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Introduction

SUMMARY

The Down syndrome cell adhesion molecule (Dscamijlya is within the cell adhesion molecules, a
family whose members are characterized by beingposed of immunoglobulin (Ig) and fibronectin
domains and which are known to play an essentialinrothe development of the nervous system in both

vertebrates and invertebrates.

In insects, one member of the Dscam family divediextensively due to internal exon duplications
and a sophisticated mechanism of mutually exclusilternative splicing (AS). This enables a single
individual to generate somatically thousands ofddsdsoforms which differ in half of two Ig domains
and in another complete Ig domain. That creatdagladiversity of adhesion properties which are usgd

nervous cells and also by immune cells (hemocytes).

How this situation evolved is best understood mwamnseof comparative studies. | have studied aspects
of the evolution and expression of this diversifredmber of the Dscam family mainly in the brachidpo
crustacearDaphnia magna and to lesser extent, in other representativethefarthropod phyla. | have
shown that like in insects, a highly variable Dscgeme evolved in crustaceans, which also express
Dscam diversity in nervous and in immune cells. iliddally | could demonstrate that not only Dscam’s
ectodomains are diversified but that several cgspic tails with different signal transduction ceipas
can also be expressed. The comparison bet®@ephnia and insects revealed furthermore that there is
high amino acid conservation among distantly relaggecies for most Dscam domains except for the Ig
regions that are coded by the multiple exons, stggethat the latter evolved under different siec

constraints.

Dscam has been proposed as an exciting candiddezute for mediating specific immune responses
in arthropods. Nevertheless, the involvement ofdbsén immunity remains largely elusive. | tested th
effect of parasite infection on the expressionotditDscam and on the diversity of some duplicaeshs
at the RNA level and found no significant effecetyhemocytes expressed reduced transcript diyersit
relative to the brain, but each transcript waslyikeore abundant. This would be consistent with a
function in the immune system given that each Dsismform would be present in higher concentrations

which would increase their functional capacity.

Dscam isoforms engage in dimer formation with oth@entical isoforms, promoting cell-cell
recognition. It has been demonstrated that theabbriparts of Dscam coded by the duplicated exons
mediate dimer formation. The genetic diversificatmaused by exon duplication and AS has thus direct
functional implications. | estimated signaturessefection on some of the regions involved in dimer

formation by comparing sequences from diffef@aphnia magna populations and from different species
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of Daphnia and Drosophila. The results indicated that diversity created lbplidation followed by

divergence is maintained by purifying selectioniagianew mutations and against new gene conversion

events. That is consistent with the essentialgbl@scam diversity in the nervous system. Contnagsyi |

found that some parts of the variable regions whighnot involved in dimer formation and are omeht

towards the dimer's external environment, may exalader positive selection, which would be conaiste

with an immune function.

To understand the evolutionary history of the molec | searched for Dscam related genes in

representatives of cheliceratésgofles scapularis) and myriapodesrigamia maritima), two other groups

of arthropods. In both myriapodes and cheliceraiscam diversified extensively by whole gene

duplications and by duplications of some internalres coding for one Ig domain region, but not salver

like in insects and crustaceans. Similar duplicegioould have provided the raw material from whtodn

highly diverse Dscam evolved uniquely in the ammmssof crustaceans and insects. | propose a spieeula

scenario under which the evolution of this remal&agne might have occurred.

INTRODUCTION

Cell adhesion molecules were needed early in

evolution for intercellular cohesion and

communication of multicellular
(Hynes and Zhao 2000).

evolution of metazoans, cell adhesion molecules

organisms
Throughout the
recruited for

were many different cellular

functions such as cell proliferation and
differentiation, apoptosis, migration and parasite
recognition (Buckley et al. 1998; Humphries and
Newham 1998). Many members of this family
are at least in part built from immunoglobulin
domains (Ig) (Chothia and Jones 1997) and
several show considerably high molecular
diversity associated with alternative splicing

(Kohmura et al. 1998; Wu and Maniatis 1999).

The Dscam gene

The Down syndrome cell adhesion molecule
(Dscam) gene was first described in humans
associated with defects in the nervous system
(Yamakawa et al. 1998). Subsequently, several
members of the Dscam family were describe in
other metazoans, in which its main known
function is related to the development of the
2000;

Agarwala et al. 2001; Fusaoka et al. 2006; whole

nervous system (Schmucker et al.

Millard et al. 2007). Both vertebrates and insects
have Dscam members that resulted from gene
duplications like DSCAM and DSCAM-like in

humans and DscamL1, DscamL3 and DscamL4

in insects.



These proteins are typically cell surface
receptors composed of 9(lg)-4(FN)-1g-2(FN)
(Shapiro, Love, and Colman 2007), where FN
stands for fibronectin type Il domain. The
extracellular domains are usually followed by a
transmembrane domain and a cytoplasmic tail.
One member of this family, named Dscam in
insects, is the most remarkable example known
of protein diversification by duplication and
alternative splicing (AS) (Schmucker et al.
2000). The gene encoding this member of the
Dscam family, evolved dozens of internal exon
tandem duplications differing in amino acid
composition and arranged in three arrays in the
Dscam locus. The three arrays of exons encode
half of the second and third Ig domains and the
complete Ig7. This is made possible by a refined
mechanism of mutually exclusive AS that
ensures that in the mature mRNA only one exon

per array is present.

Function of Dscam diversity Most of

Dscam’s diversity has been shown to be
essential for the correct development of the
nervous system in flies, suggesting that the
isoforms are not redundant functionally (Chen et
al. 2006). Homophilic binding between identical
isoforms has been shown vitro, indicating a

degree of binding specificity in which 95% of all
isoforms will bind only to other identical
isoforms (Wojtowicz et al. 2004; Wojtowicz et
al. 2007). This homophilic binding allows

vivo, that nervous cells recognize each other
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leading to a self-avoidance behavior that is at the

basis of neural
melanogaster (Hughes et al. 2007; Matthews et

al. 2007; Soba et al. 2007).

wiring  in Drosophila

The diversity of Dscam isoforms has been

suggested furthermore to be involved in
immunity of insects (Watson et al. 2005; Dong,
Taylor, and Dimopoulos 2006). Knocking down
Dscam by RNAi in third

Drosophila melanogaster and

instar larvae of
in Anopheles
gambiae immune competent Su5B cells, reduces
phagocytosis by 45 to 60% (Watson et al. 2005;
Dong, Taylor, and Dimopoulos 200&ynopheles
mosquitos depleted of Dscam through gene
high

proliferation in the hemolymph even in the

silencing, suffered from microbe

absence of experimental challenge (Dong,
Taylor, and Dimopoulos 2006). Different Dscam
isoforms have different binding affinities to

bacteria (Watson et al. 2005) and in mosquito
Su5B  cells,
pathogens had higher affinity for the inducer

isoforms induced by different
pathogen than for other pathogen species (Dong,
Taylor, and Dimopoulos 2006). Contrastingly,
another study has shown that null Dscam mutant
D. meanogaster embryonic hemocytes were still
able to phagocyte bacteria as efficiently as their
wild counterparts (Vlisidou et al. 2009). A
feature that is very suggestive of an immune role
of Dscam, is the fact that soluble isoforms
produced by the fat body of flies and mosquitos
circulate in the hemolymph where they could
mediate opsonization (Watson et al. 2005; Dong,

Taylor, and Dimopoulos 2006).



Strutural aspects of Dscam The structure of the
first eight Ig domains of Dscam has been
elucidated. The first four I|g domains adopt a so
called horse-shoe conformation (Meijers et al.
2007). The horseshoe conformation seems to
create singular adhesive properties given that it
is common to other cell adhesion molecules
involved both in the nervous system like axonin,
and in the immune system like hemolin (Su et al.
1998; Schurmann et al. 2001; Meijers et al.
2007). In hemolin this structure has been shown
to bacterial
1998). The
remaining four Ig domains (Ig5 to 1g8) provide

to create a bhinding site

lipopolysaccharides (Su et al.

the molecule with a serpentine shape (S shape)

Monomers in opposing cell surfaces

isoform A

4+ —OOO::) )

isoform A
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(Sawaya et al. 2008). The homophilic binding
between identical isoform occurs through the
formation of Dscam dimers (Fig. 1).

Remarkably, the Dscam regions involved in
dimer formation are segments of Ig2, Ig3 and Ig7
domains coded by the alternative exons (Meijers
et al. 2007; Sawaya et al. 2008). In this way the
by the
duplications, coupled with the strong specificity

genetic  diversification  caused
of Dscam’s homophilic binding, provide a highly
diverse “key-lock” system which nervous cells
2007,
Matthews et al. 2007; Meijers et al. 2007; Soba et

al. 2007; Sawaya et al. 2008).

exploit extensively (Hughes et al.

Homophilic dimer

1g2-192 & Ig3-1g3 interfaces

.. .._ I X lg7-1g7 interface *

adapted from Hattori et al. 2008

Figure 1 Model based on the Dscagxrystal structure for the conformation of thetfiseven Ig domains of Dscam

in monomers (right) and after the formation of diméeft). In monomers, the first four Ig domaimsrh a compact

horse-shoe structure whereas the remaining lg dmreve a flexible structure. Upon homophilic bimgdbetween

identical isoforms (here, isoform A) mediated by thariable regions of Ig2, 1g3 and Ig7 (in colone tdimer

acquires an S shape.



The implications of the structural features above
described for an immune role of the molecule
have not been tested. Nevertheless, it has been
suggested that certain variable regions of Ig2 and
Ig3 that are not involved in the formation of
could

dimers, recognize pathogen-associated

molecular patterns (Meijers et al. 2007).

Dscam mutually exclusive alternative
splicing Although the mechanisms of mutually
exclusive alternative splicing of the duplicated
exons are not fully understood, a few features
within the Dscam gene have been identified in
Draosophila. One feature is a secondary structure
formed by the intron just preceding the first
alternative exon coding for half of 1g2 (exon 4).
This is a helical structure (iStem) that has been
determined to be important in regulating the
inclusion of exons 4 in the mMRNA (Kreahling
and Graveley 2005)Other features have been
identified that regulate the array of exons 6
(Graveley 2005),

sequence elements: the docking site and the

namely two conserved
selector site. The first is located in the intron
between the constitutive exon 5 and the first
exon 6 (which codes for half of Ig3 domain), and
the second is located upstream of each
alternative exon 6. Importantly, the selector

sequence is complementary to the docking site
sequence, and (Graveley 2005) suggested that
the interaction between these two sites could be
part of the mechanism ensuring that only one

exon 6 is included in the mRNA, although this
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has not been demonstrated. The region of
duplicated exons coding for the 1g7 domain has
not been analyzed so far.

Dscam exon duplications The alternative
exons have arisen by reiterative exon duplication
and deletion in the three arrays. In the majority
of cases, exons that are proximal within the array
are more similar to each other than to the
remaining exons. This has been suggested to
result from frequent recombination between
similar exons and to occur more frequently in the
central regions than in the ends of the array
(Graveley et al. 2004; Lee et al. 2009). Despite
the similarities in the apparent mechanism of
duplication, the three arrays seem to have
undergone different patterns of exon radiation;
exons 4 have duplicated notoriously less than the
exons forming the other two arrays (Crayton et
al. 2006; Lee et al. 2009).

This study

| aimed at elucidating the evolutionary history
of the variable Dscam gene and at understanding
how that relates to the different functions of the
molecule. To pursue that, | have used sequence
comparative analysis, quantification of Dscam
expression, phylogenetic, molecular evolution
and population genetics tools. Initially | started
by studying Dscam in the closest relatives to
insects, the brachiopod crustaceans (Glenner et
al. 2006), using the speciBaphnia magna and
Daphnia pulex. | also used the speci€aphnia

magna for studying the expression of Dscam in



relation to parasitism. To approach questions
related to the molecular evolution of regions of
the gene involved in dimer formation and other

regions putatively involved in parasite

recognition, | have analyzed those regions in
different populations obaphnia magna and in
several species oDaphnia and Drosophila.
Finally, to trace the evolutionary history of the
gene | did a comparison of several metazoan
species, with a particular focus on the arthropod
phylum by studying Dscam in representatives of

chelicerates and myriapods.
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CHAPTER 1

THE DSCAM HOMOLOGUE OF THE CRUSTACEAN DAPHNIA ISDIVERSIFIED BY
ALTERNATIVE SPLICING LIKE ININSECTS

Daniela Brites, Seanna McTaggartKrystalynne Morris, Jobriah Anderson, Kelley Thasn
Isabelle Colson, Thomas Fabbro, Tom J. Little, &idEbert and Louis Du Pasquier (2008).
Molecular Biology and Evolution.25 (7):1429-1439.

“these authorsontributed equally to this work.

ABSTRACT In insects, the homologue of the Down syndromea#iesion molecule (Dscam)
is a unique case of a single-locus gene whose ssiprehas extensive somatic diversification in
both the nervous and immune systems. How this t&tuavolved is best understood through
comparative studies. We describe structural, esprasand evolutionary aspects of a Dscam
homolog in 2 species of the crustac&aphnia. The Dscam obaphnia generates up to 13,000
different transcripts by the alternative splicinwvariable exons. This extends the taxonomic
range of a highly diversified Dscam beyond the dtseAdditionally, we have identified 4
alternative forms of the cytoplasmic tail that gerte isoforms with or without inhibitory or
activating immunoreceptor tyrosine-based motifsINHITAM), something not previously
reported in insect’s Dscam. Daphnia, we detected exon usage variability in both trerband
hemocytes (the effector cells of immunity), suggesthat Dscam plays a role in the nervous and
immune systems of crustaceans, as it does in ;igehylogenetic analysis shows a high degree
of amino acid conservation betweBaphnia and insects except in the alternative exons, which
diverge greatly between these taxa. Our analysig/stihat the variable exons diverged before
the split of the twd>aphnia species and is in agreement with the nearest-beigirmodel for the
evolution of the alternative exons. The genealdgyhe Dscam gene family from vertebrates and
invertebrates confirmed that the highly diversifiemrm of the gene evolved from a non-

diversified form before the split of insects andstaceans.
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INTRODUCTION

The Down syndrome cell adhesion molecule In insects, the many different isoforms of
(Dscam) belongs to a family of cell-membrane Dscam play an essential role in growth and the
molecules involved in the differentiation of the directed extension of axon branches (Schmucker et
nervous system. As with some other members of al. 2000; Chen et al. 2006; Hattori et al. 2007).
the family (e.g. Axonin, Roundabout, NCAM, Biochemical studies support a model in which
contactin, L1ICAM), the extracellular region of each isoform preferentially binds to the same
Dscam is made of Immunoglobulin (Ig) and isoform on opposing cell surfaces, providing
Fibronectin (FN) domains. Throughout the neurons with a homolog interaction recognition
metazoa, théona fide Dscam domain composition  system (Wojtowicz et al. 2004). Drosophila, the
and physical arrangement remains identical, diversity of Dscam isoforms is necessary for
namely, 9(lg)-4(FN)-(Ig)-2(FN) (Shapiro et al., neural wiring specificity (Chen et al. 2006; Haitor
2007) et al. 2007), but is also thought to be important i

