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"Any scientist who couldn’t explain to an eight-year-old

what he was doing was a charlatan."

“Tiger got to hunt, Bird got to fly;
Man got to sit and wonder, “Why, why, why?”
Tiger got to sleep, Birg got to lang;

Man got to tell himself he understand.”

Kurt Vonnegut, Cat's Cradle

“So it goes.”

Kurt Vonnegut, Slaughterhouse-Five
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ABSTRACT OF THE DISSERTATION

Bioinformatic and Experimental Analysis of Hox and
Epidermal Wound Response Enhancers in Drosophila
by

Joseph Carlisle Pearson

Doctor of Philosophy in Biology

University of California, San Diego, 2007

Professor William McGinnis, Chair

Unlike the well-known correspondence between the mRNA sequence blueprint and
the protein encoded from it, fairly little is understood about how cis-regulatory
elements, the DNA sequences that control when and where mRNAs are expressed, are
structured to exert their influence. Even genes with well-conserved expression
patterns in distantly related organisms, such as DI/ in developing limbs of protostomes
and deuterostomes, are controlled by largely unknown mechanisms. The number of
techniques available for understanding cis-regulation is expanding rapidly, but each
one has severe limitations. In an attempt to improve the rate of cis-regulatory
discovery, I have combined molecular biological and in silico techniques to study two

cis-regulatory paradigms in Drosophila. To dissect the cis-regulatory mechanisms

xiil



controlling DIl limb expression in insects, I used germline transformation and
bioinformatics to identify several novel motifs required for embryonic limb expression
of DII. Based on the techniques developed studying DI, I have extended previous
research dissecting a cis-regulatory element controlling Ddc wound-induced
expression. I have identified a battery of wound-response genes, including the
particular cis-regulatory elements controlling wound-responsive expression. These
elements reveal complex regulatory interactions that result in the induction of a

diverse set of genes required for various aspects of Drosophila wound healing.
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Chapter |

Discovering and Dissecting Cis-Regulatory Elements;

Hox Regulation of Developmental Genes



Introduction

The human genome, at current count, contains between 20,000 and 25,000
genes (.LH.G.S.C., 2004). Pre-genomic era estimates placed the number closer to the
35,000 to over 100,000 genes (Lander ef al., 2001), based on our position at the
pinnacle of evolution. The revised gene count is disquieting, especially when
compared to the genomes of “simpler” organisms, such as Drosophila melanogaster

with 14,601 genes (http://flybase.org/static_pages/docs/release_notes.html) or C.

elegans with 20101 genes (http://www.wormbase.org/wiki/index.php/WS174).

Of course, gene count is such a simplistic and meaningless measure of
genomic complexity that it serves little use other than as a simple statistic to cite in
introductions, just as the idea of “Junk DNA” is primarily mentioned by researchers
who study “Junk DNA” when they have new evidence demonstrating that “Junk
DNA” performs essential functions. Cells do not express all genes, full-blast, at all
stages of cellular and organismal development. Several levels of regulation tightly
orchestrate the set of genes that is present at a given time in different cells, with
additional regulatory mechanisms affecting gene product function.

Post-translational regulation of proteins, including cleavage, multimerization,
covalent addition of molecules, and cellular localization increase the regulatory
potential that can contribute to morphological and functional complexity. Similarly,
post-transcriptional regulation mechanisms such as microRNA-based translation
inhibition or transcript degradation, transcript localization, and alternative splicing

regulate the levels and sequences of the proteins translated from these transcripts.


http://flybase.org/static_pages/docs/release_notes.html

Multiple modes of regulation at the DNA level also operate as major
components of determining the complement of mRNAs and proteins active in a given
cell. The chromatin state, the configuration of Protein-DNA complexes along the
genome as well as the set of chemical modifications to both, can determine whether
genomic regions will be transcribed at all.

Perhaps the most important mechanism of gene regulation is the gene-specific
activation or repression of transcription (Wray ef al., 2003). This mechanism involves
the binding of combinations of sequence-specific DNA binding proteins (transcription
factors) to specific DNA sequences near the regulated gene, called cis-regulatory
elements. Depending on the set of transcription factors bound to these DNA regions,
transcription at associated genes is increased or decreased. Cis-regulation is most
likely the primary mechanism for controlling developmental, cell cycle, and
environmentally induced changes in gene and protein expression.

If one considers the almost infinite different combinations of genes that could
potentially be expressed in a given cell, combined with the different modifications that
can alter protein structure and function, it becomes obvious how morphological
complexity is not invariably proportional to gene number. Genetic networks are
activated throughout development in different cell lineages, generating the myriad of
specialized tissues. Changes in gene regulation, rather than changes in genes
themselves, have been implicated in major morphological changes, such as
Drosophila larval trichomes (Sucena and Stern, 2000; Sucena et al., 2003) and body

pigmentation patterns (Jeong et al., 2006), and even the incredible diversity of



domesticated dog size (Sutter et al., 2007). Cis-regulatory changes, rather than protein
changes, are quite possibly the major driving force behind macroevolution

(Rodriguez-Trelles et al., 2003; Wray et al., 2003).



In vitro and In vivo ldentification and Analysis of Cis-Reqgulatory Elements

Several methods have been developed for dissecting transcriptional regulation
of gene expression, depending on goals of the researchers and available information
about the genetic network and studied species. Given a gene of interest with a known
expression pattern, potential upstream regulators with overlapping or complementary
expression can be tested using mutants in the regulator genes to test for alteration of
target gene expression. The reverse can also be used to test potential targets of a
transcription factor of interest, by testing sets of genes that are expressed in patterns
suggesting positive or negative regulation by the transcription factor. For example,
buttonhead was identified as a regulator of Distal-less because of common expression
in the ventral thorax (Estella et al., 2003).

However, altered target expression in mutants for a given regulator does not
necessarily indicate direct regulation. Identified regulators may activate or repress
expression of intermediate genes that directly regulate the target gene. In such cases,
mutants for the tested upstream regulator would still have altered target gene
expression, without directly interacting with the target gene’s cis-regulatory
sequences. Additionally, classical mutants for developmentally-active transcriptional
regulators have been identified largely because of the extreme, often lethal phenotype
caused by mutations in these genes. These regulators control the expression of a wide
variety of genes in multiple stages during development, and mutations in these
regulators tend to have highly pleiotropic effects on development. Thus, it can be

difficult to differentiate alterations in target gene expression due to changes in direct



regulator interactions with cis-regulatory elements from alterations due to a
fundamentally altered cellular identity. As an example by reductio ad absurdum, one
could not claim that the transcription factor Ultrabithorax regulates a target gene
expressed in the adult head simply because homozygotes for an embryonic lethal Ubx
allele do not develop to adulthood, and thus have no adult head expression of the
target gene.

Ectopic expression of regulators in a temporally and developmentally
controlled manner, such as using the GAL4-UAS expression system, can avoid some
of these problems. By limiting the axial breadth and developmental scope, fewer
genes will be affected, and more precise conclusions can be made depending on co-
incidence of expression patterns of ectopically expressed regulators and putative target
genes. For example, over-expressing Deformed (DFD) in alternating embryonic
segments in D. melanogaster ectopically activates reaper (rpr) mRNA expression in
corresponding segments (Lohmann et al., 2002), providing strong evidence that DFD
activates rpr cell-autonomously, whether directly or indirectly. Additional potential
issues can sometimes arise because of the often non-physiological expression levels of
putative regulators when using ectopic expression systems, potentially spuriously
activating genes that are not regulated under normal circumstances. Additionally, the
proteins are being expressed in non-native cells that may not express other required
cofactors that are present in cells that normally express the target gene of interest,
potentially leading to a false negative result due to insufficiency.

Instead of studying gene regulation from the perspective of regulators, methods



have been developed to identify and dissect the specific sequences within cis-
regulatory DNA regions to which transcription factors bind and regulate transcription.
Fragments of genomic DNA surrounding the gene of interest can be cloned into a
vector containing a minimal promoter and a “reporter gene”, such as the gene
encoding P-galactosidase or Green Fluorescent Protein (GFP). When the proper
combination of transcription factors binds to the regulatory DNA, in cell culture or in
vivo, the reporter gene is transcribed and can be detected by in sifu hybridization, by
testing for enzymatic activity of the reporter gene product, or even by visualizing
reporter prodcuts in vivo, such as in the case of GFP. Large regions of DNA
containing a functional element can be subsequently split and subfragments
individually tested to identify the smallest sequence that recapitulates native gene
expression, thus defining the minimal cis-regulatory element.

Cis-regulatory elements are composed of a set of binding sites for transcription
factors, generally including sites for both activators and repressors (sometimes through
the same site) (Capovilla and Botas, 1998). Compared to protein-encoding DNA, very
little is understood about cis-regulatory element structure and evolution. Cis-
regulatory elements are generally assumed to be simply clusters of unordered binding
sites (Arnosti, 2003), but cases of strict spacing requirements between motifs have
been observed (Matsuo and Yasuda, 1992; Nikolajczyk et al., 1996). Cis-regulatory
elements for a given gene tend to exist as separate modules that independently control
the various domains of expression of that gene.

Identifying the set of binding sites that are required for cis-regulatory function



can be very informative, as this knowledge can lead to identification of the set of
regulators that bind to these sites, thus elucidating the mechanism for controlling this
gene expression. These binding sites can be identified by detecting direct interactions
of the site and its binding protein, either in vitro (e.g. DNase I footprinting (Brenowitz
et al., 1986)) or in vivo (e.g. Chromatin Immuno-Precipitation). Candidate regulators
can also be chosen by virtue of similarity of the required binding site to known
binding sites of transcription factors.

One intriguing set of well-studied developmental regulators is the Hox family,
the members of which specify Anterior-Posterior identity in animals. An apparent
paradox arises between the incredible diversity of target genes that individual Hox
members regulate with high specificity, and the low apparent in vivo specificity that
Hox proteins have for particular DNA binding sequences within cis-regulatory
elements. It is quite apparent that multiple levels of regulation must be involved in
determining when and where Hox proteins exert their effects on transcription of target

genes during development.



In Silico Methods for Cis-Requlatory Element Discovery in D. melanogaster

In addition to in vitro and in vivo exploration of cis- and trans-regulatory
interactions, computer-based, or in silico, analysis of DNA sequences is an
increasingly powerful tool for determining which DNA sequences are likely involved
in cis-regulation. The rapid expansion in the amount of available genomic sequence of
carefully selected groups of model organisms and their close relatives make in silico
analyses of cis-regulatory elements much more powerful.

Non-coding sequences evolve much more quickly than protein-coding DNA,
but required transcription factor binding sites are conserved to a much greater degree
than surrounding non-coding sequences. Aligning homologous sequences spanning
the cis-regulatory element reveals these conserved motifs. This technique is called
“phylogenetic footprinting”, due to its similarity to DNase I footprinting in revealing
transcription factor binding sites, since conserved sequences were “protected” during
evolution (Tagle et al., 1988).

Clusters of binding sites matching the consensus binding site are highly likely
to be in vivo targets of that transcription factor (Berman et al., 2002; Markstein et al.,
2002), especially when looking for clusters of binding sites that are statistically
unlikely to appear at random. Some transcription factors bind in a highly specific
manner to fairly long DNA sequences, so random occurrence of non-functional
sequences within the genome that happen to match these binding sites are rare.
However, if the transcription factor’s consensus sequence is small or weak

(degenerate), it is much more difficult to recognize bona fide binding sites from the
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background of sequences that resemble binding sites simply by chance. Hox binding
sites are members of this latter class, as the consensus binding sequence based on in
vivo binding sites is essentially ATTA, nor does the degree of conservation strongly
correlate with relative importance of the site to Hox regulation in vivo.

While genome-wide searches for statistically unlikely clusters of binding sites
have revealed multiple cis-regulatory elements in different developmental contexts,
the problem of “background noise” from non-functional sequences resembling true
binding sites persists. Additionally, despite the tendency for multiple instances of
binding sites to be present in functional cis-regulatory elements, these repeated motifs
are again substantially masked by background sequences. Phylogenetic footprinting
of homologous regulatory sequences has been particularly fruitful at a small scale, as
constraining studied sequences to conserved regions defined by phylogenetic
footprinting dramatically limits the search space to a relatively small cluster of distinct
“islands” of putative binding sites. Alignments of cis-regulatory regions are much less
constrained and tend to require significant manual input, while automated genome-
scale alignments fundamentally misalign many intergenic and intronic sequences.
Unfortunately, this means that genome-wide searches based on conserved regions
derived from automated alignments are likely to miss a significant number of true
matches.

As the number of sequenced genomes continues to expand, more robust
alignment algorithms will continue to be developed that will more accurately reflect

homology between sequences (GuhaThakurta, 2006). With computing power so
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cheap, it is entirely plausible to simply do parallel searches for a set of binding sites in
multiple related genomes, and subsequently compare discovered clusters of even
moderately over-represented sites for similarities in location relative to obviously
conserved “anchor sequences” between genomes that establish relative location.

Thus, linear conservation of particular sites is no longer an absolute requirement.

De novo discovery of binding sites within identified cis-regulatory elements
without prior knowledge of likely regulatory factors is even more complicated, since
the search must not only deal with spurious sequences similar to a defined consensus
sequence, but must blindly retrieve the most over-represented DNA “words” from the
set of all “words” in the element of sizes between 5 and 10 bp long, for example.

Compounded upon this is the ability of transcription factors to bind a set of
sequences of varying degeneracy from the (unknown) consensus sequence, so any in
vivo required sites can vary substantially, as long as it is bound strongly enough by the
transcription factor so that its effects will be exerted. Thus, any putative degenerate
matches to a given motif within the cis-regulatory element must be considered above
some arbitrary threshold. Allowing too much degeneracy reduces the statistical
difference of the observed number of matches to the expected number in random
sequences, while too much stringency can exclude in vivo matches from consideration,
thereby eliminating the motif from consideration because it didn’t have a statistically
over-represented number of matches. A classic example of Scylla and Charybdis.

Phylogenetic footprinting dramatically improves de novo searches of over-

represented motifs, for two reasons. First, it reduces the length of sequence is likely to



be most important for cis-regulatory sequences, although not all functional sites are
necessarily conserved (Ludwig et al., 1998). Several algorithms now incorporate
phylogenetic conservation into scoring of over-represented motifs within cis-
regulatory elements (Sinha et al., 2004; Siddharthan et al., 2005).

Additionally, the pattern of evolutionary conservation often reflects DNA
binding preferences of associated transcription factors, given a sufficient number of
alignable genomes from which a binding matrix can be derived (Mirny and Gelfand,
2002). Thus, a reasonable theoretical binding matrix or consensus sequence can be
generated from the set of similar conserved binding sites, and additional more
degenerate matches to this matrix, conserved or not, can be more intelligently
incorporated as additional site instances. Again, improved algorithms and increased
availability of whole genome sequence is allowing massive-scale searches for novel
cis-regulatory elements to take place (GuhaThakurta, 2006).

As more researchers take an integrated approach towards studying
transcriptional regulation, combining in silico, in vitro, and in vivo methods, many
new cis-regulatory elements are being discovered that regulate all manner of
developmental and event-based transcription. While certain loose “rules” are
emerging from these studies, it is increasingly clear that no single code analogous to
codons exists (Wittkopp, 2006). Instead, a large set of overlapping patterns is
emerging, and different cis-regulatory elements will reflect one or more of these

patterns to drive transcription.
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Hox regqulation of developmental target genes

How has the evolution of animal genomes led to the amazing diversity of body
forms that we observe in the natural world? Some of the most informative clues to this
fundamental problem have come from the study of mutations in homeobox (Hox)
genes. These mutations have powerful and interpretable effects on morphology, the
most conspicuous being the homeotic transformations in Drosophila melanogaster
(Lewis, 1978; Kaufman et al., 1990). Additionally, Hox genes are present and
expressed in similar patterns in nearly every bilateral animal that has been analyzed,
so their roles in morphological diversification probably evolved before the appearance
of the first bilateral animal. Indeed, the initial glimpses into the conservation of
metazoan developmental control genes came during the study of D. melanogaster Hox
gene clusters (McGinnis and Krumlauf, 1992), which were originally (and more
informatively) called homeotic selector genes.

In a wide variety of animals, ranging from nematodes to mice, mutations in
Hox genes result in morphological defects that are restricted to discrete segmental
zones along the anterior—posterior (A—P) axis, and sometimes include homeotic
transformations similar to those that are seen in D. melanogaster (Beeman et al., 1989;
Krumlauf, 1994). Therefore, one conserved function of different members of the Hox
gene family is to select one A—P axial identity over another. Hox genes are also
interesting because their control of axial morphology has an abstract quality, exerting
its influence in various organs, tissues and cell types within different A—P regions.

Although emphasizing the role of Hox genes in controlling A—P or oral-aboral axial
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identities is a simplification of Hox gene functions, which have diversified during their
600 million years of evolution in millions of animal lineages (Bienz, 1994; Arenas-
Mena et al., 1998; Ishii, 1999; Zakany and Duboule, 1999; Arenas-Mena et al., 2000),
it is likely to be their ancestral role in developmental patterning (Finnerty et al., 2004).

The Hox genes map in chromosomal clusters, and the different paralogs in the
cluster are usually arranged in a collinear manner relative to their distinct, often
overlapping, expression domains (Fig. 1a,b). In animal embryos in which mid-head
and posterior abdomen can be distinguished, 'head' Hox genes have their initial
anterior boundaries of expression in epidermal, neural and mesodermal cells of the
mid-head region, and 'tail' Hox genes have their initial anterior boundaries of
expression in the corresponding cell types of the posterior abdomen (McGinnis and
Krumlauf, 1992). After the initial boundaries are set, Hox gene expression patterns can
be labile within the larger confines of their initial domains (Castelli-Gair and Akam,
1995; Salser and Kenyon, 1996).

The homeodomain transcription factors that are encoded by the Hox genes
activate and repress batteries of downstream genes by directly binding to DNA
sequences in Hox-response enhancers. /n vitro, Hox proteins can bind with high
affinity as both monomers and multimers to specific DNA binding sites (McGinnis
and Krumlauf, 1992) (excluding Labial/Homeobox 1 (LAB/HOX1) class proteins,
which bind almost exclusively as heterodimers with Pre-B-cell homeobox/CEH-20
(PBC) class proteins (Chang, 1995; Mann and Chan, 1996). In vivo, however, Hox

proteins bind to and regulate transcription through a broad collection of binding sites
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(Fig. 1c). On many target enhancers, Hox proteins cooperatively bind to canonical
heterodimer-binding sites (Chang, 1995; Mann and Chan, 1996) with members of the
PBC family of homeodomain proteins (called PBX in mammals, EXD in D.
melanogaster, CEH-20 and CEH-40 in Caenorhabditis elegans) (Van Auken, 2002)
and binding sites for the HTH/MEIS super-family of homeodomain proteins (which
include MEIS or PREP in mammals, HTH in D. melanogaster and UNC-62 in C.
elegans (Van Auken, 2002) are frequently also found nearby. The functional
regulatory complex that acts on some Hox-response elements therefore often involves
HOX-PBC-MEIS heterotrimers (Mann and Affolter, 1998). In part through the
different binding preferences of distinct Hox proteins in these heterotrimer complexes,
and in part through PBC/MEIS-independent mechanisms, distinct but overlapping
combinations of downstream genes are activated and repressed, with the result being

morphological diversity in axial domains.

Hox targets and morphological diversification

In part, Hox proteins act as high-level executives, regulating other executive
genes (including themselves, extradenticle (exd) and homothorax (hth) (Kuziora and
McGinnis, 1988; Popperl, 1995; Gould et al., 1997; Azpiazu and Morata, 1998;
Henderson and Andrew, 2000)) that encode transcription factors or morphogen
signals. However, there is accumulating evidence that they act directly at many other
levels (Weatherbee et al., 1998), even on the 'blue collar' genes that mediate adhesion,

cell division rates, cell death and cell movement. It is often lamented in print that few
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Hox target genes are known, but this is not true. There are at least 35 target genes, in a
variety of organisms, for which there is good evidence for direct regulation by one or
more Hox proteins (Tables 1,2). In addition to these well-characterized direct targets,
many other genes are influenced by Hox expression but they have not been shown to
be regulated directly by Hox genes. Recent microarray experiments have identified an
even larger pool of potential target genes (Cobb and Duboule, 2005; Lei et al., 2005;

Williams, 2005).

Hox regulation: executive level.

There are many examples of direct Hox regulation of genes that encode cell-
cell signalling molecules or other transcription factors. Many of these target genes
were suggested as potential targets because their mutant phenotypes showed
similarities to Hox mutant phenotypes. Others were suggested because their A—P
expression patterns either mimicked or complemented the patterns of one or more Hox
proteins, consistent with positive or negative regulation, respectively.

One executive target gene is decapentaplegic (dpp), which is expressed in an
A—P domain of visceral mesoderm in D. melanogaster. This dpp expression pattern is
provided, in part, by the Hox proteins Ultrabithorax (UBX) and Abdominal-A (ABD-
A, which activate and repress dpp transcription, respectively (Capovilla and Botas,
1998). The localized production of DPP, a secreted morphogen of the bone
morphogenetic protein (BMP) class, then triggers cell shape changes in the gut that are

required for normal visceral morphology (Bienz, 1994). UBX and ABD-A also
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directly repress the Distal-less (DII) gene in the D. melanogaster abdominal epidermis
(Vachon, 1992) (note that Hox proteins can operate either as transcriptional activators,
as UBX does on dpp in the visceral mesoderm, or as repressors, as UBX does on DI/
in the epidermis). The DI/ gene encodes a homeodomain transcription factor that
promotes appendage development, so its repression by UBX results in an absence of
limbs from the abdomen. In C. elegans, the gene that encodes the Twist transcription
factor homologue, helix-loop-helix 8 (hlh-8), is directly activated in mid-body
mesodermal cells by the Hox proteins abnormal cell lineage 39 (LIN-39) and male
abnormal 5 (MAB-5) (Liu and Fire, 2000) (Fig. 1a,b). The hlh-8 gene is required for
normal mesoderm development, and its absence contributes to the localized muscle

defects that are observed in /in-39 and mab-5 mutants.

Hox regulation: cell adhesion.

It has been long realized that Hox proteins must regulate cell adhesion,
division, death, migration and shape in order to mould morphology (Garcia-Bellido,
1977). However, we have only recently learned the identities of some of the Hox
target genes, the realizator genes (Garcia-Bellido, 1977), that directly mediate such
properties at the cellular level in developing animals. Some of the first evidence for
Hox control of cell adhesion came from Yokouchi (Yokouchi, 1995). Mouse Hoxal3
is normally expressed in developing autopods. Ectopic activation of Hoxal3
throughout the entire developing limb resulted in a marked reduction of the cartilage

primordia for the proximal limb, cartilage that would normally develop into the radius
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and ulna (Yokouchi, 1995). This phenotype was associated with a Hoxal3-dependent
increase in homophilic cell adhesion in proximal cartilage primordia.

Conversely, in mouse Hoxal3 mutants, the mesenchymal condensations that
normally form in the autopod are loosely and poorly organized, resulting in loss or
abnormalities of the digit, carpal and tarsal bones that derive from the distal limb
(Stadler et al., 2001). Normally the gene that encodes the ephrin receptor EPHA7 is
expressed in distal limb domains in a way that closely matches Hoxal3 expression.
However, in Hoxal3 mutants EphA7 expression is severely reduced. Reducing
EPHAT protein function with blocking antibodies in a Hoxal3 background results in a
failure to form the normal chondrogenic condensations in distal limb primordia,
similar to the phenotype that is seen in Hoxal3 mutants. Since in many contexts,
direct interactions between transmembrane ephrin receptors and their membrane-
bound ligands are required for normal cell adhesion (as well as for many other cellular
responses) (Poliakov ef al., 2004), it seems likely that Hoxal3-mediated mesenchymal
condensations in the distal limb are achieved in part by the activation of EphA7 gene
expression.

The regulation of ephrin receptor and/or ephrin ligand genes by Hox proteins
seems to be common. In combination with PBX1, the HOXA1 and HOXB1 proteins
can bind to and activate a mouse rhombomere-specific enhancer from the Epha2 gene
in COS7 CELLS (Chen and Ruley, 1998), and mouse HOXA9 protein can bind and
activate the Ephb4 gene in cultured endothelial cells (Bruhl, 2004). In addition, a

recent genomic screen for Hox target genes has revealed that the mouse Epha3 gene is
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repressed in a Hoxd13-dependent and Hoxal3-dependent manner in the posterior

regions of developing autopods (Bromleigh and Freedman, 2000).

Hox regulation: cell cycle.

There is ample evidence for Hox involvement in blood cell development in
mammals (Magli et al., 1997), including the activation of Hoxal( gene expression
during the differentiation of cultured myelomonocytic cells into monocytes. The role
of Hoxal0 in myeloid and erythroid development in bone marrow cells is complex,
and it is not clear how well its function in cultured myelomonocytes recapitulates its
function in animals (Thorsteinsdottir, 1997). With that caveat, forced expression of
HOXA10 protein in cultured myelomonocytic cells results in premature differentiation
into monocytes, accompanied by growth arrest (Bromleigh and Freedman, 2000). This
growth-arrest phenotype seems to be controlled by Hoxal(0-dependent activation of
the Cdknla gene, which encodes a cyclin dependent kinase inhibitor, p21. The
HOXA10 protein, together with the PBX1 and MEISI proteins, can bind Cdknla
promoter sequences in vitro, which are presumably part of the cis-regulatory DNA that

mediates the effects of HOXA10 on the cell cycle in vivo.

Hox regulation: cell death.

Another way in which Hox proteins might regulate morphology would be
simply to ablate cells that are not part of the desired tissue shape. There is indeed

evidence for Hox genes acting as sculptors by regulating cell death. In D.
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melanogaster embryos, maintenance of the segmental boundary between the maxillary
and mandibular segments of the head (Fig. 1a) requires localized cell death at the
boundary that is controlled by the apoptosis-promoting gene reaper (rpr). Mutants in
the Hox gene Deformed (Dfd) have a similar head segmental defect to mutants with a
deletion for several cell death genes, and this is mainly due to the absence of rpr
expression at the maxillary—mandibular border in Dfd mutants (Lohmann et al., 2002).
When a stripe of rpr expression is provided at the border in Dfd mutants, the
segmental boundary is maintained. Additionally, a small 7pr enhancer was defined that
requires four DFD-binding sites for transcriptional activation at the maxillary—
mandibular border in embryos (Lohmann et al., 2002) (Fig. 2d).

Similarly, the morphology of the abdominal region of the D. melanogaster
adult CNS is sculpted in a Hox dependent manner. In adults, the abdominal CNS is
much smaller than the thoracic CNS, owing to fewer cells. Bello et al. found that a
brief pulse of ABD-A protein expression in a large subset of the abdominal
postembryonic neuroblasts triggers apoptosis in a manner that is dependent on the pro-
apoptotic genes rpr, head involution defective I (hidl) and grim, with a consequent

size reduction of the adult abdominal neuromeres (Bello ef al., 2003).

Hox regulation: cell migration.

Hox genes have long been known to modulate cell migration, and one of the
best examples of this activity is the control of Q neuroblast migration during C.

elegans development by the Hox genes mab-5 and /in-39. The function of mab-5 is
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required cell autonomously for the posterior migration of the descendants of the QL
neuroblast (Salser and Kenyon, 1992), and /in-39 is required for the anterior migration
of the descendants of the QR neuroblast (Clark et al., 1993; Wang, 1993). The cell
biological mediators that are regulated by the LIN-39 and MAB-5 proteins are not
known.

The above examples barely scratch the surface of Hox-regulated
morphological effector genes, yet they indicate that the cell biological effectors that
are regulated by Hox proteins to sculpt morphology on the A—P axis are highly
diverse. Hox proteins activate and repress multiple effector genes, in diverse cell types
and tissues, throughout embryonic development. Because of the immense complexity
of these interactions, it is unlikely that we will ever completely understand, at the
molecular level, how Hox genes define an entire segment to have thoracic as opposed
to abdominal identity. We will have to settle with understanding how cellular adhesion
and other properties are controlled by the Hox system at a smaller scale in the

diversification of axial morphologies.

Hox-regulated enhancers

Although we might never have a complete picture of the Hox-dependent cell-
biological changes that differentiate one segment from another, it is plausible that one
day we will understand the principles on which Hox target enhancers are built, at least
well enough to predict their locations in the genome at a reasonable frequency. Our

definition of Hox target enhancers in this review includes only those with strong
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evidence for direct regulation by a Hox protein in developing animals. The most
rigorous test for validating a direct target element, the 'gold standard', is to subtly
mutate the Hox-binding sites of an enhancer so that they prefer to bind Bicoid, a non-
Hox homeodomain protein. This change results in the enhancer having reduced
binding affinity and therefore a reduced response to the putative Hox trans-regulator.
Compensatory mutations are then introduced into the DNA-binding domain of the
putative Hox trans-regulator that allow it to bind with high affinity to the mutant sites
in the enhancer. If the altered protein regains the ability to regulate the altered
enhancer, it is strong evidence that a specific Hox protein is binding to a specific
enhancer in embryonic cells. Only a few Hox-regulated enhancers have been validated
using this rigorous test (Sun et al., 1995; Haerry and Gehring, 1997; Capovilla and
Botas, 1998) (Schier and Gehring, 1992; Capovilla et al., 2001), which has so far only
been attempted in Drosophila embryos. However, as is typical for most in vivo
enhancer studies in animals, it has been more common to test whether a mutant
enhancer in which all Hox-binding sites were eliminated mimics the activity of the

wild-type enhancer in mutant embryos that lack the predicted Hox trans-regulator

(Fig. 2).

Common principles of Hox target enhancers.

The five enhancers that are shown in Figure 2 represent a sample of diverse
Hox-responsive DNA elements. Although they differ in many ways, including

organism of origin, they also share several properties.
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One common property is tissue specificity. For example, the UBX-dependent
enhancer from Drosophila dpp is active only in the visceral mesoderm (Fig. 2), and is
inactive in the epidermal, CNS and somatic mesoderm cells that also contain UBX
protein. This specificity is due to the dpp enhancer also being regulated by
Biniou/FOXF, a visceral-mesoderm-specific forkhead-type transcription factor
(Zaffran et al., 2001). Two autoactivation enhancers from the Dfd gene also exemplify
this 'tissue-specificity rule'. One, which maps 5 kb upstream of the Dfd transcriptional
start site, is active only in the epidermal cells that express DFD protein at the
maxillary—mandibular border (Zeng et al., 1994). Although DFD protein also
autoactivates Dfd transcription in the CNS, this process is mediated through another
enhancer that maps to the large intron of the Dfd gene (Lou et al., 1995).

A second common property of Hox-response elements is the requirement for
multiple Hox-monomer-binding sites (Fig. 1c, Fig. 2), most of which possess an
ATTA (or TAAT) core sequence. Many Hox-response elements also require Hox—
PBC-heterodimer-binding sites (Fig. 2), and often contain MEIS-binding sites as well,
at variably spaced distances from the Hox—PBC sites. The range of both Hox-
monomer-binding and Hox—PBC-binding sequences is broad (Fig. 1¢). This is
consistent with the evidence indicating that there is no systematic relationship between
the affinities for monomer or heterodimer sites in vitro and their functional importance
in vivo (Appel and Sakonju, 1993; Grieder et al., 1997; Capovilla and Botas, 1998;
Galant et al., 2002; Ebner et al., 2005). How the functional specificity of Hox-

regulated enhancers is strengthened without the help of PBC or MEIS sites is
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unknown, but it is not surprising that natural selective pressures will 'use' any available
mechanism to generate meaningful Hox-enhancer expression patterns. On the basis of
genetic evidence in D. melanogaster, there are at least two other evolutionarily
conserved transcription factors, Teashirt and Disco, that probably operate as Hox
cofactors in specifying A—P axial identity (Fasano, 1991; de Zulueta et al., 1994;
Mahaffey et al., 2001; Robertson et al., 2004). Whether these two proteins
mechanistically interact with Hox proteins to activate or repress target enhancers, and

how they do so, is unknown.

In silico searches for Hox targets.

