33862 12 24213 12

56 33891 160 71142 176 24243 190 16517 163 +TrAa +TrAb [36]
57 37209 54 25259 57

58 42263 64 25886 64

61 71333 59 24477 11 16682 59

62 35037 84 76069 52 34209 58 71441 75 24565 49 16773 78 +TrAa +TrAb [39]
64 41390 47 25206 46

66 73382 17 18624 17

67 43095 326 81612 48 73404 161 2 170 27418 388 18661 143 +TrAa +TrAb +MsA [42]
70 2110 96 29223 97

71 2298 28 29389 28

72 2340 13 29422 13

73 2436 14 | 29482 14

74 2464 17 29505 17

75 2492 50 29536 56

76 2581 46 29630 51

a4 2644 21 29698 20

78 2672 93 29719 93

79 46591 188 85479 187 41286 50 2946 174 29966 175 +TrAa +DrAa [45]
80 3139 59 30165 59

81 3210 66 | 30238 67
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Table 7.2 continued.

# HiM HsA DrAa DrAb MsA TrAa TrAb Di erence
82 3313 20 30336 19

83 47542 116 86411 116 41556 97 76755 95 3348 155 30366 155 +TrAa [46]
84 76892 16 3556 112 30587 92 +TrAa [47]
85 3707 22 | 30716 20 21531 10

86 48333 116 87347 49 41872 35 77048 241 3742 349 30746 346 21592 212 +TrAa +TrAb [48,56,57]
87 50073 49 4812 172 31572 169 1

93 43707 68 32112 62

94 78511 32 22196 31

95 5901 138 32451 133

96 6051 15 | 32596 15

97 6076 56 | 32626 55

98 43987 68 78594 75 6154 222 32692 220 22274 80 +TrAa +TrAb +DrAb [54]
99 6417 51 | 32953 41

100 7720 180 34183 178

101 7913 12 | 34366 12

102 7947 29 | 34398 29

103 7987 46 | 34438 45

104 8086 44 | 34534 44

105 8154 62 | 34584 61

106 8226 60 | 34648 57

107 45766 47 8296 223 34717 230 +TrAa [55]
108 8534 17 | 34965 16

109 56041 111 94192 62 | 46679 175 81365 83 8888 225 35174 225 +TrAa [58]
110 9221 11 | 35441 11

111 9284 56 | 35493 54

112 57228 215 97346 38 47011 213 9359 537 35554 531 11'162,59]
113 57228 219 04466 223 47011 213 9359 537 35554 531 +TrAa [59]
115 82326 30 24929 30

116 84706 30 62877 30

118 59598 95 36922 95

119 99196 28 26430 28

121 10120 16 36280 16

122 10199 67 36353 68

123 62176 159 99280 157 48807 54 11415 222 37137 223 +TrAa +DrAa [64]
125 14518 34 | 39351 34

126 66439 203 103206 206 49926 235 14790 215 39476 298 +TrAa [67]
127 66439 203 103206 206 49926 235 14565 97 39395 343 1l MsA(new)
130 15018 14 39785 14

131 15098 194 39857 186

132 15319 22 | 40077 22

133 15700 67 | 40338 65

134 16398 25 | 40811 25

135 71778 148 108078 147 16526 139 40909 133 +TrAa [70]
137 52101 37 27738 37

138 16856 52 | 41246 45

139 16953 70 | 41310 67

140 17826 70 | 41962 65

141 18045 145 42174 144

142 53081 39 18217 37 42347 43 +TrAa [72]
147 74469 318 112053 313 53164 316 18269 366 42403 356 +TrAa [73]
152 77565 326 115543 323 55930 245 21536 250 45370 239 +TrAa [82]




Table 7.2 continued.