For mammals and insects whose genome insect immunity. For example, Dscam transcripts
sequences are available, additional Dscam geneare found in hemocytes, in cells from the fat body,
copies may be found. For example, humans havea central organ involved in immunity, and soluble
two gene copies, Dscam and the paralogue Dscam-Dscam molecules are present in the hemolymph
Likel (Dscam-L1) (Yamakawa et al.1998; serum (Watson et al. 2005). Additionally, the
Agarwala et al. 2001). Insectdso have Dscam  silencing of Dscam by RNAI reduces the ability of
and several Dscam paralogs that have been namedrosophila hemocytes to phagocytose by ~60%
Dscam-L (Schmucker et al. 2000; Millard et al. (Watson et al. 2005), while in mosquitoes it result
2007). In humans, the Dscam gene can generatein reduced survival after pathogen exposure
three different transcripts through cryptic splicin -~ (Dong, Taylor and Dimopoulos 2006). Watson et
sites in the gene (Yamakawa et al.1998). In al (2005) demonstrated that Dscam binds to
contrast, thédrosophila Dscam, but not Dscam-L, bacteria and that this capacity varies among
has the potential to generate over 38,000 different isoforms (Watson et al. 2005). Finally, different
transcripts (Schmucker et al. 2000). This splice variant repertoires are expressed between
unprecedented repertoire of transcripts is due to pathogen-challenged and unchallenged mosquitoes
four arrays of alternative exons that are spliced and cell lines (Dong, Taylor and Dimopoulos
together in a mutually exclusive manner. The 2006).
alternative exons encode the first half of the A Dscam gene with alternative spliced exons
second and third Ig domains, the entire seventh Ig generating three hypervariable Ig domains has

domain, and the transmembrane segment. evolved in several insect orders over ~250 million



A highly diversified Dscam iaphnia

years (Graveley et al. 2004; Watson et al. 2005). up and downstream. This sequence was manually
The origin of the alternative spliced exons remains annotated in Artemis
elusive as, generally, no homology was found (http://www.sanger.ac.uk/Software/Artemis)
outside of insects (Crayton et al.2006). Here we using BLAST high scoring segment pairs from the
describe a homolog of a diversified Dscam in the initial tBLASTn search, in addition to those
branchiopod CrustaceanDaphnia. Daphnia obtained from BLASTp searches of the open
reproduce mostly clonally, which permits us to reading frames of the target scaffold sequence in
study Dscam expression with strict control of the all three frames of the translated sequence, %GC
genetic background. The Dscam gene was studiedcontent, and the identification of GT-AG
in two different species, Daphnia magna and boundaries that frame introns. We used the
Daphnia pulex, which are thought to have diverged annotated gene as a new query amino acid
approximately 200 My ago (Colbourne and Hebert sequence to search tBaphnia genome assembly
1996). Recent studies suggest that hexapodesfor any additional copies.
(arthropods having six legs, including insects) and We accepted genes as Dscam paralogs if,
branchiopod crustaceans are sister groups thataccording to the SMART database, their
shared a common ancestor around 420 My ago extracellular Dscam domain structure was 9(lg)-
(Glenner et al. 2006). Thus, the description and 4(FN)-(Ig)-2(FN). The genome ofD. pulex
phylogenetic comparison of the Dscam gene acrosscontains two regions with homology to non-
insects and crustaceans can provide insight ito th variable Dscam genes. One of these lacks two Ig
evolution of the gene and the origin of its dual domains, the transmembrane segment, the
function in the nervous and immune systems. cytoplasmic tail, and the initiator methionine abul
Furthermore, closer examination of the patterns of not be identified. The second region lacks one Ig
sequence evolution of the alternative exons within and one Fn domain. The NCBI database was
and between species, provide insights into the searched for additional putative Dscam homologs
evolution of the alternative exons. and paralogs (species accession numbers provided
in the supplementary material). Drosophila four
MATERIAL AND METHODS Dscam members have been reported (Millard et al.
2007): the canonical variable Dscam (aaf71926.1)
Gene recovery We used insect Dscam and the putative paralogues cg31190 (Dscam-L1),
protein sequences to probe thBe pulex arenata €g32387 (Dscam-L2) and cg 33274.
(http://daphnia.cgb.indiana.edu/) scaffolding 10X
using tBLASTn (Altschul et. al 1997). We
extracted the region of scaffolding corresponding

to significant matches, plus an additional 2000 nt
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Only Dscam-L2 has a canonical Dscam domain
structure and two alternatively spliced exons
coding for the Ig 7 domain of the molecule. The
g
domain and thus was excluded from further

predicted structure of cg33274 lacks one

analysis. The presence of the first FN domain of
Dscam-L1 is ambiguous, however the length of the
gene is compatible with a full Dscam gene.
Therefore, we included Dscam-L1 and Dscam-L2
in the Dscam paralog analysis.

We also sequenced Dscam from another
Daphnia species, D. magna. Dscam genomic
sequences were obtained from a fosmid library
(see for

Additional

supplementary  material details).
genomic and cDNA data were
generated from a single clonal line (clone Mull,
originally isolated from a pond near Munich,
Germany). Further Dscam cDNA was obtained
line HO2

(originally isolated from a pound in Hungary) that

from hemocytes of the genetic

were infected with the pathogenic bacteria

Pasteuria ramosa (Ebert et al. 1996).

RNA extraction and cDNA synthesis
Daphnia magna and D. pulex mMRNA extractions
were carried out with Dynalbeads technology
(Dynalbeads mRNA Direft Micro kit) following
the manufacturer’s instructions. For whole-body
MRNA preparation, mMRNA was eluted iml6of
10mM Tris-HCI and used to synthesize cDNA
directly or frozen at —80°C. To obtain mRNA from
hemocytes, single individuals were immobilized in
microtiter

microtest plates (Terasaki

GREINER BIO-ONE) with a drop of 0.75% agar

plates,

A highly diversified Dscam iaphnia

at 37°C. Hemolymph was withdrawn by capillary
action, with twice-pulled microcapillary glass
tubes (Harvard apparatus GC100TF-10) inserted
into the heart chamber and brains were dissected.
Both tissue types were immediately stored in
RNAlater (Ambion) solution.

To obtain the 5’ region of Dscam mMRNA, we
used SMART technology (SMART RACE
cDNA Amplification Kit, CLONTECH) on mRNA
samples extracted from whdle magna. We used
3ul of eluted mRNA with two reverse primers
(primer sequences available upon request) specific
to the Igl and Ig4 exons db. magna. The
the cDNA

synthesized in a 2@l reverse transcription (RT)

remainder of sequences were
reaction consisting of 2u of SuperScrigtlll
Reverse Transcriptase (Invitrogen) andull of
oligo(dT) (50 uM), following the instructions of
the manufacturer. In the RT reactions, eithgd 3

of mMRNA were used or, in the case of hemocyte
and brain preparations, the whole mRNA samples
were used directly to make solid-phase first strand

cDNA libraries.

PCR, cloning and sequencing To obtain the
full Dscam cDNA sequence fronD. magna,
oligonucleotide primer pairs were designed using
the D. pulex sequence in regions with high amino
acid conservation amon@. pulex and several
insect species. PCR was carried out using the BD
Advantag&” 2 PCR Kit on 1pl of cDNA
according to the manufacturer’'s directions. Several
PCR reactions were required in order to complete

the cDNA sequence (primer sequences and PCR
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conditions available upon request). To obtain the
cDNA sequence of 1g2, Ig3 and Ig7 variable
domains, we PCR amplified the first strand cDNA
libraries prepared with the mRNA isolated from
hemocytes and brain. Fiftegh of the total 20ul

RT reaction were washed twice in 1x PCR buffer.
The beads were combined with the PCR master
mix and the reactions were submitted to the
following PCR conditions: 95°C for 1 minute, 2
cycles of: 57°C for 30 seconds, 72°C for 5 minutes
and 94°C for 2 minutes. The beads were then
the and the PCR

removed from reactions,

proceeded as above for 35 cycles, except that the
72°C step was changed to 90 seconds. The PCR

products were gel purified (QIAquick Gel
Extraction kit, Qiagen) prior to cloning.

Most of the PCR products were cloned in the
pCR 2.1- TOPO vector (Invitrogen). Due to the
large size of the PCR product from the 3' RACE, it
into a pCR-XL-TOPO vector

(Invitrogen). All cloned products were sequenced

was cloned

under Big Dye terminator conditions, using the
M13 reverse and/or M13 forward primers. For the
PCR products that contained variable exons,
several colonies were sequenced.

To test whether the exons from arrays 4, 6, and

11 are randomly expressed, we compared the

observed frequency of the sequenced exons to the

expected frequency using the Pearson chi-square

statistic. The expected frequency was set to be

equal for all exons present in the gene sequence.

Simulations with the same number of replicates
confirmed that the probability of a Type | error

was always very close to 5%.

A highly diversified Dscam iaphnia

Genealogy of Dscam We constructed an
amino acid multiple sequence alignment of the
Ig and Fn domains for selected organisms. We
did not include the cytoplasmic tail sequence as
it is too divergent to align with confidence. We
then created a Bayesian inference phylogeny
using MrBayes 3.1.2. We used the mixed model
option to choose the amino acid substitution
model from each data set, a gamma rate
distribution estimated from our dataset, and a
burn-in equal to 1/10 the number of generations;
after the burn-in phase every i0@ree was
saved. Two parallel Markov chains were run
simultaneously in each of two runs. Tree length,
amino acid model, log-likelihood score and
alpha value of the gamma distribution were
examined in the program Tracer v1.3 prior to the
termination of MrBayes to ensure that all
parameters had reached stationarity. All variable
exons from each exon array were extracted from
the genome sequence and aligned using the
default parameters of the Clustalw program in
MacVector (v7.2.3), where they were corrected
by eye. Bayesian genealogies of each of the
three variable exon arrays were constructed as
described above fob. magna , D. pulex and
Apis mdifera.

To examine sequence divergence among
exons within each array within and between the
two Daphnia species, we computed the number
of synonymous and nonsynonymous differences
per synonymousp§) and nonsynonymous site
(pn) The

performed using the Nei-Gojobori

respectively. calculations were

method
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(Zhang, 1998)
estimating in all cases the transition/transversion

Rosenbergdagger and Nei
ratio, using the pairwise deletion option and

calculating standard errors by the bootstrap
method (1000 replicates). These analyses were
performed using the software MEGA version 4

(Tamura et al. 2007).

The

between Dscam family members is the presence

Nomenclature major difference

or absence of arrays of alternatively spliced
exons. For clarity, we shall refer to the gene with
the alternative exon arrays as hypervariable

Dscam and name it Dscam-hv.

RESULTS & DISCUSSION

Daphnia Dscam gene organization

The Daphnia Dscam-hv gene has a similar
organization to its homolog in insects in that the
exons coding for half of Ig domains 2 and 3 and
the entire Ig 7 of the Dscam-hv protein are
present in arrays of multiple exons (Fig. 1). The
gene organization in botDaphnia species is
very similar @ccession numbers. D. magna
EU307883,D. pulex EU307884). There are 82
exons present iB. pulex and 81 irD. magna, of
which 32 exons account for the mature mRNA in
both species (Fig. 1). They are organized as
follows: the exon 4 array has 8 variants in both
Daphnia species, the exon 6 array has 26
variants inD. pulex and 24 inD. magna, and the

A highly diversified Dscam iaphnia

exon 11 array has 16 and 17 variant®irpulex

and D. magna, respectively (Fig.1). There are
two main differences in the Dscam-hv gene
arrangement between insects &aphnia. First,
insects have two alternatively spliced exon
variants coding for the transmembrane domains,
whereas Daphnia has only one (Fig. 1).
Secondly, expression data revealed that 4
different cytoplasmic tails are expressed by both
Daphnia species (Fig. 2A & B), whereas, to
date, insects express only one cytoplasmic tail
isoform. The cytoplasmic tail ddaphnia can be
coded either by exons 26 to 31, or exon 30 can
be skipped, which results in exon 31 being
translated in a different reading frame (Fig. 2A).
Furthermore, exon 27 may also be skipped
accounting for two additional cytoplasmic tail
possibilities. Altogether, the combined usage of
the different alternatively spliced exons and
cytoplasmic tail possibilities can potentially
generate 13,312 different protein isomorphs in
D. pulex and 13,056 inD. magna. This is the
first finding of a Dscam-hv gene outside of the
insects, and the first identification of alternativ

cytoplasmic tails in Dscam-hv.

Ig, Fn and the cytoplasmic tail domains of
the Dscam protein

Dscam-hv amino acid sequence conservation

is high between insects abdiphnia for most of

the Ig and Fn domains, except for the regions

13
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Figure 1 Dscam structure irDaphnia, D. melanogaster, H.sapiens and the sea urchirongylocentrotus
purpuratus. a) protein domains, iBaphnia exon boundaries in the mRNA are indicated by anaicid numbers b)
mMRNA structure c) arrays of exons coding for thetdtminal parts of 192 (red) and Ig3 (blue) and tbhenplete Ig7
(green) domains iDrosophila andDaphnia represented by bars that correspond to the nuofhbaternative exons
present in each species. The transmembrane dogaiow) in D. melanogaster is coded by two alternative exons.
The cDNA structure oftrongyl ocentrotus purpuratus between exon 2 and exon 4 is currently unclear.

coded by the alternative exons. Additionally,
some highly conserved motifs are present in the
cytoplasmic region of Dscam-hv Daphnia and
insects (Fig. 3), which are absent from Dscam or
(2000)

identified some of these conserved motifs as

Dscam-L in insects. Schmucker et al.