The best hope for identifying at least a subset of Hox-response elements by
bioinformatic means is to search for genomic regions that are enriched for Hox, PBC
and MEIS consensus sites. To test the utility of this strategy, Ebner et al. searched the
D. melanogaster genome for canonical LAB-EXD-heterodimer-binding sequences
within 40 base pairs of an HTH-consensus-binding sequence, and identified 30
genomic regions that met these requirements (Ebner ef al., 2005). The expression
patterns of genes near to 16 of these loci were tested for overlap with the LAB
expression pattern. Besides the /ab autoregulatory enhancer (the source of the
sequence motifs), only one other potential LAB-response element was identified. It
mapped to the first intron of the CG11339 gene, which encodes an actin-binding
protein that is activated in a LAB-like expression pattern in the endoderm (Ebner et

al., 2005).
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Tests of a 2 kb genomic fragment that contains the LAB-EXD-HTH
consensus indicated that it did not function as a Hox-response element. However, the
authors tested other DNA fragments around the CG117339 transcription unit and
identified an upstream fragment that acted as a LAB-dependent enhancer when fused
to a reporter gene. When tested with in vitro binding assays, this enhancer was found
to possess an HTH-binding site as well as a LAB-EXD site. Interestingly, the latter
was highly divergent from the canonical site that was used in the bioinformatic search,
but is still required for enhancer activation in vivo. This LAB-EXD site also bound
LAB protein as a monomer, contesting the prevailing belief that LAB had little or no
DNA-binding affinity in the absence of EXD (Chan ef al., 1996a). It is possible that
CG11339 was identified as a LAB-responsive gene by accident, albeit an accidental
find that led to interesting new insight concerning in vivo LAB-EXD regulation
(Ebner et al., 2005). In any case, the results of this study do not bode well for
bioinformatic predictions of naturally evolved Hox—PBC response elements that use
the current version of the 'DNA-binding-selectivity model' (Chan et al., 1996b; Ryoo
and Mann, 1999).

On the basis of the current body of knowledge, it is clear that Hox target
elements do not observe simple rules. Even individual enhancers seem to be regulated
by both PBC-dependent and PBC-independent mechanisms(Gould et al., 1997). Given
the great diversity in Hox-response enhancer structures, it seems that even modest
success in predicting Hox-response elements will require more knowledge about the

range of Hox protein interactions with cofactors and target DNA sites.
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We have discussed recent advances in four areas of Hox regulatory biology.
Although a few Hox realizator genes have been identified that illustrate how Hox
genes accomplish their function of sculpting variations on a basic segmental shape,
many remain to be identified. We think it entirely plausible that the number of known
Hox morphological effector genes will expand until almost every gene that can
mediate cell adhesion, division, migration and so forth will be found to be directly
regulated by Hox proteins in some developmental context.

Recent evidence has revealed a surprising lability in Hox protein functions
during evolution, and this lability makes them the best current system for
understanding how transcription-factor functions evolve in animals. As we have
reviewed here, this lability might be facilitated by their ability to interact with a great
range of binding sites within enhancers, either with or without cofactors from the PBC
and MEIS families of proteins. From this perspective, the difficulty with coming to a
general understanding of how different Hox proteins achieve their functional
specificity might simply be due to their basic principles of operation. As Hox proteins
operate in so many different cell types and developmental stages, selective pressure
might have acted on their functions so that they will observe as few 'rules' as possible,
allowing them to fit into nearly all developmental genetic circuits to tweak
morphology. To look at this in anthropomorphic terms, it is amazing what the Hox
proteins can accomplish when they let the tissue-specific transcription factors get the

credit for making muscle, bone, skin and nerve.
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Figure 1. Hox expression, genomic organization, and Hox binding sequences. (a)
The panel on the left shows a stage 13 Drosophila melanogaster embryo that has been
colored in the schematic to indicate the approximate domains of transcription
expression for all Hox genes except proboscipedia (pb) (Kosman, 2004). The
segments are labelled (Md, mandibular; Mx, maxillary; Lb, labial; T1-T3, thoracic
segments; A1-A9, abdominal segments). The panel on the right shows a mouse (Mus
musculus) embryo, at embryonic day 12.5, with approximate Hox expression domains
depicted on the head—tail axis of the embryo. The positions of hindbrain rhombomeres
R1, R4 and R7 are labeled. In both diagrams the colors that denote the expression
patterns of the Hox transcripts are color-coded to the genes in the Hox cluster
diagrams shown in b. Anterior is to the left, dorsal is at the top. (D) A schematic of the
Hox gene clusters (not to scale) in the genomes of Caenorhabditis elegans, D.
melanogaster and M. musculus. Genes are colored to differentiate between Hox family
members, and genes that are orthologous between clusters and species are labeled in
the same color. In some cases, orthologous relationships are not clear (for example,
lin-39 in C. elegans). Genes are shown in the order in which they are found on the
chromosomes but, for clarity, some non-Hox genes that are located within the clusters
of nematode and fly genomes have been excluded. The positions of three non-Hox
homeodomain genes, zen, bcd and ftz, are shown in the fly Hox cluster (grey boxes).
Gene abbreviations: ceh-13, C. elegans homeobox 13; lin-39, abnormal cell lineage-
39; mab-5, male abnormal 5; egl-5, egg-laying defective 5; php-3, posterior Hox gene
paralogue 3; nob-1, knob-like posterior; lab, labial; pb, proboscipedia; zen, zerknullt,
bcd, bicoid;, Dfd, Deformed; Scr, Sex combs reduced; ftz, fushi tarazu; Antp,
Antennapedia; Ubx, Ultrabithorax; abd-A, abdominal-A; Abd-B, Abdominal-B. (C) A
compilation of in vivo DNA binding sequences arranged by the structural type of
homeodomain that is encoded by the Hox genes. The three classes are Labial, Central,
and Abdominal-B. The listed DNA binding sequences that are bound by Hox
monomers and Pre-B-cell homeobox/CEH-20 (PBC)—Hox heterodimers are those that
are required for the function of one or more Hox-response elements in developing
mouse (Popperl, 1995; Maconochie, 1997; Safaei, 1997; Houghton and Rosenthal,
1999; Bromleigh and Freedman, 2000; Shi et al., 2001; Lampe et al., ; Serpente,
2005), fly (Vachon et al., 1992; Appel and Sakonju, 1993; Capovilla et al., 1994;
Graba, 1995; Heuer et al., 1995; Sun et al., 1995; Chan, 1997; Grieder et al., 1997,
Haerry and Gehring, 1997; Kremser, 1999; Bromleigh and Freedman, 2000; Capovilla
et al., 2001; Zhou et al., 2001; Galant et al., 2002; Ebner et al., 2005; Hersh and
Carroll, 2005) or nematode (Liu and Fire, 2000; Cui and Han, 2003). As no known
HOX1-monomer-binding (mouse) or LAB-monomer-binding (fly) sites have been
found to be functional in vivo, only PBC-LAB-heterodimer-binding sites are shown.
Consensus logos were generated using all verified Hox-binding sites with WEBLOGO
(Crooks et al., 2004).
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Table 1. Direct Hox-requlated genes: Drosophila melanogaster

Sorted by tissue type. ABD-A, Abdominal A; ANTP, Antennapedia; ChIP, chromatin immunoprecipitation; DFD, Deformed;
LAB, Labial; SCR, Sex combs reduced; UBX, Ultrabithorax.

Regulating Hox

Strongest evidence for

Regulated Gene Expression domain controlled by Hox protein(s) direct Hox regulation References
(Ryoo and Mann, 1999; Zhou
forkhead Embryonic salivary gland SCR Enhancer with mutated Hox site et al., 2001)
Distal-less Embryonic ectoderm UBX, ABD-A Enhancers with mutated Hox sites (Vachon et al., 1992)
Antp Embryonic tracheal and neural ectoderm ANTP, UBX, ABD-A Enhancers with mutated Hox sites (Appel and Sakonju, 1993)
Hoxa4 Embryonic epidermis UBX Bicoid site swap (K50) using UBX (Haerry and Gehring, 1997)
Deformed Embryonic maxillary epidermis DFD Enhancer with mutated Hox site (Zeng et al., 1994)
1.28 Embryonic maxillary epidermis DFD Enhancer with mutated Hox sites (Pederson, 2000)
Embryonic epidermis and somatic
teashirt mesoderm ANTP, UBX Enhancers with deleted Hox sites (McCormick et al., 1995)
scabrous Embryonic ectoderm UBX, ABD-A, ABD-B ChlIP using UBX (Graba, 1992)
Embryonic epidermis, and somatic and
Transcript 48 visceral mesoderm ABD-A, UBX ChlIP using UBX (Strutt and White, 1994)
Embryonic ectoderm, and somatic and
La-related protein visceral mesoderm SCR, UBX ChIP using UBX (Chauvet, 2000)

centrosomin

Embryonic visceral mesoderm and CNS

ANTP, UBX, ABD-A

ChlIP using ANTP

(Heuer et al., 1995)

decapentaplegic

Embyonic midgut visceral mesoderm

ANTP, UBX, ABD-A

Bicoid site swap (K50) using UBX and ABD-
A

(Capovilla et al., 1994; Manak
et al., 1994; Sun et al., 1995;
Capovilla and Botas, 1998)

apterous Embryonic muscle mesoderm ANTP Bicoid site swap (K50) using ANTP (Capovilla et al., 2001)
connectin Embryonic mesoderm ABD-A, UBX ChlIP using UBX (Gould and White, 1992)
serpent Embryonic lateral mesoderm UBX One-hybrid assay using UBX (Mastick et al., 1995)
wingless Embryonic visceral mesoderm ABD-A Enhancers with mutated or deleted Hox sites | (Grienenberger, 2003)
Wnt4 Embryonic visceral mesoderm ANTP, UBX, ABD-A ChlIP using UBX (Graba, 1995)
beta-tubulin at 60D | Embryonic visceral mesoderm UBX Enhancers with deleted Hox sites (Kremser, 1999)

labial Embryonic midgut endoderm LAB Enhancer with mutated Hox site (Grieder et al., 1997)
CG11339 Embryonic midgut endoderm LAB Enhancers with mutated Hox sites (Ebner et al., 2005)

spalt major Wing imaginal discs UBX Enhancers with mutated Hox sites (Galant et al., 2002)

knot Wing imaginal discs UBX Enhancers with mutated or deleted Hox sites | (Hersh and Carroll, 2005)

0¢



Table 2. Direct Hox-regulated genes: Caenorhabditis elegans, Xenopus laevis, mouse and human

Sorted by tissue type. ceh-13, C. elegans homeobox gene 13; ChIP, chromatin immunoprecipitation; egl-17/18, egg-laying

defective 17/18; elt-6, erythroid-like transcription factor family 6; hlh-8, helix-loop-helix 8; LIN-39, abnormal cell lineage 39;

MAB-5, male abnormal 5; R4, rhombomere 4.

Expression domain controlled by

Regulating Hox

Strongest evidence for direct Hox

Regulated gene Hox protein(s) regulation References
C. elegans
hlh-8 Larval M lineage cells LIN-39, MAB-5 Enhancers with mutated Hox sites (Liu and Fire, 2000)
egl-17 Primary vulval cells LIN-39 Enhancer with mutated Hox site (Cui and Han, 2003)
Embryonic dorsal body-wall muscle and
ceh-13 ventral nerve cord CEH-13 Enhancers with mutated Hox site (Streit, 2002)
egl-18, elt-6 Larval vulval cells LIN-39 Enhancers with mutated Hox sites (Koh, 2002)
X. laevis
Induced nuclear importation of HOXB4 after
Hoxb4, Hoxb5 Unspecified HOXB4 translation inhibition (Hooiveld, 1999)
RAS-related protein- Induced nuclear importation of HOXB4 after
la Embryonic dorsal ectoderm? HOXB4 translation inhibition (Morsi El-Kadi et al., 2002)
Induced nuclear importation of HOXB4 after
iroguois 5 Embryonic neural ectoderm? HOXB4 translation inhibition (Theokli et al., 2003)
caspase-8-
associated protein Induced nuclear importation of HOXB4 after
2/FLASH Embryonic notochord HOXB4 translation inhibition (Morgan et al., 2004)
M. musculus
Hoxbl R4 HOXB1 Enhancers with mutated Hox sites (Popperl, 1995)
Hoxb2 R4 HOXA1, HOXB1 Enhancer with mutated Hox site (Maconochie, 1997)
Hoxb3, Hoxb4 Hindbrain HOXB4, HOXD4 Enhancers with mutated Hox sites (Gould et al., 1997)
retinoic acid

receptor-beta

Embryonic hindbrain

HOXB4, HOXD4

Enhancers with mutated or deleted

(Serpente, 2005)

serine protease

inhibitor 3 CNS HOXB5 ChIP using HOXB5 (Safaei, 1997)
H. sapiens

Human umbilical venous endothelial-cell ChIP using HOXA9, which was screened for
ephrin B4 culture HOXA9 Ephrin B4 by PCR (Bruhl, 2004)

[§3
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Figure 2. Structures of representative Hox-response enhancers. This figure
illustrates five archetypal Hox-regulated enhancers from Mus musculus or Drosophila
melanogaster. Enhancers are represented by white rectangles. Linear sequence
conservation from D. melanogaster to Drosophila virilis (b—e) or from M. musculus to
the puffer fish Takifugu rubripes () is represented by blue bars. Hox and Pre-B-cell
homeobox/CEH-20 (PBC) sites that were identified by footprinting and/or mutation
analysis are noted by H or P, respectively. Below the schematic of each enhancer are
confirmed Hox or Hox—PBC binding sequences; Hox and PBC binding sites are
colored in red or green text, respectively, and conserved sequences are capitalized.
The wild-type expression pattern of each enhancer is shown on the right, where one
example of evidence that confirms Hox dependence is described for each enhancer. (a)
An enhancer that responds to both HOX and PBC proteins maps upstream of mouse
Hoxb1. This enhancer contains a repeat of evolutionarily conserved HOXB1-PBX
(Pre-B-cell homeobox)-heterodimer-binding sites that are required for autoactivation
of Hoxb1 in thombomere 4 (R4)(Popperl, 1995). Other Hox-dependent enhancers with
required canonical HOX-PBC-binding sites include those in D. melanogaster labial
(Grieder et al., 1997) and forkhead (Ryoo and Mann, 1999) and in C. elegans helix-
loop-helix (hih8)/twist(Liu and Fire, 2000). (b) An example of a Hox target that
apparently requires Hox and Extradenticle (EXD) inputs through a non-canonical site
is a thoracic-limb enhancer (D//304) from the Distal-less (DIl) gene (Vachon et al.,
1992), which is repressed in the abdomen by Ultrabithorax (UBX) and Abdominal-A
(ABD-A) through a repression element called DMX-R(Gebelein et al., 2002; Gebelein
et al., 2004). DMX-R (panel b) has two Hox-binding sites (one in a non-canonical
Hox—EXD-heterodimer site), as well as sites that bind a large multiprotein repression
complex (Gebelein et al., 2004). Curiously, when the non-canonical Hox—EXD site is
changed to a canonical site with higher in vitro affinity, UBX and ABD-A no longer
repress this DI/ limb enhancer in vivo(Gebelein et al., 2002). (C) An enhancer that is
activated and repressed by different abdominal Hox proteins

The dpp-674 enhancer of decapentaplegic controls expression in midgut primordia
and is activated by UBX but repressed by ABD-A more posteriorly (Capovilla ef al.,
1994). Eliminating the sites that ABD-A normally binds to repress transcription allows
more posterior expression, whereas eliminating the sites that UBX binds almost
eliminates expression in the midgut. Interestingly, a sub-element that lacks the
repression Hox sites, but contains the activation sites, can be activated by either UBX
or ABD-A(Capovilla and Botas, 1998). (d) Some Hox targets appear to be regulated
independently of EXD. The ambiguity exists because it is often impossible to
rigorously test Hox-response elements for dependence on PBC/exd due to the early
developmental functions of zygotic or maternally contributed EXD protein (Peifer and
Wieschaus, 1990; Rauskolb et al., 1995). Evidence of exd independence/dependence
is often limited to the absence/presence of EXD or EXD-HOX sites that can be
identified by in vitro binding assays. By these criteria, two Hox-response elements that
are activated by Deformed (DFD) in the maxillary epidermis are EXD-independent —
a 1.28 enhancer and a reaper enhancer (Andrew et al., 1994; Lohmann et al., 2002;
Pederson, 2000). (e) Other Hox-response elements are expressed in body regions




33

Figure 2. Structures of representative Hox-response enhancers (continued)
where EXD is not expressed. These include two wing-IMAGINAL-DISC enhancers
that are directly repressed by UBX, one from the knot (Hersh and Carroll, 2005) gene
and one from the spalt major gene (Galant et al., 2002). Both are derepressed in the
haltere imaginal disc in Ubx mutants, and both possess multiple UBX-binding sites
that are required for the repression of the enhancers in haltere primordia.
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Chapter 11

The Embryonic Limb Enhancer for Distal-less Requires Multiple

Novel In Silico-ldentified Motifs for Activation
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Introduction

Evolutionary change can be effected either by modifying the structure of
proteins, thus affecting cellular function, or by modifying the expression of those
proteins, altering where the proteins function. The former occurs when mutations
occur in coding DNA, the latter in regulatory DNA. Several constraints are placed on
whether mutations within coding DNA are tolerated. In order for a mutation in coding
sequence to “survive” so that it can be established in a population, it generally cannot
shift the reading frame, introduce premature stop codons, or adversely affect overall
protein folding by amino acid changes or insertion/deletion events such that the
function of the protein is inhibited. These rules help preserve the backbone of proteins
as they evolve in different species, such that homologous proteins from species that
diverged hundreds of millions of years ago can be identified by amino acid sequence.
This makes it relatively easy to clone and then track and understand the evolution of
homologous proteins in distantly related organisms.

The same evolutionary constraints are not found in regulatory DNA (Wittkopp,
2006; Wray et al., 2003). Cis-regulatory elements seem to operate largely simply as
clusters of binding sites that work as a binary code to determine whether a gene will
be expressed in a given cell (“Billboard Model” (Arnosti, 2003)). Orientation and
order of binding sites often doesn’t matter, nor does position or distance relative to the
controlled gene (there are some constraints), and individual binding sites tend to work
additively to modulate the strength of the effect of the binding protein on transcription.

Thus, gain or loss of binding sites are not “make or break” situations that inevitably
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eliminate regulatory control of associated genes, but instead tweak the overall effect of
the cis-regulatory element. For example, homologous cis-regulatory elements
controlling even-skipped (eve) stripe 2 expression from different drosophilids all drive
identical expression in D. melanogaster (except for slight quantitative differences)
despite several mutations and even deletions of binding sites for known trans-acting
factors (Ludwig et al., 1998).

Additionally, transcription factors can bind to DNA sequences significantly
diverged from the “consensus sequence” and still maintain in vivo function. The
UBX-EXD heterodimer binding site found to confer the majority of abdominal
repression of DI[304, the early embryonic limb cis-regulatory element, is
ATTAAATCA. This differs from the canonical UBX-EXD binding site by the
insertion of an additional nucleotide between the binding sites for UBX and EXD.
Surprisingly, altering this binding site to the canonical ATTAATCA site in DI//304
removes the repressive effect of UBX and EXD on the element (Gebelein et al., 2002).
This suggests that the set of sequences to which transcription factors bind in vivo
differ depending on various contexts, and cannot be represented by simple consensus
sequences or matrices, or by simply being limited the set of sites bound in vitro. Of
course, it is also a formal possibility that transcription factors other than UBX and
EXD are regulating D!/ transcription through these sites.

The leeway allowed on cis-regulatory elements permits mutations
(insertions/deletions, substitutions, shuffling of sites) to quickly accumulate without

adversely affecting the ability of the element to properly control gene expression.
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This means that homologous elements can very quickly become unrecognizable by
sequence similarity, while continuing to be functionally identical. Beyond this point,
homologous elements can only be identified by similar expression pattern (Bonneton
et al., 1997) or by finding statistically improbable clustering of shared binding sites
(Berman et al., 2002; Bonneton et al., 1997; Markstein et al., 2002; Rebeiz et al.,
2002). Unless the cis-regulatory element’s inputs are already well-characterized, the
latter method is difficult because of the background introduced by random DNA
interspersed and around the functional element.

This means that, in order to understand cis-regulatory evolution beyond the
small window of time where homologous elements are easily recognizable by
sequence, the elements must be identified by their ability to drive similar expression
patterns. Despite the inherent difficulty in identifying distantly related cis-regulatory
elements, it is essential to dissect the evolution of expression of developmentally
important genes, since modifying expression is probably a major driving force of
evolutionary change.

Distal-less (DI[) encodes a homeodomain protein that primarily specifies body
outgrowths, and is an ideal test case for attempting to unravel the mystery of how cis-
regulatory elements evolve. DI/ homologs are found in most invertebrates and
vertebrates (Panganiban and Rubenstein, 2002), are expressed in similar areas of the
body plan, and the requirement of DI/ expression in the embryonic distal leg primordia

has been confirmed even in spiders using RNAi (Schoppmeier and Damen, 2001).
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Two discrete elements have been defined in Drosophila melanogaster that
drive embryonic leg expression of DII: DII304 initiates expression in thoracic spots
beginning in early stage 11, and D//215 maintains expression in leg primordia and
head structures through an auto-regulatory loop (Castelli-Gair and Akam, 1995;
Vachon et al., 1992). wingless (wg) (Cohen et al., 1993; Kubota et al., 2003) and
buttonhead (btd) (Estella et al., 2003) are required for activation of D//304, and
Ultrabithorax (UBX) and Abdominal-A (ABD-A) both repress D//304 in the abdomen,
by binding to at least two verified sites in the 3° part of D//304 (Vachon et al., 1992;
White et al., 2000).

DIl function has apparently been maintained as an early developmental gene
necessary for distal limb development since before the protostome-deuterostome split,
since outgrowths such as limbs in both protostomes and deuterostomes express D!/
during development. A simple hypothesis is that, at least in insect, a common set of
regulators controls DI/ expression in obviously homologous tissues such as legs. This
is because it would be “simpler” to maintain the same mechanism of regulation as the
ancestral metazoan, rather than develop novel methods of driving expression in distal
leg primordia. If this is true, then homologous cis-regulatory elements that drive D//
expression in distal limb primordia in the native organism should provide qualitatively
equivalent regulatory control if transferred into another insect, for example D.
melanogaster.

A major issue in analysis of the mechanism of activating DI//304 is identifying

the controlling factors. The WG pathway was shown to have a positive input in initial
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transcriptional activation of DI/ through the D//304 element (Cohen et al. 1993), and
the Hox proteins UBX and ABD-A both repress the D//304 element through two sites,
Bx1 and Bx2, located near the 3’ end of DI/I304 (Vachon et al., 1992). Antennapedia
(ANTP), the Hox protein expressed in the thoracic segments, is not necessary for
activation (Mann, 1994). Homothorax(HTH) and Extradenticle (EXD), as well as
Engrailed (EN) and Sloppy paired (SLP), act as cofactors for the Hox proteins in
DII304 repression (Gebelein et al., 2004; White et al., 2000), and both the DPP
pathway and the EGF Receptor pathway is also involved in prevention of ectopic
expression on the ventral-dorsal axis, although it is not clear if this is through
repression of transcription or preventing cell migration (Goto and Hayashi, 1997).
Ubx binds so indiscriminately to DNA that, although the official “consensus”
sequence based on in vitro studies is CCATTAA, the functional consensus is
essentially ATTA (Pearson et al., 2005).

This low specificity by Ultrabithorax and lack of knowledge about whether
known trans-acting factors are acting directly or by inducing transcription of direct
activators makes binding site clustering search algorithms as implemented by Fly
Enhancer (Markstein et al., 2002), Cis-Analyst(Berman et al., 2002), or SCORE
(Rebeiz et al., 2002) essentially useless. And even with a fairly well-defined element
such as DI1304 (877 bp), the background noise when performing a dot plot-type
comparison against itself to discover repeated motifs is generally uninformative. This
situation can be improved dramatically by eliminating the majority of the sequence by

analyzing only conserved blocks. It is safe to assume that if a sequence of nucleotides
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has been conserved for 50 million years in multiple species, it serves some regulatory
purpose. Using evolutionary conservation as a filter for functional sequences is
known as phylogenetic footprinting (Tagle et al., 1988), and footprinted sites in
regulatory elements tend to have a good correlation with known binding sites for
known controlling factors and can even be used to identify unknown inputs (Andrioli
et al.,2002; Kim, 2001; Ludwig et al., 1998).

I used bioinformatic and molecular biological techniques to identify homologs
to the D//304 limb regulatory element in other insects. I cloned homologs from
several distantly related Drosophila species, and used phylogenetic footprinting to
identify multiple repeated and conserved motifs within D//304. 1 tested two of these
novel motifs, confirming that they are indeed required for activation of D//304 in D.
melanogaster. While multiple sequences have been identified that required for

abdominal repression of D//304, these motifs are the first required for activation.



42

Results

DII304 is structurally and functionally conserved in Drosophila

Identification of important motifs within a cis-regulatory element can be
greatly aided by phylogenetic footprinting, the comparison of homologous DNA
sequences to identify conserved motifs. D. virilis is a commonly used species for cis-
regulatory phylogenetic footprinting comparisons against D. melanogaster. Sufficient
time has passed since divergence from D. melanogaster (~40 million years) (Russo et
al., 1995; Tamura et al., 2004) for most neutral sequences to change in one or both
species, while required coding and regulatory sequences are mostly maintained.

To identify the homolog to D. melanogaster DII304 (DmDII304), 1 screened a
D. virilis genomic library using a probe of DmDI[304, identifying several independent
clones. I isolated and purified one of these clones, and identified by Southern
Hybridization a single 1.8kb HindIII fragment to which the DmDI/304 probe bound. I
subcloned and sequenced this fragment, its obvious homology revealing it as the
homolog to DmDII304 (figure 3a).

To test whether the identified D. virilis homolog DvDII304 contained all
sequences necessary for limb-specific expression, I cloned this fragment into the pH-
Stinger GFP reporter vector and transformed Drosophila embryos (figure 3d). The
resulting GFP expression recapitulated DmDI[304 expression (figure 3c), confirming
that I had cloned the functional D. virilis homolog to DmDII304.

Because additional information can often be gained from phylogenetic

footprinting by comparing multiple related species (phylogenetic shadowing) (Boffelli



43

et al., 2003), I cloned DI[304 fragments from D. hydei, D. immigrans, and
Scaptodrosophila lebanonensis by PCR using primers to conserved sequences
between D. melanogaster and D. virilis. Additional flanking sequences were
generated by inverse PCR. Additional homologs were identified from databases of
whole genome shotgun sequencing of several drosophilids, and incorporated into an

alignment of DI//304 from widely diverged species of Drosophila.

Multiple in silico identified motifs are required for D//304 activation

Alignment of all identified homologs of D//304 revealed several blocks of
conservation containing putative binding sites for transcription factors (figure 3a).
Analysis of the conservation profile of D//304 and flanking regions revealed that no
sequences are linearly conserved in the first 300 base pairs (bp) of DmDII304. In
contrast, several large blocks of conservation were identified beyond this point, even
extending beyond the Sspl site at 877bp that marks the end of the canonical DII304
sequence (Vachon et al., 1992), to 971 bp. Since sequences from 300 bp to 731 bp are
sufficient to confer expression similar to native DI/ limb expression (Gebelein et al.,
2002; Gebelein et al., 2004; Vachon et al., 1992), multiple independent cis-regulatory
elements are likely to exist between 300 bp to 971 that regulate different aspects of D//
expression throughout development.

To identify important motifs contained within this conserved region, I
compared all conserved sequences between D. melanogaster and D. virilis to itself

using WinDotter dot plot comparison tool (Sonnhammer and Durbin, 1995). These
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comparisons revealed several motifs that are not only conserved in these distantly
related drosophilids, but also repeated in multiple conserved positions in both species.
I then checked all other cloned homologs for these identified motifs, generating a set
of sequences that are repeated in all known Drosophila DII304 sequences. Searching
for these motifs in all cloned species revealed that, in addition to the conserved motif
instances that were initially discovered, several other matches were found that are only
conserved in a subset of Drosophila species, similar to patterns seen in other robust
cis-regulatory elements (Ludwig et al., 1998).

Analysis of positions of conserved repeated motifs in DI/304 revealed
clustering of motifs to different parts of the studied DNA sequence. Several motifs are
clustered in the 3’ Dm/Dv conserved block. AATTGACA is repeated thrice within
100 bp, all three instances almost perfectly conserved. A conserved palindrome,
TTGCTTAAGCAA, is also found in this region. One conserved instance of motif
MATAYTTGSGMAAWTAAAT is found in this region, with a second conserved
instance in a more 5’ conserved block within the minimal D/I limb element
(DI1304Min). Since the 3’ region is not required for expression in embryonic limb
spots, this set of motifs likely controls DI/ expression in other tissues.

We identified two novel conserved motifs were repeated within the bounds of
the minimal DIl limb element from 294 to 731 (D//304Min). Motif A, CACAATGC,
is repeated twice in conserved positions, with a third instance of CACAAAGC nearby.
Motif B, TTTGTT, is repeated twice within DI[304Min and once in the extended

sequence, and is located within 5 bp of a Hox-like CAATTATG site, suggesting that
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Motif B may be a cofactor that cooperates with a Hox protein to confer its regulatory
effect. Mutating either site in the context of DI/304Min almost completely abolishes
limb expression (Figure 3f, 3g). These mutations do not overlap known repressor
binding sites (Gebelein et al., 2004; Vachon et al., 1992) or match known transcription
factor binding sites, suggesting that motif A and motif B are bound by unidentified

activators to drive D// limb expression.

DII304 is not identifiable in non-Drosophila insects based on sequence similarity

Distal-less is expressed in the developing limb in all tested arthropods
(Panganiban and Rubenstein, 2002). To attempt to determine whether common cis-
regulatory logic is used to control DI/ limb expression in insects, I searched for
homologs to DmDII304 in Anastrepha ludens, Musca domestica, and Anopheles
gambiae.

Based on conservation between the coding region of exon 1 of D.
melanogaster DIl and publicly available 4. gambiae genomic sequence, I designed
degenerate primers accommodating all possible codons for the conserved amino acid
sequence. Using these primers, I PCR-cloned DI/ exon 1 from A. ludens and M.
domestica. Cis-regulatory elements are rarely linearly conserved between D.
melanogaster and other non-drosophilid flies, even if still functionally similar
(Wratten et al., 2006; Xiong and Jacobs-Lorena, 1995). However, since I cloned
DII304 from Scaptodrosophila lebanonensis, an outgroup to all Drosophila, simply by

degenerate PCR, I suspected that other species that diverged between muscatids and
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drosophilids, such as Tephritid fruit flies, might show linear conservation of some
DII304 regulatory sequences. I designed inverse PCR primers to 4. ludens DIl exon 1,
and “walked” upstream of DI/ to attempt to identify alignable regions to the DmDII
locus. Despite sequencing over 12 kb of upstream sequence, I were unable to identify
any homologous regulatory sequences. Additionally, no obvious clusters of motifs
identified from bioinformatic analysis of DmDII304 were found in this upstream
region. I may not have sequenced enough upstream sequence to reach D//304, but no
regulatory elements located in the more proximal upstream DI/ region are conserved
either.

To attempt to clone M. domestica DIl flanking sequence, I used MdDI[ exon 1
as a probe to screen a Lambda phage M. domestica genomic library. Several attempts
failed to detect any positive colonies. Estimates for M. domestica genome size vary
from 295 to 950 megabases (Bier and Miiller, 1969; Gao and Scott, 2006), so it is
unclear whether our inability to detect MdDII in the genomic library was likely
because of low genomic coverage.

We also attempted to identify DII304 from A. gambiae by looking for clusters
of Hox sites and novel motifs that I identified in DmDII304 (Figure 4a). Since no one
region upstream of AgDII contained obviously clustered sites, I tested multiple
segments covering the majority of the upstream region. AgDIIPt] caused expression
segmental stripes in D. melanogaster embryos (Figure 4b), and AgD!/Ipt2 drove weak
expression along the ventral midline, but no tested fragments induced DI//-like

expression (Figure 4b-4e).
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Discussion

A frequent debate within the evolutionary/developmental biology (evo/devo)
community is whether cis-regulatory or protein change is the major driving force to
macro-evolution (Rodriguez-Trelles et al., 2003). Protein evolution can be inferred
between fairly distant relatives because of the constraints placed on how protein-
coding DNA can change without rendering the encoded protein functionless. Cis-
regulatory evolution is more difficult to determine over large timescales, as regulatory
sequences change so quickly that it is impossible to recognize homologous sequences
beyond fairly closely related species. Even when studying genes that are expressed in
homologous tissues in diverged species, it is unclear whether the same regulatory logic
is used to elicit this common expression, or whether Developmental System Drift has
occurred (True and Haag, 2001). Since Distal-less is expressed in developing limbs in
an incredible array of animals, it should be an optimal paradigm to test whether cis-
regulatory logic is conserved, albeit in unalignable sequences, to drive conserved

expression in developing limbs.