# HiM HsA DrAa DrAb MsA TrAa TrAb Di erence

155 117477 34 23956 34

156 56180 25 21789 23 45612 14 +TrAa [85]

158 81947 71 119346 105 57520 105 23483 104 47002 59 +TrAa [87]

163 84826 231 121990 231 59797 180 27151 298 47302 295 +TrAa [92]

169 27487 42 47629 42

170 27533 150 47679 146

171 28379 34 48327 39

172 28479 37 48460 38

173 28648 44 48614 37

174 28709 30 48665 27

175 28787 33 48728 29

176 87745 114 125173 76 61442 176 28831 274 48768 272 +TrAa [98]

188 63246 21 50977 21

190 65919 45 54155 47

191 98868 148 137523 150 66768 90 54893 95 +TrAa +DrAa [110]
192 66882 24 55005 27

193 67013 43 55144 42

194 99108 131 137815 83 67086 81 55209 128 +TrAa [112]

196 101851 29 56844 29

197 67923 141 55758 146

198 101931 276 140542 277 69137 65 56932 85 +TrAa +DrAa [114]
199 102585 66 69676 74 57720 75 +TrAa [115]

201 102762 22 57907 20

202 102960 227 142331 191 70088 200 58119 207 +TrAa [117,118]
203 105041 191 144063 205 70908 76 59043 164 25595 41 +TrAa +DrAa [119,120]
204 106120 237 145095 245 71522 205 59521 204 +TrAa [121,122]
208 74237 21 63478 21

209 112888 123 151198 158 75155 165 89629 170 65064 172 27409 144 +TrAa +TrAb [127,128]
211 113939 243 153128 277 90511 242 66175 300 28162 238 +TrAa +TrAb [129]
213 113939 227 120337 29 90511 242 66175 255 28159 113 Il HsA (new)

232 118642 32 35682 32

233 119948 59 159802 70 79953 29 70981 69 +TrAa +DrAa [135]
234 120009 123 150883 162 80042 58 71066 56 +TrAa +DrAa [136]
235 81903 69 72993 69

236 83630 36 33838 36

237 73503 37 30224 37

238 86121 69 76990 70

239 86214 25 38195 25

244 122096 44 41172 44

247 122397 51 162592 49 38283 30 +TrAa [144,145]
249 101278 32 85496 32

250 102479 20 37421 20

251 106652 31 40486 31

252 102743 35 106732 31 40549 41

253 107573 26 91180 26

256 114389 43 41890 43

257 119410 22 45900 22

258 94644 29 84123 29

259 94869 21 70408 21

260 30397 169 50335 159

261 30566 105 50500 108
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The Amphioxus Song

(This song is set to the tune of Tipperary.)

A sh-like thing appeared among the Annelids one day.
It hadn't any parapods or setae to display.
It hadn't any eyes or jaws or ventral nervous chord,
But it had a lot of gill slits and it had a notochord!

Chorus:
It's a long way from Amphioxus.
It's a long way to us.

It's a long way from Amphioxus
To the meanest human cuss.
Good-bye ns and gill slits,
Welcome lungs and hair.

It's a long, long way from Amphioxus
But we came from there.

It wasn't much to look at and it scarce knew how to swim.
And Nereis was very sure it didn't spring from him.
The Molluscs wouldn't own it and the Arthropods got sore.
So the poor thing had to burrow in the sand along the shore.

It wriggled in the sand before a crab could nip its tail.
It said, "Gill slits and myotomes are all of no avail.
I've grown some metapleural folds, and sport and oral hood,
But all these ne new characters don't do me any good.

It sulked awhile down in the sand without a bit of pep.
Then it sti ened up its notochord and said, "I'll beat 'em yet
I've got more possibilities within my slender frame
Than all these proud invertebrates that treat me with suchashe.

"My notochords shall grow into a chain of vertebrae.
As ns my metapleural folds shall agitate the sea.
This tiny dorsal nervous tube shall form a mighty brain.
And the vertebrates shall dominate the animal domain."

(\Songs of Biology", copyright date 1948)
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