SH2/SH3 binding domains, which are involved
in the binding of Pak to Dscam-hvia the

adaptor protein Dock, that could mediate

changes in the cytoskeleton of cells to promote
axon guidance. While the strong similarity of
these and other domains betwdaphnia and
insects (Fig. 3) indicates that the molecules
interacting with Dscam-hv are likely the same in
the two groups, the different cytoplasmic tails
expressed bipaphnia show that differences also
role of the

exist. Although the functional

different cytoplasmic tails is as yet unknown,
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they are all expressed in both brain tissue and
hemocytes. The 47 amino acids that may or may
not be present in the cytoplasmic tail of
Daphnia, depending on whether exon 27 is
skipped, contain several short regions that are

highly conserved betwednaphnia and insects,

namely an endocytosis/phagocytosis motif
(YXXL, Fig. 3).
A)
26 27 28 29 30 31

% 7°  » » £l 3 B)
1 [ | [ [ [NEGGAHVTNGLIAYDTNY]

% ut 8 pi] 3 .
2 I [ I [ GUKVGPTSLW] 374 bp —

2% 3 2 30 3+ 308 bp—
3 [ [ [ [NEGGHVINGLAYDTVNY]

% 2 L 31 ii i
4 [ [ [GUKVGPTSLIV | 46 1oy —

e [T

Figure 2 Schematic representation dDaphnia
Dscam cytoplasmic tails ADaphnia magna tail
structure and splicing possibilities result in 4
alternative forms. Exons 26 to 31 code for the
cytoplasmic tail. Exons 27 and 30 can be included i
the mRNA or skipped. C-terminal end of the
cytoplasmic tail changes if exon 30 is included (i)
skipped (3). Two other forms, (2) and (4), are
obtained through the inclusion or exclusion of exon
27 B) Daphnia magna Dscam cytoplasmic tail
expression in the whole body messenger RNA. i) The
two bands correspond to the cDNA fragments that
can be coded by exon 29 to exon 31. The bigger
fragment includes exons 29, 30 and 31 and the
smaller includes exons 29 and 31. ii) Fragment
correspondent to cDNA containing exon 27 to exon
31. Cloning and sequencing of this fragment rekale
that exon 30 may or may not be transcribed. iii)
Control: whole body mRNA actin expression

In the twoDaphnia species, this motif is part
ITAM, an
tyrosine-based activation motif
YXXL/V- 6 to 17 X- YXXL/V) (Barrow and

Trowsdale 2006) (Fig. 3). Isoforms with or

of a canonical immunoreceptor

(consensus:

A highly diversified Dscam iaphnia

without these motifs may have very important
differences in their signalling capacity and in
regulating the expression of surface membrane
receptors (Indik et al. 1995). The cytoplasmic
tail variants that result from the inclusion or
exclusion of exon 30 and the subsequent reading
of exon 31 in two different reading frames, differ
in length and in the composition of the PDZ
(Postsynaptic density, disc large and zo-I protein
domains) motif (Fanning and Anderson 1999;
Sheng and Sala 2001) that occurs at the very end
of the carboxyl end of each form. The alternative
PDZ domains (YDTV if exon 30 is included,
and SLMV if exon 30 is excluded (Fig. 2))
preferentially associate with different proteins
and/or where they localize in the cellular
membrane (Fanning and Anderson 1999). The
longest form of the cytoplasmic tail Bf magna
andD. pulex harbours an immune tyrosine-based
inhibition (ITIM)
I/ISIVILXYXXV/L) (Fig. 2 and 3). After the
interaction of the ligand with the extracellular
the ITIM

phosphorylated on the tyrosine by Src kinases,

motif (consensus:

part of receptor, becomes
which then allows it to recruit phosphotyrosine
phosphatase that in turn decreases the activity of
the cell (Barrow and Trowsdale 2006). The role
of ITIM has not been investigated in any Dscam-
hv, although the motif has been reported in
mammalian Dscam (Staub, Rosenthal, and
Hinzmann 2004). The fact that the alternative
cytoplasmic tails inDaphnia may or may not
encode an ITIM and ITAM (Fig. 2) suggests that

they have very different signalling capacities.
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Daphnia Dscam is therefore diverse in its that observed in paired Ig receptors of
recognition and effector capacities. The duality  vertebrates (Lanier 2001).
ITIM/ITAM in Daphnia Dscam reminds us of

| exon 27 endocytosis motif
D.m DDVVYNQTMGPGATLDKRRPDLRDELGY IAPPNRKLPPVPGSNYNTCDRIKRG--RGGLRSNHSTWDPRRNPNLYEELKAPPVPMHGNHYGHAHGNAECH
A.m DDVVYQQTGVGGATLDKRRPDLRDELGY IAPPNRKLPPVPGSNYNTCDRIKRGTVIRSIRS-HSTWDPRR--HMYEELNH-CAPNRRCPPPPRMGSAEG-
T.c DDVVYNQSVNASSTLDKRRPDLRDELGY IAPPNRKLPPVPGSNYNTCDRIKRGTVLRAHYRSHSTWDPRR--HLYEELRS-——--—---—-— RRGSNETV
D.mg DDVIYNQASAGNATMKRNGGDMRDELGY IPPPNHKLPPVPGTQYNTCDRIKRG---HADCHAFRTHDPRR-- PV¥DENS IHPPPRRNVGVPGEEVNQSGA
***:*:*: ':*:.:. *:*******'***:*******::********** . H *\*V:*:**
SH3 binding sites .
, exon 28 ITAM motif , €xon 29
D.m YRHPGMEDEICPYATFHLLGFREEMDPTKA-MNFQTFPHONGHAGPVPGHAGTMLPP-GHPG--HVHSRSGSQSMPRAN-RYQRKNSQGGQSSIYTPAPE
A.m LSHRGMEDEICPYATFHLLGFREEMDPSKA-MQFQTFPHPG---—-~ NGHSGTMGPPVGHPTNASAHSRSGSQSMPRONGRYSRVPSQGGGS——-——---
T.c HTHRGMDDETCPYATFHLLGFREEMDPSKA-MQFQTFPHPH-------- S-GTMGPS-GMNTPHQTHSRSGSQSMPRONRRYDRVGSQGTAS ————---~
D.mg SLYAGMDDEICPYATFHLLGFREEMDPNKAGNQFQTFPHPN------—--~ GGQPPQ--QDMN---HHRQASQSMPRPGNRMMRMPNGATYA-~~--==~
H **:********************.** :****** * * * *..****** . * * . . H
D.m YDDPANCAEEDQYRRYTRVNSQGGSLYSGPGPEYDDPANC----APEEDQYGSQYGGPYGQPYDHYGSRGS—---MGRRSIGSARN--—--——--—- PGN
A.m -=GTHN--—=--—===—————————— VFS---PEYDDPANC----APEEDQYGSQYG-QYGAPYDHYGSRGS—---VGRRSVGSARNI -—---—---- PVS
T.c -IRTYX----- NLAYLRNIYFSNGSIYS-PGPEYDDPANC----APEDEQYGSQYG-GYGAPYDQYGSRGS----IGRRSLGSLRLQ-----—-=---= PTS
D.mg == =PEN--—=————mmmmmmm o CYDDPANCDMYGGAESNSYASYTNTNPPLPPPDFGTSPTONTMLARRSVNGQQLRGNGTMNLPLPPYP
BIRIRILIEILIES 00%680%o¥ o W 5898 8 oW 4o 8 &
SH2 binding sites
| exon 30 | exon 31

D.m GSPEPPPPPPRNHDM----SNSSFNDSKESNEISEAECDRDHGPR-GNYGAVKRS PQPKDORTTEEMRKLIERNETGPKQLQLQQANGAG-H \Y
A.m GSPEPPPPPPRNHDQ----NNSSFNDSKESNEISEAECDRDQLVN-RNYGVNARG---KDGMTTEEMRKLIERNEAPSRQTGSGHGGHGGLI v
THE SSPEPPPPPPRNHD------- PSFNDSKDSNEISEAECDRDQLINSRTYGVMRGSS--KDGMSHEEMRKLIERNETG--—--—-~ QANGG-1 \Y
D.mg DPPQPPLPPPRTGNDSANVSSSSNNDSTISAEISEAECDREHLVN-RNYGVGIRTMNSKDGMSMEEMRKLIE-NEGG------~ AHVTNG-1 \Y

_.*:** ****. . _* ***_ * *********:: . _**_ * % H kkkkkkkk K*k * H *

Polyproline motif ITIM motif -~ PDZ motif

Figure 4 A) Daphnia magna expression of a Dscam region encompassing Ig8%an the brain and hemocytes.
Sequencing revealed that each band is composedny different isoforms corresponding to the expgoessf exon
variants from arrays 4, 6 and 11. B) Exon usagguieacy in different tissues ID. magna. Bars correspond to the
expression of each exon in each tissue, relatithadotal number of times the exon was observellitissues. C)
Association of exons from each array in single mRMN@lecules from brain, embryos and hemocytes. Ers bn
the right side of the graph represent the absolutaber of times that each association was obseiNethber of
sequences: brain n=39; embryo n=16; hemocytes &8 6.3 cannot be used because there is a mutdtibe 3’
end of the exon that does not allow splicing witbre7 (splicing law changed from type 2 to type 0).

Expression of Dscam transcript diversity exon arrays. Variable expression of exons 4, 6
and 11 was detected in the hemocytes, brain and

To investigate how the potential exon embryos (Fig. 4). All exons in the genomic
diversity repertoire is expressed, we extracted sequence were expressed, except exons 6.3 and
mRNA from D. magna hemocytes, brain and 6.10, demonstrating thaaphnia uses the full
whole embryos, using 10, 2, and 5 pooled range of Dscam-hv diversity. The fact that
magna individuals of the same clone various Dscam-hv isoforms are detected in both
respectively. From each of these extractions, we brain and hemocytes indicates that the Dscam-hv
amplified, cloned and sequenced several RT- product diversity is exploited by both the

PCR products encompassing the three variable
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nervous and immune systemsOHphnia, as it is
in insects.

Unlike Drosophila, which shows a more
restricted expression of their exon 9 array (the
equivalent to the exon 11 array Daphnia),
Daphnia has a restricted exon 6 array profile.
Furthermore, more variants are expressed in
brain tissue than in the hemocytes (Fig. 4). The
restricted exon expression observediaphnia
hemocytes could stem from the fact that the
individuals examined were infected with one
parasite, however, this result is consistent with
those obtained from uninfectedrosophila
(Watson et al. 2005). If each hemocyte expresses
on average 14 different Dscam-hv isoforms, as
in Drosophila (Neves et al. 2004), the restricted
expression in hemocytes results in individual
isoforms being present at a higher concentration,
which may increase their functional capacity.
Additionally, Dscam expression in hemocytes
can be rapidly modulated following exposure to
diverse  pathogens and

(Dong, Taylor

Dimopoulos 2006), which implies a rapid
turnover of expressed molecules. The numerous
destabilizing RNA motifs (Bevilacqua, Ceriani
and Capaccioli 2003) encountered in the 3'UTR
of the Daphnia Dscam-hv could be related to
this rapid turnover of the molecul®.(magna: 3
copies of ATTTA, 8 copies of TATT and 10
copies of TAAA in 1200 bp of 3'UTRD. pulex:
6 copies of ATTTA, 20 copies of TATT, and 15
copies of TAAA within 2545 bp of the 3'UTR).
The observed expression patterns of exon

arrays 4 and 11 in the brain do not significantly

A highly diversified Dscam iaphnia
deviate from random expectation (p=0.19,
p=0.74), but the expression pattern for exon 6
array does (p=0.026). In contrast, the expression
pattern of exon arrays 4, 6 and 11 in hemocytes
deviate strongly from
(p<0.0001, p=0.002, p<0.0001). In both brain

and hemocytes, the observed combinations of

random expectation

the three variable exons from one mMRNA
molecule deviate strongly from a random
expectation (p<0.0001). Consistent with the
hypothesis that the expression of Dscam-hv
alternative exons is regulated, different exon
combinations are preferred in the brain
compared to hemocytes (Fig. 4). Previously,
changes in Dscam-hv expression patterns for
each exon across time, tissue and type of
pathogen challenge have been demonstrated in
both cell lines and in individuals @rosophila

and Anopheles (Celoto and Graveley 2001;
Neves et al. 2004; Watson et al. 2005). Further
immunological experiments will determine if
this is also the case witbaphnia. Although the
mechanisms for mutually exclusive splicing of
the variable exons are not fully understood,
studies of Drosophila have identified two
sequence motifs within the Dscam-hv gene that
appear to be involved in regulating exons from
arrays 4 and 6 (Graveley 2005; Kreahling and
Graveley 2005). These sequence motifs are also
present inDaphnia (Fig. S1, Supplementary
material), suggesting that the regulatory
machinery is evolutionarily conserved between

these taxa.
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Figure 4 A) Daphnia magna expression of a Dscam region encompassing Ig@%ar the brain and
hemocytes. Sequencing revealed that each bandnigosed of many different isoforms corresponding to
the expression of exon variants from arrays 4,d6Xn B) Exon usage frequency in different tissods.
magna. Bars correspond to the expression of each exeadh tissue, relative to the total number of times
the exon was observed in all tissues. C) Associaifexons from each array in single mRNA molecules
from brain, embryos and hemocytes. The bars onighéside of the graph represent the absolute mumb
of times that each association was observed. Nuofi®¥quences: brain n=39; embryo n=16; hemocytes
n=37. Exon 6.3 cannot be used because there igatiomuat the 3' end of the exon that does notvallo
splicing with exon 7 (splicing law changed fromeyp to type 0).
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Variable regions within the alternative

exons

A structural analysis of the first 4 Ig domains
of two distinct Dscam-hv isoforms [Drosophila
has demonstrated that the 5’ portions of the
alternative exons 4 and 6 contribute to regions of
the protein that are essential for Dscam-hv
homophilic binding and reside on a region called
epitope | (Meijers et al. 2007). Located on the
opposite side of the 3D structure of the molecule
is epitope I, defined by the 3’ region of exons 4
and the central region of exons 6. It does not
participate in Dscam-hv homophilic binding
2007).

orthologous exons from arrays 4 and 6 from 12

(Meijers et al. A comparison of
Drosophila species revealed that the epitope |l
sequences are more variable than those of
epitope |, suggesting that this region of the
protein is under fewer selective constraints.
Closer examination of the same sequences
betweenD. magna and D. pulex is entirely
consistent with theDrosophila observation,
given that the regions of variability in
crustaceans and insects are superimposable (Fig.

S2, Supplementary material).

Phylogenies of the variable exons

Clear orthologs exist between the two
Daphnia species for the vast majority of exons in
each of the arrays (Fig. 5 A), meaning that
interspecific sequence similarity is higher than

intraspecific. This suggests that the occurrence

A highly diversified Dscam iaphnia

of concerted evolution is not affecting the
evolution of the multiple exons of each array in a
significant way (Nei and Rooney 2005). This
relationship is strongest in exon 4 array, where
1:1 orthologous pairs were identified for every
exon (Fig. 5B). Similarly, almost all exon 6
array members have a clear pairing between the
two Daphnia species (Fig. 5B), despite having
different numbers of exons. These results are
consistent with those obtained among three
species oDrosophila (Graveley 2004). Sites of
recent gene duplication of exon 6 variantin
pulex, or gene loss iD. magna, are exons 12, 13
or 14 and exon 23 according to the numbering of
D. pulex (Fig. 5B). Variation in exon 6 copy
number also exists betweBn mdanogaster and

D. virilis (48 and 52 copies respectively),
indicating that recombination leading to exon
loss/gain in this portion of the gene may be more
frequent than in the exon 4 region. Regarding the
exon 11 array, there have been two exon
duplication/loss events since the split between
the D. pulex and D. magna (Fig. 5B). In one
case,D. pulex exon 11.5 does not have an
orthologous match inD. magna. Since 1:1
orthologous pairings between the two Daphniids
continue downstream, it is more likely that the
D. pulex exon 11.5 is the result of an exon
duplication event, as opposed to exon losH).in
magna. In the other casd). magna exons 11.13
and 11.14 are more closely related to each other
than to anyD. pulex exon, and thus likely arose
by exon duplication irD. magna after the split

between these two species. The fact that,
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generally, orthology of the alternative exons has suggests that at least part of the exon sequence
been maintained between the twidaphnia variation may be functionally contrained.
species, coupled with their short branch lengths,
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Figure 5 A) Bayesian analysis of the exons fr@aphnia magna (white), Daphnia pulex (gray) and
Apis mellifera (black) contained in the three variable arrayshef@aphnia Dscam gene. In the exon 6
tree, only 10 representatives Af mellifera were included. B) Schematic representation of ékens
depicting the orthologous pairing and synteny & thariable exons between the tBaphnia species.
Boxes represent clustering among the nearest naighith a probability of 0.9 or more.