DIl cis-regulation in Drosophila species

In cases where homologous regulatory sequences can be identified by linear
alignment, exogenous homologs usually recapitulate the function of the endogenous
regulatory element (at least in published accounts). I found this to be true for the DIl
embryonic limb regulatory element D//304, as the D. virilis homolog drives reporter

expression that is grossly similar to D. melanogaster DII304 expression. This
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confirms that the D. virilis homolog contains all motifs that are in D. melanogaster to
regulate limb primordia expression, and most likely these motifs are contained within
linearly conserved sequences between D. melanogaster and D. virilis. 1 was also able
to clone DI[304 from the more distantly related fly S. lebanonensis, and additional
sequence analysis revealed extensive linear sequence conservation with D.

melanogaster.

Activation of DI/ transcription in embryonic limb primordia

Functional regulatory elements are composed of binding sites for one or more
transcription factors that either promote or repress transcription of associated genes
when bound. Multiple binding sites for a single regulator are often found within a
single element, possibly to ensure some redundancy, or to “tune” transcriptional
output depending on the number of sites. Techniques for de novo identification of
motifs can take advantage of both this and the tendency for required binding sites to be
conserved between species.

By limiting my search for repeated motifs to those that are conserved in
identified Drosophila DII304 homologs, I greatly reduced the statistical “noise”
introduced by the frequency that random sequence appears similar to a real motif. I
identified several motifs that are repeated in linearly conserved positions in
Drosophila DII304 homologs, strongly suggesting that they are binding sites for major
regulators of DIl limb expression. Indeed, both novel motifs that I tested (Motif A:

CACAATGC; motif B: TTTGTT) are required for activation. Since the other
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identified motifs lie outside of the minimal DI/ limb element, I assume that a second
regulatory element that controls an independent aspect of DI/ expression is composed
largely of these other identified conserved/repeated motifs.

A cluster of sequences in the 3’ end of D//304Min have been demonstrated to
be required for repression of DI/ expression in ventral epidermis of abdominal
segments. These sites are presumably bound by UBX/ABD-A in complexes with
EXD, HTH, EN, and SLP (Vachon et al., 1992; Gebelein et al., 2004) to repress
transcription. In contrast, no published reports have identified any sequences required
for activation, but unpublished deletion analyses demonstrated that removing the first
100bp of DII304Min eliminates limb-specific expression (D. McKay, personal
communication).

Genetic evidence may provide some clues to the function of required activation
sequences in DI/I304Min. Both the wingless (wg) pathway (Cohen ef al., 1993; Kubota
et al., 2003) and the transcription factor encoded by buttonhead (btd) (Estella et al.,
2003) are required for activation of DI/ in thoracic limb spots, but no molecular
evidence supports a direct role for either BTD protein or Pangolin (PAN), the
Drosophila TCF/LEF-1 ortholog that transduces the wg signal to control transcription.

Several sequences that match BTD (GGGCGK) or PAN (BCTTTG) core
consensus binding sites can be found in D//304Min, including both a BTD and a PAN
site within the first 100bp of DII304Min. One of the required, conserved instances of
Motif A (CACAATGC) is also within this region. Perhaps targeted mutations of each

of these sites would reveal the required motif in this 100bp region. Motif A does
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resemble a loose match to TCF/Pangolin binding sites, and motif B is very closely

associated with Hox-like sequences in all three locations in the D//304 region.

DIl cis-regulatory elements in other Diptera

Since DIl is expressed in limb primordia in all tested arthropods, we attempted
to identify a functional regulatory element from near the DI/ locus from several insects
that diverged between 100 and 260 million years ago from Drosophila. We were
unable to identify any sequences upstream of Anastrepha DI that are linearly
conserved to Drosophila DII, suggesting that this evolutionary distance is generally
too great to expect linear conservation of regulatory sequences, even for an essential
gene with conserved expression. A more robust survey attempting to identify
developmental cis-regulatory elements in S. lebanonensis and tephritids like 4. ludens
or C. capitata would hopefully reveal an outer bound of extensive linear sequence
conservation. Sequencing a species just within this outer bound (presumably S.
lebanonensis) would serve genome-scale in silico searches for functional cis-
regulatory sequences and required motifs, since only the most essential regulatory
sequences would be conserved. Only in the rarest cases is linear conservation
observed between Drosophila and distant relatives, such as blowflies (Gibert and
Simpson, 2003), or even individual obviously similar motifs in even more distant
species (Erives and Levine, 2004; Rebeiz et al., 2005; Wratten ef al., 2006; Xiong and

Jacobs-Lorena, 1995).



51

The inability of any tested A. gambiae DIl upstream sequence to recapitulate
Drosophila embryonic DIl expression is possibly due to inadvertent “splitting” of a
functional regulatory element between multiple tested construct fragments, the
exclusion of essential sequences from consideration because of improper annotation,
or the relocation of embryonic limb regulatory elements to 4. gambiae DIl introns. It
is entirely possible, however, that a different limb cis-regulatory code evolved in 4.
gambiae, using binding sites to transcriptional regulators that are expressed in
different patterns in 4. gambiae and D. melanogaster.

Re-annotation of the released 4. gambiae genomic sequence indicated a region
upstream of the four tested elements, which had previously been annotated as the first
exon of a separate gene, is in fact intergenic sequence. It is possible that the 4.
gambiae DII304 homolog exists in this region, with an instance of Motif A located
800bp from an instance of Motif B near a Hox-like site in AgDIIPt1.

Unlike DmDII304, which has very tight clustering of Motifs A and B, no
similar clusters were observed in A. gambiae, A. mellifera, or T. castaneum (data not
shown). Again, artificial definitions of motif consensus sequences may be both
eliminating true binding site matches while identifying spurious matches.
Alternatively, Developmental System Drift may have changed one or more of the
activating regulatory signals, in which case these clustered sequences would quickly
disappear during evolution. A comprehensive test of the non-coding sequences of DI/
from several distant insect species, both in D. melanogaster and the native species,

along with DmDI[304 tested in those animals, using a polyspecific transformation



system such as PiggyBac (Grossman et al., 2001; Handler and Harrell, 1999) would

differentiate between these possibilities.

52



53

Materials and Methods

Insect stocks and genomic DNA: D. melanogaster strain w'’’®

was used for germline
transformation (Rubin and Spradling, 1982; Spradling and Rubin, 1982), in situ
hybridization, and source for genomic DNA. Fly stocks for D. pseudoobscura, D.
virilis, D. immigrans, D. hydei, and Scaptodrosophila lebanonensis were supplied by
the Tucson Drosophila Stock Center (Tucson, Arizona). D. virilis A phage library was
a generated by Thomas Kaufman and supplied by Par Towb. M. domestica ) phage
library was a kind gift from Jeff Scott (Cornell University, Ithaca, New York).
Anastrepha ludens adults were kind gifts from Kevin Hoffman at the Medfly
Exclusion Program (Los Angeles, CA). Anopheles gambiae genomic DNA and

embryos were supplied by ATCC. Genomic DNA was prepared using standard

procedures.

A phage library screening: D. virilis and M. domestica libraries were screened on
nitrocellulose membranes with radioactive probes of D. melanogaster 877 bp DII304
(Dv and Md), or a fragment of M. domestica DIl exon 1, labeled by nick translation.
Hybridization and washes were carried out at 37°C. Positive D. virilis clones were

amplified and purified using Qiagen Lambda Maxi Kit. A positive clone was cut with
HindIII and probed with DmDII304 using Southern Hybridization. HindIII-cut clone

DNA was subsequently cloned into pBluescript KS+ HindllI sites, PCR screened for
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inserts of ~1.8kb, and sequenced to confirm. Additional flanking sequences were

obtained by inverse PCR on genomic DNA.

PCR and Inverse PCR: PCR primers generated by IDT (Coraville, lowa) were used
for either classical or inverse PCR, using a standard Touchdown PCR protocol, on
genomic or phage DNA. Nested primers were sometimes used for Touchdown PCR
to minimize spurious products. Inverse PCR protocol was based on BDGP protocol
(www.fruitfly.org). Primer sequences available upon request.

Germline Transformation of Drosophila: w'/’*

embryos were transformed using
standard protocols with pH-Stinger expressing either GFP or DsRed (Barolo et al.,

2000; Barolo et al., 2004).

Construct boundaries and sequence alterations:

DmDII304: 877 bp fragment from digestion with EcoRI and Sspl.

DvDII304: 1199 bp fragment based on sequence conservation with D//304, from
AAGCTTATTTTAGGAATGTA to AAATAGGATTTGCGT.

DII304Min: is composed of nucleotides 294 to 731 of DmDII304.
DII304Min-MotifA: changed AGGGTGTCAGCCAGGTGTCTGC and
CCAGTGTCTGC

DII304Min-MotifB: changed AGCTGACTAAG and GCATGACTACC

AgDIIPt]: CGATTGTCAAAG to TAACGTCCTAC
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AgDIIPt2SubA: CTTACCGGGTGATG to CAAAGGCAGG
AgDIIPt2SubB: GTGGTTGAGAC to GCGAACCGTC

AgDIIPt2SubC: CATAAACCAGCG to CCTTACAATTCA

Multiplex Fluorescent In Situ Hybridization: Probes were generated from full-
length clones of LacZ and GFP, and a partial DIl cDNA from 5’ start to an EcoRI site,
into which Digoxigenin, Biotin, and Di-nitrophenol-labeled UTP, respectively, were
incorporated. Hybridization protocol was as described by Dave Kosman’s MFISH

protocol (Kosman, 2004).

Sequence Alignments: Sequences cloned by molecular biological techniques or
identified Discontiguous MegaBLAST of NCBI Trace archives were trimmed to
approximate common boundaries and aligned by T-Coffee (Notredame et al., 2000).
Alignments were then adjusted based on evolutionary proximity based on Lalign

(http://www.ch.embnet.org/software/LALIGN_form.html) pairwise alignments of

small sections of poorly aligned sequences.


http://www.ch.embnet.org/software/LALIGN_form.html
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Figure 3. Multiple repeated motifs that are conserved in Drosophila DII304 are
required for activation. (A) Schematic of DI[304 region, tested constructs and
conserved/repeated motifs. Top: White rectangles indicate blocks of significant
conservation between D. melanogaster and D. virilis. Colored lines indicate positions
of matching motif instances. Bottom: tested elements based on D/[304. X marks
mutated sites in relevant constructs. (B-D) Triple fluorescent in situ for (B) DI/
transcript, (C) LacZ under the control of DmDII304, and (D) GFP transcript under the
control of DvDII304. (E) Closeup of embryonic thoracic segments in stage 13 embryo
containing a construct with D/[304min driving DsRed in thoracic limb spots. (F,G)
Mutating sites matching either (F) Motif A (CACAATGC) or (G) Motif B (TTTGTT)
in DI/I304Min almost completely abolishes DsRed expression in thoracic spots.
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Figure 4. A. gambiae DIl upstream sequences do not drive limb expression in D.
melanogaster. (A) Schematic of D. melanogaster DIl upstream region. Matches to
Motif A (CACAAWGC) and Motif B (TTTGYT within 10bp of ATTA), and matches
to in vivo Hox-EXD binding sites are indicated by A, B, and HE, respectively.

Bounds of D/[304Min is indicated below. (B) Schematic of A. gambiae DIl upstream
region. Tested genomic fragments from AgDI[ upstream is indicated below. (C) Weak
ventro-lateral segmental expression was observed in embryos containing AgDIIPt]-
GFP reporters. (D) Weak ventral spots of DsRed expression were observed in
AgDIIPt2A4 embryos. (E,F) No DsRed expression was observed in embryos
containing AgDIIPt2B orAgDIIPt2C-DsRed reporters.
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Introduction

All organisms, regardless of size or lifespan, are in constant danger of being
wounded. If not repaired, these wounds are inevitably fatal, due to infection, nutrient
loss, or simply desiccation. To combat this, intricate systems have evolved to heal
injuries and protect against invaders. In recent years, it has become apparent that
many aspects of these responses are common between widely diverged groups, such as
between vertebrates and invertebrates, suggesting that these responses may have even
existed in the bilatarian ancestor to these animals. Included in these conserved
responses are aspects of the innate immune response (Hoffmann and Reichhart, 2002),
inflammatory response (Bokoch, 2005; Stramer et al., 2005), clotting (Karlsson et al.,
2004), and re-epithelialization (Martin and Parkhurst, 2004).

The outermost layer of the mammalian skin barrier is the stratum corneum, a
constantly regenerated layer of cross-linked skin cells, proteins, and lipids. This layer
prevents water loss, resists mechanical and chemical penetration, and microbial
invasion (Alibardi and Kwang, 2006). The analogous insect structure to the stratum
corneum is the cuticle, comprised of cross-linked chitin, proteins, and lipids secreted
by the underlying epidermis. First secreted in late embryogenesis, cuticle serves as a
hard barrier against injury and desiccation.

Aseptic wound healing mechanisms are remarkably well-conserved between
vertebrates and invertebrates. Both Drosophila and amniote embryos heal wounds
with similar mechanisms: An actin cable surrounds the wound (Martin and Lewis,

1992; McCluskey and Martin, 1995; Wood et al., 2002), under the control of Rho
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GTPases (Brock et al., 1996; Wood et al., 2002), closing the wound via a “purse-
string” mechanism. This mechanism is reminiscent of Drosophila embryonic dorsal
closure(Young et al., 1993) and C. elegans ventral enclosure (Williams-Masson et al.,
1997). Even the mechanism by which larval and adult insects heal wounds is
superficially analogous to mammalian adult wound healing. In Drosophila, wounds
are quickly sealed by a plug of cell debris, and the plug is rapidly cross-linked,
preventing acute water loss (Jiravanichpaisal et al., 2006). Epidermal cells then move
together under the plug to reform a continuous epithelium, and secrete new cuticle to
seal the hole in the exoskeleton, leaving a scar as evidence of the injury (Galko and
Krasnow, 2004; Ramet et al., 2002).

The major components of insect cuticle, chitin and cuticle proteins (Andersen
et al., 1995), are cross-linked by highly reactive quinones, which are derived from
enzymatically-processed tyrosine. These reactions occur both during development
and during the cuticle regeneration step of wound healing. The extent of cross-linking
regulates structural strength (Vincent and Wegst, 2004). Two enzymes in the quinone-
generation pathway, encoded by the genes Dopa decarboxylase (Ddc) and pale (ple),
are transcribed at extremely high levels around late embryonic wounds, presumably to
increase the pools of precursors to quinones that crosslink newly-secreted cuticle to
repair the rupture. Cis-regulatory elements controlling this non-infectious wound-
induced transcription were identified (Mace et al., 2005), which we have dubbed

Wound Response Elements (WREs).
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Bioinformatic analyses of phylogenetically conserved WRE sequences
revealed several motifs within the Ddc WRE (Mace et al., 2005), including motifs that
match AP-1 (FOS/JUN heterodimer) consensus binding sites and a Grainy head
(GRH) consensus binding site that had been previously shown to be required for larval
CNS Ddc expression (Bray et al., 1988). Both of these motifs are required for Ddc
WRE function (Mace et al., 2005).

The Ddc WRE was also non-functional in grh™ mutants, but maintained

14109

wound response activity in tested fos (kay') and jun (Jra™'’") mutant embryos. While

410%lele is truncated before the dimerization and

the protein made from the tested Jra
DNA binding domains and is thus presumably non-functional, kay’ only affects one of
four isoforms, leaving open the possibility that another FOS isoform is regulating the
Ddc WRE, either as a homodimer or a heterodimer with another bZIP protein.

Based on results from the Ddc WRE, we identified two WREs for pale (ple) by
searching for conserved motifs matching GRH (ACYNGTT) and AP-1/FOS/bZIP
(AFB) (TGANTCA) consensus sites. The identification of multiple WREs by
searches for clusters of AFB and GRH consensus sites suggested that a common
regulatory mechanism may activate multiple wound response. This mechanism could
be quite ancient, as both JUN, FOS and GRH proteins are involved in the mammalian
wound response (Ting et al., ; Yates and Rayner, 2002).

To better characterize the transcriptional wound response in Drosophila

embryos, we have further dissected sequence requirements of the Ddc and p/e WRE:s.

We have determined the minimal sequence requirements for the Ddc WRE, and
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identified several new motifs that affect Ddc WRE function. We confirmed that the
motifs used to identify the distal p/e WRE are required for the embryonic wound
response. By searching for clusters of conserved sites matching AP-1 and GRH
consensus sites, we identified two new WREs for the genes krotzkopf verkehrt (kkv)
and misshapen (msn). Surprisingly, these WREs differ in their ability to function in
grh™ or kay” mutants, as well as their activity in larvae and adults. Given the diverse
nature of the proteins encoded by these wound response genes and the complexity of
the epidermal response, we expect that this wound response cis-regulatory code is

likely to be quite prevalent in the genome of Drosophila, and possibly in vertebrates.
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Results

Minimal Ddc Wound Response Element sequence requirements

We previously demonstrated that Dopa decarboxylase (Ddc) is transcribed
around epidermal wounds, and identified upstream sequences that are sufficient to
recapitulate this response (Mace et al., 2005). A fragment from -1.4 kilobases (kb) to
transcription start (Ddc -1.4) is a functional Wound Response Element (WRE) (Mace
et al., 2005). Two subfragments, containing sequences from -1.4 kb to -.38 kb (DdcA-
380) (K. Mace, unpublished) or from -.47 kb to transcription start (Ddc-.47} (Mace et
al., 2005), both function as WREs. The overlapping 90 bp from -.47 kb to -.38 kb is
not sufficient as a WRE, as mutating a GRH site outside of this region in Ddc -.47
abolishes WRE function (Mace et al., 2005). This GRH is not in Ddc Del. -380, but a
second GRH-like site within this element is most likely substituting as the required
GRH binding site.

The 90 base pair overlap from -.47 to -.38 kb shared between the Ddc Del. -
380 and Ddc -.47 WRE:s includes 44 bp that are conserved through D. virilis, called
Conserved Region 1 (CR1). The D. virilis homolog is functional as a WRE in D.
melanogaster (Mace et al., 2005), strongly suggesting that the conserved sequences
contribute to WRE function. To test whether these conserved sequences are required
for WRE function of DdcA-380 or if two separate WREs exist from -1.4 to -.47 kb and
-47 to -0.0, I deleted CR1 from the full Ddc-1.4 WRE and DdcA4-380, generating Ddc-
1.4AWRE and Ddc-1.4to-.47. 1cloned these DNA fragments into the DsRed H-

Stinger P-element vector (Barolo et al., 2004), and injected the constructs into D.
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melanogaster embryos, testing multiple lines of resulting transformants for DsRed
fluorescent protein expression around epidermal wounds caused by glass
microinjection needles. Neither element was able to drive DsRed expression around
wounds, except for a few rare cases where very weak expression was observed,
demonstrating that CR1 is required for any Ddc WRE function (Fig. 6d,e).

The distal conserved region, CR1, contains a sequence matching the consensus
binding sites for AP-1 (TGAcTCA) (Pollock and Treisman, 1990). However, we
previously found that the Ddc-1.4 WRE is still fully functional in homozygotes for an
amorphic jra allele (Mace et al., 2005), strongly suggesting that this site is not in fact a
canonical AP-1 site, bound by JUN-FOS heterodimers. Drosophila FOS, unlike
mammalian FOS orthologs, is able to homodimerize in vitro and bind to TGANTCA
sequences (Perkins et al., 1988), as are heterodimers of FOS with CREB (Eresh et al.,
1997; Masquilier et al., 1992), and other predicted dFOS/bZIP heterodimers (Fassler
et al., 2002) are quite likely to also recognize this site, at least in vitro. Thus, we refer
to sites matching the TGANTCA consensus as AP-1/FOS/bZIP (AFB) sites, to avoid
implying that JUN/FOS heterodimers are binding these sites. Immediately adjacent to
the conserved AFB site is a set of three clustered sites that resemble ETS family
binding sites (cmGGAWgy) (Sharrocks et al., 1997).

The region from -433 to -72 bp is very poorly conserved, with only small
segments alignable between D. melanogaster and D. pseudoobscura, with no
detectable linear conservation to D. virilis. A second Conserved Region (CR2), from -

71 to -58, was originally identified based on conservation with D. virilis (Bray and
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Hirsh, 1986), and contains a perfectly conserved GRH consensus binding site
(ACYgGTT) (Venkatesan et al., 2003) overlapping a Tramtrack (TTK) consensus
binding site (GGTCCTGC) (Read et al., 1990). The final conserved block matches
the TATA motif in the proximal promoter.

To test whether any required DNA elements are located within the region
between CR1 and CR2, I generated three overlapping ~125 bp deletions from the Ddc
-.47 WRE. All three deletions still function as WREs, although the first deletion
(Ddc-.47A1), which removes two ETS consensus site matches, is somewhat weaker
than the wild-type element (Fig. 6f). The other two deletions (Ddc-.47A42, Ddc-.47A3)
show no difference in timing or intensity of DsRed expression compared to the wild-
type element (Fig. 6g,h). To confirm that no redundant sequences within the 362 bp
region contribute to Ddc -.47 WRE function, we deleted the entire unconserved
fragment from the Ddc -.47 WRE (Ddc-.47A4123), leaving a 117 bp fragment. This
element also functions as a WRE, but while the breadth of the activation from the
wound site is comparable to Ddc-.47, the number of nuclei within this radius is
noticeably reduced compared to wild-type Ddc -.47 (Fig. 61). Nonetheless, the ability
of Ddc-.474123 to act as a WRE confirms that no sequences between CR1 and CR2

are required for Ddc wound-induced activation.

Identification of Sites Required for Maximal Ddc WRE Function

Bioinformatic searches for known transcription factor binding sites within Ddc

-.47 revealed several matches to consensus binding sites for putative regulators (Fig.
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7a). To determine whether any motifs within Ddc -.47 that match binding sites for
known transcription factors affect Ddc -.47 expression, we altered these motifs in an
attempt to make them unrecognizable to those transcription factors. First, we tested
sites in the CR1 region, including sites matching AFB and ETS family consensus
binding sties.

In addition to the perfectly conserved match to the AFB consensus in CR1, we
found a second match that lies within the region deleted by Ddc -.4742. This second
site is conserved through D. persimilis, but not D. pseudoobscura, its sister species.
Mutating both sites eliminated WRE function in DsRed reporters, strongly suggesting
that the AFB consensus site is the sequence within CR1 that is required for Ddc WRE
function (Fig. 7d).

Three sites clustered immediately promoter-proximal to CR1 are reminiscent
of ETS family binding sites. Mutating all three clustered matches, none of which are
linearly conserved in D. virilis, noticeably weakened, but did not eliminate WRE
function (Fig. 7e,f). Two of these sites are deleted in Ddc-.4741 and Ddc-.47A123
(Figs. 6a,6f,61, & 7a), so perhaps the missing ETS-like motifs lead to the reduction of
WRE function in those deletions.

CR2 consists of 16 bp perfectly conserved in all sequenced drosophilids, and
includes a site matching the GRH consensus sequence that is required for Ddc CNS
expression (Bray et al., 1988; Scholnick et al., 1986), as well as Ddc -.47 WRE
function (Mace et al., 2005). Overlapping this site is a perfectly conserved sequence

that matches the TTK consensus site (Read ef al., 1990). To attempt to avoid altering
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GRH binding, we altered the putative TTK sequence at two nucleotides adjacent to the
GRH site consensus site. We observed a significant reduction in the DdcTTK WRE’s
activation (Fig. 7g, h), but it is possible that we inadvertently altered an extended GRH

binding site that is not reflected in the published consensus.

ple Distal WRE requires conserved sites matching GRH and AFB consensus sites

We previously identified two WREs upstream of pale (ple) by searching for
conserved clusters of AFB and GRH-like sites (Mace et al., 2005). We refined the
boundaries of the distal p/le WRE within the 3 kb fragment, identifying a 687 bp
fragment that is indistinguishable as a WRE from the 3 kb element (Fig. 8C).
Bioinformatic analysis of the conserved sequences revealed several potential binding
sites for other transcription factors in addition to the AFB and GRH consensus sites,
including sites matching consensus binding sites for CREB homodimer
(TGACGTMA) (Benbrook and Jones, 1994), an Extradenticle half-site (EXD, TGAT)
(Neuteboom and Murre, 1997; van Dijk and Murre, 1994; van Dijk et al., 1993), and
Hox family monomer transcription factors (ATTA) (Ekker ef al., 1991; Pearson ef al.,
2005; Pellerin et al., 1994).

To determine which, if any, of these sites contribute to the element’s WRE
function, we mutated all sites matching consensus sequences for these transcription
factors. In addition to canonical matches to AFB, CREB, and EXD consensus sites, a
conserved sequence, TGATTGAC, was also found that resembles these consensus

sequences. To ensure that we did not leave functional sites intact, we mutated this site
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in addition to the canonical AFB, CREB, or EXD site matches, in appropriate
constructs (Fig. 8B).

Mutating the canonical AFB site along with the AFB/CREB/EXD-like site
abolished pleSubBMin WRE function (Fig. 8D). Similarly, mutating the GRH
consensus site almost completely abolished pleSubBMin WRE function (Fig. 8E).
Thus, the two motifs identified by Ddc WRE dissection and used to identify the ple
WRE:s are required for ple wound response.

In contrast, mutating the AFB/CREB/EXD site along with either the canonical
CREB-like or EXD-like sites had no detectable effect on pleSubBMin WRE function
(Fig. 8 F,G). This suggests that these other sites regulate other aspects of ple
expression, but not the wound response. Similarly, Mutating all fourteen Hox-like
sites, twelve of which are conserved through D. virilis, does not noticeably affect ple
WRE function (Fig. 8H). The clustering of required AFB and GRH consensus motifs
within the 5° half of pleSubBMin suggest that the functional ple WRE is located in this

small sub-fragment, and uses similar cis-regulatory logic to the Ddc WRE.

Identification of novel WREs by clustering of AFB and GRH consensus sites

To attempt to identify new WREs by searching in silico for conserved clusters
of sequences matching AFB and GRH consensus sites, we searched in loci for two
candidate genes that we suspected would be up-regulated during the wound healing
process. krotzkopf verkehrt (kkv) encodes chitin synthase (Ostrowski et al., 2002),

which is required for the final step in synthesis of chitin, a major component of
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Drosophila exo- and endocuticle (Merzendorfer and Zimoch, 2003). misshapen (msn)
encodes the MAPKKKK upstream of the Jun Kinase encoded by basket (Su et al.,
1998), which phosphorylates the AP-1 proteins dJJUN and dFOS. Previous studies
have demonstrated that a LacZ enhancer trap insertion in the msn locus (Spradling et
al., 1999) is activated near larval (Galko and Krasnow, 2004) and adult (Ramet et al.,
2002) epidermal wounds. Using Multiplex Fluorescent /n Situ Hybridization
(MFISH) (Kosman et al., 2004), we detected rapid transcriptional activation of kkv
and msn, as well as Ddc and ple, near epidermal wounds in Drosophila embryos (Fig.
9). No increased expression was observed in embryos that were wounded and
immediately fixed or bisected after fixation, demonstrating that the observed up-
regulation was not due to accessibility artifacts (data not shown). All four genes were
detected within 30’ post-wounding, suggesting that all may be regulated by similar
cis-regulatory codes.

To identify putative WREs regulating kkv and msn transcription, we surveyed
the respective loci for clusters of AFB and GRH consensus site matches, then checked
whether identified clustered sites were conserved in D. pseudoobscura and D. virilis.
Within the first intron of kkv, we identified a cluster of conserved AFB and GRH
consensus sites. When tested in a reporter construct, a 2.2 kb fragment containing
these sites functioned as a WRE (kkvI, Fig. 10A,D)). We also identified the msn WRE
as a 2.3 kb fragment containing 3 GRH and 1 AFB consensus sites, located 8.7 kb
downstream of transcription start, in the third intron (msnl.2, Fig. 10B,C). We

subsequently identified a functional 1.2 kb subfragment of the msn WRE (msnSubB)
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containing all GRH and AFB consensus sites.

To confirm that the sites matching AFB and GRH consensus motifs used to
identify the kkvI WRE are required for activation, we altered all sites resembling
either AFB or GRH consensus sites in kkv/ (Figure 11A). Surprisingly, the kkvi
WRE requires neither AFB (Fig. 11C) nor GRH (Fig. 11D) consensus sites for

wound-dependent activation.

Multiple Trans-Regulators activate WREs through AFB and GRH consensus sites

All identified WREs contain at least one conserved sequence matching GRH
and AFB consensus sequences, and altering all matches to either set of sites in the ple
and Ddc WRE:s essentially eliminates activation in response to wounding. To
determine whether these identified motifs are indeed bound by the presumed
transcriptional regulators to activate wound transcription, we tested for in vitro
interactions and genetic requirements of GRH and AP-1 proteins.

In vitro translated dFOS/dJUN heterodimers able to bind oligos containing the
conserved Ddc AP-1 consensus site (data not shown), and all identified AFB
consensus matches in the other WREs do not differ significantly from the Ddc site or
the AP-1 consensus and match sequences previously shown to be bound by dFOS,
AP-1, and CREB proteins (Perkins et al., 1988; Pollock et al., 1990; Zhang et al.,
1990).

We previously tested the Ddc -1.4 WRE in zygotic mutants for bsk, jra, and

kay (Mace et al., 2005). We saw no reduction in WRE function, and observed
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activation at the “wound” of the failed dorsal closure phenotype of these mutants.
These data apparently conflict with the presence of conserved AFB consensus sites in
all tested WREs. We had previously eliminated jra as the factor binding the Ddc AFB
sites (Mace ef al., 2005), but the tested kay’ mutant did not eliminate all isoforms of
FOS. To attempt to resolve this conflict, we tested WREs in a shroud (sro) mutant,
which was recently identified as a mutation in an exon of kay that is highly expressed
in late embryonic epidermis based on a P-element insertion upstream of a previously-
unknown exon of one FOS isoform (Giesen et al., 2003). To test whether kay™” is
required for WRE function, we introduced pleSubBMin, kkvl, and msni.2 WREs into
an EMS-induced kay™’ mutant line background. Surprisingly, the pleSubBMin and
msnl.2 WRESs are not activated after wounding in kay™* homozygotes. However, the
kkv1 is still activated at wound sites in kay™” homozygotes (M. Juarez, unpublished
observations). This suggests that an isoform of FOS that is affected in kay”” mutants
is required for msn and ple wound response, but not kkv.

Considerable published evidence establishes the requirement of GRH for
activation of Ddc in developmental and wound-induced epidermal expression. In
grh™ mutants, Ddc -1.4 is not activated at wounds (Mace et al., 2005). This
corresponds with the cis-requirement of a previously identified GRH binding site
(Mace et al., 2005). The GRH consensus site matches in other identified WREs vary
considerably in similarity to each other and relative to the optimal GRH binding site,
AACCGGTT. The strongest GRH binding sites in WRES for Ddc (GACCGGTT),

and msn (AACCGGTT) are well-conserved and strongly match the core optimal site.
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The strongest kkvI GRH-like site (ACTGGTT) matches the weaker GRH consensus
ACYGGTT. The minimal p/le WRE, however, only contains one weakly conserved
GRH-like site (ACTCGTTT) that matches the degenerate GRH consensus
ACYNGTTT.

To test whether GRH can recognize the p/le GRH-like site, I expressed a
truncated form of GRH (Uv et al., 1994) in E. coli, and used crude cell extracts in an
Electrophoretic Mobility Shift Assay (Fried and Crothers, 1981) to test for binding to
the oligos of sequences surrounding the strong GRH consensus site from the Ddc
WRE and the weak site from the ple WRE. E. coli extract expressing GST did not
bind either site, but extract containing GRH recognized both the Ddc and ple sites
(Fig. 12). More Ddc GRH site probe was bound by GRH-BE compared to the ple
GRH site probe, suggesting that this site is closer to the optimal GRH binding site.
Mutating the Ddc GRH site in the same manner as the Ddc -.47GRH reporter
construct abolished GRH binding, while mutating adjacent nucleotides that were
changed in Ddc -.47TTK reduced GRH affinity. Mutating the p/e GRH site strongly
weakened, but did not fully eliminate GRH binding. These data confirm that the sites
identified in silico as GRH consensus sites are recognized in vitro by GRH protein.

To test whether the pleSubBMin, kkvi, and msnl.2 WREs require grh, 1 tested
for WRE activation in zygotic gri” homozygotes and heterozygotes. Neither kkv1
nor pleSubBMin activation is noticeably reduced (Fig. 13 a-d). In contrast, the msn
WRE is substantially weaker in gri™ homozygotes (compare Fig. 13 e.f), strongly

suggesting that GRH regulates msn wound response through canonical GRH binding
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sites in the identified msnl.2 WRE.

WRE Activation in Larvae and Adults

Prior to cuticle deposition in embryonic stage 16 (Campos-Ortega and
Hartenstein 1997), wounds are healed by the “purse-string” mechanism (Wood et al.
2002), while wounds caused in older animals are healed by epidermal cell fusion and
migration to close the wound, followed by cuticle synthesis (Galko and Krasnow,
2004). Prior to ~13 hours at 25°C, we are unable to detect activation of any WRE (1.
Lidsky, unpublished observations), consistent with the hypothesis that the identified
WRESs control genes that are involved in larval-type wound healing mechanisms such
as epidermal spreading and cuticle regeneration. Similarly, we do not see Ddc WRE
function in early 1* instar larvae, but we do observe activation in late 1% instar larvae
(42-48 hrs) and newly eclosed adults. Surprisingly, we do not see activation of the
pleSubBMin or kkvl WREs around wounds induced in first-instar larvae or adults (I.
Lidsky, unpublished observations). Considerable larval and adult epidermal
expression is observed in unwounded animals containing pleSubBMin and kkv1
reporters, which may obscure subtle wound-induced expression. It is also possible
that multiple WRESs for different developmental stages have evolved for these genes
and are located outside of tested fragments, or that ple and kkv are not activated at

larval or adult wounds.
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Discussion

We have identified a set of motifs, GTGANTCA and ACYNGTT, that are
linearly conserved in all tested drosophilids in at least four Wound Response Elements
(WREs). These WREs activate a diverse set of genes in response to wounding, which
are involved in epidermal migration and cuticle production and cross-linking. These
motifs match consensus sequences for transcription factors that are known to be
required for epidermal development and wound healing in both vertebrates and
invertebrates, suggesting an ancient origin of this wound-dependent transcription
mechanism. Surprisingly, the most likely candidate transcription factors for these sites
are only required for subsets of the WRESs, suggesting a complex regulatory system

has evolved to regulate the wound response through this common set of binding sites.

Cis-Regulatory Motif Requirements of Drosophila Wound Response

Considerable research dissecting Ddc regulatory sequences upstream of the
gene has revealed that different segments of upstream sequences regulate Ddc
epidermal vs. CNS expression. CR1 is required for Ddc WRE function even in the
context of the largest element, Ddc -1.4, despite the presence of several other
sequences matching AFB consensus sites upstream and downstream of CR1. In
contrast, while mutating the GRH site in CR2 abolishes WRE function of Ddc -.47,
removing it completely in DdcA-380 does not affect wound-induced activation. It is
likely that a second site matching a GRH consensus site (Uv et al., 1997) at -591 can

substitute for the proximal site in its absence. Oddly, multimers of this distal GRH
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consensus site can drive epidermal expression, while multimers of the proximal GRH
consensus site that is required for Ddc-.47 WRE function drives CNS expression (Uv
etal., 1997).

Deletions of the entire 361 bp region between CR1 and CR2 only had a modest
effect on the Ddc WRE. The sequences between CR2 and the presumed TATA motif
in the proximal promoter (Bray and Hirsh, 1986) are not linearly conserved in all
drosophilids, but degenerate motifs can be found that are common to all species.
Nevertheless, it is likely that the AFB and GRH consensus site matches are the
primary sites required for activation. The reduction of activation when the ETS
consensus sites are altered and the reduced activity of Ddc -.47A1 and Ddc-.47A123
may be due to mutation or deletion of the same motif, but this site only contributes
moderately to Ddc WRE function. The reduction seen in the Ddc-.47TTK WRE is
likely reducing GRH binding to the adjacent site, as reduced GRH binding is seen to a
probe containing this same site. TTK may still play a role through this site in GRH-
dependent CNS expression of Ddc.

We previously identified two independent upstream regions of ple that drive
wound-dependent expression by searching for AFB and GRH consensus sites that
were conserved in D. virilis (Mace et al., 2005). The distal WRE, which activates
reporter expression almost as quickly as the Ddc WRE, contains several strong
matches to both AFB and GRH consensus sequences. Progressive deletions from the
ends of the original 3 kb element, using blocks of conservation as guides for

endpoints, led us to the discovery of a 687 bp element that is sufficient to recapitulate
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both ple’s wound response and anal pad expression. The two identified required WRE
motifs in pleSubBMin are only separated by 7 bp in the 5 half of the element. The
other tested motifs, all of which save a CREB-like site near the 5’ end of pleSubBMin,
are located in the 3’ half in a highly conserved area and have no effect on wound-
induced activation. All constructs with an altered version of a conserved ambiguous
bZIP/EXD-like site alter anal pad expression, while altering all fourteen ATTA sites in
the 3’ half of pleSubBMin abolishes anal pad expression. This suggests that an even
smaller element in the 5’ half could be identified that only controls wound expression,
while the rest of the element controls additional expression, including anal pad
expression. These data also confirm that the cis-regulatory wound code regulating
both Ddc’s and ple’s wound response is composed of a small set of conserved motifs

matching AFB and GRH consensus sites.

Identification of novel WRESs by clustering of Motifs

The wound healing process is complex, involving healing of both the
epidermal and cuticular hole. This requires regulation of cell migration, enzyme
synthesis, and secretion of cuticle components. The WREs that we have identified
regulate genes necessary for cuticle synthesis, cuticle sclerotization, and epidermal
migration.

Although all WREs identified contain conserved motifs matching AP-1 and
GRH consensus sites, we were quite surprised to find that these sites are not required

in the context of the kkvI WRE, as altering these sites in the same manner as the Ddc
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and ple WRE site mutations had no effect on wound activation of reporters in vivo.
Consistent with this, neither tested subelement of kkvI, which both contained AP-1
and GRH consensus sites, had any wound response activity. It is possible that
redundant mechanisms can compensate for altered AP-1 and GRH consensus sites in
kkvl, or that a completely independent mechanism is at work and we happened upon
the WRE by chance. Another putative WRE containing more tightly clustered
conserved AP-1 and GRH consensus sites is located in the far 3’ end of the same
intron as kkvl, which may be another redundant WRE, similar to the situation we
found with ple.

Even searching within loci of known wound-response genes, we were only
~50% successful at identifying WREs based on conserved clusters AP-1 and GRH
consensus sites. Perhaps additional motifs are required within each functional WRE,
but they differ between elements, and would thus not be easily identified by
comparisons of WREs. The consensus for GRH-like sites may be overly degenerate
to accommodate all identified instances within identified WREs, where the binding
factor or factors strongly prefer a subset of sites that match the consensus. Spacing
between AP-1 and GRH consensus sites does not seem to be of much importance, as
they are almost adjacent in pleSubBMin, and were brought into close proximity in
DdcA123 without severely affecting function, but are quite separate in msn/.2 and
kkvi WREs. We note that all identified WREs contain a conserved instance of
GTGANTCA. This site may assist in identifying further WREs, as well as help

unravel cis-trans requirement conflicts by indicating which leucine zipper proteins
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strongly prefer this site, indicating which (presumably bZIP) homo- or heterodimer(s)
transduce the wound signal to activate transcription.

The diversity in organization and specific motif sequences resembling AFB
and GRH consensus sites in identified WREs is so great that genome-wide searches in
FlyEnhancer (Markstein ef al., 2002) using consensus motifs and spacing
requirements that identify all identified WREs (i.e. | GTGANTCA and 1 ACYNGTT,
in 450 bp) also identify nearly 4500 clusters that, in general, have no obvious
relevance to wound healing. Some fairly stringent searches that exclude one or more
identified WREs dramatically reduce the number of clusters, leaving some promising
candidates, including the known larval wound responsive gene puckered, and genes
encoding proteins involved in adherens junctions (crumbs), septate junctions
(coracle), larval cuticle (Lcp65Ad, stranded at second), and a second cluster in the 3’
end of kkv’s first intron. If future genome-scale alignment algorithms improve,

identification of true clusters from spurious matches would become much simpler.

Trans-Regulation of WREs

Although we identified FOS and GRH as potential regulators by similarity of
required sites to published consensus sequences for these transcription factors, we
have no direct in vivo evidence that these transcription factors bind the identified sites.
Genetic tests of WREs in mutants for these transcription factors only complicated
matters, as some WREs are affected, while others apparently function independently

of GRH and FOS. In fact, in grh™ mutants, kkv! is ectopically expressed in the
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epidermis in late stage embryos. It is unclear whether this indicates that GRH acts as a
repressor of kkv epidermal expression, or if mutant epidermis/cuticle is weakened to
the point that mutant embryos are generating minute tears that only the kkv/ WRE is
sensitive enough to detect.

GRH’s optimal in vitro consensus binding site is fairly large and specific, but
published genomic binding sites often differ significantly from this consensus site.
Nevertheless, we have seen that relatively small divergence from the optimal site
results in a significant loss of in vitro binding. The WREs for Ddc and msn both
contain essentially perfect GRH binding sites, while the kkvi.2 and pleSubBMin GRH-
like binding sites match the consensus more weakly. This is consistent with our
observations that Ddc and msn WREs are dramatically affected in grh™ homozygotes,
while kkvI and pleSubBMin are not noticeably changed. Perhaps these sites evolved
to fine-tune GRH regulation of the wound response, or another transcription factor
with similar binding preferences, such as the related CP2 factor encoded by gemini, is
the in vivo regulator of the ple and kkv wound responses.

Regulation of WREs through sites matching AFB consensus sites is no less
complicated. The similarity of required sites to the consensus binding site for AP-1,
the bZIP heterodimer of dJUN and dFOS, led us to test the Ddc -1.4 WRE in mutants
for jun-related antigen (jra), kayak (kay), and basket (bsk) (Mace et al., 2005). We
hoped that the new discovery of sro as an allele of kay (Giesen et al., 2003) would
resolve this conflict. Indeed, pleSubBMin and msnl.2 are not activated in kay™”

mutants, consistent with the poorly differentiated cuticle leading to the Halloween
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class phenotype of kay™”. The kkvi WRE, however, is not noticeably weakened in
kay™ mutants.

It is clear, based on all published data, that dJUN/dFOS heterodimers and dFOS/dFOS
homodimers would recognize all of these AFB consensus sites in vitro (Perkins et al.,
1988; Pollock and Treisman, 1990; Zhang et al., 1990). Additionally, other bZIP
proteins are known to bind AP-1 consensus sites (Eresh ef al., 1997; Masquilier and
Sassone-Corsi, 1992), potentially providing trans-redundancy that could help explain
the complex results in AP-1 component mutants. Future research will attempt to tease
out the requirements for different bZIP proteins in regulating these and other wound-
responsive genes.

Other than the observations that phospho-Tyrosine and diphospho-ERK are
seen rapidly after wounding and that the ERK inhibitor PD98059 reduces Ddc-1.4
WRE activation, we do not know the upstream signals activating the transcriptional
wound response. Both GRH (Liaw et al., 1995; Ylisastigui et al., 2005) and FOS
(Ciapponi et al., 2001) are phosphorylated by MAP Kinase, and FOS (along with
JUN) is phosphorylated by Jun N-Terminal Kinase (JNK), but it is unclear whether
either of these serve to transduce the wound signal or just serve as permissive

activators in the epidermis.

Evolutionary Conservation of Wound Response Regulation

The set of identified WREs all share a pair of motifs, matching AP-1 and GRH

consensus binding sites. /n vivo requirements for these sites and their presumed
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binding factors differ between the elements, but the statistically unlikely event of
identifying five separate WREs that all contain conserved sequences matching these
motifs strongly suggests some functional relevance. The presence of these sites in
these Drosophila wound response elements is also interesting because of the
widespread requirement of mammalian AP-1 and GRH family members in skin
development and wound healing.

Mammalian Grainy head orthologs are expressed in developing skin (Auden
2006), and mutants in Grhl3 have severe skin barrier defects (Ting et al., 2005; Yu et
al., 2006). Additionally, mutants in Grhi3 are deficient in wound healing, and
transglutaminase 1, a key skin cross-linking enzyme, requires Grhi3 for full
expression in the epidermis (Ting et al., 2005; Yu et al., 2006). Microarray analysis
of skin in Grhl3 mutant mice revealed a large set of genes that are altered in mutants,
including genes encoding structural proteins of the cornified envelope (the outermost
cross-linked skin layer in mammals) and lipid biosynthesis enzymes (Yu ef al., 2006).

Similarly, the homologs to Drosophila AP-1 factors are required for both skin
development and wound healing. Mouse Fos and Jun paralogs are differentially
expressed in the different layers of differentiating epidermis (Mehic et al., 2005), and
are required in differentiation, proliferation, and migration in various wound healing
models (reviewed in (Yates and Rayner, 2002)). The gene Tgasel, which encodes the
enzyme responsible for crosslinking proteins in the outer cornified envelope, contains
sites in its upstream region recognized by GRH (Ting et al., 2005), as well as a site for

AP-1 that was shown to be required for full expression in epidermal cells (Jessen et
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al., 2000; Phillips et al., 2004). Mutants in either gril3 (Yu et al., 2006) or c-Jun
(Zenz et al., 2003) have defects in eyelid closure, a process similar to Drosophila
dorsal closure.

Despite apparent differences in the set of genes activated after wounding in
insects vs. mammals, both the overall morphological “mechanism” and the upstream
wound regulatory network seems to still be conserved. Identification of additional
genes activated after wounding in Drosophila, as well as the mechanical and
molecular signals that activate this transcription, will likely lead to identification of
novel genes or regulatory cascades that are conserved in mammals, potentially aiding

in the discovery of novel treatments to aid proper healing.
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Materials and Methods

1118
was used for

Drosophila stocks and genomic DNA: D. melanogaster strain w
germline transformation (Rubin and Spradling, 1982; Spradling and Rubin, 1982), in
situ hybridization, and a source for genomic DNA. Fly stocks for D. pseudoobscura,

D. virilis, D. immigrans, and D. hydei were supplied by the Tucson Drosophila Stock

Center (Tucson, Arizona). Genomic DNA was prepared using standard procedures.

PCR: PCR primers generated by IDT (Coraville, lowa) were used for either classical
or inverse PCR, using a standard Touchdown PCR protocol, on genomic or plasmid
DNA. Primer sequences available upon request.

Germline Transformation of Drosophila: w'/’*

embryos were transformed using
standard protocols with pH-Stinger expressing DsRed (Barolo ef al., 2000; Barolo et

al., 2004).

Wounding Procedure: Embryos were collected on apple juice agar plates and aged to
15-17 hrs at 25°C. Embryos were washed into mesh baskets, dechorionated in bleach
for 1°, then washed copiously with water. Embryos were then transferred to a clean
slab of apple juice agar and aligned for 30-60 at 18°C, transferred to slides with
double-sided tape, then covered in either 1:1 ratio 700:27 weight halocarbon oil.

Embryos were then wounded laterally with fresh microinjection needles made from an
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automated puller, allowed to recover for 3-8 hours at room temperature, and visualized
under fluorescent light in either a compound or confocal microscope. Images are
representative of at least 2 independent experiments with at least 20 successfully
wounded embryos. Pixel intensity levels of images were adjusted for clarity, Adobe
Photoshop despeckle, blur, and sharpen functions were used occasionally to enhance

clarity. Original images are available on request.

Multiplex Fluorescent In Situ Hybridization: Probes were generated from partial or
full cDNA clones, obtained from BDGP (Berkeley, CA). Probe labeling and
hybridization protocol was as described by Dave Kosman’s MFISH protocol

(Kosman, 2004).

Sequence Alignments: Sequences cloned by molecular biological techniques or
identified Discontiguous MegaBLAST of NCBI Trace archives were trimmed to
approximate common boundaries and aligned by T-Coffee (Notredame ef al., 2000).
Alignments were then adjusted based on evolutionary proximity based on Lalign

(http://www.ch.embnet.org/software/LALIGN_form.html) pairwise alignments of

small sections of poorly aligned sequences.

Construct boundaries and site alterations:

Ddc-1.4 to-.47: deleted GGCGAGTGGG to GGGAGTCAAG

Ddc-1.4AWRE: deleted GGCGAGTGGG to GAGTCCGAGA


http://www.ch.embnet.org/software/LALIGN_form.html
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DdcA1,42,43, and 4123 were based on Ddc-.47.2 (Mace et al., 2005)

DdcAI: deleted ACGAGATCGC to ATCAAATTAAG

DdcA2: deleted AACTAATTTC to AGTTACTGAT

DdcA3: deleted AGCGCCCAAT to GGACTGCGAT

DdcA123: deleted ACGAGATCGC to GGACTGCGAT

Ddc-.47ETS: changed to
GGATTAATGACG..TCTCTGGCCACA.. AGTTGTTAAGCA

Ddc-.47TTK: changed to CCGGTAGCTAGGAAT

Ddc-.47AFB: changed to CGAGTCCCCCATAA.. TTACTCCCCCAGCG

pleSubAMin: AAAGTATCAA to GGAACACGAG

pleSubB: TCTGTGATTG to ATGATTGATGGC

pleSubBMin: TTGGTTTGCA to CGAGGGCTGG

pleSubBMinAFB: changed to GTGTGGTGGAGCAC..GCACGGCGCTGACA

pleSubBMinCREB: changed to ACGTGGATCAAAAT..GCACGGCGCTGACA

pleSubBMinEXD: changed to GCACGGCGCTGACA.. AAAATCCCTGCCA

pleSubBMinGRH: changed to CACCCGGGAAAGTTG

pleSubBMinHox: changed to
GGAATGGTACTA..CAATACCATACAATGGCCAGCAA..
CTCGTCCGGAACGCACATGGTTGCC..
CTCTTGGTTGTATTTACCGGTTGCGTTTGGTTGAACCATGAATGGTA
TTT

kkvl: CAACAAAGGA to TGGGTGTGTT
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kkv2: AAGTGCCAGT to GAGTCCTGTC

kkviSubA: CAACAAAGGAT to CTCGAAAGAT

kkvi1SubB: GCTTACTCCG to ATCAAACCGC

kkv1AFB: changed to
GGGTGGTGGATGGC..AAGTGGAGGACTCG..GGAAATCCGCCACAA

kkvIGRH: changed to
CAACCITGGGTCGGC..ATACCITGGGCTATC.. AGACTTTGGGTTTAA.
.CGATCCCCAAGCTTT.. TATAGCCAGAGTTG

msnl.2: GAGTGTAGCC to ATTGACAGCA

msnl.3: AGCACTGGCC to GTCTCGTGGA

msnl.2SubA: GAGTGTAGCC to CTCAATTTCC

msnl.2SubB: CCACTGCAAC to ATTGACAGCA

msnl.2SubBAP-1: changed to TCCTCTCCCCCACTGG

msnl.2SubBGRH: changed to

AATGTCCCAAGGTTG..GAGTTCCAGAGTTC..CAACTGTGGCAAAA
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Figure 5. Conserved cis-regulatory sequences upstream of Ddc require GRH
consensus sites and ERK for wound-dependent activation. (A) D. virilis homolog
of Ddc-.47 (fig. 6¢) functions as a WRE in D. melanogaster.(B) Altering a GRH
consensus site in DmDdc-.47 abolishes WRE activity.(C) A 3kb fragment upstream of
ple with AFB and GRH consensus sites functions as a WRE. (D) Injecting
DMSO+PBS into the subvitelline space before wounding does not reduce Ddc-1.4
WRE activity. (E) Injecting PD98059, an ERK MAPK inhibitor, dramatically reduces

Ddc-1.4 WRE activity.
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Figure 6. Minimal sequence requirements for Ddc WRE. (A) Schematic of D.
melanogaster Ddc -1.4 WRE and tested subfragments. Conserved regions with D.
virilis are indicated by white blocks. Matches to AFB and GRH consensus sites are
indicated by A and G, respectively. Functional WREs are indicated by “+”, non-
functional elements by “-“. All subfragments were tested in DsRed H-Stinger vectors,
wounded in parallel to wild-type Ddc -.47 WRE. (B,C) Ddc-1.4 and Ddc-.47 both
drive GFP reporter expression around aseptic wounds. (D,E) Deleting the 46bp CR1
from functional WREs almost completely eliminates activation after wounding.
(F,G,H,I) Deleting sequences between CR1 and CR2 do not substantially reduce
wound-induced reporter expression.
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Figure 7. Sequences other than AFB and GRH consensus sites contribute to Ddc
WRE. (A) Schematic of Ddc -.47 WRE and variants with altered binding sites. (B)
Consensus sequences for known transcription factors matching Ddc-.47 sites. (C)
Ddc-.47 drives reporter expression near epidermal wounds. (D) Mutating both AFB
consensus sites in Ddc-.47 abolishes activation at wounds. (E,F) Mutating three
clustered sequences matching ETS consensus sites reduces, but does not eliminate,
Ddc-.47 WRE activity. (G,H) Mutating a conserved sequence matching a TTK
consensus binding site reduces, but does not eliminate, Ddc-.47 WRE activity.
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Figure 8. AFB and GRH consensus sites are required for ple WRE. (A)
Schematic of ple locus upstream region. AFB and GRH consensus site matches are
indicated by A and G, respectively. Conserved sites are capitalized. A 687bp element
containing one AFB and one GRH consensus site functions as a WRE (pleSubBMin).
Top left, transcription factor consensus sites identified at conserved positions in
pleSubBMin. (B) Schematic of pleSubBMin, with conservation to D. virilis indicated
by white blocks, and derived elements with mutated binding sites. (C) pleSubBMin is
activated at epidermal wounds. (D) Mutating an AFB consensus site and a second
AFB/CREB/EXD-like site abolishes pleSubBMin WRE activity. (E) Mutating a GRH
consensus site almost completely eliminates pleSubBMin WRE activity. (F,G,H)
Mutating the AFB/CREB/EXD-like site along with either a CREB-like site or an
EXD-like site, or fourteen Hox-like binding sites, has no effect on pleSubBMin WRE
activity.
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Figure 9. Ddc, ple, msn, and kkv are rapidly transcribed after wounding. (A)
Nomarski image of wounded embryo, fixed 30’ post-wounding. Ddc wound-
responsive expression is superimposed, arrow indicates entry wound, box indicates
section imaged in B-E. (B,C,D,E) Ddc(B), msn(C), kkv(D), and ple(E) mRNA were
simultaneously detected around an aseptic wound within 30 by labeled antisense
mRNA using MFISH (Kosman ef al., 2005). No staining was observed around
wounds in embryos that were fixed immediately after wounding.
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Figure 10. Conserved AFB and GRH consensus site clusters identify kkv and msn
WREs. (A,B) Schematics of kkv (A) and msn (B) loci, with AFB and GRH consensus
site matches indicated by A and G, respectively. Conserved site matches are
capitalized. Functional WRE element bounds are indicated by red lines. (C,D) msni.2
and kkv1 fragments function as WREs. Both identified WREs contain conserved
sequences matching GRH and AFB binding sites.
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Figure 11. AFB and GRH consensus site requirements for kkvl and msnSubB
WREsS. (A) Schematic of kkvi WRE, with conservation to D. virilis indicated by
white blocks and mutated sites indicated in derived elements. (B) kkvI wild-type
element is activated at wound sites. (C,D) kkv! is still activated at wounds when AFB
or GRH consensus sites are mutated.
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Figure 12. GRH binds required Ddc and ple GRH consensus sites. Oligonucleotide
probes comprising sequences surrounding GRH consensus sites in Ddc and p/le WREs
were are bound by E. coli crude extract expressing GRH-BE, but not GST. Mutating
the GRH binding sites in an identical manner to WRE mutations completely (Ddc) or
almost completely (ple) abolished GRH binding. Mutating the nucleotides within the
TTK consensus site adjacent to the GRH site reduced binding affinity by GRH.

Probe sequences:

DACGRHTTK: GGGGCGATTGAACCGGTCCTGCGGAATTGG
DdcGRHmut: GGGGCGATTCCCAAGGTCCTGCGGAATTGG
DAcTTKMut: GGGGCGATTGAACCGGTAGCTAGGAATTGG

pleGRH-wt: GGGGTGATTCAGCACCCAAACGAGTTGATCTTGGAAAG
pleGRHmut: GGGGTGATTCAGCACCCGGGAAAGTTGATCTTGGAAAG
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Figure 13. WREs are differentially active in grh™ mutants. The strongest lines of
pleSubBMin, kkvI, and msnl.2 WREs were introduced into grh™ and kay™ mutant
backgrounds balanced with Kruppel-GFP balancers. GFP™ embryos (homozygous
mutants) were compared to GFP" embryos (heterozygotes and homozygotes for
balancer) for WRE induction. (A, B) No significant difference was observed in extent
of pleSubBMin activation in GFP” compared to GFP™ embryos. (C,D) kkvi WRE is
ectopically activated in dorsal/lateral epidermis in unwounded gri™ homozygous
embryos (data not shown), but no change in wound-induced activation was observed.

(E,F) msnl.2 wound-dependent activation is dramatically reduced in grh™ mutants.
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While the set of transcription factors binding DNA regions is the likely most
fundamental mechanism for gene regulation, the extent of knowledge as to how this
works seems to consist primarily of a growing collection of disparate examples of how
different genes are regulated in cis. Some patterns do emerge, at least in the minds of
scientists who study cis-regulatory elements. Following is a selection of these
assumed biases that I applied in my research, followed by contributions (if any) of my

results.

1. Functional cis-regulatory elements are independent and separable. The group
of binding sites that work together, when bound by appropriate transcription factors, to
cause expression of a gene in one tissue, is clustered in one small area of the genome
(~500 bp, another assumption) outside of other groups of binding sites that control
other aspects of the same gene’s expression.

I found that, in most cases, sub-elements chosen based on clusters of important
motifs would maintain expression of interest, while progressively losing other
expression as the elements got smaller. In some cases, no discernable difference in
expression was noticed between larger and smaller elements (e.g. DII304EXx vs.
DII304Min), while other elements were significantly “cleaner” as I generated smaller
sub-elements (pleWRE?2 vs. pleSubBMin, msnl.2 vs. msnl.2SubB). 1never identified
an element of ple that separated anal pad expression from wound expression, but

results from site mutations suggest that this could be done.
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The notable exception is kkvI, where neither tested subelement, both of which
contained the assumed-to-be-required AFB and GRH consensus sites, maintained any
wound response activity. In retrospect, this is not surprising, as the AFB and GRH
sites are not required in the kkv/ WRE, so I may have just tested the wrong
subfragments. Alternatively, a small region of kkv/ that was not incorporated into a

tested subfragment could contain WRE function.

2. Cis-regulatory elements are better conserved than surrounding sequences. Cis-
regulatory elements are comprised of a set of binding sites, and these binding sites are
required for transcription factors to exert their positive and negative influences on
transcription. Assuming no changes in transcription factor expression or binding
affinity, to maintain target gene expression, it is assumed that either the original
binding site must remain or a compensatory site must evolve nearby to provide
redundancy. Since most binding site sequences are complex enough that they cannot
easily spontaneously come into existence by random mutations, evolutionary pressure
keeps the original binding site, therefore it is conserved, and thus the set of binding
sites is conserved along DNA, and the cis-regulatory element as a module is more
conserved than surrounding non-functional sequence.

This assumption turned out to be consistently and remarkably true in my
research. Some regulatory elements were significantly more conserved as a whole
than others (compare DI//304Min to Ddc-.47), but functional elements were always

contained within “islands” of conservation, and the required motifs were conserved,
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while tested non-conserved sequences had minimal effect on expression (Ddc-.47 vs.
deletions).

This assumption was especially effective in identifying two independent, novel
motifs required for D// embryonic expression. Even though they are not the most
highly-conserved motifs in the region, the combination of assumptions (1) and (2) led
to the filtering of both non-conserved (non-essential?) sequences and motifs that are

likely important for other limb-independent DI/ expression.

3. Co-expressed genes can share regulatory mechanisms. This assumption
underlies any algorithm that compares sets of cis-regulatory elements for common
motifs, and to a degree any algorithm that searches for clusters of a given motif on a
genome-wide scale, and indeed even the use of phylogenetic conservation of
sequences (i.e. alignable sequences are there because the expression pattern has been
maintained in related species, due to common regulation).

Searching for clusters of AFB and GRH consensus sites near other wound-
response genes identified two ple WREs, as well as WREs for kkv and msn. Granted,
the kkv WRE may not actually need those sites, but this assumption has worked fairly
well. Other examples abound in the literature, but this may be due to a bias in the
genomics age of being able to find examples confirming the validity of this
assumption because this assumption makes it so much easier to find fitting cis-
regulatory elements. It is much more complicated to prove that co-expressed genes

are not co-regulated, although the kkv/ WRE may be on the way to doing so.
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TWINE (Appendix A) was written to take advantage of assumptions (2) and
(3), separately or in combination. It was not a particularly sophisticated
implementation of this, but does succeed at identifying a certain number of motifs
above background in both the D// limb and WRE paradigms, due largely to the
significantly reduced search space because of phylogenetic footprinting and the
tendency for functional motifs to be repeated both within and between functional

elements with similar expression.

I strongly suspect that, despite certain “complications” with cis vs. trans
regulation, I have been lucky in choosing paradigms for studying cis-regulation,
having identified multiple cis-regulatory elements and a large subset of their required
components. While consistency makes for a better story, the complications, and the
resolution of those complications, provide years/decades of interesting research.

As for identifying any common rules of co-regulated genes, large sample sizes,
evolutionary conservation, and ease of identification of specific cell types is a major
advantage. One system that seems to have both of these is ventral midline neural and
glial cells in insects. Recent publications have cataloged the expression patterns of
hundreds of genes expressed in subsets of these cells. The identification of cis-
regulatory elements controlling these expression patterns may reveal extensive shared
logic, or may demonstrate that multiple independent regulatory pathways can be used

to achieve identical expression of large sets of genes.
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As genome-scale sequencing becomes progressively cheaper and more groups
get their “pet species” sequenced, more complete pictures will emerge of the
evolutionary history of cis-regulatory elements, which will then lead to more efficient
methods for analyzing their functions. More cataloging of exceptions, as well as
adherents, to established assumptions, will hopefully finally establish the fundamental
importance of “junk DNA”, and allow people to feel more at ease with their

inadequate gene counts.



Appendix A

TWINE:

A Java Program for Simple Graphically-Assisted

Searches of Repeated and Conserved Cis-Regulatory Motifs

107



108

Computer-aided searches for over-represented sequence motifs have become
an essential component of cis-regulatory analysis (GuhaThakurta, 2006). Since
functional regulatory elements often contain multiple instances of required
transcription factor binding sites, simple searches for clusters of motifs that are
statistically unlikely to occur in random sequence can indicate functional relevance.
Conservation of sequences between homologous regulatory elements also often
indicates important motifs, as functionally relevant DNA sequences are less likely to
change during evolution compared to neutral sequence (Mirny and Gelfand, 2002).
Cis-regulatory elements for different genes with similar expression patterns sometimes
share regulatory logic, so comparisons of functionally similar elements can reveal
common motifs that bind to common transcription factors (Erives and Levine, 2004;
Markstein et al., 2004; Senger et al., 2004). To take advantage of all of these cis-
regulatory “rules”, I wrote TWINE, a Java program that utilizes evolutionary
conservation to perform comprehensive searches for over-represented motifs in one or

more cis-regulatory elements with shared expression patterns.

Input

TWINE input is a FastA-formatted sequence of a known cis-regulatory
element (Reference Sequence), aligned to identifiable homologs. Each opened
alignment is an Aligned Sequence Object (ASO). Since linear conservation

contributes greatly to the function of TWINE, manually edited/optimized multiple
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alignments are recommended. Multiple aligned regulatory elements can be opened,
and all opened ASOs will be used in motif searches.

Pseudo-multiple alignments can be generated from multiple pair-wise
alignments between a common reference sequence and its various homologs. For
example, given a set of alignments of D. melanogaster sequence to D. pseudoobscura,
D. virilis, and D. mojavensis downloaded from VISTA web genome browser
(http://pipeline.lbl.gov), a FastA file containing these alignments in the order Dmel
Dpse Dmel Dvir Dmel Dmoj (Reference Sequence alternating with homologs) can be
aligned using “Make Vista Multi-align”, outputting a file containing the reference
sequence Dmel aligned to all of its homologs in the order Dmel Dpse Dvir Dmoj. This

alignment can then be optimized by manual alignment and used in TWINE searches.

Initial Search

TWINE performs a comprehensive search of all motifs of a user-defined length
contained within the Reference Sequences of all opened alignments, noting all
matches to each motif within these opened sequences and aligned orthologs. If a motif
finds matches in enough sequences and these matches are conserved in enough
homologs (linearly or non-linearly), this motif is saved.

Search Settings

After all desired alignments are opened, but before searching for motifs,
settings can be adjusted to suit user needs.

e Window size: Motif size to search. For each overlapping window along each
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open Reference Sequence, a motif is generated for searching in all open sequences.
Max. nucl. Conc: The maximum percentage of any nucleotide A,C,G,T, allowed in
a motif to be considered. A primitive simple-sequence filter.