On the other hand, based on the lack of 5A), this constraint appears to be taxon specific.
orthology between the alternative exons of This contrasts with the high degree of sequence
Daphnia and insects (represented b} conservation in the constant domains of the
mellifera, the insect species with the highest molecule between these two groups of
Dscam sequence similarity Baphnia) (Fig. Arthropods. Furthermore, some characteristics of
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each of the three arrays are consistently shared
among species. For example, the exon 4 array
always has fewer variants than either of the other
two arrays. Such shared characteristics among
the arrays could reflect that they have
experienced similar selective constraints in both

insects and crustaceans.

The evolution of the duplicated exons

It has been proposed that the alternative exons
originated by duplication in a nearest-neighbour
scenario, where exons closer to one another
along the chromosome are more similar than
exons that are further apart (Graveley et al.
2004). The phylogenies of the variable exon
arrays 6 and 11 of the twidaphnia species are
generally consistent with this model (Fig. 5). For
example, in the exon 6 array some resolution
beyond the orthologous pairings is obtained,
where at least one large clade containing all the
central exons in the array is strongly supported.
Within this central exon clade, there are two
additional clades that cluster exons 6.3-6.16 and
6.17-6.23 (numbering according 0. pulex)
(Fig. 5A). The resolved members within the
exon 11 array also correspond with the nearest
neighbour hypothesis. However, in contrast, the
exons present at the end and at the beginning of
array 6 are more dissimilar to the central cluster.
Furthermore, the relationship among paralogous
exons is not well resolved for array 4, where
only exon pairs 4.2 and 4.3 cluster together (Fig.

5A), suggesting that the exons in this cluster
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evolved rapidly, or that this array is older than
the other two.

The number of synonymous substitutions per
synonymous sites p§) and nonsynonymous
substitutions per nonsynonymous sitepn)(
between alternative exons within each array is
higher between than within the twiBaphnia

species (Fig. 6 and Fig. S3).

0,8
i ife
06 b 1
(7]
o 04
0,2 1
0,0
0,2 1
<
S04 - PT o On i
6 4 C— paralogs D. magna
3 paralogs D. pulex
mmm orthologs
0,8

array4 array 6 array 11

Figure 6 Averageps and pn of paralogs and
orthologs from arrays 4, 6 and 11. The error bars
correspond to the standard deviation of paralog and
orthologps andpn values. The matrices @k andpn
values of all pairs of paralogs and orthologs drel t
estimated standard error are available by request.

This suggests that paralogs largely evolved
according to the birth-and-death model, which
assumes that new genes are created by repeated
duplication events and that some duplicates may
stay in the genome for a long time, whereas

others are deleted or become non-functional (Nei
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1992; Nei,
Piontkivska 2000). The recent exon duplication

and Hughes Rogozin, and
and deletions described for arrays 6 and 11 give
further support to the appropriateness of this
model in explaining how the variable Dscam
arrays are evolving. Only one non-functional
exon was found (see legend Fig. 5). Tpee
values between paralogs in one array are
generally near the saturation level with most
values between 0.4 and 0.7, whergas of
orthologs although high, are lower (0.2-0.4) (See
Fig. 6 for average values and Fig. S3). The
number of nonsynonymous differences between
paralogous and orthologous exons indicates that
there are many more nonsynonymous
differences between paralogpn{ 0.1 to 0.6)
than orthologspn: 0 to 0.06) and this pattern is
very consistent in the three arrays (Fig. 6 for
average values and Fig. S3). This difference in
the number of substitutions in orthologs and
paralogs for the three arrays supports that the
duplicated exons in each cluster had already
diverged in the ancestor of the twaphnia
species. Thaln andds values were calculated
for orthologous exons by correcting the and

pn values with the Jukes-Kantor formula (Ota
and Nei 1994). The dn/ds ratio of orthologous
exons indicates that strong selection is acting to
maintain the amino acid composition of each
exon (average dn/ds: array 4=0.08; array 6=0.1;
array 11=0.06), Table S1). Selection acting upon
paralogs in each array seems to have been much

weaker, allowing for more nonsynonymous
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substitutions  (Fig. 6) and subsequent

diversification.

Dscam family evolution

Our searches for Dscam genes confirmed
that, to date, only members of the insects
(Crayton et al. 2006) andDaphnia have a
Dscam-hv gene that contains at least three arrays
of alternative exons (Fig. 1 & Fig. 7). We found
no sensu stricto Dscam-L paralogs in the current
D. pulex genome assemblyven though two
genes with homology were found with a
different domain organization (see material and
methods section). Our tree shows that the
vertebrate Dscam and Dscam-L genes are clearly
separate from those of insects, the sea urchin and
the flatwormDugesia, despite the fact that the
Dscam-L exon structure of insects lacks variable
exon arrays, and thus superficially more closely
resembles the vertebrate homologs (Fig. 7).
Therefore, it seems that the ancestral Dscam
gene duplicated in the two groups independently
of one another, or that concerted evolution
within the two groups has destroyed the
phylogenetic signal at this deep level. The
intron/exon boundaries of both vertebrate and
insect Dscam gene copies also support the
hypothesis of independent duplication, with
insect Dscam-L genes intron/exon boundaries
being more similar to those of Dscam-hv than to
human Dscam or Dscam-L. Furthermore, the
motifs identified by Crayton et al. (2006) that
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discriminate the Dscam and Dscam-L of
vertebrates were not found in any of the
invertebrate Dscam genes. With respect to the
timing of the duplication event within the
invertebrates, both crustaceans and insects share
the complex trait of alternative exon arrays, and
likely the same mechanisms of mutually
that the

duplication event in the invertebrate lineage

exclusive splicing, suggesting
must have occurred before the split of the
Pancrustaceans (Fig. Daphnia appear to have
strongly modified or lost its paralog of Dscam-
hv. The two nematode genome sequences
currently available@. elegans andC. briggsiae)

and the tunicat€iona (a deuterostome) appear

to lack Dscam altogether.

Homo sapiens (human) Dscam-L
Pan troglodytes (chimp) Dscam-L
Canis familaris (dog) Dscam-L

R attus norvegicus (rat) Dscam-L

Mammal
Dscam-L
Mus musculus (mouse) Dscam-L
Danio rerio (zebra fish) Dscam
1.001, Gallus gallus (chicken) Dscam

Monodelphis domestica (opossum) Dscam

Canis familaris Dscam Vertebrate
Mus musculus Dscam e
[1.00] ¥ Rattus norvegicus Dscam
Pan troglodytes Dscam
Homo sapiens Dscam
Dugesia japonica (flat worm) Dscam
Strongylocentrotus purpuratus (sea urchin) Dscam
1.00 Apis mellifera (honey bee) Dscam-L
0.96 Aedes aegypti (yellow fever mosquito) Dscam-L
) Insect
Drosophila melanogaster it fiy) Dscam-L2 Dscam-L
1.00 Drosophila melanogaster Dscam-L1
- Daphnia pulex (water fea) Dscam-hv
' Aedes aegypti Dscam-hv
1.00 .
L3 Dros ophila melanogaster Dscam-hy ,F ancrustacea
o Dscam-hv
Tribolium castaneum Dscam-hv
(red flour beetle)
Apis mellifera Dscam-hv
0.1
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Differences between the Dscam-hv, Dscam and
Dscam-L can also been seen at the predicted
properties of the respective proteins coded by
these genes, like the number of gylocosylation
sites. Glycosylation patterns suggest that there
are fewer glycosylation sites in Dscam-hv
compared to Dscam or Dscam-L (Table S2).
This pattern holds true for the three insect
species for which both forms of the gene occur,
for which

and sequences are available.

Carbohydrates mediate interactions between
recognition molecules and a great variety of
glycan chains, and play a role in both the
nervous and immune systems (Kleene and
2004). The higher

glycosylation sites of the non-variable and

Schachner number of

Dscam-L proteins might be a functional

alternative or complement the Dscam-hv

molecules diversified by mutually alternative

splicing.

Figure 7 Bayesian topology of the extracellular
regions of Dscam and Dscam-L genes from
representative metazoan. Numbers at nodes are
posterior probabilities. Only nodes relevant to the
discussion are labeled. * represents the possible
origin of mutually alternative splicing in Dscam.
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CONCLUDING REMARKS

Alternative exons coding for Dscam-hv Ig
domains are present in insects and in the
crustacean Daphnia, but not in other
invertebrates or vertebrates, suggesting that it
evolved in the ancestor of the pancrustaceans.
Dscam-hv amino acid conservation is high
among divergent taxa, except in the regions that
are coded by the alternative exons, which vary
considerably in number and sequence between
Daphnia and insects, and even among insects.
Another level of variability in the alternative
exons is evident when comparing more closely
related species in the regions of Dscam-hv
suspected to play a role in heterologous
recognition (Meijers et al. 2007).

The structural position where this variability
occurs seems to be conserved betw2aphnia
and severalDrosophila species, despite the
sequence divergence of their alternative exons.
Thus,

diversity are conserved betwed&waphnia and

the principles underlying Dscam-hv

insects. Furthermore, as in insecf@aphnia
expresses diverse repertoires of Dscam-hv
isoforms in both brain tissue and hemocytes. It is
not known whether Dscam-hv diversity
originally evolved by selection on the nervous
system, the
Pasquier 2005).

Two non-exclusive selective advantages may

immune system, or both (Du

be conferred to both the nervous and immune

systems as a result of Dscam-hv diversity. First,

A highly diversified Dscam iaphnia

it is beneficial to have a large number of
different isoforms present in either system, even
if their sole property is that they undergo
homologous binding. This benefit has been
demonstrated in the nervous system (Chen et al.
2006; Hattori et al. 2007), where the structural
basis for homologous interactions is understood
2007). the

homologous interactions and their variegated

(Meijers et al. Specifically,
expression on the cell surface allow large

numbers of cells to be distinguished from one

another. Similarly, the immune system could

benefit by creating individualized hemocytes

that can patrol without aggregating. If this is the

case, many exons with different sequences, but
not the precise exon sequences, would confer a
selective advantage.

A second hypothesis is that isoforms are
selected for their ability to bind to heterologous
ligands, e.g. pathogens. In this scenario, specific
exon sequences would be selected. Soluble
forms of Dscam-hv circulate in the hemolymph
of insects where they are unlikely to play any
role in the nervous system, but could act as
opsonins. Supporting this idea, inhibition of their
results in a lower

expression phagocytosis

capacity and Dscam-hv isoform expression
changes after exposure to various antigens
2006).

Furthermore, a variable site on the molecule is

(Dong, Taylor, and Dimopoulos
oriented in a way that permits heterologous
2007). All this

suggests that the variability of Dscam-hv may be

interaction (Meijers et al.

useful or even essential to the immune system.
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In fact, the pattern of rapid evolution of the

alternative exons in different species is
reminiscent of Igsf members involved in innate
immunity in vertebrates (McQueen and Parham
2002), i.e. a pattern modulated by the pathogen
environment. If this is the case, selection acting
on immune function would have been the
driving force for maintaining an interesting form

of alternative somatic diversification in the

immune repertoire.
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SUPPLEMENTARY MATERIAL

MATERIAL AND METHODS

Phosmid Libray The DNA to be use in the fosmid library was prepaie the following way: five
hundred adult individuals (ca 1 gram of wet tissweje kept in filtered culture medium with 50mg/t. o
Ampicillin (to reduce bacterial contamination) aB@0 mg/L of Sephadex G-25 beads (Sigma-Aldritch)
(to replace gut content). The culture medium waewed every day for one week. This treatment was
aimed at reducing the bacterial load and subseqoetamination of the fosmid library. The indivals
were then harvested and frozen at - 2@t@il DNA extraction. Genomic DNA was extracted rfrd
grams ofDaphnia magna (clonal line Mull) using the Qiagen genomic tiptpool. Fosmid libraries
were generated using the Copy ContfoFosmid cloning Kit (Epicenter, Madison, WI ) folling the
manufacture’s protocol. Briefly, 20 ug of genorbblA was end-repaired and size fractionated in agul
field gel with 1% SeaKem Gold Agarose (Cambrex Bigence, Rockland ME) in 0.5X TBE buffer.
DNA in the size range of 35 to 50 Kb was isolatgd3ELase treatment and the product was ligated into
the vector pCC2FO¥. Ligations were transformed into T1-resistémtcoli cells (EP1300"-T1%) by
electroporation.

After quality control analysis of library, fosmidonies were picked to approximately 5X coverage
on a Q-bot (Genetix, Newmilton, UK) and storedradividual clones grown in 384 well plates at -80 °C
To screen these clones for fosmids containing e gof interest, pooled fosmids were screened with
primers fn35f-r (seq) and IG1f-r (seq) designedatget exons near the 5’ and 3’ ends of the geive. F
positive clones were identified and one of the et (LF5) was found to be positive for both primairg
End sequencing of all positive clones confirmed plecement of these clones relative to Ehepulex
draft genome and that fosmid 1F5 spanned the dbsicam gene iD. pulex. The insert from fosmid 1F5
was isolated as 8mal digestion product by gel electrophoresis and GieLdigestion. The insert was
subsequently randomly sheared on a GeneMachinesBlgdar (Genomic Solutions, Ann Arbor, Ml,) to
an average size of 3Kb. Sheared DNA was then egmairezl and size selected by agarose gel
electrophoresis and the products were blunt entkdidintoSacl digested Puc-18 vector treated with Calf
Intestinal Phosphatase (New England Biolabs, IgswidA). After ligation and transformation into One
Shot, Genehogs electrocompetent cells (Invitro@zmlsbad, CA). A plate of 384 clones was picked and
sequencing template was prepared by rolling caobplification (GE Healthcare, Piscataway, NJ) befor
sequencing on an ABI 3130 (Foster City, CA) capjlleNA sequencer.
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Accession numbers

human dscaml
chimp dscaml
Dog dscam |
Rat dscam |
mouse dscaml
zebrafish dscam
chicken dscam
opossum dscam
Dog dscam
mouse dscam
Rat dscam
chimp dscam
human dscam
Flatworm (Fusaoka et al
2006)

Sea urchin

Bee dscaml
Aedes dscaml
Dmel dscaml2
dmel dscamll
aedes dscam
dmel dscam
tribolium dscam
Bee dscam

aal57166.1
xp001158737.1
Xp546506.2
Xp236203.3
Xp236203.3
aat36313.1
xp416734.2
xp001370653.1
Xp544893.2
npl112451.1
np598271
Xp001171538.1
aacl7967.1

Ab249988
Xp793690
baf03050
aael013409 pa
Cg32387
€331190 pa
aael010606
aaf71926.1
Xp969935
aat96374.1

RESULTSAND DISCUSSION

A highly diversified Dscam ifDaphnia —supplementary material
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I nterveni ng sequence position Docki ng sequence/ acceptor sequence

ATCCCAACATTCAGGCAGITTTCAATTT
1) GTAAGCCAAAGTGT GTGTGT TGCGCTGT GTGACTCACACGCACATTTTCTTTTCTTCTTTCTTTTTTCTTTTTTCTTGGT TGCT TCATTCCTGCATACCTCTCGGCTAG 109
1) GTGAATAACCTTAGATTCCCATACAT TAT TCGAGGCAAGGGEGEEEEEEEEEGT TCGAT T T TGTAGCAATGT AGTATTCTGTATCAACTCCAATTCAATTGCGCCC 104/ 120
1) GTATACATTGTCCAATAGCTATACTACATTGT CCCAACATCCAAATGTGT CGT TAGAT TCGT TAAAT TAGAGGAAAGCTCTTTAAAAAAACATTATTTGCGATGTGATGGACAG 114
1) GTAAAAAGAAAAAACAT TCCAGCAGT CAGGCAGT CAATAATTCAAATTGACAGAACAAAATCTCATTGT TTGCGATGAAATTGI TATTAG 90
1) GTGAAAAATCTATCCCTAACGT TCACGACAGCATATCCCCTCCCCCCCCCCCAATCAATGTTGTATTTGACGT TTTCAATTGAATCTCGGCGTCGC 96/ 113
1) GTGAATAACCTTAGATTCCCATACAT TAT TCGAGGCAAGCGEGEGEEEEEEEEGT TCGATTTTGTAGCAATGTAGTATTCTGTATCAACTCCAATTCAATTGC 100/ 122
1) GTGAAGATACACACACACGTCGTTTTATAGCCGGT TCACCCTATCCT TGCCGACCCGAT CCCAGT GGATCAAGACTCAAATTTCAATGT CGTAATAATAATAT 103

POO~NOBR~WN

-10 23) ACCAGCTGT TCTGT CGGGAATCCCACTCTAAACAT TCAGGCCOGCAT TAAGAAT GGT GAGAAAACGCT TAAGCCAGCACGT ACT GCGACGAATCCTTTTTTCCCATTTCGATTCAG

137

10-11 1) GTACACACTACGCCTGCTTTATTTGATATCAACATTCAGACAGGGCT GATCCACT TGAT CAATGAATGAATGCTTTTAATAATAATACT CTTGTCGGTAATGCGATGCAG 110

11-12 1) GTACCCCAACATCTCCTCCCGCTATTGAAACAT TCAGCAGACGGT TTGAATTTTGTCGT TTAGT CGTCGT TTTGGCGATGAAT GATTAGACGCAATTCTATCTGCCAATAG 112

12-13
1) GTTAGCCGATGACAT TTAACAT TCAGGCAGCGAGATAAATGGTGT TGTTAT TAAGACACTCAAT TGACAGCTAATTTTCAATCGATATGCAATTATTTTAL00/ 105

13-14 1) GTTAGCCCATAACACGT CGACAT TCAGGCAGCGATAAATGATGT TTTATTAAGGGAAAGCTAAT TTTCGATCGATATGAAATGATTTAAAAAAAGAG 97

14-15 1) GTTAGCCCT TTTCCATAAGAACAT TCAGGCGGT AT CTCAAAGAAAAAGAAACT CGAATTTGT TGTCTAAAGTATTTGATAACATTTAG 88

15-16 1) GTAGGATTAACT TGACCGCACAT TCAGGCAGT TACAAATGTCGAAGGT TTTACT TTGGTAACT GATAAGCTGATTTACTGAATTTGGGCGGTCTTTTC 98/ 118

20-21 1) GTAGCCCTCCCTAATCAACAACAT CCAGGCAGCTTTAATGTCTGTGTGTGTATATGT CTCGATGACGTAAACTTTTTTTGAGGT TTTTCTTTGAACAAAT
100/ 114

22-23 38) GGTCAGAACTTAACCT TAACCCAACGT CAGGCAATAACACCT TGATGGT CTCT CTCTATACGGAAAAACCCT CAAACGGGT TATCATTCGT GAGTAGAACGT GA
145/ 168

23-24 1) GTAATTTAAAACCT TGACATTGAGACGAATTGAAATTGATAGAG 44- - 75) CGTAAGCCCTTGT GGACAT TCAAGCAGTGGGTGGTATCATTGATTT
120/ 181

25-26 1) GTAACTGAACAAAAAAAAACAAAT CAATCCCCTATTTCTTTGT TTTCTTTCGAAACGCCACGGT AATCGAAGGCCCGATGEEGT GAACT TTGGTGTCGTTAT 102/ 316

4-5 1) GTTAAACGT GAAAGT TTGGACATTTTCGATCATTAGAACCAACGAGTAGTACAG 54

16-17 18) TTTTTTTTTTGTTTTTTAACAATAT CAAAAATTTTGACATGGCGACAATGT CATCAATCAG 78

17-18 1) GTGATTAATTCATCTCATATGTTATGTGCTTCATTATAAAG 41

18-19 1) GTGAATAATTTCTCTCGCGTCTCATCTATTGT TACGTCTCTGCCTTTGGCTAAAG 55

19-20 1) GTTTGAATTTTTACTTTTTTCCTTTCCT TTCGT GCTCGACCATCGGCCAAATTTTGAT TATCGATGAACGCAG 73

21-22 1) GTTAGATTACATGGCGTCTAATGATATCGATTGAATCCAG 40

24-25 1) GTAATCAAAGACGAT TTATAGGGGTAAATAAT GATGAT GATGAT CATGCGCCAAAACAG 59

ATCCCAACATTCAGGCAGITTTCAATTT

Figure S1 Alignment of intervening sequences from array ®inmagna. In blue the reverse complementary sequence ofltleking Drosophila consensus
(Graveley 2005). In yellow putative segments cqroesling to the selector sequences: Numbers orethg-R, 2-3 etc, refer to the intervening sequemustion
with respect to the exons, i.e. 1-2 refers to titervening sequence between exons 6.1 and 6.2; &snil), 23), 38) etc, refer to from which basehsf t
intervening sequence the sequence is representié figure; Numbers on the right indicate the lzeste represented and/or the total number of basesch
intervening sequence. Intervening sequences haredreuped according to size.
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Array 4
Epi t ope |
p4. IXXXX WLQSYSTYVSEDHVI LGNAAVLRCHI PSYVADTVHVD
M. IXXXX WLQSYSTYVSEDHVI LGNAAI LRCHI PSFVADTVHVD
*********************:*******:**********#
p4. 2xxx0 VWSQEYDTDVNKEYVI RGNSAL L KCQFPSFMADHL QVESW
m. 2xxx1 VWSQEYDTDVNKEYVI RGNSAL| KCQFPSFMADHL QVESW.
*********************:*****************:
p4. 3xxx0 VWSQEYDLDASKEYVI RGNSAL L KCQYPSFMADHLQVES
md. 3xxx1 VWSQEYDTDASKEYVI RGNSAL L KCQFPSFMADHL QVESWy
*kkhkkk k% ******************:*************'
p4. 4xxx0 VWHQTYQTDVNL EHVI RGNSAVL KCSVPSFVADFVTVDT
md. 4xxx1 VWHQTYQTDVNLEHVI RGNSAVLKCSVPSFI ADFVTVDTWL
******************************:**********
p4. 5xxx0 VQSSYWEVNNEHVI LGNSAMLKCTI PSFVTDFVYVASW!
md. 5xxx1 VQSSYWEVNNEHVI LGNSAMLKCTI PSFVTDFVYVASWI |
RS G S S S O S S I S O S S S
p4. 6xxx0 WLQSYESEVGNEYVI RGNSALLKCG PSYVADLVQVGA!
m. 6xxx1 WLQSYESEVGNEYVI RGNSALLKCDI PSYVADLVQVAVWL
************************.***********..**~
p4. 7xxx0 AVWQDYEVRVNDEFVL RGNAAL L KCLVPSYVSDWQ ES
m. 7xxx1 AVWQDYEVRVNDEFVL RGNAAL L KCLVPSYVSDWQ ESWT
kkkhkkhhkkhkhkhkrkkhxhhhdhkdhkddxhdhdxdrhrxdxhxhkdxk*x
p4. 8xxx0 WSQSYQVHVHDEYVLLGNAGLLRCLI PSFVSDFVI VDT
m4. 8xxx1 WSQSYQVHVHDEYVLLGNAGLLRCLI PSFVSDFVI VDTW
****************************************:
Array 6
Epi t ope |
p6. 1xxx0 EPVSSGAPRI PSVTKSYVI FI GVQGYPVPSFR
6. 1xxx1 EPI SSGAPRI PALTKSYVI FI AVQGYPVPSFR
**:********::****** **.**********
p6. 2xxx0 EPL SNVAPRVGASSKSYV MFCEAQSFPI PAHR
6. 2xxx1 EPL SNVAPRVGASAKSYVI MFCEAQSFPI PSHR
*************:***** **********:**
p6. 3xxx0 EPTSSAAPRLASDSTL SNA LCPAQAYPAPSFR
6. 3xxx1 EPTSSAAPRLASDSTL SNA LCPAQAFPCTLFQ
kkkhkkhkkkkkhkkhkhkkkkikkkkkk*k ******:*.. *
p6. 4xxx0 EPTSSTAPRFATDSAI SS LCPAQAYPAPI FR
6. 4xxx1 EPTSSTAPRFATDSAI SS LCPAQAYPAPAFR
kkkkhkkkkkhkkhkkhkkkkikkkkkk*k *kkkhkkkxkhkkhkk*kx k%
p6. 5xxx0 EPTSSTAPRFASDSTNSK CPAQAYPAPAFR
6. 5XXX EPTSSTAPRFASDSTNSK CPAQAYPAPAFR

kkkkkhkkkhkkhkhkkhkxkkhkxkkkkkhx*k *kkhkkkhkkhkkkhkkkx
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p6.
nb.

p6.
nb.

6xxx0
6xXXxX1

7xxx0
TXxXx1

6. 8xxxx0
6. 8Xxxxx1

. Ixxxx0
L 9Oxxxx1

. 10xx0
. 10xx1

. 11xx0
. 11xx1

. 12xxx0
L 12xxx1

. 14xxx0
. 13xxx1

. 15xx0
. 14xx1

. 16xx0
. 15xx1

. 17xx0
. 16xx1

. 18xx0
C17xx1

. 19xx0
. 18xx1

. 20xx0
. 19xx1
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EPTSSSAPRFPSESSSSTL
EPTGSSAPRFPTESSSSTL

kkk K kkhkkhkkkhkk: kkkkkhk*k

LCPAQAYPAPLFR
LCPAQAYPAPLFR

kkkhkkkhkhkkkhkxkkhxk*

EPTSSSAPRFASESYVGF
EPTSSSAPRFASDSYVG-

kkkkkhkkkhkkhkkkhkkk: kkkkxx*k

LLCPAQAFPAPLFR
LLCPAQAYPAPLFR

*kkkhkkkhkhk khkkkk*k

EPTSSSAPRFASESYGFVL
EPTSSSAPRFASESFGFVL

*kkkkhkkhkrkhkrkkk: kkk*x*k

LCPAQAFPAPLFR
LCPAQAFPAPLFR

kkkkhkhkkkhkkkxkx

EPTSSSAPRLTGEFSL VA
EPTSSSAPRLTGEFSLVA
kxkkkhkkhkkkkkhkkkkkkkkkx
EPTSSSAPRLSGDFSSVAL
EPTSSSAPRLSGDFSSVAL

kkkkkhkkkhkkhkhkkhkxkkhkxhkkkkhx*k

LTCLAQG-PAPAFR
LTCLAQGFPAPVFR
***********. * %
MCLAQGFPAPLFR
MCLAQGFPAPLFR

kkkhkkkhkhkkkhkkkhxk*

EPTSSTAPRVSADVSI AFL
EPTSSTAPRVSADVSI AFL

kkkkkhkkkhkkhkhkkhkxkkhkxhkkkkhx*k

QCQAQGFPAPLFR
QCQAQGFPAPLFR

*kkkhkkkhkhkkkhkxkkhxk*

EPTSSSAPRFASRSSVNL
EPTSSSAPRFASRSSVNL

EEE SR o S e

LYCPAQSYPAPAFR
YFCPAQSYPAPVFR

ckkkkhkkkk Kk kK

EPTSSSAPRFASRSSVHL
EPTSSSAPRFASRSSVHL

kkhkkkkkkrkkkdkhkkrkkkkkx*k

L FCPAQAHPVPVFR
L FCPAQAYPAPVFR

kkxkkkkhkhkk x *kkx*k

EPTSSAAPRFAVKMSM V
EPTSSAAPRFAVKMSLI V

kkkkkhkkkhkhkkkhkxkkhkxkkk: kx*k

CQAQGYPTPVFR
CQAQGYPTPVFR

LR I O

EPTSSSLPRFSAELSGVI
EPTSSSLPRFSAELSGVI

kkkhkkkhkkkhkkhkhkkhkxkkhkxkhkkkkhx*k

TCPAQGYPVPSFR
TCPAQGYPVPSFR

kkkhkkkhkhkkkhkxkkhxk*

EPVSGSRPRFSSELKSGT
EPVSGSRPRFSSELKSGT

kkkhkkkhkkkhkkhkhkkhkkkhkxhkkkkhx*k

TCQAQGYPVPVFR
TCQAQGFPVPVFR

kkkhkkkhk: kkxkxk*

EPVSGSRPRESTELAGHL
EPVSGSRPRESTEL GGNL

*kkkkhkkkhkrkhkrkkkkkx *- k%

CQAQGYPVPI LR
CQAQGYPVPVFR

kkxkkkkkkkx. %

EPVSGSRPRESTEL KGGNL
EPVSGSRPRESTEL KGGNL

kkkkkhkkkhkkhkhkkhkxkkhkxkhkkkkhx*k

TCQAQGYPVPI FR
TCQAQGYPVPVFR

*kkkhkkkhkkhkkkhkkk- k%

EPSGSVKPRESTAATSTSL
EPSGSVKPRESTAATSTSL

*kkkhkkhkrkhkrkkkkkhkkx*k

FCAAQGFPVPI TR
FCAAQGFPVPI TR

kkkkhkhkkkhkkkxkkx
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p6. 21xx0
6. 20xx1

p6. 22xx0
nG. 21xx1
p6. 24xx0
6. 22xx1

p6. 25xx0
6. 23xx1

p6. 26xx0
6. 24xx1
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EPVGSSRPRFGTDSKGTVLERMWKL PL TMLCTGQGYPVPSFR
EPVSSARPRFGTDSKGTVLERI VKLPLVM. CTGQGYPVPSFR

kkk Kk khkhkkkhkkkhkkhkhkhkhhkkhhkk: khkkk* *hkkdkkkrkxkrkrkhkxhkhx

EPVGSTRPKLSHDTRL L SAQHRFSDAAPL FCQAQGFPTPI VR
EPVGSTRPKLSLDTKL L SAQGHRSKEAVPL FCQAQGFPTPVWR
kkkkhkkkkkkk%k **:******* .:*‘************:**
EPMISVPPRLPPRSKSDI | RVKSSLSEALLCDAQG PVPTFR
EPMI'SVPPRLPPRSKSDI VRVKSSMVSEAL LCEAQGE PVPTFR