Max. mismatches: The maximum number of non-matching nucleotides between
the currently tested motif and any potential match within open sequences.

Max. Match uncons. Nucs: For a given match to the currently tested motif, the
maximum number of nucleotides that is not linearly conserved in the alignment for
the match to be considered linearly conserved.

Min. Match Cons. Level: The minimum percentage of nucleotides at each match
alignment position that is linearly conserved for the nucleotide position to be
considered linearly conserved.

Min. Matches Per ASO: The minimum number of matches to the currently tested
motif within an Aligned Sequence Object (ASO) for the ASO to be considered as
containing matches. Useful for requiring 2 or matches of a motif within each
ASO.

Min. Num. ASOs with Match: The minimum number of ASOs (among opened
ASOs) required to have matches for the motif to be saved.

Min. Num. Cons. ASOs with Match: The minimum number of ASOs required to
have conserved matches (based on above settings) for the motif to be saved.

Min. P-value: Maximum P-value, as calculated based on Poisson distribution, of

the set of identified motif matches for the motif to be saved.
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Once settings are adjusted, clicking “Analyze!” will search all ASOs for the set
of motifs that meet user settings. Any motif that meets these requirements will be
displayed in the Motifs box.

Additional restrictions can be placed on the set of motifs generated for
searches, utilizing linear conservation to both reduce the motif set and augment the
motif sequence used in the search. Selecting Options>Change Parameters>Change
regs. for generated motifs will bring up a window called “Set Motif requirements”.
Selecting the “Use these parameters in searches” checkbox will activate this function.
When activated, only motifs within a window that meets or exceeds user-set
requirements for minimum conservation within the window will be used for searches.
Additionally, any nucleotides within the motif window that are not perfectly
conserved will be converted to degenerate nucleotides for the search. When matches
are scored relative to this degenerate motif, those matches that only differ from the
Reference Sequence motif source at highly diverged nucleotides will get a higher

match compared to matches that differ at conserved positions.

Viewing Motifs

Selecting a motif in the Motifs box displays all matches to the reference
sequence in the currently selected ASO. Selecting one of these matches will display
the alignment of sequences to this match in the selected ASO. A separate box displays

all matches to the selected motif in all species and all ASOs. A frequency matrix of
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all matches to the selected motif is displayed for reference, along with a consensus
sequence using IUPAC degenerate nucleotides as needed.

The top box displays a conservation plot of the currently selected ASO,
ranging from 0 to 100% conservation at each nucleotide of the alignment, each pixel
representing one nucleotide of reference sequence by default. The number of
nucleotides per pixel can be adjusted by the Zoom slider. The number of consecutive
nucleotides calculated in conservation levels at each pixel can be adjusted by the Blur
slider. Matches to the currently selected motif in the displayed ASO are indicated by
color-coded vertical lines.

Auto-generated motifs may be sorted by selecting the desired sort method, then
selecting Update. Motifs and matches may also be filtered to exclude or include
motifs or matches that are deemed “conserved” based on user specifications. The
definition of “conserved” may be changed from including non-linear conservation to
only considering linear conservation.

Custom motifs can be entered using either strict or degenerate consensus
sequences, and will be saved in a separate box. The same options for auto-generated
motifs are available for custom motifs, but match restrictions are increased, while

global restrictions are reduced, by default.

Onptimizing Motifs

Custom and default motifs can be optimized automatically to find the best

degenerate motif that meets user specifications. For the selected motif, all possible
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degenerate motifs will be generated and searched, substituting a user-defined number
of N’s (x) at all possible positions of the motif, where x is “Max. degeneracy” in the
“Optimizing parameters” menu, e.g. CAATTAA, x=3 generates NNNTTAA,
NNANTAA, NNAATAA, etc.

Once the search is complete using all generated degenerate motifs, all
maximally degenerate motifs that find sufficient matches to pass requirements set in
“Optimizing parameters” are displayed in a pop-up window. The user may select one
or more of these motifs to “regenerate”, i.e. find the least degenerate motif that still
meets “Optimizing parameters”. Optimized motifs are displayed in order of
increasing degeneracy, and the user may select one or more optimized motif to be

added to the Custom Motif box by holding down Ctrl (PC) or Option (Mac).

Random Final Notes on TWINE

In addition to serving as a simple conservation-based motif search program to
identify novel motifs in multiple co-expressed and putatively co-regulated sequences,
TWINE can serve as a method to visualize the organization of motifs relative to
sequence conservation. Thus, given a set of motifs presumed to be required in a
putative cis-regulatory region, TWINE can be used as a visualization tool for
intelligent determination of likely boundaries of cis-regulatory elements based on

regions of conservation and clustered motifs.
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The current statistical and searching algorithms are simple, intuitively obvious
automations of sequence analysis techniques. A cornucopia of more accurate, robust,
and quicker algorithms exist and should be implemented ((Jones and Pevzner, 2004;
Siddharthan et al., 2005; Sinha et al., 2004) come to mind). Additionally,
customizable importing/exporting of motif and match objects would enable users to
analyze data generated from other searches in TWINE, or visualize data from TWINE

in other visualization programs such as GenePalette (Rebeiz and Posakony, 2004).
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Figure 14. TWINE main window. A screenshot of TWINE in Windows XP, after an
analysis of an alignment of D//304 and 3’ conserved regions, with several
automatically optimized motifs from the search.

a. Conservation plot displays percent conservation at each position of the Reference
Sequence to aligned homologous nucleotides of the currently selected Aligned
Sequence Object (ASO).

b. Blur slider controls the number of nucleotides of Reference Sequence conservation
to average at each point on the x-axis.

C. Zoom slider controls the resolution of the conservation plot.

d. Dropdown menu allows selection of which open ASO to display in conservation
plot box and other ASO-specific boxes such as match (f) and alignment (j) boxes.

e. Motifs box displays all motifs found in the current search, sorted alphabetically by
forward and reverse sequence.

f. Match box displays all matches to the selected motif in (e) or (i) in the currently
selected ASO. Orientation (F/R), position in Reference Sequence, percent match to
motif, Type of conservation (C=linear, A=non-linear, N=not conserved), and sequence
in which the match is found.

g. Position Weight Matrix of all matches to the selected motif in (e) or (i) in all
species, and a consensus sequence derived from the matrix.

h. All Species Match box displays all matches to the selected motif in all species, in
all ASOs.

I. User-defined motifs contain optimized motifs and manually-inputted motifs.
Multiple colors can be selected to differentiate motifs, and individual motifs can be
hidden from display in (@) by using the checkbox. Pressing the “s”, “c”, or “X” will
allow motif settings to be changed, the motif to be copied, or deleted, respectively.

J. Alignment of currently selected ASO, adjusted so that the left-most part of the
viewed alignment is the selected motif from (e) or (i), or any position selected from
the conservation plot in (a).
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Appendix B

Alignments and Annotations of

Cis-regulatory elements and Drosophila orthologs
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DII304 and adjacent conserved sequences

|--DI1304 Start--—>

Dmel 1 GAATTCCCA~AACT~GGTGGAG~~~~~ TG~GCTATCGG~ATCGGTCTGTCAAAATGG~TG
Dsim 1 GAATTCCCA~AACT~GGTGGAG~~~~~ TGGGCTATCGG~ATCGGTCTGTGAAAG~GG~TG
Dyak 1 GAATGCCCA~AAGT~GCTGCATGGATGTG~GCTATCGG~TTTTTG~~~~~~ AAAGGG~TG
Dana 1

Dpse 1 GAATACCCT~ACGC~AGGCGGG~~~~~ GA~GTTGGGGA~GCATCATCTGGGACTGAC~TG
Dper 1 GAATACCCTTACGCCAGGCCGG~~~AGGAGGTTGCGGAAGCATCATCTGGGACTGACCTG
Dwil 1

Dhyd 1

Dmoj 1 TCTATTCCAGT~TTTGTTGAAAGTTTTTTT~TT
Dvir 1 = ~~~~~~~ AAGCTTATTTTAGGAATGTAAT~TGCTTGGA~TTAAGCGCAAGTTTAGTT~GG
Dimm 1 GGGCCACTTTTGCCGCCACGCAAACACGCCATGGAACG~AGTCTGTTAGATTTTTGT~TT
Dgri 1

Sleb 1 = ~~~~~~ ATCTCAATTAATATNTACTATAAGTTAAACAA~TTCACTCCCAGAGGGGTC~AT
Dmel 51  TA~TTTGCA~GGTACAGTGTTTCATTTCCGCAC~~AAAAACTGAGTTTG~~~~~~ ATAAG
Dsim 51  TA~TCTGCA~GGTACAGTGTTTCATTTCCGCACAGAAAATGCGAGTTGG~~~~~~ ATAAA
Dyak 50  TA~CCTGCT~GGTACAGTGTTCCATTTCCGCACAA

Dana 1 TCCAATTTCCGATCCATAT

Dpse 51  GC~TGGGAC~ACTTGGGCCGAATGGAAAGGTTG~~TAAAA~~~~~~ GTAGGTGAGTGGGA

Dper 58 GCCTGGGACCACCTGGGCCGAATGGAAAGTATGGATCATCGTCACTGTAGGTGGATTGGG
Dwil 1

Dhyd 1

Dmoj 32  TT~AAAAAT~TAAGAACATTTTTAGATTATTTATATGTAAATATTTTAA~~~~~~ TGAAG
Dvir 50  ~T~CTATTT~ATTTTTCTATTTATATTATGCTA~~ATCGAAATTGTCTT~~~~~~ AAACT
Dimm 59  GG~CTCTGC~GACTATTTCTATTCGTAAACTGGTCTGAGTATTAGACAG~~~~~~ ATTCA
Dgri 1

Sleb 53  CG~AGCTGA~ATTCGTAGGTCTCTTGAATTCGTACGTGATTTGTGAAAT~~~~~~ TGTAA
Dmel 101 TAAGGCTAGTTTTACTAATTTCTTCAAACCG~~TCTA~~~~~~~~~~~ TAACATCCACAC
Dsim 103 TAAGGCTAGTCTTACTAATTTGTACATATGTGATCTA~~~~~~~~~~~ TACCATCCACAC
Dyak 82  ~AAAGCGAGTTTTACTAATTTCTGTATATCCAGAATATATTAATACCCTACCAGCTACAC
Dana 19  ~~~~~~~~~ TTTTTCAAATTTTTGTGGGAAAATCAAAGATTCTCATTTGTGCCCCTTGGG

Dpse 101 A
Dper 118 A

Dwil 1
Dhyd 1
Dmoj 84  TTTAAACTGTAAATAAGAAAATGTAATATTTTTAATCCAATTTAGAAAAAGAAATCAATG
Dvir 100 AAGATCGAAAATCTCTTAAAATTAGACGAAA~~AGTC~~~~~~~~~ TTACGTTAAGAACT
Dimm 111 TAGTCGTATTCGTAGTCGTATTCGTTTTCGT~~ATTC~~~~~~~~~~~ GTTTCCGTTTCA
Dgri 1

Sleb 105 AAGATTGCCAATTCCTAAACGAAAGTCCTACTGCAAATAAGGCTTTTAAAAATTAACAGA
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Dmel 148 CGAATTTCGCCTTATGGCTTAAGGTCGTCGAAGGTGCTCGAAATACCCGCAAATGGACAT
Dsim 152 CGAATATCGCCTTATGGCTGT~~~~~~~~~ AAAGTGCTCAAAATACCCGCAAATGGACAT
Dyak 142 CGAATATCGCCTTATGGCTTAAGGTCGAGGAAGGTGCTCGAAATACCCGTAAGTGGGCAT
Dana 71  GTAGTTATATCTCGGCCAATTCCTGCCCGATTCTTGGGCGGAATACCC~TAAAC~GGTTT

Dpse 101 CGAAAAATGACAAAATGGAACT
Dper 118 ACAAAAAATGCCAAAATGGAACT
Dwil 1 AAGGTGGTTAATATACCAGTTAATAGATTT
Dhyd 1

Dmoj 144 AAATCTAAAACAAAAAACTTGAGTAAAATTAACTGCAAAATTCTAGTAAATTCAAAAAGT
Dvir 149 TATTTGGAAAACTGATTTAATACAGGCAAAATATATTTTGAGTTTGACTTTTCCTTGAATG
Dimm 158 GAGACGCCAACATGGCGACACA
Dgri 1
Sleb 165 AAATGAAAAAGATGGTCTTTAAGAGTGTCCAAACATATTATCAACAGAGTGTGACCTTTT

Dmel 208 GTGGAGAGAGGAGC
Dsim 203 GTGGAGAGAGGAGC
Dyak 202 GTGGAGAGAGGAGC
Dana 129 GTGGATCGATTCCTCATCGATTTCCATCAAAACCTCAACACAAATTT
Dpse 124 GAGGATATATTAGAGCCCAAACTACAGTTTATTAAAGGTCT GAC
Dper 142 GAGGATATCTACAGAAGGTCTAACCAATATCTCCACGACTGAAAACGTCCCAGCAGA~~~
Dwil 31  AAATATAAAAAGAATTTCTTCATGTATGATAATCCCAACAAGAGATAATCTGCAATTGCC
Dhyd 1
Dmoj 204 CTTTGCTTTACATAATATAAATATACAATAAATTTTCTCTAAGTGTA
Dvir 209 CTTATTTTAAAAAATCCTTGTCGGGCGTCTCTTTTTCTCGCTGTGTA
Dimm 179
Dgri 1

Sleb 225 AAACTTACACCCCTTTTTATTGAAGTGTACGCCAGGTACAGCAACTA

Dmel 221

Dsim 216

Dyak 215

Dana 175 ~~~TTGGGACGAAATTTGAAGAGGATATTGAGAATATTGAGAGGATACCTTAAACGCTTT
Dpse 168 CAATGATATATCTACAGAAGATATATCAAATGATATACATAGACGCATCTAAAAGGGTCT
Dper 198 ATCAAATGATATACATAGACGCATCTAAAAGGGTCT
Dwil 91 TATTCATGAATAACAACTTATGAATATATGTATTCAGATTCACATTAAAGAAAGACTATT
Dhyd 1

Dmoj 250 ~~~GCTACGCTTTTGCGTGTTTTTAGTCAGAGAACTT~~~GGGCCG~~CAGTTG~~~GTG
Dvir 255 ~~~GCTTTGGTTTTGCGTG~~TTTGGTCAGAGAACTTCTTGGGCCA~~CACTTG~~~GTG
Dimm 179 TTTGGCTTGCGTGCCTTAGAACTT~~~GGCCAATGCTCTTGTCTGTG
Dgri 1

Sleb 271 ~~~AGCGCGGAAAGTGAATTGAGTGAGAGGCTGGGCTAAAAGTGTATCAAAGCCATTTTT
Dmel 221

Dsim 216

Dyak 215

Dana 233 CTAGATCGAGCCCCCATCGATCTGCCCCATTGAACTTTGACACAATTTTCGCCAGAAAAC
Dpse 228 AAGTGTAAGAGAAACACAACGTTAAAAAGATCAGAATGTAAACAGATAAAAGATAACCGT
Dper 235 AAGTGTAAGAGAAACACAAAGTTAAACAGATCAGAATGTTATCAGATAAAAGATAACCGT
Dwil 151 GAAAAATCATAAATCTGTTGATTTGGATTTTTTAGCAAGTTTTTTTCTCTCTTTATGTGG

Dhyd 1

Dmoj 300 GCTTT~~GGCTATGACATAAGTGC~~~~~ TTAGAGC

Dvir 306 GCTG~~~GGCTATGACATAAGTGC~~~~~ TTAGAGC

Dimm 224 GCTTTTTGCCTATGACATAAGTGTCTGATTTGGAGTCGACACAA
Dgri 1

Sleb 329 ATATACATACATAGTATACGAGTATGTTGTATACCCACATGTTTGCGTTTCCGTTTCAAA
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Dmel 221
Dsim 216
Dyak 215
Dana 293 CTATAACCTATTTTTGAACACCTATTTTGTTTCGGATCCGATCCTGTTGAAAAATCTGAA
Dpse 288 CTTAGGCAGGAATAAGTTAGTTAAAGATGTACAGAATTTGCATATTCGATTGGTTGAATA
Dper 295 CTTAGGCAGGAACAAGTAAGTTAAAGATGTACAGAATT GGTTGAATA
Dwil 211 TTTTGTGATATTTCTTGGTATATAGATAGATAGCTGAAACAAAATGTGA~~~~~~~~~~~
Dhyd 1

Dmoj 328
Dvir 333
Dimm 267
Dgri 1

Sleb 389 AAACCCTTTTCAGGCGCTCGTATCATACACTAGACGCCATAATGGCGTGGCGACATTTTG

Dmel 221
Dsim 216
Dyak 215
Dana 353 AATACCCCTTAATCAGCGCGTAGACTGGACTTAGCAATGAACAATGGGGAACTCTGCGGC
Dpse 348 GTTTACTGAGGGCAGAAAGGAAGATTCAACCTCATTTTGAGAGTATGAAAATCCTCTTTA
Dper 342 GTTTACTGAGAGCAGAAAGGAAGATTCAACCTCATTCTGAGAGTATGAAAATCCTCTTTA
Dwil 259
Dhyd 1

Dmoj 328
Dvir 333
Dimm 267
Dgri 1

Sleb 449 TTGTCATGCGAGTGCTTGTGTGTGGCAAGATTTTATAATAATACGCAGTTTTTGACTTGA

Dmel 221
Dsim 216
Dyak 215
Dana 412
Dpse 408 AAATAGTTTAAAATATCTTAAAGTATCTGGAAATTTTGGATGAGGAAAATCTTAACGGGG
Dper 402 AAATATCTTAAAGTATCT~~~~~~~~~~ GGAAATTTTGGATGAGGAAAATCTTAACGGGG
Dwil 259
Dhyd 1

Dmoj 328
Dvir 333
Dimm 267
Dgri 1

Sleb 509 CTTTGGCAGCTTTAGGTTCTCGTCTTGGCTTGCGTGTTGCTCATCAGAGTAATGGCAAAG

Dmel 221 ~~~~~~~~~~~~ TGGGAGCCAACGCCTTCTGCCTATCTGCCGCAGAACAGGCGAGAACGG
Dsim 216 ~~~~~~~~~~~~ TGGGAGCCAACGCCTTCTGCCTGTCTGCCGCAGAACAGGCCAGAACGG
Dyak 215 ~~~~~~~~~~~~ TGGGAGCCAACGCC~~~~~ CTCGTCTGAGA~~~~ATTCACAGAAGCGG
Dana 412 ~~~~~~~~~~~~ TGGGAGCCAACGCC~TCTGTCTGGTGGTAAG~GAAACAGCACTAAA~~
Dpse 468 AGCCCTTGATGTTGGGAGCCAACGCCT~~~~~ CTGTCTG~~GCAGAAACAATAGATCGTC
Dper 452 AGCCCTTGATGTTGGGAGCCAACGCCT~~~~~ CTGTCTG~~GCAGAAACAATAGATCGTC
Dwil 259
Dhyd 1

Dmoj 328
Dvir 333
Dimm 267
Dgri 1

Sleb 569 TGAAATAGACATGACATAAGATCTGTTCAAAATCGTATGCATGATCTTCTCACACACACA




Dmel
Dsim
Dyak
Dana
Dpse
Dper
Dwill
Dhyd
Dmoj
Dvir
Dimm
Dgri
Sleb

Dmel
Dsim
Dyak
Dana
Dpse
Dper
Dwil
Dhyd
Dmoj
Dvir
Dimm
Dgri
Sleb

Dmel
Dsim
Dyak
Dana
Dpse
Dper
Dwil
Dhyd
Dmoj
Dvir
Dimm
Dgri
Sleb

270
265
255
456
521
505
260

328
333
267

629

317
312
302
494
580
564
301

374
379
312
23

688

317
312
302
494
580
564
301

434
429
338

728
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|--D11304Min start——>

ACAAAGGAG~~~~~~~~~~~~ ®CAATGGGATTALC
ACAAAGGAG~~~~~~~~~~~~ ®CAATGGGATTALIC
ACAAAAGAG~~~~~~~~~~~~ ®CAATGGGATTALIC

O®CAATGGGATTALC
CAGCCGCAATCCCATTCCCATTCCGATTCCCAYRICA O®CAATGGGATTALC
CAGCCGCAATCCCATTCCCATTCCGATTCCCATTC ®CAATGGGATTARC
ACAAAAGATGCT ®CAATGGGATTAQC

CACACAAAAGCGGCTC T O®CAATGGGATTA
CACACAAAAGCGGCTC OCAATGGGATTALCUATCee
OCAATGGGATTAICUHATGEL
CAGGTGTACAGAAAAGATACAAAAGAGTCTGINRIGT ®CAATGGGATTACHATGES®