R SR R S R R e R e e R R O S S S S

EPVGSVPPRLPPKSKFEDTI RRGSNGPVAI VCDAQAHPPPSHR
EPVGSVPPRLPPKSKFEDTI RRATDGPVAI VCDAQSHPPPSHR

ERE R SR R S R R e e R I O ok T S S S

EPSSNVAPRTSGRKI EGSLI Al AALERQAYLTCDATAFPVPVYR
EPSSNVAPRTSGRKI EGSLI AVAAI QRQAYLTCDVTAFPVPI FR

EEEEE R EEE R RS EEEE S REE S S R R SRR

Figure S2 Amino acid alignment of orthologous exons from gsrd, 6 ofD. pulex (p) andD. magna (m). Symbols
represent levels of amino acid identity betweercigse (*) full identity, (:) strongly similar, (Weakly similar and (
) no similarity. The boxes delimit Epitope | (bllb®x) and Epitope Il (pink box) according B melanogaster
(Meijers et al 2007).
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Figure S3 Number of synonymous p$) and
nonsynonymous substituiongnj per synonymous and
nonsynonymous sites respectively, of paralogs )kemd
orthologs (dots) for each Dscam array 4 (A), aafB)
and array (C). The bars represent the avepsgand pn
between paralogous exons within each cluster fdah bo
Daphnia species and the error bars its standard deviation.
The dots represent the value g and pn for pairs of
orthologous exons between the twaphnia species
identified by the Bayesian analysis and indicated o
Fig.6b).
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Array 4 dn/ds Array 6 dn/ds Array 11 dn/ds

4.1 0.26 6.1 0.18 111 0.03
4.2 0.10 6.2 0.09 11.2 0.07
4.3 0.10 6.3 0.34 113 0.08
4.4 0.06 6.4 0.11 114 0.12
4.5 0.05 6.5 0.03 115 na
4.6 0.00 6.6 0.11 116
4.7 0.04 6.7 0.03 117 0.07
4.8 0.04 6.8 0.17 118 0.03
average 0.08 6.9 0.05 119 0.04
STDEV 0.08 6.10 0 11.10 na
6.11 0 11.11 na
6.12 na 11.12 0.02
6.13 na 11.13 na
6.14 0.13 11.14 na
6.15 0.09 11.15 0.08
6.16 0 11.16 0.00
6.17 0.11 11.17 0.10
6.18 0.22 Average 0.06
6.19 na STDEV 0.04
6.20 0
6.21 0.13
6.22 0.11
6.23 na
6.24 0.06
6.25 0.1
6.26 0.28

average 0.11
STDEV 0.09

Table S1 dn/ds of orthologous exons from arrays 4, 6 andaldulated by correctings andpn with the Jukes-
Kantor formula (Ota and Nei 1994)
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Dscam-hv Dscam Dscam-L

Daphnia magna, D.pulex 5 na na
Drosophila melanogaster 6 na 11
Apismdlifera 4 na 12
Aedes aegypti 8 na 13
Daniorerio na 17 na
Gallusgallus na 17 na
Strongylocentrotus purpuratus na 16 na
Dugesia japonica na 19 na
Homo sapiens na na 15

Table S2. Number of glycosylation sites in variadnhel non variable Dscams determined with NetNglyc
(http://lwww.cbs.dtu.dk/services/NetNGlyc/))
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CHAPTER 2

EXPRESSION OF DSCAM IN THE CRUSTACEAN DAPHNIA MAGNA IN RESPONSE
TO NATURAL PARASITES
Daniela Brites, Dieter Ebert and Louis du Pasquier

manuscript

ABSTRACT A vast diversity of isoforms of the Down syndroroell adhesion molecule
(Dscam) of insects and crustaceans is produced Uiyaity exclusive alternative splicing of
dozens of internally tandem duplicated exons ptesethe Dscam locus. These exons code for
segments or whole immunoglobulin domains of thetgmo The diversity produced by
alternative splicing plays a role in the developtraithe nervous system and it was suggested to
be implicated in the immune defense of insectxrustaceans like in insects, it has been shown
to be expressed by immune cells. Here we testedhehéhe expression of Dscam is altered in
the crustaceaaphnia magnachallenged with several natural parasite speciegbs srains.
Furthermore we compared the repertoire of Dscanstrdpts in nervous tissue and hemocytes in
individuals infected or not with a naturally infe@ gram-positive bacterium. Hemocytes
expressed lower transcript Dscam diversity in camspa with the nervous tissue. This shift was
even more pronounced in hemocytes from infed@eghnia However we found no effect of
parasite infection on the usage of the alternaéixens 4, or on the total amount of Dscam
expressed. Yet, the finding of the same Dscam istgoexpressed in independent experiments

suggests that associations between exons aredoalyi important.

insect nervous system (Schmucker et al. 2000;
Chen et al. 2006; Hattori et al. 2008), has been
put forward as an exciting candidate for

INTRODUCTION

The highly diversified protein Dscam (Down
mediating specific immune responses in

Arthropods (Kurtz and Armitage 2006). Much of

syndrome cell adhesion molecule), already

known for its essential role in the wiring of



that is due to the fact that numerous different
Dscam isoforms can be produced in hemocytes
of one single individual by mutually exclusive
alternative splicing of duplicated exons present
in the Dscam locus (Neves et al. 2004; Watson et
al. 2005). This has been reported initially in
insects and later in crustaceans (Brites et al.
2008; Chou et al. 2009). Studies Drosophila

melanogaster (Watson et al. 2005) and
Anopheles gambiae (Dong, Taylor, and
Dimopoulos 2006) addressed in detail the

function of Dscam in immunity and found

support for it. However, not all evidences are in
agreement (Vlisidou et al. 2009) and many
important gaps need to be filled in order to have
a sound understanding of the action of Dscam in
immunity. Some of these gaps are difficult to
address in model organisms such &8s

melanogaster Clonal reproduction and the use

of natural endoparasites can help to shed light on

A)

100 aa

Dscam expression iDaphnia
some of these gaps. Here we study the
expression of Dscam following infection of the
asexual reproducing brachiopod crustacean
Daphnia magna by several of its natural
parasites. The gene Dscam encodes a protein
composed extracellularly of immunoglobulin
(Ig) and fibronectin Il (FNIII) domains arranged
in the following way, 9(lg)-4(FNII)-(Ig)-
2(FNII). Half of Ig2 and Ig3 domains and the
entire 1g7, are coded by exons that are mutually
exclusive alternatively spliced, while the other
domains of the protein remain constant (Fig.1)
The alternative exons are organized in 3 arrays
in the Dscam locus (Fig.1). In insects and in the
crustacearDaphnia the Dscam gene codes for
isoforms that are membrane receptors with
signaling capacity, although the intracellular
domains in both groups differ in their motif
organization (Schmucker et al. 2000; Brites et al.

2008).

DE D @ D DEDEIDEDEID e -ENDEND

B) T T o [T T T T T 1 I [T T I [T [T T
12 3 z} 5 ? 7 8 9 10 1|1 12 13 14 15 16 17 18 19 20 21 22 23 24 2526 27 28 29 30:
9 array4 array 6 array 11 M
A o

4148 6.1-6.24 11.1-11.17 C

Figure 1 The Dscam oD. magnaA) Protein domains; Ig-immunoglobulin domains; ANfibronectin 1ll domains.
The grey and black boxes represent the transmemlanaah cytoplasmic domains. B) mRNA, each box cpoeds
to a constitutive exons and the colored boxes Agpld, correspond to exons that are the resultutfiah exclusive
alternative splicing of arrays of duplicated ex@rsch are present in three arrays, as indicateg)irExons 26 to 31
code for alternative cytoplasmic tails (Britesal 2008). C) arrays of alternative exons 4, 6 andAlfiernative
cytplasmic tails following (Britegt al, 2008). Considering all splicing possibilities aalternative cytoplasmic tails
D. magnacan potentially produce 13056 different Dscamadswis.
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In Daphnig alternative cytoplasmic tails are
expressed, encoding either a tyrosine-based
inhibition motif (ITIM) or an immunoreceptor
(ITAM),

suggesting diversity in both recognition and

tyrosine-based activation  motif
effector capacities (Fig. 1) (Brites et al. 2008).
Similarly, alternative cytoplasmic tails are
expressed irosophilaand an ITAM motif is

also present in one of the alternative forms (Yu
et al. 2009).

Dscam is present in soluble forms produced by

In Drosophila and Anopheles

proteolytic cleavage in the hemolymph (Watson
et al. 2005; Dong, Taylor, and Dimopoulos

2006). Interestingly, the Dscam of the decapod
crustaceamhitopenaeus vannameieems to code

for isoforms that lack a cytoplasmic tail (Chou et
al. 2009). Phagocytosis is an important cellular
defend
themselves from pathogens (Pham et al. 2007;

mechanism by which arthropods

Stuart and Ezekowitz 2008). It has been shown
that knocking down Dscam by RNAI in third
instar larvae of D. melanogaster and A. gambiae
immune competent cells, reduces phagocytosis
by approximately 45 to 60% (Watson et al.
2005; Dong, Taylor, and Dimopoulos 2006).
Contrastingly, another study has shown that null
Dscam mutantD. melanogaster embryonic
hemocytes were still able to phagocyte bacteria
as efficiently as their wild counterparts (Vlisidou
et al. 2009).Anophelesmosquitos depleted of
Dscam through gene silencing, suffered from
high microbe proliferation in the hemolymph
even in the absence of experimental challenge
(Dong, Taylor, and Dimopoulos 2006). The

Dscam expression iDaphnia

same study has suggested that regulation of
alternative splicing of exons belonging to array 4
seems to occur in Su5B cells, and to a lesser
extent in adult mosquitos, in response to several
pathogens. Finally, different Dscam isoforms
have different binding affinities to bacteria
(Watson et al. 2005) and in mosquito Su5B cells,
isoforms induced by different pathogens had
higher affinity for the inducer pathogen than for
other pathogen species (Dong, Taylor, and
Dimopoulos 2006).

We have previously shown that Dscam is
expressed by hemocytes and nervous tissue in
the crustaceaD. magna(Brites et al. 2008). Its
expression in hemocytes is not per se conclusive
of its involvement in immunity given that at least
in insects, but likely also in other invertebrates,
hemocytes are multitasking cells involved,
among other tasks, in developmental processes
and wound healing (Vlisidou et al. 2009). Here
we tested whether the expression of Dscam is
modified and

guantitatively qualitatively,

following an infection by different natural
parasites of D. magna by real time PCR
guantification of both the total amount of Dscam
transcript expression and the expression of the
alternative exons from array 4. Natur8l.
magna populations exhibit highly specific
responses (innate specific responses dependent
on the genotype of the host and parasite) in
relation to different parasite species and to
different parasite strains (Carius, Little, and
Ebert 2001; Vizoso, Lass, and Ebert 2005; Little,

Kathryn, and Ebert 2006). We tested the effect
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of infection by two microsporidia species
(Octosporea bayeriand Ordospora colligata)

and by two different isolates from the gram-
positive bacteriunPPasteuria ramosan Dscam

expression. Clonalines of D. magnacan be

maintained in the laboratory by asexual
reproduction allowing to study exactly the same
host genotype under different parasite
species/strains infections without confounding
effects of germline polymorphisms. To evaluate
the effect of infection in the usage of the three
Dscam variable regions we characterized
transcripts in hemocytes and compared it to the
repertoire expressed in nervous tissue belonging
to the same individuals exposed and unexposed

to the bacteri®. ramosa

MATERIAL AND METHODS

Hogt and parasite strains

TheD. magnagenotypes used were SP1-2-3,
HO2 and Mull originally sampled in Finland,
Hungary and Germany respectively. The
parasites used were the microsporidia bayeri
andOr. colligataand two different isolates &f.
ramosa (P1 and P3). The host SP1-2-3 is
susceptible to all parasites except Rorramosa
isolate P3 whereas HO2 and Mull are
susceptible and resistant tB. ramosa P1,
respectively. Daphnia magnagenotypes were
cloned in laboratory by propagating isofemale
lines under constant light (light:dark cycle of

16:8 hours) and temperature conditions (20°).

Dscam expression iDaphnia

The lines were synchronized in a way that all
individuals used in the experiments were born in
the same day from mothers which had been
raised under equal conditions for at least three
asexual generations. None of the parasites used
can be culturedh vitro and were thus grown in

D. magnaclones different from the ones used in

the experiments.

Dscam expression assessed by real time
guantitative PCR

RNA extraction and cDNA synthesis RNA
was extracted using Trizol (INVITROGEN)
following the manufacturer instructions and
RNAse glycogen
(INVITROGEN) to increase RNA yield. The
final RNA pellet was dissolved in 2 RNAse
free water and stored at -80 °C. Removal of

using 5 pg of free

genomic DNA and cDNA synthesis were done
with the QuantiTect Reverse Transcription Kkit
(QIAGEN) the

instructions. The primers used in the kit above

following manufacturer
mentioned are a mix of oligo-dt and random
primers.
Dscam relative  quantification by
guantitative real time PCR Expression was
accessed by quantitative real time PCR using
TagMAN chemistry (AB Applied Biosystems)
and the Applied Biosystems 7500 Fast Real-
Time PCR system. Dscam expression was
evaluated by quantifying all alternative exons 4

except for the exon 4.7 for which we did not
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obtain specific amplification. The expression the
housekeeping gene (B-actin) was used to
standardize all quantitative PCR measurements.
The expression of the alternative exons was
furthermore standardized by the expression of a
constant Dscam region (exon 5) by dividing the
relative expression values of each exon in each
sample by the relative expression of exon 5 in
the same sample. The amount of primers and
probes used was optimized before the analysis
and all fragments amplified had approximately
100 bp to ensure similar amplification efficiency
between target and reference genes (primers and
probes designed available in Tab. S1). All PCR
reactions were replicated three times, and
expression was quantified by using the*Z"
method (Kenneth and Thomas 2001). After PCR
quantification all samples were run on a gel to
that

quantified. Three independent replicates per

ensure specific amplifications were
treatment combination were analyzed. We fitted
the Dscam expression data to several general
linear models (GML) for each of experiment
done (Figures 2, 3 and 4). The response variable
(relative expression) was log-transformed to

ensure that residuals were normally distributed.