CACACAAAAGCGGCTC@T HCAATGGGATTA

CAGCACACAGACACACGAGCACACACAAACTCAAACACACACAATCATGCATACCCATGT
CAACACACACACACACGCAGATACACACACATACACACACTCGTAGAGAGC~~~~~~~~~
~~~~~~~~~ CAGACACGC AGAGAGACTTTCATAA
CACCACACACACACACACACGCACACACATATATTTATATATATATATATATAGACAATC
CCGCAGCTTGTCATACGCCACTCGCACTATCACTAGCAC
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Dmel 348 AA~CCCACACACAGG
Dsim 343 AA~CCCACACACAGG
Dyak 333 AA~CCCACACACAGGCACAGCGCACAACGACAAAGC~CAG~oenv.yrele
Dana 525 AA~CCCACACACAGCTA
Dpse 611 AAACCCACA
Dper 595 AAACCCACA
Dwil 332 AA~CCAAGGACCATTGTGGCCAAAGAGA

Dhyd 28 AAACGGCCG~ACAG~C AGGG~~~CA~~{0INAV N REI® ~ ~~~~~~ AGGA
Dmoj 492 AAACGGTCG~ACAG CAGGATIAM.Y:y [0~ ~~~~~~ AGGA
Dvir 471 AAACGGCCA~ACAGGCG AGG AG~~GIHV N[O~~~ ~~~~~~~~
Dimm 395 AAACGCAGCAGGAG~C AGGACACAGA~-MAYNIEC~~~~~~~ G~~~
Dgri 133 AA CAG~CIeiV N Rel®~ ~~~~~~~~~~
Sleb 776 AAACACTGGCGAAGG ACACACAAATGGGAGGACAAAAAGCGC
Motif B Hox-like
Dmel 380 ~~~ANGAYNeRIeRIT GGG OANCT Y NECTNCI0AVANOPAV-V:VNe G C T CLAYAYYRIGUGGAAL®~~~~~~~
Dsim 375 ~~~ALNGAYNeRIeR]IT GGG oI NECTNC{07-VAN09AV-V:VNe G C T CLAYAYYRIGUGGAAL[®~~~~~~~
Dyak 378 ~~~ALGLVACRNCHITCEGCC AL NICIACIOVVSLYVYNE G CTCAYYYRIALUGCAAE®~~~~~~~
Dana 561 ~~~ANGAYNeRECRNT GGG TN NECTACIOT VNS VVVNEG T TCAYAVAARIGLIG TAAL[®~~~~~~~
Dpse 639 ~~~ALLVACRICHITCEACOACLYNICIACIOVVLYV YN T T CIANLYYRIALUGGAAE®~~~~~~~
Dper 623 ~~~ANGAVACIICHITCEACOANNICTNCIoVVASVAVVE G T TCLYPAYIRIALUGGAAE®~~~~~~~
Dwil 358 ~~~ANGAYNeRLeR]TAGAAGNTYNECTNCIOVNWVV:VNECACTAYAYYRIGU TAAAL®~~~~~~~
Dhyd 60 TAG GAGAG~~
Dmoj 522 TAG GAGAG~~
Dvir 499 TAG~~~~~~~~~~
Dimm 428 CAGT[¢]@~~~~~~~
Dgri 145 TAG CTCTTAA
Sleb 818 TCGA~~~~~~~~~
BTD
Dmel 430 GAGAGCGG~~~~~~
Dsim 425 GAGAGCGG~~~~~~
Dyak 428 GAGAGCGA~~~~~~
Dana 611 GAGGGCGAGAGCGA
Dpse 689 CGAGACCGGGGCGAG
Dper 673 CGAGACCGGGGCGAG
Dwil 408 CTGIN®CCTCCCTATCTCACTGTGTGTGTGTATG
Dhyd 117 GACIN®ATTC~GTG~~~~CAACAGGCCAAAGGCA
Dmoj 579 TTTCCTG~~~~CAACAGGCCAAAGGCA
Dvir 547 GACIN®ATTC~GTG~~~~CAACATTC~~~~~~~~
Dimm 480 CGCTGCA
Dgri 204 GACIN®AGCCACAAATCTGTAGGTGTGGCTGCCA
Sleb 868 TGTGAGGG
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..BTD
Dmel 457 ~~~~~~ GGATGAGGACGAGTCCAG~GGGACTGC~~~CGGTCCTTCGTTGTTCTCCATGG~
Dsim 452 ~~~~~~ GGATGAGGACGAGGCCAG~GG~ACTGC~~~CGGTCCTTCGTTATGGTCCATGG~
Dyak 455 ~~~~~~ GGATGAGGATAGTC GGTCCTTCGTTATGGTCTATGGT
Dana 645 TTGCG~GTTGAAGGGAAAAGGACAAAGACTAG
Dpse 728 GACGA~GGATGTGGACGAGGGACGAGGGACTGT~~~AGCAACC~~~~~~~~ CTCGCTGG~
Dper 712 GACGA~GGATGTGGACGAGGGACGAGGGACTGT~~~AGCAACC~~~~~~~~ CTCGCTGG~

Dwil 452 TGTGTGTGTGTGTGGGTTTGGTCACAGGTCATA
Dhyd 156 ACAGG~GGGCGAACCACAAATCCTGCCAAGC~~~TGTAGGTGTGGCTGCCAGCCAACGGG
Dmoj 616 ACATGTGGGCGAACCACAAATCCAGCCAAGCACCAATAGGTGTGGCTGCCAGCCAACAAT
Dvir 574 ~~~GG~AGGCGAACCACAAAACCCGACAGGC~~~TGTAGGTGTGCCCGATGG~~~~~~~~
Dimm 508 ACAGA~AGGCGAGTCCGAG~TCC~GA~AAGT~~~TGTAGGTGTGGCTGATG~~~~~~~~~
Dgri 248 GCAACAATGTACTCTATCTCAGTATCTCTTTCTCTCTCTCGCTCTCTCTTTCACTCATGC

Sleb 904 AAGGAACACTGAGTCCG TGTAGGTGTGGCCATCCAGACTTATC
Dmel 507 CAT~GGTACTCGGTAAT GTAG

Dsim 501 CAT~GGTACTCGGTAGT GTAG

Dyak 493 T~~~GGTCTA~~~TAGTTGGTA GTAG

Dana 675 G

Dpse 775 CAGAGGTTTGTTCGGGG TTAGGGCCAA~~~~~~~~~~
Dper 759 CAGAGGTTTGTTCGGGG TTAGGGCCAA~~~~~~~~~~
Dwil 484

Dhyd 212 C~~~~CAACAATGCCAC TCGCATGTCCTTTTCCTTGC
Dmoj 676 C~~~~CAACAATGCGCC~~~~~ TCTTATGTCCTTTGGCTTTCTTTCTTTCTTT~CTTTCT
Dvir 619 ~~~~~ CAACAATGCCCG TTTTGTTCGTTTATCAATTC
Dimm 551 ~~~~~ CAACAATGCCGC AATAGGATCGCGGCTAGAGG

Dgri 308 TCTCGCAGTCCGTTCCTTTGTGGACCAA
Sleb 947 CAAGATACGAGTATAGGCGA

Dmel 526 GGCTGCTGACCAGGCIIAYKELG~T
Dsim 520 GGCTGCTGACCAGGCLLAYNERG~T
Dyak 512 GTCTGCTGGCCAGGCLIAYERG~T
Dana 676 GTCTGTTGGCCTGGCAEAG~T
Dpse 801 GGCAGTTGGCCAGGCHAUEIAG~T
Dper 785 GGCAGTTGGCCAGGCRAUEIAG~T
Dwil 484 GGTCACHAYAMIEIAGAG
Dhyd 245 TTTCTTTCT~TTCCATTTCCAATGCTATTTTATTTT QI TAATGAE{en)
Dmoj 726 TTTCTTCCACTTCCAATTCCATTTCTATTTTATTTT I TAATGAea)
Dvir 652 TTTTGCGCTGCG CCAG~CLIAYIEAGCT
Dimm 584 CTAGTGGCAACCTCTTGTTCCATGGCCT ETAATGAE 1)

Dgri 335 CLEYAUEIACCG
Sleb 966 AGGCLIYAMIEIAGCA
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Motif B
Dmel 550 G G OCCam AAACAAACCATAAA
Dsim 544 G G ®GCamAAACAAACCATAAA
Dyak 536 G G 06/ Ca AAACAAACCATAAA
Dana 700 G G CCEA~~YNNFVYXAFNY.YG T TAGCCCAAATCCTGEA
Dpse 825 G G (66 GCARAAACAAACCATAAA
Dper 809 G G (66GCARAAACAAACCATAAA
Dwil 500 TAGAGGAGATGGCATA~~~~~~~ ACEAR-IYVNSF VYA YVICCATAAAATTCCATCABA
Dhyd 290 G (NGCAAAAACAAACCATAAA
Dmoj 772 G (NGCAAAAACAAACCATAAA
Dvir 678 G (NGCAAAAACAAACCATAAA
Dimm 622 GCCGCTGCT~G (IGCAAAAACAAACCATAAA
Dgri 346 ACAG CEALYYA - — Y VNNV VIACATG TAAAAAGGTGEC
Sleb 980 GAGGTCGCTTG~~~~~~~~~~~ oG e AAAARCAAACCATAAL
Dmel 570 TGCC GATTTCGTGCGG~~T~CCA~~~~~~~
Dsim 564 TGCC GATTTCGTGCGG~~T~CCA~~~~~~~
Dyak 556 TGCC GATTTCGTGCGG~~T~CCA~~~~~~~
Dana 737 CGCC GATTT
Dpse 846 CCATTGGAAATCTTGCACA TTGATTTCATGCCC~~T~CCGACTTT~~
Dper 830 CCATTGGAAATCTTGCACA TTGATTTCATGCCC~~T~CCGACTTT~~
Dwil 552 TT
Dhyd 311 AATTATCT AAAA~TGT~~~~~~~~~~ TGCCACAT~~TG
Dmoj 793 AATTATCT AAAA~TGT~~~~~~~~~~ TGCCACAT~~TG
Dvir 699 AATTGTCCGAACATTTT~~~~~ GTGGCCACAATGGTGTCTAACCAAAATGCCACATGCTG
Dimm 652 CTGGAATCGAATAAAGAAAAAGGTG~CCACAATTGATTTCATGCGGC~TGCCAC~~~~~~
Dgri 384 ACATTGCATCTCATGCAA CCT
Sleb 1010 AATGTG~CCGCTTC~GATTTCATTTTCATGCAATCTGTTGT
Dmel 589 GCCT
Dsim 583 GCCT
Dyak 575 GCCT
Dana 745
Dpse 887
Dper 871
Dwil 553
Dhyd 336 TT GCCG CCle]elele CAACT~~TTCCTTTGTGGCC~ACCTACAA
Dmoj 818 TTGAATGCATGCAACATGCCGC~CGCCEeleCAACT~~TTCCTTTGTGGCC~ACCTACAA
Dvir 754 T GCCGAT~~~C[e[eleleCGACT~~TTCTTTTGAGCCC~ACCTACAA
Dimm 703 GE]eeleCAACT~~TTGCTTTGAGCCC~ACCTACAA
Dgri 404 GCTG~~~~CGe]oleleCAAAGA~TTCTTTTGAGCCCACCTACAAC
Sleb 1050 GTGGGACTCT Gl TGAAT~~TTTCTTTGAGGCCCACCTACAA
Dmel 618 LRECIAONO TTGGTCAAGATCTAGGA~~~TACCCA~~TT
Dsim 612 LREEIA®NO T TGGCCAAGATCTAGGA~~~TACCCA~~TT
Dyak 604 LREEIA®NO T TGGCCAAGATCTAGGA~TCTAGGATCGCC
Dana 768 LECIA®NO T TGGCTCGATGAGGCCT~ATGGGCTATGAG
Dpse 914 LIRICAWNSCCTCCTTTTGGGTCAGA~TTTTCCCATTTT
Dper 898 LRICAWNSCCTCCTTTTGGGTCAGAATTTTCCCATTTT

Dwil 583 GTGGCCACCAACACAATCGTTG~IMEIAMNSTTGTTGAGATTGCATTGTACTATTCAGGTA
Dhyd 374 CGCTGCGCTC~TTGTTGCTGCTCIREIAYNOTTGGT

Dmoj 874 CGCTCC GTTGREAWNSTTGGT
Dvir 792 CGC GCTOIMEAWN® T TGCTGCTGCCGCCGCG~TCCTGCG~~~TT
Dimm 735 CGTA TCTTCIRIAMAO TTGTTGCAGCCGTGG

Dgri 443 GTCTG LA T TGTGGCAGGCAGCCCAGCTAACTCA~~~~
Sleb 1092 CGCTGTTGTTGTTGTTGCCGCTCIREIA®A®TCTTCCGCAGCGGTTCGA~GGTAAAGGCCAT
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Dmel 651 CCACTAGGCA T~GGANERENIE TCCG
Dsim 645 CCACCAGACA T~GGAINRRINIE TTCG
Dyak 641 GATCGCCCCATTCCCATCCACTCGCAGT~GGAINRRENIETCCG
Dana 805 AGGCCCGAACTTATCCAATC~~~~~~~ T~CCAINRRINIETTCG
Dpse 951 CCCCGTAACA AAAGAINRRINIETTCG
Dper 936 CCCCGTCGCCTCT GAINBRINIETTCG
Dwil 642 TATATATATACGTATATAT~~~~~~~~m~~m AGINRRENEE TTGG
Dhyd 407 CA AGINRBENFECCCCA~CTCCAC~~~~~~~~~
Dmoj 895 CA AGINRRENIECCCCA~CTCCACCAACACCAA
Dvir 832 CCT GA ACINRRENEECGCTCACTCCCCCCCCCCA~~
Dimm 765 CA AGINRRINIECCCCA
Dgri 480 AGINRRENEECCCCCAAA
Sleb 1151 TGCAC AGINRRENEETTCG
Hox/EXD
HTH
Dmel 675 WEGACAGTTTTATINS
Dsim 669 BEGACAGTTTTATINGS
Dyak 682 CEGACAGTTTTATINGS
Dana 839 eGACAGTTTTATIN
Dpse 976 CeGACAGTTTTATINE
Dper 961 CeGACAGTTTTATING
Dwil 673 HEGACAGTTTTATE
Dhyd 429 ~~~~CGAAAAAAAAACINENREICG-ONINRYYYNIONRI-CCCECCONINARRRYNIAGA
Dmoj 927 ACAACGAAAAA~~TATINENREICCEONINRYYYNIONRI-CACECCONINIRRRINIAGA
Dvir 864 EGACAGTTTTATINEE
Dimm 781 GACAGTTTTATINGN
Dgri 497 BEGACAGTTTTATIEEE
Sleb 1168 BEGACAGTTTTATINEE
<-DI1304Min-|
Dmel 721 TGGTATTGGA GGAGGGAGGATG~~~~GAGGAT
Dsim 715 GGGTATTGGA GGAGGGAGGACG~~~~G~~~~~
Dyak 728 GGGAC GGGAGAAGGGGATTGGGATGGG
Dana 885 GAGGGAACCGTGCTGGGGAAAACTATTCGGGGAAGCTATGTGGGGAA
Dpse 1022 GG AGGGAATC~~~~~~ GAGGAG
Dper 1007 GG AGGGAATC~~~~~~ GAGGAG
Dwil 720 AACGTTACCAATGATTAGATAGGGGTTTA GAT
Dhyd 484 GGCGGCGGCGGCAGCGGCGGGCGT~GGAGGATG~~~~GCTAGCTGGT
Dmoj 984 GGCGGCGGGCGTACAGGTCGATGCAACGGCAAGGGGCAACGAGCCGG
Dvir 910 GGCAACA~~~GCAGGGGCACAGCTAGGAG~~TG~~~~GGAG~~~~~~
Dimm 827 GACATTGTGGCT GGAGCAACCAGAGGAGCGGAGA
Dgri 542 GGTGGCGGCAACGGCAGCGGTCGCTGGTTCTAAGCGGGAATCTCTAC

Sleb 1214 GG
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Dmel 760 GGTGGATGGTGGATGGAGGGAGGCT~~~~~~~~ TCGTGCTGGGGAAGGGGATGGG~~~~~
Dsim 748 TGGAGGGAGGGT~~~~~~~~ TCGTGCTGGGGAAGGGGATGGG~~~~~
Dyak 766 A AAGGGGAAGGGGATA GGGGCTGG~~~~~
Dana 944 ACAATGAGCACCACCCGGAGGTTCTCCTGCAGCAGATAGCTCCGTGAGGTCCGGGTCCGG
Dpse 1049 T TCGTG~TGTT~~~GGGGGTAAAA~~~~
Dper 1034 T TCGTG~TGTT~~~GGGGGTAAAA~~~~
Dwil 766 GGAATGTGAGGGATGCGGGGAGGGC~~~~~~~~ GAAAGGTGGGGAAAGGGGCACAGATTT
Dhyd 537 TGCTGCAACGGGTC~GGGGGCATTGGTAGGGG~~~CTGCTGCGATCTAAGCGGGCAGCGCT
Dmoj 1042 GT~~~~~~ CGGTTC~GGGGGCATGGGTAAGGG~~~CTGCTGGATCTAAGAGAGCATCTGT
Dvir 952 ~~~~~~~~ CGGGGCCGGGGGCAGGGGCCGGGGTTGCTGCTGGATCTAAGCGAGCTGCG~~
Dimm 872 GA GGGTAGCTGCTGGATCTAAACGGGAATGGCC

Dgri 602 TATAGCCTATAATAGCTATAACTGTGGCCTCCGTGTAGGAGTTGAACAATGCCCGTT~~~
Sleb 1226

Dmel 806 ~~~~~~~~~ CTATCTA~~~~~ ACAGTGACCTCAG

Dsim 782 ~~~~~~~~~ CTATCAA~~~~~ ACAGTGACCTCAG

Dyak 789 ~~~~~~~~~ CTATCTA~~~~~ ACAGTGACCTCAGCCCCCGCTGAACCCACGAG~~~~~~~
Dana 1004 GCAAATAGCACGAAC

Dpse 1069 ~~~~~~~~~ CTATCTA~~~~~ ACAATGACCTCTCCCTCTCTGGGCTCTCT~~~TCCCCTC
Dper 1054 ~~~~~~~~~ CTATCTA~~~~~ ACAATGACCTCTCCCTCTCTGGGCTCTCT~~~TCCCCCC
Dwil 818 CCACATGAAAATCTAACAAAAGCCTTTGCCG

Dhyd 593 GACTCTGACTCTGTCGGC~~~~~~~~~ GACTGTGG~CCTCCGTGTGGGCG~~~CTGAACA
Dmoj 1092 GACTCTGACTC TGTGGCACTCCGTGTGGGCGCCTCTGAACA
Dvir 1002 ~ACTTTGGCTC TG~G~~CCTCCGTGTGGGCG~~~CCGAACA
Dimm 905 AGCAATGGGCTATGAATTTACAACTGTGAGTGTG~CCCTCCGTGTGGCAG~~~CCAAACA
Dgri 658

Sleb 1226 TCATAGGCGGGAGGCAGCGAGACAGCGAGACAGCGATCCAACA
Dmel 826 ~~~~~~~ CCCCC~~GCTGAATC~~CACGAGTEGEALY. A mIE[EA

Dsim 802 ~~~~~~~ CCCCC~~GCTGAACC~~CACGAGTGGG”AAATTGGA

Dyak 828 C GGGAAAATTGGA

Dana 1018 GIAGEAAATTGGE
Dpse 1113 CCCCCCCCCCCC~~GCACTTCCAGCACGAATGAGCAAATTGGA
Dper 1098 CCCCCCCCCCCCCCGCACTTCCAGCACGAATEAECEY:VNRIEEA

Dwil 848 ACGACTEACCLV-VNRIEIEAG~~GGGCAAAAAAATGA
Dhyd 640 ATGCCCGTT GRGEAART TGGA

Dmoj 1133 ATGCCCGTT AARTTGG

Dvir 1037 ATGCCCGTT GIAGEAART T GGE[EL

Dimm 961 ATGCCTGTT GAGC“~TTGGAA

Dgri 658 GEAART TGGERRAYA
Sleb 1270 ATGCC AGCEAECIY-TRIEIEA
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<--DI11304 End--|
Hox-like

AATTGACA Motif B AATTGACA

Dmel GOA-NRENICOA RPN RETNFN - TTTGTTGCTGCTC

Dsim GOLY ARRNICOARVVCIOLVNRIECO-~TTCCGTTGCTGCTC

Dyak GO NRRICOAR POV NREe O~ TTTGTTGCTGCTT

Dana G RRRIC RICI YN R NI - TTTGTGATTTGTG

Dpse GOANRRRECCCIVAVA VN RITXON -~ TTTGTTGCCGCTG

Dper GOANRRRICICCIVAVA VN RITIN - TTTGTTGCCGCTG

Dwi l ECAATTTEGCTTAAGCAATTGACA

Dhyd AAAARIGTCAATTA ECAATTTRGCTTAAGCAATTGACAINRRICIRECOTNcioaay

Dmoj AAAAAGTCAATTA AN RN~ CIHARVYNCIOVNREEON T TTTGTTGTTGTTG

Dvir AAAAGTCAATTA GOV R - ANV NRITNIA T TTTTT~ACTCTTA

Dimm AiGTCAATTA GOAN NI~ ARV VN RETNINATTTCT T ~~~~~~~

Dgri A GOANREI~ ORI VN RIS T TTTGTTTGTTTGT

Sleb GOA. RN COARYA LV N RN TATTGTAGTAGCCC

Dmel 912 TG TTGTTTGTTGTGALRKEYA

Dsim 888 TG TTGTTTGTTGTG

Dyak 895 TG TTGCGTTGTTTGTTGTG

Dana 1084 CTGTGTTGCT GTTTTGTTAGTGALRKE®A

Dpse 1207 TGGCTGTTCGCTTTGTTGTT TGCTGCTTGTTGCGANKEI®:

Dper 1194 TGGCTGTGGCTCTGACTGTTCGCTTTGTT~~~~~~~~ GTTTGCTGCTTGTTGCG

Dwil 939 TTTTATTTTTTCCATT GTTGTTGTTGCTATTTTCTG

Dhyd 710 TGTTGT~~~~AGCTGGNLSI®A

Dmoj 1207 T AGCTGGALYA

Dvir 1112 TTGTTGTTGTTGTTGCTTTT~~~~~~~~~~~ GTTGTTGTTGTTGTTGT~TGCTCGRL®A

Dimm 1027 GTTGCTGTTGC~TATTG

Dgri 727 TGTTGTTGTTGCTCGTTGCCCGTTGCCCG

Sleb 1342 ATGTTGTTGTT GTTGTTGTTTC~AGTTTTTTAAC~~|Le{®A
MATAYTTGSGMAAWTAAAT

Dmel 932

Dsim 908

Dyak 920

Dana 1112

Dpse 1247

Dper 1246

Dwil 981

Dhyd 728

Dmoj 1219

Dvir 1160

Dimm 1049

Dgri 761

Sleb 1379



Dmel
Dsim
Dsec
Dyak
Dere
Dpse
Dper
Dana
Dvir
Dmoj
Dgri

Dmel
Dsim
Dsec
Dyak
Dere
Dpse
Dper
Dana
Dvir
Dmoj
Dgri

Dmel
Dsim
Dsec
Dyak
Dere
Dpse
Dper
Dana
Dvir
Dmoj
Dgri

Dmel
Dsim
Dsec
Dyak
Dere
Dpse
Dper
Dana
Dvir
Dmoj
Dgri

RPRRRRRRRRRPR

29
49
49
30
49
37
48
29
49
49
35

76
91
100
76
95
86
97
74
89
99
87

115
130
139
115
134
135
146
127
113
149
136
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Ddc-.47

att caaaa~~ccctgtttcga~~~~jisEla eI tga~
ttttttctttggggagccc~~~~gacaaaaa~~ccctgttacga~~~~{sjuekleaderz tga~
tt caaaaaatcgc~tgcccggtgtgacisElaestga~

agctcatgtgg~~~~~~ tg~~~~gattcaaat~cgctgccggtgtgacsyukle et tga~
agaaaatc tga~
~~~~at~ctct~tgtcttgcctgaggaaa~~~~cccca~cgcagcge~ LeItgag
~~~atcgc~ctctgt~tagtttgaggaat~~~~ccccatcacaacg~g c~ag
t ttaggaaa~~~~cccca~tgcaacat~{fjuelase:taag
ETS
———————— ETS ETS

|--DdCAL-=> cmmmmmmmee e
-§icctgacgagatcgctctcttt~~~~~ ccacaaattcgagt~~~~~~ t
-{wicctgtcgagatttttttt~~~~~~~~~tttaaatttgagt~~~~~~

~~~tidasfeEEYmig t tttattta~~ctg~ttaaaaa~~~ac~tgga~ttatacgcaagct
cgctiflsfeEEYRictttt~ttaatgcttcttaaaaatcaacct~aatt~at~~~tatgc~

gggaagc acgtgagtagaattcaaaatgttttgcttgct

gggaagc acgtgagcagcattcaaaatgtttggcttggt
gggaagc acgtgagcagcattcaaaatgttttgcttggt
gagatgc acgtgagcagaattcaaaacattccgctttgt
gggaagc acgtgagcagaattcaaactgattcactaggt
gggaa~~~cg~gcge~~~~~ ttggaggatcgtgcgcagaattcaaaccattctgagagg~
gggaa~~~cg~gcge~~~~~ ttggaggatcgtgcgcagaattcaaaccattctgagagg~
tggagaaacaagatcaggcttcgcacgaacgtgagaagaattcttcac~~~~~ gatcgg~
~~~~~ agtta~agagctg~~~-g tt—g at~t~~-att~-t~c~~~

aattcagtct~tgagctt-~~~gactgaaatatatt~c~tctcatcttgcata~cgcag~
~a~t~cgctatag~ccttcaaaga~-t~tattgt~ttacatttcgtatt~~attgc~ccg~

| --DdcA2-->
gttttaaatatca~ctaggt~tctcaa~acta~atttc~~aaa~aataa~~~tcaaatta
gttttaaatataa~ctaggt~tcacac~acta~agctt-~aaa~aataa~~~taaaatta
gtttaaaatatca~ctaggt~tcacac~acta~agctt~~aaa~aataa~~~taaaatta

gcttttagtc~aatc~agaaatatca~~a~~t~attttataat~agt~~~~~ ttaatttt
ggttttggtctttgcgatgt-aa~tatta~taca~tgt-~aaacaagaaatttcaa~~~t
tctttcaa~~ttttaaatgggc t ac
tctttcaa~~ttttaaatgggc t ac

gt-ttt-atggttttaagtttacaatttttttttttttac
tat~~tgcacttta~tgcgaaaatgaaacgacgcgtgca
gtgtaatgcactttg~tgtgaaaatgaca~g~cgtgtgca
tttaaatgcactcacat~cg~~aatgacg~t~~~cg~gcc
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agttcacagag~ctggcaa~ataaaat~~~~~~~~~~~~ gtaatagcttgcatgtatgta
agcttacagag~ctggcaa~ataaaatatatttttaaatgtaatagcttgcatgtat~~~
agcttacagag~ctggcaa~ataaaatatatttttaaatgtaatagcttgcatgtatg~~
aatcaactttg~ctggcaa~ataaaa

atttta~aaatact~ttaatat-agct~~aggcttaaatctt~~~~~~~~~ aag~attcc
~tatt~—~~~~ aattaa~—~—~—~~~~~~~ ttatt aata taa ttgta~~~
~tatt~—~—~~~ aattaa~—~—~~~~~~~~ ttatt aata taa ttgta~~~
atgttttctgatttaagaaatgtattttaatttaaaaaacgagtaaaaaaagttaaaaag
aaatatcaaacaaca ttgc~-~~gctt~-~~gtcaacaaatacaatttaatatatat
aaaaaaaaaaaaaaaattatttttttggttt~-~~gttagc~a~~a~aa~gtac~atttaa
aaatatcaaacaata~~~~attgtgttgtcaacagattga~a~ta~aa~~taa~atttaa

t~atatatatatttttttaaattctaaataaatccatggaaaataaagcctttgatatcc
~~~~ttatatattttttt~aattataaataaatccatggaaaataatgccttcgatatcc
t~atttatatattttttaaaattataagtaaatccatggaaaataatgccttcgatatcc
~~~~~ tatatattttt gtggaaa~~~~~~tctccgatatcc
tgagatgta~ataactggaa~~~-~ aaataagcc~~~~gaaa~~aatcccgcggatatcc
~~~~~~ t~-taatttattgg~~-~~att~-~~ttat-tggaaagaaaaa
~~~~~~ t~-taatttattgg~~-~~att~-~~ttat~~ggaaagaaaaa
aaaaggtataaattattgttaatattattttaaatagcaagagattattataagactata
atatatataaat~~a~~cacacac~acctgca~agtgt-~ttattt~at~~tacaaatta
at-~~tat~~at~~g~~cacac~cga~~ggcacact~t~gttattttatagtacaaatta

ata~~~aaaaatgcagacacacac~acctgtt-a~t~taattattt-at~~aacaaattt

agt
agt

agt

agt

agt

~~~~~~ gtttccataaactt~-~ct~taga~~~~~~~~tctgccca

~~~~~~ gtttccataaactt~-~ct~taga~~~~~~~~tctgtcca
agtactgtttccttgtagttatctctaaaaactctaatctgtaaggagagattaggatta
att tccacagtt

att tattcaatt

aatgcttctacattctacattcagtt

tt tagtt cgtca
tt tagtt cgtca
tatgtgtttgaaacatcctatcactccttaggtaaaatccttctttggtctagcgataag

00

<--DdcAl--]
Dmel 165
Dsim 180
Dsec 189
Dyak 162
Dere 185
Dpse 158
Dper 169
Dana 166
Dvir 150
Dmoj 187
Dgri 169
Dmel 211
Dsim 234
Dsec 245
Dyak 185
Dere 230
Dpse 185
Dper 196
Dana 226
Dvir 199
Dmoj 238
Dgri 219
Dmel 270
Dsim 290
Dsec 304
Dyak 216
Dere 278
Dpse 216
Dper 226
Dana 286
Dvir 248
Dmoj 284
Dgri 269
Dmel 272
Dsim 292
Dsec 306
Dyak 218
Dere 280
Dpse 244
Dper 254
Dana 346
Dvir 259
Dmoj 295

Dgri

294




Dmel
Dsim
Dsec
Dyak
Dere
Dpse
Dper
Dana
Dvir
Dmoj
Dgri

Dmel
Dsim
Dsec
Dyak
Dere
Dpse
Dper
Dana
Dvir
Dmoj
Dgri

Dmel
Dsim
Dsec
Dyak
Dere
Dpse
Dper
Dana
Dvir
Dmoj
Dgri

Dmel
Dsim
Dsec
Dyak
Dere
Dpse
Dper
Dana
Dvir
Dmoj
Dgri

272
292
306
218
280
258
268
406
259
295
294

272
292
306
218
280
301
311
464
259
295
294

272
292
306
218
280
320
330
523
259
295
294

272
292
306
218
280
345
355
583
259
295
294
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g~tag~~~~~~~~~~~ c~ttccaaga~-acataattcaaga~tc~gagctgtcccagctc~
g~-tag~~~~~~~~~~~ c~ttccaaga~acataattcaaga~tc~gagctgtcccagctc~
gatagaataagattctcatt~ttagctacctaagtcaagactttgaaaaat~ataaatca

tgaaccattccat~—~~~~~~~~~ tcagag~g
tgaaccattcaat~~~~~~~~~~ tcagag~g
t~ttcccttcaaaaagaaatagatcagagagccagagattgttaaaattatataaaaaag

ggtcttctt acagctttgactggg
ggtcttctt acagctttgactggg
tatttgtttttaaaggtcttaattaataaaaagagaagggcataatttcaaatcaatagg

cccgagtttaatgtcctgce
cccgagtttaatgtcctgce
taattatacataaaaatattaaacaacatgatgtaacaattatctctctttatttattca




Dmel
Dsim
Dsec
Dyak
Dere
Dpse
Dper
Dana
Dvir
Dmoj
Dgri

Dmel
Dsim
Dsec
Dyak
Dere
Dpse
Dper
Dana
Dvir
Dmoj
Dgri

Dmel
Dsim
Dsec
Dyak
Dere
Dpse
Dper
Dana
Dvir
Dmoj
Dgri

Dmel
Dsim
Dsec
Dyak
Dere
Dpse
Dper
Dana
Dvir
Dmoj
Dgri

272
292
306
218
280
363
373
643
259
295
294

301
321
335
247
309
391
401
701
276
315
322

331
340
364
287
349
421
431
761
286
332
340

336
341
370
297
359
456
466
820
286
332
340
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<--DdcA2--] |--DdcA3-->
tactgattcagcgccca~~attaatgcatg
tactgattcagcgctca~~atcaatgcatg
tactgattcagcgccca~~attaatgcatg
tactgattcagacccca~~atcaatgcatg
tactgattcagcccgca~~attaatgcatg
ta~ctgagaca~cgcgca~aattaatgcatg
ta~ctgagtca~cgcgca~aattaatgcatg
gataattataataaaatatattaacaaaagatctgtattag~aagctcaact~ttacttg

tcagttcagcga~~~~~~~~ t~~~gagc
tcagttcagcgt~~~~~~~~ tt~tgaga
tcagtttagcgaatgggcattgattaga
ttccaaaaaagt~~gtcaaaaaac~~~~~~ gtgcacaaa
ttccaaaaaagt~~gtcaaaaa
ttgcaaaaaagt~~gtcaaaaaat~~~~~~ gtgcacaa

ttccgaaaaagt~~acaaaataaactctccgtgcagaacgtgce
tttcgaaaaagtaaggaacaaa~~ctaaccgtgcagaacgtgc

~ttccaaaat~~~~~~ aaca~accaaaaa~~~at ca c c~ag~~
~ttccaaaat~~~~~~ aaca~accaaaaa~~~at ca c c~ag~~
ctttaaaaatgttttaaagatataaaaaagatattgtttgccaattcaggttgtcgagtc
~~~~Ccga~~~~~ gggtagc
tttgcgatt~gagggaagc
~ttgcgagtcgagtgtaac
tcaaa
g
a~tcaag
ataag~tcaac
acaaa~tcaaa
aagagc~g c aa~~taacaaa~tcaaag~~a~gaatcgcaca-a
aagagc~g c aa~~taacaaa~tcaaag~~a~gaatcgcaca~a

actctcagattaattgaacttccaaaaaagtaacaaaatcaccgctaagaa~cgcacaca

~~~cgagagctgaatttgtttttacgacagcggctgcgattcgaagttcagcggetgegg
~~~cgagtccagaatgtgtttttacgacagcgactgctatttgaagttcagcggctgegg
~~~cgagtgcagaatgtgtttttacgactgcggctgcgattcgaagttcagcggetgegg
~~~cgggtgcgggatgtatt~~~~~~ aaaaatacattctcagtccgccgattgagattga
~~~cgggtggagaatgt atttttacataccgccg
aca~~agttgagaatgttgcagtccggagccacggccgagegget
aca~~agttgagaatgttgcagtccggagccacggccgagegget
a~atcag~tgaaaatgatccgaaatccgagcaagtgcagaatttatttttaaaaaacagc




Dmel
Dsim
Dsec
Dyak
Dere
Dpse
Dper
Dana
Dvir
Dmoj
Dgri

Dmel
Dsim
Dsec
Dyak
Dere
Dpse
Dper
Dana
Dvir
Dmoj
Dgri

Dmel
Dsim
Dsec
Dyak
Dere
Dpse
Dper
Dana
Dvir
Dmoj
Dgri

394
399
428
349
391
498
508
878
286
332
340

415
420
449
371
417
535
545
912
315
361
383

439
444
473
395
441
558
568
922
352
409
438
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TTK
GRH
<--DdcA3--] = ———m——-
act gcgat gaaccggtcctgc
act gagat gaaccggtcctgc
act gagat gaaccggtcctgc
aat~-~~~tgagat~~~~~~~~ gaaccggtcctgcg
actgagatgagat~~~~~~~~ gaaccggtcctgcg

CEEles] el isle L tgggccgtacccgtgeccgatg~~
CEElee[el elaisle t tgggccgtacccgtgeccgatg~~
caaaaccgaagttcagcggtgcelt:lelelsle) deles tsle
=lslejigaaccggtcctgcielslegslers ctcg
sEleigaaccggtcctgcelsleg deler:t ctcg
aggtisEEleesj vt seleggctactctgagagctcggageteg

~~~~~~~~~~ ggaattggcagcgctgctggacgg
~~~~~~~~~~ ggaattggcagcgctgctgggcgg
~~~~~~~~~~ ggaataggcagcgctgctgggcegg
~~~~~~~~~~ ggaattggcagcgctgctgggcgg
~~~~~~~~~~ ggaattggcagcgctgctgggcgg
~~~~~~ cggtggctgtgggct-getgetgg
~~~~~~ cggtggctgtgggct~gctgctgg

gaaatgccga
aagCcte~~~~~~~~~~~~ gctgctc~g~~cagc~acgcagctccaa~cgaggcgc~~~~~
cagctc~~~~~~~ acaaagct~cacag~~~agcgaggcggagcgaatcgaggcgag~gcg

gagctcgcacgactcacagct~cactgctca~ccactcgcagc~tctc~a~tctggtgceg

TATAAAA
e Ctttaaaaglele:luslsicC
e Ctttaaaagele:tuslsicC
S Ctttaaaaglelettslsicc
S CtttaaaageleEitslsicc
S Ctttaaaageleitslsicc
U Ctttaaaagdeutelsicc
aaJCtttaaaageleaislsicc
e Ctttaaaageleuelslsicc
s igctttaaaag/esleesleccle
EYigctttaaaagsjieaiscclel
ati[gaaEEEc tttggldeg

Blgagcgggcagege
Zgagcgggcagege
Zlgagcgggcagcege
Zlgagcgagcagcge
Zlcagcgagcagcge
Zlgtgcgagcagegce
Zgtgcgagcagcege
Zlgagcgagcagcge
agtgcgaccagcactcagttggctaac
lacgacgagcagcac
gcgacgagcagcactcagttggctaac
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pleSubBMin

ata~~~aactgaaaaa~~~caaac
ata~~~aactgaaaaa~~~caaac
ata~~~aactgaaaaa~~~caaac
aca~~~aactgaaaaa~~~caaactgaaagaaa
ata~~~aactgaaaaa~~~caaaccga~~~~~~
atc~~~aagagaaaagg~gaaaatcaaan~~~-~
atcga caaac
acca~aaacaaaattcacaaagccc~~~~~~~~
ggcgcaaac~aaaaaaaaa~tcac~~~~~~~~~
atca~aaac~aaaaaatcaccacccaacgatgt

agaaaaaacaaacaaaaaatg~~tccaaaacc~~aaaaca~-a

aaaaaactgg~cataaaaca~~~~~~~~~ aacc~~aaaaca~a
aaaaaaactgg~cataaaaca aaca-a
ctaaaaaaaaaac~aaacaaaaaatgg~cataaaaca~~~~~~~~~ aacc~~aaaaca~a
~~~~~ aaaaaaggcaaacaaaaaatgg~cataaaaca~~~~~~~~~aacc~—-aaaaca-a
~~~~~ nnnngggcaaaatgtag~-tag~-ataaaaaa~~~~~ccataaccagaaaacaaa
~~~~~ aaaaaatcata~~~~~-~agtgg~~~~-—aataagccaatctaaacc~aa~-aaca-a
aaaagacaaatcaaaaaa~~~~~~~~~~~ caaaaaagaaaaga

agg agtaaag~~~~~~~~~ aaacccaaaaact~-~

~~~~~ ccaaaggc~-~aaatcaaaata~~~ataaa cacaaacaaa

aca~~~~aaat~~~acgaaa
aca~~~~aaat~~~acgaaa
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149
142
137
177
162
192
160
156
159
160

172
165
165
200
189
252
166
170
173
161

219
211
213
246
235
298
208
214
226
207

245
237
240
272
261
353
261
238
253
233
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~~~~~~~~~~ ataaaa~~~~acacagcatc agttag
~~~~~~~~~~ ataaaa~~~~acacagcatc agttag
atat aaacagcatc atgtggtagattca-~
~~~~~~~~~~ ataaaa~~~~acacagcatc aggcag
~~~~~~~~~~ ataaaaacacacacagcatc aggcag
atgtacggagagatacagatacagatacagatacagttgcagataccagcccagctatag
aaaag
aaaaca aagctaa
aaaacaaa gctaa
GRH

slagt

slagt

slagt

slagt

slagt

slagt

slagt

ag

tgggcatatcgaatta
catttgtgagattgtctgggtttat{sek
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289
281
285
314
303
395
309
258
275
266

324
316
320
343
352
433
344
278
298
302

353
345
349
371
381
483
395
301
326
330

383
375
379
405
423
538
425
340
359
362
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tatcatcgtcaagtggtgg aag tggactcccctttt~~~~~
tattatcgccaagtggtgg atg tggactcccccttt~~~~~
tattatcgccaagtggtgg aat tggactcccccttt~~~~~
tatcatcgccaagtga tggactcccccttt~~~~~
tatcatcgccaagtggtgaaggtggacgtggatg~~~~~~~ tggactccccctttgg~~~
catcagcgtgttgtgtgga~~~~~~~~~ ttggag~—~~~~~~ tggagtcccccgeg~~~~~
catcatcgcaaattggtgg act~ccccctcggaatc
tatca aattccccccccattc~——~~~
tgtc catttagcattctgatcgac~~~~
tgtgagttggtg ttttccatacaacacaccacgcccc~~~~
Hox
cgacagctcat~cgccgtgga~~~~~~~~~~~ ataata~~-ct
cgacagctcat~cgccgtgga~~~~~~~~~~~ ataata~~~ct
cgacacctcat~cgccgtgga~~~~~~~~~~~ ataata~~~ct
cgacagctcat~cg~aatgga~~~~~~~~~~~ atagca~~~ct
cgacagctcat~cgccatgga~~~~~~~~~~~ ataaca~~~cc
~~~~~~~~ atcgcactctgacagctcat~ccacatgga~cactccgctccggttgtggct
tgaacgta~ccgatcccggccagctcaggccccttgge~~~~~ cagctc~~~atcgatct
~~~~~~~~~~~~ atattgacgggctctga cagcg
~~~~~~~~~~~~ tgacggacggactgattgactgattgaa
acccaaccatccagttgga~~~~~~~~~~~~ cagttaac~
agccga [ axelsalittgggaaagcaazlacetCase
agccga [ u s alittgggaaagcaaziaciet Casd
agtgga
agccga
agccga
~~ccgattgtggctcctattgtggctccgat~tggggc
ggccgg
cacagctgaaactt
ag

Hox Hox EXD Hox

slaatgattgle
slaatgattgle
Zlaatgattge
Zlaatgattgy)
Zlaatgattge
zlaagattge
Zlaatgattge
slaatgattgle
Zlaatgattge
faueleatattatacaataattagczEEEEY EEEEEEs aatgattgly

legtaattaa
egtaattaa
egtaattaa
jigtaattaa
ligtaattaa
ligtaattaa
Lligtaattaa
lrgtaattaa
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425
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454
472
587
474
389
411
422

477
470
465
499
517
624
519
429
460
455

520
507
492
550
550
637
550
463
482
483

570
557
542
600
600
683
609
509
526
525
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Blc[Wccgtagaatgtagctecg
slciisiccgtagaatgtagctcg

ctagaatg gagtaaaaaatacaaaaaaaaaa acaaaa
ctagaatg gagtaaaaaatac~~~~~ aacaacgEEEEa~taaa
gagtaaaaaatac~~~~~~~~ ga a~taaa
tcattatcgcttagattgtcgggta~~~~~~~~ cctaccct~gtacggczEEEEacaaaa
ctagagtggagtaa ctaaca~~~aatgaacgEEEE~~~~~ a
aatgga Q~~~~~

at agaatggaaaaaaataaaaatEEEEE-~~tac
gtagtagt agtagtagcagctgtaatgggaEEEEt-~~~~~
ctcgctatgtaatggcazEEEtl~~~~~~

Hox Hox
mitaattgtatttatta
mitaattgtatttatta
itaattgtatttatta
rtaattgtatttatta
rtaattgtatttatta
eitaattgta
eitaattgta
imrtaattgtas
imrtaattgts
lmrtaattgtas

~~~~~~~~ catacaaagcattgcca
~~~~~~~~ catacaaaagact~~~~
ctatttc~~gattcatacaaagcattgcca
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593
579
636
638
725
650
561
573
583