Experimental design Several experiments
were done to compare the expression of Dscam
in D. magnaindividuals exposed and unexposed
to parasites. Each replicate in all experiments
was composed of 10 individual Daphnia, five
days old, placed together in 40 ml Daphnia
artificial medium (ADAM) (Klittgen et al. 1994,
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Ebert, Zschokke-Rohringer, and Carius 1998).
Three replicates per treatment and control were
used for PCR quantification and three other
replicates per treatment were used to estimate
the rates of infection. In the latter case,
individuals were left until infections could be
detected by eye, and in uncertain cases
microscopically (Jensen et al. 2006). All parasite
treatments were done by adding a suspension of
spores of each parasite or of several parasites
together depending on the experiment (see
left
unexposed, but otherwise treated in the same
way. Animals RNAlater
(AMBION) and left overnight at 4°, after which

they were dry-ice frozen in order to facilitate the

below). The control treatments were

were fixed in

dissection of the head. This was done in order to
minimize the contribution of Dscam by the

nervous system of the animal

Experiment 1- Expression of alternative
exons 4 in resistant and susceptible D. magna
hosts exposed to P. ramosa.

Six replicates (each with 10 individuals) of
D. magnaclone HO2 and six replicates @f.
magnaclone Mull were exposed EBx ramosa
isolate P1. Controls for each genotype were
replicated three times. Infections were done with
a suspension of f(arasite spores per replicate
(10° spores pemD. magnaindividual). At the
time of this experiment it was unknown how
long it takes for infections to take place and how
long the host takes to mount an immune
Infections be detected

response. can
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microscopically approximately one week after
exposure (Ebert et al. 1996) and we chose this
time point to evaluate Dscam expression under
infection by P1l. Seven days after exposure
animals of three replicates per treatment were
collected for RNA extraction. The three other
replicates of each expos& magnagenotype
were changed to fresh medium and were used to

assess the infection success of the parasites.

Experiment 2— Timing of Dscam expression
during infection by three parasites.

Experiment 2 was set subsequently to assess
Dscam expression over several days post-
exposure to a mixture of the parasifegamosa
(P1), Oc. bayeriand Or. colligata The host
genotype used in this case was SP1-2-3, which is
susceptible to all parasites used. Here we
hypothesized that if there is a change of the
Dscam alternative exons repertoire in response
to infection that should be associated with an up-
regulation of the whole gene. Thus, only the
constant exon 5 was used to quantify constitutive
Dscam expression under infection. Exposures
were done consecutively at 0, 20 and 40 hours
by adding parasite spore mixtures to the medium
containing 5x16 spores per parasite péd.
magna individual. Daphnia magnaindividuals
from three replicates were collected at time 0
(before exposure), 2, 4, 6, 8, 10 and 13 days after
the first exposure, both from the parasite

exposed and unexposed treatments.
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Experiment 3- Specificity of Dscam
expression during infection by different
parasites.

This experiment was identical to experiment
2 except that infection treatments were done by
adding separatelf?. ramosaisolates P1 and P3
(to which SP1-2-3 is resistant) a@t. bayeri
As described previously, parasite spores were
released in a 0, 20 and 40 hours period bat 10

spores per individual were used.

Expression of Dscam variability in the
immune and nervous tissues assessed by

cDNA sequencing

The associations between alternative exons
from each array per Dscam molecule in brain
and hemocytes of both infected and control
individuals, were assessed by sequencing
amplicons containing the three variable exons
which had been obtained by RT-PCR. In two
independent experiments (see below) hemocytes
and brains from 15 individuals from one
replicate of exposed and control groups were
collected for subsequent RNA extraction. In both
groups, hemolymph was withdrawn by capillary
action wupon introducing a twice pulled
microcapillary glass tube (Harvard apparatus
GC100TF-10) into the heart chamber. The
hemolymph from 15 individuals was pooled and
transferred to 50ul of Daphnia cell culture
medium without antibiotics (Robinson et al.
2006) and 2ul were used for counting the

number of cells using a THOMA counting
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chamber to ensure that there were enough
hemocytes for RNA extraction (only done in
experiment 5, see below). Cells were then spun
at 4000 rpm for 2 min, the buffer was removed
and the pellet was immediately stored in dry ice.
The remaining tissue of the individuals from
which the hemocytes were withdrawn was stored
in RNA later (AMBION) as described before.
Their heads were cut and used for RNA
mMRNA from
with

extraction of brain sample.

hemocytes and brains was obtain
Dynalbeads technology (Dynalbeads mRNA
Direct™ Micro kit) following the manufacturer’s
instructions and the final RNA was eluted in 15
ul of RNAse free water. Reverse transcription
and PCR, which were done in only one reaction
with OneStep RT-PCR Kit (QUIAGEN)
following the manufacturer’s instructions, using
in both

hemocytes and brain obtained from infected and

approximately 0.02 ug of RNA
uninfected individulas and Dscam specific
primers (forward
ATCGTCTCCGCAGACATCC; reverse primer

TGCCTTGTCTGTAGGTTCGACQ). The

following RT-PCR program was used: 30 min. at
50°, 15 min at 95° followed by 40 cycles with

denaturing at 94° during 30 sec, annealing at 57°

primer

during 30 sec and extension at 72° during 2 min
and a final extension step of 10 min at 72°. The
resultant amplicon had 1.9 kb and included
variable exons from arrays 3, 6 and 11. The PCR
products were cloned in a pCR 2.1- TOPO
vector (INVITROGEN) and sequenced using the

M13 reverse and forward primers.
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Experiment 4 — Expression of all three
Dscam arrays, in later stages of infection by
P.ramosa.

At the same time that experiment 1
described above was set, additional replicates of
infected (2

replicates) composed each of R5magna(H02)

replicates) and uninfected (2

individuals, were assigned for assessing the
expression of the three variable arrays. The
animals were collected at a later stage of
infection byP. ramosaisolate P1 (30 days) and

hemocytes and brains obtained from the same
individuals were used for RNA extraction. We

succeeded in obtaining Dscam amplification for
hemocytes in only one of the infected replicates
and in none of the control replicates. For that
reason no expression of control animals could be
The PCR

transcripts from nervous tissue and hemocytes

analyzed. fragments containing
were cloned as described and twenty-five

transformants per tissue sampled were

sequenced.

Experiment 5 - Expression of all three
Dscam arrays at 2 day post-exposure to P.
ramosa.

In this experiment nine groups of 15 females of
22 days oldD. magna(SP1-2-3) individuals,
were kept in 40 ml ADAM. Three groups were
left unexposed and the rest were exposed twice
to P. ramosaisolate P1 within 40 hours. The
parasite doses used were *18pores per
individual Daphniain the first exposure and 10

in the second. Forty eight hours after the first
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Experiment D. magna Parasite Sampling RNA ?:g;irg Figures
. . N .
Genotype specieg/strains  (days) origin tar geted & Tables
Whole
HO2 (susceptible) body Exons 4, :
1 Mull (resistant) P. ramosaP1 ! without  except 4.7 Fig. 2
head
Mixture of Oc. Whole
SP1-2-3 bayeri Or. 2,4,6,8, body .
2 (susceptible) coligata 10, 13 without Exon5 Fig. 3
P. ramosaP1 head
SP1-2-3 Oc. bayerj Whole
3 (reS|stant_to P3, P. ramosaP1 2,4,6,8, body Exon5 Fig. 4
otherwise and P3 10, 13 without
susceptible) head
Transcripts
. Hemocytes with Ig2 to .
4 HO2 (susceptible) P. ramosaP1 30 and brain g7 coding Fig. 6
exons
Transcripts
5 SP1-2-3 P ramosa#1 > Hemocytes with Ig2to  Fig. 5

(susceptible)

and brain 1g7 coding Table2

exons

Table 1 Overview of the five experiments. *days after finst exposure

exposure, hemocytes and brains from 15
individuals from the unexposed and from three
of the exposed groups were collected for
subsequent RNA extraction. The animals of the

other remaining three replicates were changed to

new medium and used to assess infections rate.

Hemocytes were count to ensure amplification
from both infected and uninfected individuals.
Nevertheless, we obtained Dscam RNA from
hemocytes in only one exposed and unexposed
replicates. We used cDNA of brain samples and
hemocytes belonging to the same individuals to
obtain and clone PCR fragments as described
tissue and

above. Fifty transformants per

treatment were sequenced.

Estimating Dscam transcript diversity The
sequence data obtained from the experiments
described was used to estimate several diversity
indices using EstimatesS version 8.2 (Colwell
2006). Transcript diversity was calculated using
the Simpson and Shannon indices.

The Shannon index (D) was furthermore
used to estimate evenness (E) in the following
way E=P/N where N is the total number of
different isoform sequences in the sample. The
percentage of coverage achieved by our
sampling was calculated by Good's method
using the number of singletongtranscripts that
occurred only once in a certain sample) in the
following way, (1x/N) x 100 (Good 1953).
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RESULTS

Experiments 1, 2and 3

An overview of all experiments and their
specificities is given in Table 1. We found no
significant differences in Dscam expression level
between exposed individuals and controls in
experiment 1, 2 and 3 (Fig. 2, 3 & 4). In

experiment 1, the only significant effect found in

o

constitutive expression

o
@
L

Il HO2 CONTROLS

@27 HO2 P1 INFECTED

[ Mu11 CONTROLS
Mu11 INFECTED

o o
IS o
L

FOLD CHANGE RELATIVE TO CONSTITUTIVE DSCAM EXPRESSION
o
N
L

o
o
I

Figure 2 Relative expression of Dscam alternative
exons from array 4 presented as fold change relativ
to the constitutive levels of Dscam produced (1) in
susceptible (HO2) and resistant hosts (Mull), &day
exposed or not (controls) to the gram-positive
bacteria P. ramosa (experiment 1). Each bar
corresponds to the mean of three independent
replicates and the error bars represent standard
deviations. Dscam relative expression (RE) wasditt

to the GML model log(RE)=
genotype+exposure+exon+genotype:exposure.  We
found no statistical significant effect of parasite
exposure £=0.26,p=0.59), or ofD. magnagenotype
(F=0.28, p=0.6) or of an interaction between both.
Expression is significantly different between exons
(F=11.39,p<0.001).
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Dscam expression was between exons (Fig. 2).
Exons 4.4, 4.5 and 4.6, independently of Ehe
magna genotype or parasite infection, were
significantly less expressed than the remaining
exons (Fig. 2, for the three casgs 0.006). In
experiment 2, the expression of Dscam on day 2
of sampling was significantly higher than in the
other days (Fig. 3p=0.02). However, testing

three parasites one by one, did not reveal a

treatment effect (experiment 3, Fig. 4).
25
SP6-1-2-3 SUSCEPTIBLE
2.0
w
Q 15
<
I
o
91.0
2
N ‘ | |
0.0 Il I,I in l IlJr

Day 2 Day 4 Day 6 Day 8 Day 10 Day 13

Figure 3 Relative expression of total Dscam (exon 5)
of exposed SP1-2-3 individuals in relation to colstr
(Baseline) during several days post-exposure to a
mixture of the microsporidia parasited.(bayeriand

Or. colligata) and the gram-positive bacteriB.
ramosa(experiment 2). Three independent replicates
per day post-exposure are depicted. Dscam relative
expression (RE) was fitted to the GML model
log(RE)=days+exposure+days:exposure. The only
significant effect found was for day 2F<£2.87,
p=0.008) (exposure,F=0.75, p=0.39; interaction
between exposure and day of samplifgs0.5,
p=0.76).
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The infections in the susceptible hosts were
always 100% successful in the replicates of the
experiment that were used to assess infection
rates. Thus, the animals used for testing Dscam
expression were most likely infect as well. As
expected, none of the exposed resistant host

genotypes developed an infection.

3.0

SP6-1-2-3 SUSCEPTIBLE TO 0.8 & P.R P1
RESISTANT TO PR P3

25

FOLD CHANGE
=

=)

0.5

0.0 -
P. ramosa 3

O. bayeri P. ramosa 1
Figure 4 Relative expression of total Dscam of
exposed SP1-2-3 individuals in relation to controls
(baseline), 2 days post-exposure to the microsjorid
parasiteO. bayeri and to two isolates of and the
gram-positive bacterid. ramosa(experiment 3).
The infections byO. bayeriand P. ramosaP1 were
100% successful and no individual was infectedPby
ramosaP3. Three independent replicates per are
depicted. Dscam relative expression (RE) was fitted
to the GML model log(RE)=exposure+parasite. No
significant effects were found (exposures=0.02,
p=0.8; parasitef-=0.9,p=0.48)

Experiments4 & 5

Transcripts containing the three variable
regions were obtained from nervous tissue and
hemocytes from the same infected individuals,
30 days after exposure By ramosalexperiment
4) and from controls and exposed individuals, 2
days after exposure (experiment 5). We will

mostly discuss the results obtained from exposed

Dscam expression iDaphnia

and control treatments from experiment 5.
Experiment 4, from which we have no controls,
will be mainly discussed in comparison with a
similar experiment done previously (Brites et al.
2008). In both experiments, we used identical
amounts of RNA from all treatments for

performing the one-step RT-PCR, nevertheless
the nervous tissue yielded more cDNA (Fig. 5A,
6A). The expressed diversity of arrays 4 and 6,
but not of array 11, tends be higher in the brain
than in hemocytes (Table 2). Comparing the
diversity of hemocytes between infected and
uninfected individuals revealed only a small

effect on array 6 (Table 2).

Dscam control infected

region brain hemocytes brain hemocytes
Array 4 18 14 19 17
Array 6 38 31 44 23
Array 11 25 25 29 28

Table 2 Expressed array diversity of exons
calculated as the number of different exons found i
each array per treatment divided by the total numbe
of exons expressed in each array in control and
infected individuals (%) (experiment 5).
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When examining how exons from each array
associate with each other in forming the mRNA,
a remarkable difference between hemocytes and
brain emerged. Using various indicators of
diversity, the brain expressed a higher total
diversity of Dscam transcripts than hemocytes
(Fig. 5C, Tab. 3).