628
616
602
657
663
738
663
620
595
617

665
653
640
694
700
775
699
653
628
671

~ccccCt~—~~~~~~~ aggaagt
~ccceCt~~~~~~~~ aggaagt
~ccceCt~~~~~~~~ aggaagt
~CCCCC~~~~m~~~~m aggaagt
~ccceCt~~~~~~~~ aggaagt

aggaagt

aggaagt
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gccg gtaca
~~~~~~~~~~~ gccg~~~~ggtaca
gccg tctaca
gccg gtaca
~~~~~~~~~~~ gcag~~tcagtaca
ggagtc~
gcggtc~

cagcccttgcagctca~gcatattaaagactacgcaaagaaaataaaaaaaaaaagacag

tagcccttgca

C cCCC~~~~~~~m~~~~ ag
C CCCC~~~~~~~m~m~ ag
C CCCC~~~~~~~m~m~ gac
C CCCC~~~~~~mm~m~~ ag
C CCCC~~~~~m~mr~~ ag
c Tt~ tg
C ttttcc~~~~~~~~~ aa
C tgcca~~~~~~~~~ gaa
taa~~~~~~~~~~~~ aa
C tgcttagtaacacagaa

gctgg

gctgt

gctgg

gctgg

gctgg

gctgg

gctgg
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163
184
226
96
64
64
47
241
123
241
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kkvl

caacaaaggattgaagggaaatatatgc~~~~~~~ tctgc~-~gaatgaattaa~~ata~t
cagcaacggattggcgggaaatacttggccttagatcgac~~gaatgaattat~~tta~t
tttatatggtcggaaacgcttccttctgcctgttacatacfiittcaacgaatctagtafia

CAATTTCCCTTTAGAAATGCCATTGGTGGGGGGAAGTTTTRITGGGACCCGCCCCGCTRA

tcaataagcttttatttcgttggatttaaactattaggaa[fitgaatcatctctcgtafic

tcactygrttaggzlgatac
tcacttyttgg .ggtacatttgttaagitgt
1ic

ccctttpiactctglcgagtaacgggtatagitaatcttccecctifigatttaaaggtatftaa

AATAAAEAAAAAHTTTTTTTTTTTATAAHTTTCATTTTCCCTEGTGTCTGGGGGCGETAG
ct
accttgfigaagtflggcgttagtgaaatgflaaaagcaaagtgaficcaatattttggtfcaa

g taaactaatttttctgtgcacatataaggctatgtatgcgtttaalt
a taaacgaatctttctgtgcacagatacggctgtgtatccgttcgalt
acaatatattgcataaactgatttttctgtgcacccataaaggtaagtatccgtccg
taaactgatttttctgtgcaccgatgaaggtatgtatccgeccg

TGATCAATTATCCAAGTGAAGGGTAATGGAATGCCTAATTCTTATGGCTCTGAACAC
gattcattatgactcgcaacataaaattcatttacaaatttcagcaatatatttctgc
tatatttccacacgcaaaatacatatatacaaactacatacatacatatgtggctta

gttttggctttgcggctcagcttagtcagaag~~~~~~~~~~~~ ccaccatagaaggcga
gttttggtcttgctgctcagcttagtcagaag~—~~~~~~~~~~~ ccgccaaagaaggcega
attttggttttgcgctccagcataatcagaag~~~~~~~~~~~~ cc~~~aaggaaggcaa
gttttggttttgctggccagcttagtcagaag~~~~~~~~~~~~ ccgccaaagaaggcga

gttttggggttttttttcttgtgtttggcttchagactcgttacccgccaaagaaggcaa
gtttttgggttttttttcttgtgtttggttcclagactcgttacccgccaaagaaggcaa
g~~tttaggttttgaggc~taagtctg~~t t~g ccgccaaagaaggtaa
ATTCATAATAAACATTTGAGCAATATATATG;ETTTCAAACTGTTGAGTTGTGCATTGCG

gcaaagtacatagagtaaatacatacacaaatglcaaatatactgtagtatatatgtcatg
tatgatttgtgccccaagaaggcgagcgataaglattaaaagccactcaagcaagcacacg

acaattaaaagctgcgctgcgcggaaaggtagccaga
acaattaaaagctgcgctgcgcggaaaggcagccaga
acaattaaaacttgcgctgcgcggactgccagccag~~
acaattaaaacctac cagccaggc
acaattaaaacccgcgctccaccaacaggcagc~aag
acaattaaaacccgcgctccaccaacagacagc~aag
acaattaaaagctgcgctaaaccaactgccagc~cag
ATTCAAAGCAACGACTTAAATGCCGCACAGTCCAGCA
cccaagaaggcaaatcaaatggcttacagcccaacacagaacgaatgcatgEtEEE s ael:
acgtgtgtatgctt Wlaaaaagtga

ZlgacagaagcaadfEEEERLNE
gacagaagcagazEEEEI)uel:
Zlcac~~~a~CCYaEEEEE It

At ~~~ e aaaaagtga
At ~~~ e aaaaagtga
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223
244
280
135
113
113
105
301
183
265

268
289
325
180
169
170
153
331
229
295

319
340
374
229
219
220
197
385
255
355

335
356
390
242
244
245
221
428
304
403

391
412
438
298
301
302
280
460
336
435
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FiRigctg~{gue~ctt
slaigttg~{ie~ctt~~~gaa
gttg~gis~ctt~~~gga

gcca-~

e CARCAACH
~~~eElgleEleco e weg
aglcaack)

taaagtggcgca
taamoe tggcgea
tggggletggcgca

&~~~ aaccga agc a
& ~~~~ aaccga agc a

ggcclecgccag!
&~~~ agtcgc agc a
(&~ ~~~~ cgaaccggcccagacctg g
o ~~~~ cgaaccggcccaggcctg ggccElcgecal)
~~~~~~ c~aatcg aacc ggccglcgecals)

~INAT®EAACCAATCGAACCAAACGTGT

S aazICgEEIdeEE He el EEN sy acCgacccacccagccaaaccggcec
~zElcelcacaaatcgaaccaatacg

GRH
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412
433
450
319
331
332
302
505
396
477

464
486
482
351
364
365
316
565
456
524

508
515
511
380
391
392
343
588
485
563

558
565
561
430
447
448
383
616
511
587

608
615
611
480
478
479
421
656
561
634
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cagctgcctactgc~~~~~~~~ tattgccgatcgccgatcgectggttgctagttgetga
ceagctgcctactgcctgctgctattgccgatcgeccgatcactg~~~~~~~ gttgctgat
ceagctgcctactac~~~~~~~ tcttgccgatcgeccgatt
ceagctgcctactgc~~~~~~~ tattgccgatcgacgatt

geagcagctgccggactgctgccggactgctgct
geagcagctgccggactgctgccggactgetget
ceagctgctgattgc
GOTGTCCGGCTGTCCGGCAGTCCGACAACTGAGTCCAACTTGTATTATAAGCGTTGCTAA
gecggacagccagcaacagcaacagcagctgccgcagcaactgcgtecgacttgtatcat
getcttggccaacaacaaaactgcagcggccaagactcgtatcatgag~~~~~~~~~~~~

cggcgllaca
cggcglelaca
cggcglelaca
cggcglelaca
cggtglelcca
cggtglelcca
tggtgllacag

aagccagcgaactgcg
aagccagcgagctgeg
aagccagcgaggtacg
aagccagcgagctgeg
aaagcagccgcctcttggeca
aaagcagccacctcttggccglale
aaa
GGAACAGTGAGCGACTTGAggggTA

agg
agg
agg
agg
agg
agg
agg
CAC
aac

agg

ggaacaataagcgacttta
aaatgc~~gatcgacttgaag

~~glitgleaa~tlggaagcaa~~gccgg~aacgg~~~-~
~~Elitgleaa~tggaagcaa~~gccgg~aacgg~~~-~
eEgElit~~aagt~gaa~aaattgcaggcaaagttaag

Lece AAA‘CATGCCCAAAEATAAAA~~~~GATAAAAGT~AGCA
~~~~~~~~~~ ofefeExa te|cle/cEEEla/eENigclecaaa~caatgactgcgataatggccagea

~~~~~~~~~~ a~~~~|¥s|Cle|cEEElalE g clecaaaf§aatgacaaataatggcagcagtaa

c~~gggtgaattgg~~~tgg~~tgacatggacaagacggjgcaagttttggagtggcgat
c~~gggtgaattgg~~~tgg~~tgacatggccaagacgglegcaagttttggagtggcgat
c~~gagtgaa~t~~~~~ tgg~~tgacatggccaagtcgglelacaagttttggagtggagat
c~~gagtgaa~t~~~~~ tgg~~tgacatggccaagacgglelgcaagttttggggtggggat
~~~~aacgaagcgaca~tgg~~tgacatggctgagatggljgaaggcaggctctg~at~~~
~~~~aacgaagcgaca-tgg~~tgacatggctgagatggfjgaaggcaggctctg~at~~~
ccggaacgaa~ctacaatgg~~tgacatagccaagatg~~~~tggcaggctctggaggag
ACAAATGCTGTCAGAATAGTGIACATAGGAAGGTAATATGEACTAAACCGGATTATACAAT
atgaatatgatcagaacggtgilacatggcagggcagcatiatctagctgcgatcaatgtg

atgtggccagaatgccgccatigaaaggcaatatgaaccilaacgggtattaaatggctta
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661
668
661
530
528
529
474
716
621
694

699
706
697
566
586
575
515
776
673
746

759
766
753
622
620
609
543
836
673
746

815
822
809
678
677
666
564
889
673
746

856
863
850
719
717
706
599
889
673
746
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c cggggagggacaaccatgggtgtgtgggttcaatgcg
c cggggagggacaaccatgggtgtgtgggttcaatgcg
c cggggagggacatccatgggtgtg~~ggttcaaagcg
c cgggaaggggcatccatcggtgtg~~ggttcgaggcg
tcggtggcacggtagcaaggggtcgggcaggggtt~ccatgggtgtgggttcagatc~ac
tcggtggcacggta~~~~~~~~~~~~ gcaggggtt~ccatgggtgtgggttcagatc~ac
t~ggagggac~~t~ggaatgggt~~~g-tggag~~~ccagtggt~~~~~~~ cag~tccac

TGTTTTAAAGTAATTCTGAACTAAATGGAGAATAGTTCAGGTATATCGGTTTCAGGTATT
ggttcaatcaattgtgctataaatgctgtatatatttacttgtaaaatggttc~~~~~~~
accactgcaatcgaggtgtgggttcaatgggcattgactgactgaccactggt ~~~~~~~

BaccatclE t{aiatgly

cagtggtcagctggctgggglitggctcEEltcaactiiacfic
Zlgccatchk timiatgle

cagtggtcagctggctgggaptggctczEltcgagtyaciic
tagtggttagcttgctgggapitggct~~~~attgatpccyut
cagtggtcagctggctgggaptggct~~~~attggtyacpt
tggaattgaccatttaagtt atthEtiaiatgle

tggaattgaccatttaagtt atthEtigiatgle

tgg~atcggccatttaagct atthEtiiat~—~~~
TGCGCTTAACATATGGTTTTEACATATCAGAGCEAGGCHATTCT

Blecacgac~~~aga~gagccacaat
sfecacgac~~~gga~gagccacaat
sfecacaac~~~gga~gagccataat
slectcaac~~~gga~gagccacaat
sletacggccagagtggccgegetgce
sletacggccagagtggctgcgetgce

gt t~~
AGTTCAACAAACCTCAATTTCCT

gcc t

cgatccggg
cgacccggg
cgacccgga
cgccccgga
gaggggatt~~~~~~~~~~~ g
gaggggatt~—~~~~~~~~~~

R Coggagtact

0O00 M-t~

+

cccagc
cccagc
cccagt

cgatccatcttggagctiscacctagcagctagc

cgatccatcttggaggtfiicacctagcagctagd
caatccatcttggagcclc~~~~~ gca~~tagc

Zgatctttggccatacgafftattcctagaaatt
sgatctttggccatacgalgtattcctagaaatt
~~~~~~~~ caggcatttga~~~~tgtgtggaagctgc

CCCaac
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915
922
902
750
777
766
642
889
673
746

972
979
946
808
799
826
642
889
673
746

1005
1012
978
841
841
886
660
889
681
754

1026
1033
998
862
901
946
720
889
702
775

1043
1052
1047
901
961
1006
725
889
735
835
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tcga~f[qi-tggga~ga

REEttacficcgtcflafittgagcacfiggEtEE Ittt
slettacpiccgcaldapittgagcacfiggeitge t t it
tgaa~lqEtcaaaagalet tac~actcticlittaa sic
~ccafislai-ttgga~gajlet tacficcgctiapit taagctciggEtEEtt et

aactcgagleagttfiatgggflafiaaagagatiic tfafEgaafctitafiafis

catt|fslgs

ggttatcacklitttclttgtttaacaatttgcac
ggttatcacglitttcgttgtttaacaatttgcaa
agttatcacglitttc~ttgcctaacaatttgaaa
agttatcacgyutttcfttgtttaacaatttgcaa
ctacttgaccctacafEEnpteEg titcfiatggaagtitc
ctgggaattfliaaatflaaactacttgactctacagEleElle|cleEg tetcliaaggaagtEite
taglgapigatattcazgt

gagaatgt
aacgggtt

Bcattgagccgataata
Zcattgagccgataata
Zlcataca~ccgataata
Zcataaaaccgataata
scattcgactgataatt
scattcgactgataatt
scagtgagttgataatt

tutapggtelictzlitggectzEtcatepgteigeig telelrticeEt t
qutgpggtzElictEitggetEitcatcpgtElgeigasisprticeEt t
cugtytc aaglctttgzlgtggapiageicelaczlejic sttt

attEtgtttgagaatggttt

ggcglataggaagtattgccg
aatgctaflgtttg~aatg
aatgctaggtttg~attg aa
ggtggtgEgttag~agtgtctggactgaatctttaaaatacttcttttaaa~~~~~~~~~
tatgctaglg~-ttgcagtg~~~~~~~~~ tatatataaaacaccactttt~aa~~~~~~~~~

slaagctaatgaaacaaatatacaaaagcaaattcgaatttccagcfaittciaa
slaagctaatgaaacaaatatacaaaagcaaattcgaagttccagcyittczaa

ttcctt

gagaacgittgctgcatactcgagaagtattacc
acgagctgltaaaccaaaatggacgagtggtgggacccggaatgggaagtttt{giaaaitg

ataaagicelttcge:
aaaacglcglittcges

Sctattg~aaagt~~ttcagg~~~~~~~~ tttc~aaa~tattttcc
Stattttce
sltacttcac
Zlaactaaag
Zlaactaaag

.ctattg~aaaat~~ttggig ~~~~~~~~ tttc~aaa~tatttttc

Zccttttacaaaaacttaa~~~~~~~~~~ aaac~aa
Zccctttaccaaaacttaga~~~~~~~~~~ aaac~aa
Zgcaaaaactttctgagats Zlac
ZgcaaaaactttctgtgatgtataffigtiStataglac

ccagtglaglaggaz
ccagtzlazigggas

gtttafafittatfitftgttgcgccgcacagetgflagatiitclgt tagiotgflagacaage
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1089
1098
1084
939
1008
1066
725
889
735
895

1103
1112
1143
989
1068
1126
725
889
735
955

1160
1151
1175
1025
1122
1186
746
889
786
977

1206
1189
1222
1077
1165
1246
781
889
846
977

1226
1209
1242
1097
1219
1300
828
889
906
977
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~aac a aacagtc~~~aa
~aac a aaccgtc~~-aa
~taacctttatactaaaaagatgaaacattggaaafitatttaaaatgtgaa~gtttfitaa
gtaaccgctatactaaaatgatgaaacattcgaaapttt~~~~~~~~ gaa~~-gtttytaa
ttttactgatggtgtcttaaacacggaactgttatjigagaaagtcttggaccatatyictg
ttttactgatgctgtcttaaacacggaactgttatjigagaaagtcttggaccatatyictg

tcatgtgaaatgaaatggcttagtttgggcttagafiattcttgttattttgtgaacfigty

ttt
ttt

tatttctttag~aggattagttafatcaficacatttcagata~catacatfitattt
tatttctttat-aagatta agata~catacatjitattt
tattt~-tttatcaa~a~c ttct~—~—at—~atutttttzlta~
tattt-ttca~~acgaac attcagcat~~acitctttgtaa
aagaagcgaagccctctaaccac aactigtttccaattggcgtgaatt cttc~~~~~

aagaagcgaaaccctctaaccacgaactpgtttccaattggcgtgaatttjicttcciaaa
t~t c~a~~tptatt~~~att~~~~tg~att~~~ttc~~~~~

~~~~~~~~~~ ccgaaaactcaacfttatficgagaatatttcaaatattgtfitcaaaflcaa
atttgtgtcttgcagttcaataa

tat~~~t~~ittg~~~gtcagctcatfitaattta~~~~~ ca
tat~~~a~~pttg~~~gtcagctcatptaattta~~~~~ ca
t cacapt ccagctcatputtatttaattttca
cattccagclittgtatgt~~~ctcgtfitaatttaattttta
stcatttcaajigatgaatcacttaagapaatggattcaaaag
Zgcatttcaajigatgaatcacataagapaatggattcaaaag
sttaatttaap-~taaat~ac~~~agapaatgaaat~aagag

~agaaflaa~~t~taaatc
gat~tggt~~~~tgaatc

tgaatBaagtatgaaca

ttttafggctgtataagafataatccatfilaacgttcatctaaagafiagtttttaaaaatt

gttctttcaccgtttggtatc

gttctttcaccttttggtatc

gttcatacaccttttggtatc

gttctttcgccttttgggtte

aactcctaaaaat~a~tata~- agga~c Zgccctilcctectggetiicg

aactcctaaaaat~a~tata~~ ~EYiagga~c zgccctElcctectggetyicyg
t~g

~atttctaaaaatgactttaa agcctc 2~ ~~~t~~~t~ct~~~1t{i~g

cgttaataaataatgttaatatficElitaaaaafliaftfic{#aaaaafataataattcfitt

t~~ttctgfiglecE aaagagac tt~t-EEcttctfigccaacficatfi~tt~tttt-a
c~~ttctgpglecs aaaaagac tt~t~gEcttctligccaacpcat~tt~tttt-a

tflatt~t~p~~-glt~~gca~agtc~gtcitcgElagtcafigacagcpicagpcttattttga

cBocggaafitfofloERitagt taagileatfctfBgtagaficaagaafiactfiaaataaaact
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Dmel 1226 ctguitgtletgcaaactgtttyuaccg~~~t
Dsim 1209 ctgurtgtietgtaaactgtttygaccg~~~t
Dyak 1242 ctgurtgaetgttaactgttcpgactg~~~t
Dere 1097 ctclaitgtietgtaaactgttiaaaaaat

Dpse 1272 agtpicc aacimigt~~ gtt~utt~pctgurtatietgttaagcatttysaccg~~~t
Dper 1353 agtjicc aacimigt~~ gtt~utt~pctgurtgtietgttaagcatttysaccg~~~t
Dana 879 acciyi~tfla gttguttguct~rtgtletgtaaaccgcttgaccg~~~t
Dvir 889
Dmoj 966 tccliagiiasttafiiagBlcafficaaafiaaafitgt{@ictgf§ctagttgaacaaficgttcclg
Dgri 977

Dmel 1253 ~~ slaaaa~Ct~~t~~~~~~~~~~ cgacttg~~~~aagtg
Dsim 1236 ~~ Zaaaaflct~~t~~~~~~~~~~ cgactcg~~~~gagtg
Dyak 1270 BEaiacactcttgc~gEtat~~~a

Dere 1127 ~~ ~at~~cact~ctgat~~~~~~~~~~ tg~~t~~~~~~~ a~tg
Dpse 1324 ~~ a-taat tac -agaaaccac aacct cgacttgg~~~aagtg
Dper 1405 ~~ a.taat tac -agaaacagc aacct cgacttgg~~—~aagtg
Dana 933 ~~ EElta~~~tac ~tttgtcttaaaaatg
Dvir 889

Dmoj 1026 EcfiggttcaaattcfBattcBgttclagtgcagctggcttacgfitgaatgtgccttgage
Dgri 977

AFB

Dmel 1295 aapicactc~ggatttcggtaaattat~~~~~~~ tttcgacccaaetttac g ziccaaa
Dsim 1279 aapicactctgattttggtgaattcat~~~~~~~ tttcpacccaagtttg |EEtcaat
Dyak 1288 gat
Dere 1157 taaattttgc~cgt~tttcfigctctafgccg~-agc{®Rataat
Dpse 1380 ca~gcaa~aatgatatgtgactcaccaaaacatttttiigggtac aa
Dper 1461 ca~gcaa~aatgatatgtgactcaccaaaacatttttiigggtac aa
Dana 976 ca~acaa~~~~~ agctccg~~tc~~~~acacagttttygg aa
Dvir 889

Dmoj 1086 ttfiatctgccaattctactcagtgctcgcagcacaccficaacat cc
Dgri 977 accptaaaga gt

Dmel 1347 caaaaggcgttcagttgcagaaaacttgactapttttjicaataatgatgctcaagattga

Dsim 1332 taaaagtcattcaattgcagaaaacttgac~~ gtttiicaataatgatgtataagagtga

Dyak 1292 t~~aa a caggta

Dere 1197 taaaaggcattcaattgcagacaacttaaa~~|gtttEcaataatgatgtagaaggttga
g

Dpse 1424 tacaagaga~gtttttc tttcagccaattaaaaggcatt
Dper 1505 tacaagaga~gtttttc~~agttt-acaaattfittcgptttcagccaattaaaaggcatt
Dana 1006 tataattggcgttttggcctgtttgac~ga~~~~~~~~~ ctaaaccaattaaatggcatt
Dvir 889 T
Dmoj 1132 actcaagcgctgtcaattcaaaattcttaagcitgatEtttttctttttgtatattcatt
Dgri 990 tccttaaag

Dmel 1407 atcgtggtattttgfitt
Dsim 1390 atc

Dyak 1303 ~~~~~

Dere 1255 atcaaggtattttge

Dpse 1464 aaaatgcaagaattfl~~~~~~~~~~ caatg~~ctajrtgagggattieatgtgglea~cii~cg
Dper 1561 aaaatgcaagaattfl~~~~~~~~~~ caatg~~ctajrtgagggattieatgtgglea~cii~cg
Dana 1056 aaattgcaaaaaatZzZltgattjjictacattgggct~utga~~aatte®aaaaageatcugca
Dvir 891 TCGCCAACTCATTG TCCAGTCACTTATHATCTGCCATEATAATARTGTHIATG
Dmoj 1192 ttgccaactcattg tccagtctcgtatpatttaccaaegtattaecgtyuatg

Dgri 998 ~~~~~~~ ttggcttgccatc gtyata
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1423
1392
1315
1271
1510
1607
1113
951

1252
1033

1430
1399
1322
1278
1558
1655
1162
987

1293
1077

1430
1399
1322
1278
1558
1655
1162
987

1341
1134

1430
1399
1322
1278
1558
1655
1162
987

1353
1194

1430
1399
1322
1278
1558
1655
1162
987

1353
1254
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tcfiatEElactgatttgaagtgatt{giatcallg
tcpateklactgattcgaagtgattwiakicazlg
g

gz tcagtcaflgftgagit-pi~ tEEt t taaatcgaa~tcattgigEit tE-pia tlejag-~~~~~
CIAGATACACITIAAAT [TCIVAGACCTCAACCAACT

cglcatgc~~~~~~ atglaaptceElgaccccagccaacaacg sitgagt
cgcattcacBtBaatgaapacgElgacctccatttgagt letgagt

ZlactttgctcatzElcit tisEleEls|C
g tgctcatiniclet tEle:leec

cacisiarle) tttacga~~~~~~~~~~~~
caczlalspurt tielslgelelsfnictctttgcattcttcata

tttBgthcal}
Litisferlaitsigleliat tataatttcctggtgaggtttgttatttattgaaggcaacgtttctg

ggaacatcttttgttactttgttacttaacactcaatgctcataaaatttggagacgtac

aaaatcactcagactactcaatgatatagctttcataagaacataagtagaaagtcagat
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1430
1399

1322

1278

1558
1655

1162

987

1353

IRXP:Etttggcagattgcctctactctgcaaaggtttttaatcttcgggatgccaaagtgttgtt

1430
1399

1322

1278

1558
1655

1162

987
1353

IRy ttttttgataattagtatgtctcaattaaactgacggaaatcaataggaattcttggtt

1430
1399

1322

1278
1558

1655

1162

987
1353

1434

aacatcaatgattc

1430

tacgaaacttcgatacatatgtatatatgcatatatacattgttca

1399

1322

1278
1558

1655

1162

987
1354

slatctgaaacatca
1494 tg

ttaaggattttcggctctatacaatagagttatattaaggtatatt

1430
1399
1322
1278
1558
1655
1162

Bgagctt~aatatt
Zlgagctt~aatatt
Zgtgctt~aatatt
Zlgaggtt~aatatt
slgagctt~aatgtt
Slgagctt~aatgtt

gtaatgagtg
gtaatgagtg
gtaatgactg
gtaacgagtg
gttatgcgta
ggtt gttatgcgta

ggat
ggat
ggat

ggat
ggtt

Zaaactttaatgttliggtt g~ta~aagta

987

iP:NPEtagtctgttgcge

1495

ATTTGAACGGCTCG
gtttgcacaaaac
gEeElegaa~gtttgctcataac

CGCCLICE®ACTGAATTCC

2ty
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1476
1445
1368
1324
1604
1701
1206
1034
1454
1520

1482
1451
1374
1330
1609
1706
1212
1094
1454
1520

1494
1463
1386
1340
1620
1717
1222
1142
1454
1528

1554
1519
1434
1388
1655
1752
1256
1142
1454
1528

1591
1556
1471
1425
1692
1790
1291
1179
1491
1565
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AINEEENIACTGAATGCCTTTTTTGCCCATAACTAAGGACTCTCCATACAATATGCATATGT|

tcggaactggc
tcggaactggce
tcggactggce
gggactgac
atatcatcttt
atatcatcttt
at~t~gtcttt

acttcatit{RRoetttitcttrt{Eaa:
acttcatiiaes gt tt{itc~~~~{quuic
ctttaatiiadeglelgtt~~~~~~~~~~~—
acttcatityaas|gel~~~~~~~~~~~

~c~gtgc) cttgtgcacEcgtgg~

~c~gtgcpciatstscatiicgtgg~

tcagt~tycai-t~tttucgggg

R ti-ttc gggctttaatttgBlgfg~accattgat~~~
Ligtctggitatgiaie gggctttaatttgzlgleg~accattgat-—~
MIGTCTadl T T CLEEE GGGCTTTAATTTGRGE®G~CCCATTGAT~~~

figtctitgtgiaae gggctttaatttgzgle~accaattgct~~~
Lot ttgRE R Reelolle~acfigggggctttcatt
g9
g

tejweyui~cli-1ue tttgelNausle/glelslgacligggggctttcatt
gelEa RiCcinlftlag taltEyai~~Clls~~~litggggttttcgtt

TGGYTTTTACGCTATGCGT TTAATTTTTAT,
tggputtttacgcagtgcgtglaettaattcgaa

tgapittttacacaatgcgtzagtgaattcaaag

~~~~gggtttattttggg~ttttggaagacttattcatt catc ga~~tga
~~~~gggtttattttggggttttggaagacttatccatt cacc ga~~tga
~~~~GGGTTTATTTTT~GGTTTTGGAAGAATTATCCATT GACC GA~~TGA
~~~~ggttttatttt~gggttttggaagacttagccatt cacc ga~~tga
~~~~gatgactaaa~~~~~~~ ttgaaggacttattcatg~~~~aatccc~~ctga~~tga
~~~~gatgactaaa~~~~~~~ ttgaaggacttattcatg~~~~aatccc~~ctga~~tga
~~~~gatgactgta~~~-~ ttttgga~~~~~ tattgaaggaccaatccaagctcagctga
GTSETAAGCTTTGGGCTTCACCCATTACCAATTAACATTAAAGAGATAAATTATATTTTG

gtajitaaattatgggattttttttttattttttttactcattgaaatgaggtgaatcgge
tcafittaatttgggttttttttgtatacaatattattcatctctgttttctgcatgttte
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1635
1601
1515
1469
1734
1832
1338
1239
1551
1625

1672
1638
1547
1510
1771
1869
1381
1299
1611
1685

1689
1652
1562
1531
1786
1884
1403
1339
1651
1725

1738
1706
1598
1584
1833
1931
1460
1339
1651
1725

1796
1762
1649
1640
1872
1970
1520
1339
1651
1725
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gtt~gtcatgttt-~aafigacacac~ttat~ttt~~~ggtcataa~g

gtt~gtcatgttt~~aafigacacac~tttt~ttt~~~ggtctt~agg
GTT~gtcatgttc~~aapigacacac~tttt~ttt ggag C

gtt~gtcatgttt~~aapigacacacattttcttttttgg~cttca~g
gtt~gtcaaaatg~~aaptatttaacatagtta~~~~~~ tcatagtg
gtt~gtcaaaatt~~aaptatttaacatagtta~~~~~~ tcatagtg
gtt~gaaattttt~~aapgatataatatagttaatgaatcagatagc

tcataatgaagctgaacytaagttaaagtggaagaaggtttgctcaggcpgtgggzlacca

ATTATTGGATAGCTCCTTGCATATGAACGGTTTTCGCCTTTTCAACTTHACGT. AA
attgaglg

tcgcttaaataagcttgpuctttaaattgagggcttggtttttttaaag gac

cactttg
cttggag

aactt~~~~~ gga
acttt~~~~~~~~
Scattttafigcatt

cttgg~gElcattgtgliggttt
a sat~atgapttage
a sat~atgapittagce
agggagaglatcaagtpttaaa

ARTCAARAACAGTTATCAG TCTGTCCGATHTGAGC
zZlgct .ataaaaata tatg agttgaataafiaaata

;Eaaag gcctaaatg tc gtataaagtcpiaacat

atttaaaggcatttaflgg~—~—-—~ catgttaaflgflaaa~~~-fjttBtagccc~-Flcficaat
gtgacttcgaattt agtaagataagttc sgzlaaa~~~~ettztagccc~~fclicaat
g~gattttaaatct g
g~gattttgaatctg
cttgaa~attggta

cttgaa~attggtaaZlaggtgttcccccaccg-gttt~ca~~acg-t~~caa~~~~~ tta
aatgcatatt~ttaagacctctttctata~g Zgtttcatclafittta

GRH GRH
gc~aflaaacgttcs aagactagtittttaaaaacagfitcgfitcaaacc
gc~aglaaacgttcys acgacaag~~tttaaaaaaaaafitccglataaacc
gccaglaaaagat~(a tagacttg-~tttta~~~~~ aapittgzlataaacc
gc~agaa~agtacs tagactag-~ttttataaacaagttggatctacc
t~gt~—~ttcgti]s ga~g~~~~~fi~g~~tattt-~ti~gag-~gc~~t
t~gt~~~ttcgtt]s ga~g~~~~—li~g~~tattt-~t{i~gag~~gc~~t
ttgtfrttttttyy aatgataaafiagcttgtttcctiiagcgttgactt
gctttgg -ttgactttgaagttg tg~~~gtctggc~~gliac~ctctgcaafitgaat~
gctttageEttgacttiisaagttg~ptg~~~agctggc~~tac~ctcttcaagtgaat~
acgttagEttgaattjisaaattt tctEaaactggcga aafictcttcgafit-aata
cctttaglgttgactt@aca ~~~ctcttc~gpttacta
taaagtg~~a~~gaga~~~~~~~~~~ ~~~~aaa~cgtutg~~ctggtgti—~ttg~
taaagtg~~a~~gaga~~~~~~~~~~ ~~~~aaa~cgtutg~~ctgatgcp——~ttt~
taaatttEEactga~aﬂ@tttacttﬁaa ttttaatgc~tpgaflacaacagtpacttgc
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1848
1814
1708
1677
1907
2005
1578
1339
1651
1725

1898
1874
1765
1737
1926
2024
1615
1361
1651
1747

1958
1934
1820
1797
1961
2059
1659
1408
1651
1807

1985
1961
1847
1824
1981
2079
1688
1435
1651
1867

1985
1961
1847
1824
1981
2079
1688
1435
1665
1927
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acficcaaaBac EEE tcaacBlttgactatttgct
acpiccaaaegac B OEREEEELEEE: taaacE t tgactatttgca
aciccaaagac ~QEls —EEELEEEt taacEttgactatttgca
acpiccaaajeglac EREEEEEEE taaack ttgacaatttgca
~~~gttgg~~gc tg~~~~tgggg-~~-aaga
~~~gttgg~~gc tg~~~~tgggg~~~~aaga
cafigttgafgElgaflaacct Staaacfttgagccacaa~a
AW TAAACIATTGAATATTTGCG

EBagcttfataattttgtctt
Blgcettttgtttggcaacgcgccagtggaagaatgtgagcgaaattcaaatgaccaage
gEggcttttgtttggcagcgcgccactggaagaatgtgagcgaaatttaaatgagcaage
gElggcctt~~att~~cggcgcgcecaat~caaaaatgtgagcgaaatttaaatgagcaaga
gaggcttttatttggcagcgctccactcgaaaaatgtgagcgaaatttaaatgagcaagt
a ga g~~taaacagc~agatgaagaagcg~agagatac~a~ac
a ga g~-taaacagc~agatgaagaagcg~agagatac~a-ac
a gatttgtgagtaaa-atttaaatg-agaggcgca~aaatacgagaa
GHGACATTTTAGCTGAGCGCAAGAGAGACG ~~~~~ TTGTCTAAAATT~~~~~~~~ TAAAT
gfttgtaagtagtgttaatatgtctataaattatgggatgctatttttttatttactttt

tg~cgggagaaaaatcga~gagaagagacc
ta~cgggagaagaatcga~gagaagagacc
ag~tgggagaagaatcga~gagaagagacc
ag~cgggagaagaatcat~gagaagagacc
~aaagag~~~~aga~~cc~~gagc~agact
~aaagag~~~~aga~~CcCc~~gagc~agacc
gaaacagctagaaaggcgaagagccagacc
AAGAAAGACAAACAGT~A~GAGAAGAGAGC

aaataccaagttttatgctttcgaactgtoRaizle) s R e - o= 10] & R=Yey & nej Aoley K=11

alElalelajiatElaaa
attgacaaaaaaaaatcgtcataaaaaaggcgtacgaataaggcaaaa aﬁaEEE

ccaiittatflitftgtaacaatttagttfiafittcEhElatg 2tElcallaBitcfittcfia
tatygigccaglgelcactttggcagctgcpgelgcgelklcatyigeceElatlate tEaafigagpt
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1985
1961
1847
1824
1981
2079
1688
1435
1725
1987

2008
1984
1863
1840
2002
2100
1710
1435
1785
1990

2038
2014
1895
1870
2040
2138
1760
1457
1845
2010

2038
2014
1895
1870
2040
2138
1760
1517
1905
2070

2038
2014
1895
1870
2040
2138
1760
1556
1948
2122
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ficgagBlctggagcc{@igaagac
hcgag.ctggagcc gaagac
C gacttysigaggac
C gagcciaigaagac
cgagEctgtgag ccgg~t

cgagglctgtgagajmigcgg~t
Licgagglcagagaggyi~tggct

[ejaitttctatacatttcttaagcttccataaaagattijelejiazElecEEleait tiejne 14

aaac

ag tgg
ag tgg
ag tgg
ag tgg
~~~~~~~~~ toficElacafB~tgtgfittgg~~~~~~~
~~~~~~~~~ tgpicElacazE~tgtgeittgg~~~~~~~
aaflcaactcgga~ct~gagfctaagtggaggcit tiigglgcagEEtccget tgg~~~~~~~
CA

TATG~EIACGIAGC
ttftgcaaagattttfacaffitcgctgcgagaaljagfiaflagteEEtaatElgaaaklELEgC

EEElcaagzlgagazleELEt t

NGRAGACACAIAGACAGCAEGCCGACTCACTGCRTGTATATCTCCACAAAGAAAAARACIT
a .aag-gag-gig--agagagcaatcgtatttacccagcaacaagctactcag-c ae
ajs| (o] aLs

slaccetEBEICEICEgEllagtcggagaggctiigtaaatcaccatataaataagcgttza

CGTCTTGGT CPTGGC \GGCGETIH®GGClY
tctgtatctcliatgg cptggc s[tgtelggcglrtisEiggcle
agccaactctycgacglejds)doy dey g ieE M a Ko Ll ig ta ti~~~~~~~~ ggcgptisElggc

2gcgelatg

gtagacg
gtggacg

[aicgaEin g scaEE tajitttg

IIAAANRIALE CGAYAAAIITGACTEIGCACAGATTA
Liaagzla gl tagklacicaagtigcatggelt tagezEER tgccaglt tagatgglaactttt
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2063
2039
1920
1895
2065
2163
1781
1615
2007
2182

2110
2086
1977
1952
2118
2216
1832
1668
2067
2242

2152
2129
2019
1994
2159
2270
1879
1699
2079
2254

2183
2160
2050
2025
2203
2314
1926
1723
2110
2281

2230
2207
2097
2071
2256
2367
1986
1763
2150
2321
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tactcg gctgagccaggtgaaaaccctcgctaggtgacctttcccge
tactcg gtggagccaggtgaaaaccttcgccaggtgacctttctcge
tactcgt~~~aggtaatgagctgagccaggtgaaaaccgtcgtcaggtgaccttttccgce

tacttgg~~~cagtaaagagcttagccaggtgaaaaccgtcgccaggtgacctttcccge
gctat~atacgagta~~catatctacatatgtatgatctaga~gaagatcttggg~a~~t
gctat~atacgagta~~catatctacatatgtatgatctaga~gaagatcttggg~a~~t
g~~atgat~~gagccgcca~at~tgga~a~g~atgatccaggtgaaaacccacggcaggt
GGATACTTTTAGTAAG~~~~~~~ GATTTGATTTAGTGAATTTTAACCGTTGATGCCAGCA

attaaatgtcatttattccaaatgatttcatttggctcatttcacttaataacaggctta
ctctactgacattttgggcgaatttcacccatcgatattaggtgacggcatagttaacag
aggtaattc~~~~~~~~~~~~ cc~tgtflaaagcctc~~~-{8aEBlaklcc~attgcgcalsicc
gggtaattc~~~~~~~~~~~~ cc~tgtijaaagcctc~~~~¢ clacl§actgcgcealgcc
tggtaattc~~~~~~~~~~~~ ca~tgtiaaagcctt~~~~legkElazlca~actgagctisca
tcgtaattc~~~~~~~~~~~~ cc~tgtiaaagcctc~~~~¢ cc~actgtgttjica
c fit~cc~tg Zccl§cacaaagtitt
gaaaataagcgt~~~~- ttcc~tg Zcclegcacaaagtytt
gacatttcgctttggcgelit~caklitg Qe -t
ACAGCTACTCCATCTATARUAGTTIRAATETTTT
gccatagcatcga
ctctctgttaaat
cagaafltcttgglacfigactctcctctfsd
cagaagltcttgglgacpigactctcctctsc
aagaagltcttaaggcpigattctcctctisc
aagaagltatgggggcpiggttctettttsc
agc~cglg~~t ctctfic slelerlagalzlaatoleltinslac t torleky
agc~cglg~~t ctctfic slelerlagalzlaatoletinasac t tgzlekys
acctcgltgat ctccls) slelerlagalsaatgetisldeacttgfelerae
TPAGTAATGCTCTEC AAGG
~~accfltag~~~~~ aacaagtctttl] aaga
~~gccglagaa~~~~~~~~~ aatggcttlelc aagg
GRH
gaatttt~gggtg
gagattt~gggtg
g~gattttgggtg
glasic~gagattttgggtg
asEEleEgIatsIclicgg ttttt~gg~g
cggttttt~gg~g
tggttttttggtg
[TTAAAGGTGTGTT]
ttaaaggcgtctg

asEEleEEIClude tlit ttaaggtgtgc

QOO O
QQ OO *Q ~+
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RPRRRRRRRRRPRE

103
103
103
101
117
117
113
121
47

116
121

153
153
160
149
169
121
167
170
95

176
153
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msnl1.2SubB
CCACTGC~~~~CAACAGCAAGAA~~~~~~mmm ATCAGTGCACTTGCCATAAGACCGT
CAACTGC~~~~CAACAGCAAGAA~~~~~~mmm e~ ATCAGTGCACTTGCCATAAGACCGT
caactgc~~~~caacagcaagaa~~~~~~~~~~~~ atcagtgcacttgccataagaccgt
ccacagcca~~~cacagctaaaa~~~~~~~~~~~~ atcagtgcacttggcataagtccgt

ccactgcacccccacagcaaaaaaaaaaaacaaaaatcagtgcacttggcataagtccgt
TTCTGGTTCTGGTGCCCTGTCTGCCCTCTTGACAGTTTCCA~GTTGACCACGTTT~CGAG
CACTCTGTCTCGCTATCTCTCTCTCTTTCTCT~~~~~~~~ ACCCGTAGAATCAAAGCCGT
cactctctctctctctctctctctctctctctectttctctacccgtagaatcaaagecgt

atccaatcagagcatttgcccacaccccgctgtttgecttttaccgttaacagtaaa~~~~
acaaccacaatacaatacatacaaagctctcccacgggggactccacctccggagactac

TAACACGTTGCACTTGTACGTGTTCCCCGGAACCG~~CATGTGGCTAACGATCCGATCCT
TAACACGTTGCACTTGTACGTGTTCCCCGGAACCG~~CATGTGGCTAACGATCCGATCCT
taacacgttgcacttgtacgtgttccccggaaccg~~cgtgtggctaacgatccgatcct
taacacgttgcacttgtacgtgttccccggaaccg~~catgtggctaacgatcc~~tcc~
taacacgttgcacttgtacgtgttccccggaaccg~~catgtggctaacgatcc~~tcct
TCAGACTgtgcacttgtacgtgttctgtggaagca~~catgtgcccaacgcccatctgaa
TAAAACGTTGCACTTGTACGTGTTCTACAGGGAGCCACATGTGGTGTTCCTCCCTCATAA
taaaacgttgcacttgtacgtgttctacagggagccacatgtggtgttcctccctcataa
catacacacactcacacacacacacacctacacacacatgcatgca
~tgttccggattaacatacacatctacatacgacaacacacatacacacacacaccttcg
gtgttccagattcacatgtacaaccaaacctatatttttacatgtgttcatcaagctctc

ACC~CCCACCCACG~ACTCCTCCGCCACGATTCCATTCCAATTCAGCTCCT~~~~~~~~ C
CCC~CTCGCCCACG~ACTCCTCCGCCACGATTCCATTCCAATTCAGCTCCT~~~~~~~~ C
ccc~ctcacccacg~actcctccgccacgattccattccaattcagctccte~tgtectc
cccacttcgcc~~~~actcctccgcagcgattcccttccatttcagctecct~~~~~~~~ c
ccacatccccacctcactcctccgeccacaatttcattccatttcagctecct~—~~~~~~~ c
gctc

AGGTTCTTCCCGCCCCCTGGATCCACCATCCACCAGTGCCATGGAGGGAGTCG~~~~~~ G
aggttcttccc~~~~~ ctggatccaccatccactagtgccatggagggagtca~~~~~~ g
cgtaattctgttttcaat~—~~~~~~~ tccatcaaagaaaataataaaactaatt~~~~tg
actgtcgcagttcagagctttataaatccatcaaaattaagaagagaagagaattctctg
aatctacacataaaaaagttta caattctttg

AFB

TG CTGGACGACAGTTT~~~~~ GGCCAGCTTATTAAGTGCGCTACAAGCAGGCAAA
TG CTGGACGACAGTTT~~~~~ GGCCAGCTTATTAAGTGCGATACAAGCTGGCAAA
tg ctggacgacagttt~~~~~ ggccagcttattaagtgcgatacaagctggcaaa
LsElclielg tggacgacagttt~—~~~~ ggccagcttattaagtgcgataaaa~~~cgcaaa
LSk clielg tggacgacagttt~—~~~~ ggccagcttattaagtgcgataaaa~~~ggcaaa
tg ctgctggctcgatagcagaacttgaaaagaaaa~~ataccccttggecgggtta
TG CGAGAAAGAGAGAGACGGAGCCGTGGCTGGGGCTGGGGCTGGGGCTCTGATAA
tg cgagaaagagagagacggagccgtggctggggct~~~~~~~~~~~~ ctgataa
tg cgcgacgctctttgataaaaaaa~~~~accattaaaaa~gcgcagtagaaatg
LSE clieitgcgtcgectcaacgagaagcaacaacaacaattaaaaaagcgcagtagaaatg
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208
215
201
221
179
227
218
149
236
201

238
238
245
234
251
187
287
278
197
289
250

292
292
299
288
311
243
347
324
252
349
310

349
349
356
344
368
273
407
384
295
409
322

153

CA~~~AACAGCGCAGTTGGTGGAAATATCGAG
CA~~~AACAGCGCAGTTGGTGGAAATATCGAG
ca~~~aacagcgcagttggtggaaatatcgag
caacacacagcgcagttggtttaaaaatcgag
ca~~~ttcagcgcagttggtggaaatatcgag
tgccatt
AAAGGCAATTTACTCGTTAAAAGCGCAGTGAGAAGAGTGAAGGAAAAAAATGAGCTGAAT
aaaggcaatttactcgttaaaagcgcagtgagaagagtgaaggaaaaaaatgagctgaat

ettt

~aaata~aaaaaaaacaaaa~~~-~-~ ccgagaagttatcaaaaag~~~~~~ ccggaagtgce
gaaa~aggagaagagaaaaaaaaacatgagtatttatcaataag~~~~~~ ccggaagtgce
aaacgC~~~~~~~~~~ aaaaaaaacttaaatc~ttatcaaaaaaaaaaaaccggaagtgc

TATCAATAAAACGGAGGTGCCCTAAACAAAACAAACACGAAAGCGAAAACAAAA~~~~~~
TATCAATAAAACGGAAGTGCCCTAAACAAAACAAACACGAAAGCGAAAACAAAA~~~~~~
tatcaataaaacggaagtgccctaaacaaaacaaacacgaaagcgaaaacaaaa~~~~~-~
tatcaataaaacggaagtgccctaaacaaaacgaacatgaaagcgaaagcaaaa~~~~~~
tatcaataaagcggaagtgccctaaacaaaacaaacacgaaagcgaaaatcaaaatgaaa
tatcaataaaacggaagtgccctaaacaaaacaaacatgaaagacgcgccaggcagc~~-~
TATCAATAAAACGGAAGTGAGAGAAGCAGAGGAGCACAGAGAGAGAGAGAGAGAGAGAGA
tatcaataaaacggaagtgagagaagcagaggagcagagagagaga
aaagcacagaacatacgagaaattagctgatatt-~gct~~~aataaagagagacatcac
aaagcgcagaacatacgagaaattagttgataaatcgcatggaataaaaaaaaaatacac
aaagcacaaaacatgcgagaaattagttgataaatcacatgaaaagagacagatgaaggg

CGGGCGAGACAGATAGT~CATAAATCAATGGAGCTTT~GCG~AAAAGATTCGCAGAAACG
CGGGGGAGACAGATAGT~CATAAATCAATGGAGCTTG~GCG~AAAAGATTCCCAGAAACG
cgggggagacagatagt~cataaatcaatggagcttt~-gcg~aaaagattcccagaaacg
cggg-cagacagatagt~cataaatcaatggagcttt~-gcg~taaagattcccagaaacg
cgggggagacagatagt~cataaatcaatggagcttt~gca~aaaagattcccagaaacg
cataaatcagaatatt attcgcagaaacg
AGGAAGGGATAGACAAAACATAAATTAAACTAAATAAAGCGCAAAAGATTCGCGGAAAAA
aggaagggatagacaaaacataaattaaactaaataaagcgcaaaagattcgcggaaaaa

tg~taa~agaga~~~~~~ atgggtgtgagag~~~gtgggcggg~~~~~-~ gcgggggggag
tgctaatatagacacataaagagtgagagcgagtgtgggatgagtgatcagggggagggg
a agggggagtgt
AAATTAAGTCATGCTAAAGATCGTCATTGACTGGAACTC AAAAT
AAATTAAGTCATGCTAAAGATCGTCATTGACTGGAAATC CAAAT
aaattaagtcatgctaaagatcgtcattgactggaaatc caaat

aaattaaatcatgctaaagatcgtcattgactggaactcggatcgaatggtgttcgaaat
aaattaagtcatgctaaagatcgtcattgactggaactcgcatcgaatgctgttcgaaat
cattagagatcatcagatcagagactcgaag
TGGCAGAATGGAATATCGTTT~GTCATTTAAGTGGAATTCCAAAACTCAGGCCGAAATAA
tggcagaatggaatatcgttt~gtcatttaagtggaattccaaaactcaggtcgaaataa

tacaa~~~~~~~ ctggccgcatgcataaatcaaagtcgcatt~~~~aagcgaagcgaaac
tgtagggtattccagttcgc~tgcataaatcaaagtcatatt~-~~~aagcgaagcgaaac
cact cgc~tgcataaataaatgaaaatcgtattcagcgaagcgaatc
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304
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443
344
463
367

453
444
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357
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472
400
522
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507
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403
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511
457
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464
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534
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445
549
524
514
631
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ACCCAAAAAAAGAAAAGAAAAAAAAACACCCTGGCCAAATTGAAATTATGATTAAGGCAA

ACCCAAAAAA~GAAAAAA~~~~~~~~ CACCCAGGCCAAATTGAAATTATGATTAAGGCAA
acccaaaaaa~-gaaaaaa~~-~~~~~-~ cacccaggccaaattgaaattatgattaaggcaa
acccaaaaa~~gaaaaaa~~~~~~~-~ cacccagaccaaaatgaaattatgattaag~~~~
acccaaaaa~~gaaaaaaa~~~~~~-~ cacccagaccaaaatgaaattatgattaagc~ag
acccaaacccaaaatcgagaaaaataaacagagccaggccggagccggagacac~~~~~~
AATT CAAAATAAAATTATGATTAAGCCAG
aatt caaaataaaattatgattaagccag

acgaatgaattcgtagaaatgtca~~~acagtgacgtcacaatttcagaagaaa~cacac
~~gaatgaattcgtagaaatgtcagtgacagtgacgtcacagtttcaacagaaaacagac
~~atatgaattcgtagaaatgtcacaat~~gtgacgtcacaatcttctaatt~~~~~~~~

GCGGCAG~~~CAGGCCACCAAATGGCAAAAATTGGTCAACAC~~~AATTCTGTGACGTTT
GCGG~~~~~~ CAGCGGGCCAAATGGCAAAAATTGGTCAACAC~ATTGGTCTGTGACGTTT
gcgg~~~~~~ cagcaggccaaatgtcaaaaattggtcaaaac~attggtctgtgacgttt
~~~~~~~~~~ cagcaggccaaatggcaaaaattggtcaacacggc~~~tctgtgacgttt
gcagcagg~~cagcaggccaaatggcaaaaattggtcaacacggc~~~tctgtgacgttt
~~~~~~~~ caggccaggccaggttgcaaaatttggccagcagctg~~~~~~~tgacgttt
AAAAAGACACACACACAGACACACACACAG CTGTGACGTTT
aaaaagacacagacacacacacacaca~~g ctgtgacgttt
accaaaa~~~tgaattcaattaaaagctgttttaagaccgaaattccccacgctccgeca
cacagaaaactgaattaaattaaaagctgtttt~agacagaaattccccctgect~~~~~ t
~~~~~~~~~~~~ aattgacttaaaagccgttttaagcacaaaattccccactcactgcat

GATAAGCTGTTGGGGCCAAAAAGGTGACTCTCGCCCCGAATCGCGGCTCAATAG~~~~~~
GATAAGCTGCTGGGGCCAAAAAGGTGGCTCT
gataagctgctggggccaaaaaggtggctct
gataagctgctggggccaaaaaggtggctctcgtctegaattgecggctcaataa~~~~~~
gataagctgctggggccaaaaaggtggctctcgectcgaattgcggctcaataaccaata
gataagctgctgaggccaaaagtggctctaaagagcat aatat

GATGGGCTTCGTAT
gatgggctccgtat
gcgtttaagcaagttatgaataagcgtcaaaatgacgcgactaat~~~ttctgataagct
gcctttaagcaagttatgaataagcgtcaaagtgacgcgtctaag~~~ttctgataagc~
catattaaccactttatgaataagcgttaaaatgacgacgcgactaatttctgataagc~

~~~~~~~~ CCATAGCGAA
~~~~~~~~ CCAAAGCGAA
~~~~~~~~ ccaaagcgaa
~~~~~~~~ ccaaagcgaa
acccataaccaaagcgaa
~~~~~~~~ ccatggcgaa

CTGTGGTTGCTGTATCTGTATCTGTATC
ctgtggttgctgtatctgtatctgtatc
acgactaaaatg~~~~~~~~~~~~ cgaatgcgtttgca~gcagagc~~~~~~~~~~ gaga

tg cgattgcgtttgca~ccagcaccagcacca~agaga
~~~~~~~~~~ tgtttctaaaaatgcgcttgcgtttgcaaccagccaaagttggagagaga
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537
544
560
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455
577
552
551
668
573

570
537
544
560
610
455
577
552
582
705
632

620
579
586
598
648
494
609
588
633
756
683

672
631
638
650
707
548
661
646
687
815
719
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cag~~~~agacag~~~~~~~ agagagagagagagagagaacat
cac~~~~tgacagaaagaga~cggagagatggagaaagagagc
caacgagtgaaagaaagaaa~gaaagagagagagagagagagagaggaagatagaggggg

GRH
~TGTANASHCICAMIGGACAGTCAGTCAGTCAGTCAGTCAGTTAG~~~~~~~~~~ TAAGTAA
~TGTANASCICAMIGGACAGTCAGTCAGTCAGTTAG TAAGTAA
~tgtagkleeslslaiggacagtcagtcagtcagttag taagtaa
~tgtazkEleeelsiniggacagtcagtcagtcagtaag caa
~tgtazkEleeslsiniggacagtcagtcagttagtaag caa
~tggagkElessiaiggccggtcactcagttagtcagt caa
~TGCTTIYASCICAMIAACCATTCAGTCAATAA GT

~tgttEEleeleasaaccattcagtcagtca ataagt
~tgaazEeslsii-aactgtctgtcaataaaaccaaaaatccagt~~~~~~~~ aaatgcc
~tgcazEessini-aactgcctgtcaataaaaccaaaaatccagt~~~~~~~~ aaatgcc
attaazEleessjai~gactgacggtcaataaaaatcaaaatccagt~~~~~~~~ aaatgcc

TC~GGCGTAAAGTCGGCTAAAA~CCATAGCCAAATA~~~~~~ AATACCAACGGAATGAGA
TC~GGCGAAAAGTCGGCTAAAA~CCACAGCCAAATA~~~~~~ AATACCAACGAAATGAGA
tc~aacgaaaagtcggctaaaa~ccacagcccaata~~~~~~ aataccaacgaaatgaga
tc~ggcgtaatgtcggctaaaa~ccactgccaaata~~~~~~ aataccaacgaaatgaga
tc~gacgtaaagtcggctaaaaaccactgccaaatactcgtaaataccaacgaaatgagg
tcaggcaagaagtcggctgaaaaccgcagccaaatacatg~~~~~~ ccaacggaatgagg
TGGCCAAAAGCACAGCCAAAGACACAGAAACAGCAGCA~~G~~~~~~ ACGGCAGACAGCA
tggccaaaagaacagccaaagacacagaaacagaaaca~~gcagcagacggcagacagca
taagaaatgacacacaa~~gcacacacacacacacacacatacatgacacagcgca~~~~
taagaaatgacacacacatgctcacactcacacacacacacacacgc~actgcgcacgca

taagaaatgacacacacaggcagaca acagagcg~-ga
CATACAGCGAGC~~~~~ AAGTGGATGGACTCCGTCCC~ATCCGTTACTTTTTGAGTGCGT
CATACAGCGAGC~~~~~ AAGTGGATGGAC~~~~TCCGCATCCGTTACTTTTTAAGTGCGT
catacagcgagc~~~~~ aagtggatggac~~~~tccgcatccgttactttttaagtgcgt
catacaacgagc~~~~~ aagtggatggac~~~~~ gcccatccgttactttttaagtgegt
catacggcgagc~~~~~ aagtggatggac~~~~ttcgcatccgttactttttaagtgcgt

cata~gcagagctgagcaagtggatggacttcagaagttctagtacaggta~~~~~~~~~
GACAGCAAAATGCCAATGAAATGAGACTGAAGCAAGTGGCTGTCCCGTTCCCGGTTCTAA
gacggcaaaatgccaatgaaatgagactgaagcaagtggctgtcccgttcccggttctag
aaatgaacgaac~~~~~ cgtaaccaacaagtggacaggcgagaaag
aaatgaacgaag~~~~~ cgtagccaacaagtggacaacagagacag
aaacgaacga~gcgaagcgtagccaacaagtgga~caacaacaacaacgatgaagaaaaa
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721
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764
717
713
741
793
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721
727
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800
745
740
775
827
618
746
737
803
935
896

832
777
772
807
859
648
785
779
853
982
942

TCGAGTTCCTAGTCGTCACATGCAGATA~~~~~~ CAGATACATAT
TCGAGTTCCTAG~~~CCACATGCAGATA~~~~~~ CAGATACAGAT

156

tcgagttcctag~~~tcacatgcagata
ccgagttcctag~~~tcacatgcagatacagacacagatacagat

tcgagttcctag~~~tcacatgcagata~~~~~~ cagatacagtt
cagata

A

a gtcacac~~~~at~~~~~~ gcagatacagat

ag~~~acagcaaca~ctttgcccgttaatctcatagtgcgttcta~
caataacaataacaacatacgccgttattcttgtagtgcgttcta~

acgagaacctcaaccaataacaataacaaaatat~ccgttactcttgtagtgagttctaa

ACAGATACAGAAACACACAATCAGAATCAG
ACAAACACACAATCAGAATCAG
aaaacacacaatcagaatcag
acatatacaactacacaatcagaatcag

ATACA~~~~~
ATACA~~~~~
ataca~~~~~
ataca~~~~~

acagatacaaatacacaatgagaatcagataca~~~~~~~~~~
cagatacagataca~~~~~~~~~~

GTCACAC~~~~AT~~~~~~ GCAGATACAGATACA~~~~

acagataca~~~~~~~~~~

~~~~~~~ ccgctggegaca tgcacga~~aaggaggaatgggaa~~-~
gcgacaagtcaca~~~~~~~ tgcatgc~~aagaagcagactg~a~~~

cgctggctgattggcgacaagtcacaagttccatgcatgcgaaagaaagaaagacactcg

CACACAGATGCTCGGCCACTGCGGA
CACACAGATGCTCGGCCACTGCGGA

cacacagatgctcggccactgcgga

cacacagatgctcggccactgcgga

cacacagatgcttggccactgcgga

tcactacactgagagaagcatattt
CACACTCACACAGAGACAGATACAG

cacactcacacagatacagatacag

acacgcgcacacacacacacatgctcggctgga gtcag

cacacaca gccag
cacacacactcaatcaggcagtgagagtccag
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ATAATGAACAACTTAAAGCGCCAAAGTCGTCGCCGAGTTGAGT
ATAATGAACAACTTAAAGCGCCAAAGACGTCGCCGAGTTGAGT
ataatgaacaacttaaagcgccaaagacgtcgccgagttgagt
ataatgaactacttaaagcgcgaaagacgtcgccgagttgagt
ataatgaactacttaaagcgccaaagacgtcgccggattgagt
cctgtgaaagtatctttttgagcggggagtgggtgttggcag~
GAGACAGCGACAACAGTATAATGAACTACTTTAAGGCGTCCAGAG~~~~CCGAGTTGCGT
gagacagcgacaacagtataatgaactactttaaggcgtccagag~~~~ccgagttgegt

gacagt~~~~~~~~~~~ ataatgaactacttaatgccgcacagcacagtagtggcagcac

ggcagtaagt~~~~~~~ ataatgaactacttaa ctc

gacagt~~~~~~~~~~~ ataatgaactacttaatgccgcagcagcagtg~~~~~~~~~~~
GRH

T~~AYNGVNCARICACAAAGAACTGCGGGTACACAGCAAACAAAACTTGCGCCAAATTTTAT
T~~~V RICTCAAAGAACTGCGGGTACACAGTAAACAAAACTTGTGGCTCATACAAT
t~-EElEEblaictcaaagaactgcggatacacagtaaacaaaacttgtgcctcatacaat
t~~EEleEEblait tcaaagaactgcgggtacacagtaaagaagatttgtgeccttgtttaat
t~—ElezEblait tcaaagaactgcgactacacagtaaacaagatttg~gccttattcectt

T~~ YAV T TCTTGAGCAGCCGCACAGTGGGCTGGCCTCCCATGGTTACCACGTGCC
t~——gElEElait tct tgagcagccgcacagtgggctggecteccatggttaccacgtgec

ag
ag
GRH

ATTCGATTCAAAGAAATATTCTTAATATTTTA~~~~~~~~ TTTATTCATGGCAACTTGTT
TTTCGAT~~~~TATTATAATTATTATATTTGA~~~~~~~~ TTGGTTCATGGCAACTTTTT
tttcgat~—~~tattattattattatatttga~~—~~~~~ ttggttcatggcaacttttt
tttccatacgcagaaaaatacatttcaatggtattgattggttgttcacggacacatttt
tttaaattcgcaggaaaataca~~~~~~~~~ ttcttatggtatcaatttatagtattgta

ACTTGCCACTTGCCACAGAGCAGAGCCCTAGATCGGGGCAGAGACTGGTACCTGGTACCT
acttgccacttgccacagagcagagccctagatcggggcagagactggtgectggtacct
tacatatattgtaatcgcattgtt~~~~~
atacatatttgcatacacacatatatatgaatatgtatattgtaatcgcattgttgttg~
atatatatttatatatatatatatatatgtatttcaattgcatta~~——~ ttgttgttgt

CAAAAGTGTTTTACAATATAATCTGCAAAACCTTAACCACTTCAGTTGTGTGGGAGGTTT
CCCAAGTGTCTTACATTTTGATCTGCGTAACCCTAACAACTTCAGTTGTGTGGGAGATTT
cccaagtgtcttacattttaatctgcgtaaccctaacaacttcagttgtgtgggagattt
gccaagtgttttacgatttgatctgcggaaccctaaccacttcagttgtgtgggagattt
tctgattggtttatgag~~~atctgcgaaaccctaacaacttgagttgtgtgggagatta

GGCACCTGGTACCTGTAGGCCTGTGTGGAGTGTGGAGTGTGGGTCGCAAAAACCCATTGA
g taggcctgtggagtgtgggtcgcaaaaacccattga
accacgtgccacttgcagctttgcgtggtaa~~caccac
ttgttaccacgtgccacttgcagcttagcgtggtaa~~caccac
tgcttaagtattttttttgttaccacgtgccacttgcagcttagcgtggtaacccaacac
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CAATTGACTGGCATTCCTTTGGCAAAATTGTAGGCCATAAAGATATGAAATTGCAGAGAC
CAGTTGACTGGCATTTCTTTGGCCATATTTTGGGCCATAAAGATATGAAATTGCAGAGAC
caattgactggcatttctttggccatattttgagccataaagatatgaaatttcagagac
caattgagtggcatttctttggcaaaatttcaggccataaacatatgaaattacagagat
caattgactggcatttcttgggcaaacttcgaggccataaacatatgaaattacagagat
~~~~tgactggcagctctagccc
AAGACCTATGAAATTTAATAGATTTCATGAAAGTATCCATCGGATT
aagacctatgaaatttaatagatttcatgaaagtatccatcggatt
aaatgaggtcgtcggcgttatgaagcaggaggcgtgtagacgtgggctga~~~~~~~~~~
aaatgaggtcgccgcta~~~~~~~~~ aggaggcgtgtagacgtgggccgcagaaaaaaaa
aaatgaggtcgtcagtgttccgaaggagactcaac~~agacgtgggccgtcaatatgact

TTTT~GAAAGCTGCCAATGCCAACTGATTGACAGCAGGATCCTT
TTTT~GAAAGCTGCCAATGCCAACTGATTGACAGCAGAATTTCG
tttt~gaaagctgccaatgccaactgattgacagcagaatttcg
tttt~gaaagctgccagtgccaattgattgacagcagaatttcg
ttttcgaaagctgccaatgccaactgattgacagctgaatttcg
gattgacagcgc
GGATTGACAG
ggattgacag
~~~~~~~~~~~ ctttttgcgtattggccgcatttctaageccgtt
tctacttttttttttttgcaaactggccgcatttcttagccgaa
ata~~~~~ ttttttttagcgaattggccgecatttctaagccgaa
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