Dscam expression iDaphnia

Hemocytes expressed a lower total diversity of
transcripts and on average more of each one as
shown by the lower evenness estimates (an
evenness of 1 in a given sample would mean that
all different transcripts would be present only
once in that sample). Differences in abundance

of transcripts have to be taken carefully though

Experiment 4 Experiment 5
Edtimates Hemocytes Brain Hemocytes Brains
Infected Infected Controls I nfected Contral Infected
N=17 N=21 N=45 N=39 N=42 N=35
singletons 5 17 9 2 17 25
Shannon’s
diversity 2.91 9.03 2.96 2.64 3.32 3.21
index
Simpson’s
diversity 15.11 105 26.72 19.5 51.7 93
index
Evenness (D) 0.53 0.87 0.42 0.36 0.6 0.79
Good’s
estimator 71 19 80 94 59 28

coverage %

Table 3 Estimations of transcript diversity

and sequencing coverage
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because they could be influenced by the number
of PCR cycles. Given the low amplification yield
obtained for hemocytes, we think that this effect
was likely not very significant, but we cannot
exclude it completely (Fig. 5A, Fig. 6A).
Hemocytes of infected animals exhibited a
further reduction in diversity in relation to

hemocytes of uninfected animals (Fig. 5, Tab.

Dscam expression iDaphnia

3). The Good'’s estimator of coverage is 80% and
94% for hemocytes from control and infected
individuals, respectively. That indicates that only
20 and 6 additional transcripts would be
100

transcripts would be sampled. The transcript

expected respectively, if additional
sampling was much more incomplete in the case

of the brain (Tab. 3).
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Figure 6 Experiment 4 ADaphnia magnaxpression of a Dscam region containing the végiakons coding for
192, Ig3 and Ig7 (1850 bp) in brain and hemocytieimfected individuals with 30 days old infectiobg P. ramosa
P1. RT-PCR was performed on RNA obtained from tlaénls and hemocytes of 15 cloned and synchrorized
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In experiment 5, hemocytes from infected
and uninfected individuals expressed different
isoforms with the exception of isoform
4.3+6.14+11.1, which occurred once and three
times in control and in infected hemocytes,
respectively. Other transcripts, had common
associations between exons from array 6 and 11
(Fig. 5C); the association between exon 6.3 and
11.13 occurs three and four times in control and
infected hemocytes respectively, whereas it was
never observed in the brain. The association
between 4.7 and 6.13 was found twice in the
nervous tissue from infected and uninfected
The

probability of finding any exon combinations

individuals and never in hemocytes.

several times in independent treatments can be
by the
probabilities of usage of one exon in each array

roughly  estimated multiplying
(one mutually exclusive mutually spliced exon
divided by the number of possible exons in that
array). Under a random model (i.e. each exon on
one array has the same chance to be incorporated
in a transcript), the likelihood of finding twice,
for instance, any combination of exons 6 and 11,
would be 6 in 10 transcripts ((1/24 x 1/1%)
From each treatment 35 to 42 transcript
sequences were obtained reducing that
likelihood even further.

In experiment 4, the nervous tissue also
exhibited higher transcript diversity and
evenness than hemocytes (Fig. 6, Tab. 3).
Common transcripts expressed by hemocytes
were found between this and another experiment

done previously under similar conditions, using
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the sameD. magnagenotype andP. ramosa
isolate (Brites et al. 2008). We found transcript
4.8+6.1+11.15 once and five times respectively.
In both experiments, exons 4.8 and 6.1 were
often found associated, four and five times in the
present and in the previous study (Brites et al.
2008), respectively. In this case, given that no
control individuals were analyzed, it is not
possible to discern whether that could be a

consequence of infection.

DISCUSSION

The regulation of alternative exons from
array 4 has been suggested to occur in both cell
lines and adult mosquitos challenged with
several pathogen species (Dong, Taylor, and
Dimopoulos 2006). We tested whether that could
be the case in the crustacel@n magna using
two genotypes that were either resistant or
susceptible to a natural isolate of the gram-
positive bacteriunP. ramosabut did not find
supporting evidence. That could be due to the
fact that we missed the time when such effects
might have taken place, or that Dscam is not
involved in the resistance dd. magnato P.
ramosa

We hypothesized that if there is a change of
the Dscam alternative exons repertoire in
response to infection that should be associated
with an increase in the expression of the whole
gene and searched for up-regulation of Dscam
under infection by other natural parasite species

and throughout different post-exposure days.
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However, we did not find up-regulation of
Dscam neither in resistant nor in susceptible
hosts. Despite the fact that cloned host lines of
synchronized individuals were used in the
experiments, the variation between replicates
was high (Fig. 2-4). We can exclude PCR as a
source of variation given that each PCR reaction
was replicated three times and outlier
measurements were removed, but whether the
variation is biological or if it resides at the é&v

of the RNA extraction and/or cDNA synthesis is
unclear. To the absence of an effect could also
contribute that in these experiments the whole
RNA

extraction. With this procedure, we could reduce

body (without head) was used for
the contribution of Dscam from the brain, but to
which extent is unclear. Another possibility is
thatg-actin is not an adequate expression control
gene, given that Dscam has been shown to
interact with signaling proteins which are
regulators of the actin-based cytoskeleton
(Schmucker et al. 2000). Nevertheless, the work
done by (Dong, Taylor, and Dimopoulos 2006)
also reports an absence of up-regulation of the
infection,

constitutive Dscam levels under

despite the significant effects of parasite
challenge in modifying the expression of the
alternative exons 4. This may be explained if the
number of Dscam molecules present in cells is
constant and only qualitative, but not

guantitative changes in transcripts occur. Much
remains to be done to find the mechanism of
regulation of splicing in the context of an

immune function.
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Differences between nervous and immune
Dscam repertoires may lie mainly in the
associations between alternative exons and in the
expressed amount of each isoform. We found
that hemocytes expressed reduced repertoires but
likely higher amounts of certain isoforms. Our
results were obtained under homogeneous
conditions, and in agreement with a previous
study (Brites et al. 2008), in which however,
hemocytes and brains belonged to animals of
different genotype and different ages. This
finding is consistent with an immune function of
Dscam in hemocytes. Each individual isoform
being present in higher concentrations would
increase its functional specific capacities to bind
to antigens (Brites et al. 2008).

Some expressed associations of exons were
found to be common between independent
treatments and experiments, mainly in
hemocytes and in a lower extent in the brain.
The likelihood of finding the same associations
in different experiments by chance is low. Thus,
the uneven expression of certain exon
combinations may be determined by challenges
rather than governed by chance. Several lines of
evidences on how splicing is regulated in arrays
4 and 6, suggest that the regulatory sequences
involved in splicing of each array are not the
same, implying that the regulation of splicing of
each array is independent of the other arrays
(Graveley 2005; Kreahling and Graveley 2005;
2007).

associations between exons are important, it is

Olson et al. However, if certain

possible that a further level of regulation acting
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simultaneously in more than one array comes
Our
experiments evaluating transcription of the three

into place. results encourage new
variable Dscam regions in different tissues and
under different parasites challenges.

Our results suggest furthermore, that if there
is a role of Dscam iD. magnain response to
the natural parasites tested, the effect is prgbabl
not very strong. We experienced repeatedly
difficulties in obtained Dscam mMRNA from
hemocytes in comparison to whole bodies or
brain suggesting that hemocytes express low
amounts of Dscam iD. magna

We consider that at this point it is still not
possible to rule out the possibility that the rote
Dscam in immunity is secondary, and that the
main function of the different isoforms in
hemocytes is, perhaps in a somehow similar way
to what happens in the interactions between
neurons, to provide them with a self-recognition
system. This would prevent the formation of cell
aggregation, allowing circulation in the
hemolymph following the same mechanisms
proposed for nervous cells (for a review see,
Hughes et al. 2007 and Hattori et al. 2008).
Under this scenario, immune related phenomena,
such as lower phagocytosis rate and reduced
survival as a consequence of Dscam knock-down
2005; Dong,

Dimopoulos 2006) could perhaps be a side-effect

(Watson et al. Taylor, and
of a deficient population of hemocytes acting
synergistically with parasite challenges. The
existence of soluble circulating isoforms and the

reduced transcript repertoires expressed by
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hemocytes are however, not fully consistent with

this hypothesis. Moreover, structural and

molecular evolution aspects of the variable
regions of 1g2 and Ig3 suggest that Dscam could
be involved in direct recognition of antigens
(Meijers et al. 2007; Brites et al. 2010). A clear
understanding of these aspects is necessary for a
comprehensive view of how Dscam could
contribute to explain immune phenomena such
as immune priming or specificity of certain
immune functions in insects and crustaceans
(Kurtz and Franz 2003; Sadd and Schmid-
Hempel 2006; Roth and Kurtz 2009).
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SUPPLEMENTARY MATERIAL

Region Probe Forward primer Reverse primer
exons EXONS.F Ex5.2R
CAAGTACATGGTTCTTCCCAGT GGTCTCGCCAGTTAGACGAT
4.1 Ex4.1.2F
) TCTCTTCAACATCCGACTGG
4.3 Ex4.3.2¢ GTCCGGCEEI(%éiTAAGATTT
) CCAAGTTGAATCGTGGATGA
4.4 Ex4.4.1F
) PROBEEXONS.2 ACGACAATCACGTCGTTCAT
4.2 ATATTCGGGATGTTTCGCCGGAAG Ex4.2.1F
) ACGGAACCGTCATTAACCAT
45 Ex4.5.3F
) CGCAAATCTCGATACCCAGT Ex5.2R
4.6 Ex4.6.1F GGTCTCGCCAGTTAGACGAT
) ACTTACCACCCAACCGACAC
4.8 Ex4.8.1F
) TTTGTCATCGTCGACACTTG
R-actin PROBEACTIN1 QUANT.ACTIN.F QUANT.ACTIN.1R
CCGTGAGAAGATGACCCAGATTATG CGAGGAACATCCCGTTCTA GTAGCCATCCAAGCAGTGC

Table S1 Primers and probes used in quantitative PCR (taiem 3’ 5).
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CHAPTER 3

POPULATION GENETICS OF DUPLICATED ALTERNATIVELY SPLICED EXONS
OF THE DSCAM GENE IN DAPHNIA AND DROSOPHILA

Daniela Brites, Francisco Encinas-Viso, Dieter El®rLouis Du Pasquier and Christoph Haag
(2011). PL0OS ONE 6(12): €27947. doi:10.1371/joupwae.0027947

ABSTRACT

In insects and crustaceans, the Down syndromeadbksion molecule (Dscam) occurs in many
different isoforms. These are produced by mutuaklglusive alternative splicing of dozens of
tandem duplicated exons coding for parts or whalmunoglobulin (Ilg) domains of the Dscam
protein. This diversity plays a role in the devefgmt of the nervous system and also in the
immune system. Structural analysis of the proteggssted candidate epitopes where binding to
pathogens could occur. These epitopes are codagédigns of the duplicated exons and are
therefore diverse within individuals. Here we appiglecular population genetics and molecular
evolution analyses usinBaphnia magna and severaDrosophila species to investigate the
potential role of natural selection in the divergemetween orthologs of these duplicated exons
among species, as well as between paralogous exthis species. We found no evidence for a
role of positive selection in the divergence ofséa@aralogous exons. However, the power of this
test was low, and the fact that no signs of gemye&sion between paralogous exons were found
suggests that paralog diversity may nonethelessaiatained by selection. The analysis of
orthologous exons iDrosophila and in Daphnia, revealed an excess of non-synonymous
polymorphisms in the epitopes putatively involvedpiathogen binding. This may be a sign of
balancing selection. Indeed, Dr. melanogaster the same derived non-synonymous alleles
segregate in several populations around the wotdd.other hallmarks of balancing selection
were not found. Hence, we cannot rule out thaetteess of non-synonymous polymorphisms is
caused by segregating, slightly deleterious alleless potentially indicating reduced selective

constraints in the putative pathogen binding egsopf Dscam.
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INTRODUCTION

The gene encoding Down syndrome cell
adhesion molecules (Dscam) has been studied in
several metazoans. It codes for an integral
membrane protein with signaling capacity, the
extracellular part of which is formed by
immunoglobulin (Ig) and fibronectin 1l (FNIII)
domains. In insects and crustaceaDscam
evolved dozens of internal exon duplications
which occur in three arrays (named arrays 4, 6,

and 11 inDaphnia and 4, 6 and 9 iDrosophila)

A)

100 aa

[1,2,3]. Due to a process of mutually exclusive
alternative splicing, only one exon from each
array is present in each mRNA molecule. This
generates thousands of mMRNA molecules coding
for protein isoforms that differ in half of Ig2

(coded by any exon of array 4), half of 1g3

(coded by any exon of array 6), and in all of Ig7
(coded by any exon of array 11), while keeping
the (Fig. 1).

remaining domains constant
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Figure 1 Dscam ofDaphnia magna A) Protein domains; Ig-immunoglobulin domains; HNIfibronectin Il
domains. The grey and black boxes represent tmsrtrembrane and cytoplasmic domains. B) mRNA, each b
corresponds to a constitutive exons and the colbees 4,6 and 11, correspond to exons that areethdt of
mutual exclusive alternative splicing of arraysdoplicated exons which are present in three ar@ysndicated in
C) * Exons sampled in the present study.

In insects and crustaceans, the Dscam protein is "épertoire of Dscam isoforms is expressed in

believed to have a dual function acting both in
the nervous system and in the immune system
[1,2,3,4]. Its involvement in the nervous system
development is well established Drosophila
where the different protein isoforms are essential
for correct axon wiring [5,6]. The alternative
splicing mechanism might be equally important
for the immune function of Dscam: a diverse

hemocytes, the immune cells of insects and

crustaceans, and these isoforms can bind
different bacteria depending on exon composition
[1,7]. Furthermore, the splicing patterns of the
alternative exons change upon infection, and
silencing of Dscam leads to lower phagocytosis
rates in Drosophila and Anopheles [1,4].

However, Dscam does not seem to be required
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for E. coli phagocytosis iDrosophila embryos

[8]. Given that the hemocytes of adult flies are of
embryonic origin these results are somewhat
controversial. On the other hand, the partial
blockage of bacteria uptake [1] suggests that
phagocytosis is not under the control of a single
pathway and it is possible that DSCAM-silenced
individuals  [1] differently
dscam05518 mutant embryos [8]where a

behave from

surrogate mechanism may take over.

The first four Ig domains of the Dscam protein

form a stable horse-shoe structure, which is

A) B) Da.magna

probably common to all isoforms [9], Fig. 2a).

Parts of Ig2 and Ig3 together form two surface
epitopes at either side of the horse-shoe structure
epitope | and epitope Il. Both epitopes are partly
coded by array 4 and partly by array 6 (Fig. 2b,
Fig. S1). Epitope | is crucial for the formation of

Dscam dimers and for the development of the
[9].

towards the external environment of the Dscam

nervous system Epitope 1l is oriented
molecule, and is thus a candidate epitope for the

interaction with antigens.

C) Dr. melanogaster

Figure 2 A) Outline of the Dscam horse-shoe structure foriaedhe first four Ig domains (D1-D4). B & C) Dédtai
of Epitope Il, formed by the two interstrand lodpsD of exon 4 and A’-B of exon 6, respectively.dbastrand is
indicated by an encircled letter. TiDrosophila aminoacidresidues corresponding to the actual structuresnare
black uppercase initials (exon 4.1 and 6.34Dof melanogaster). Da. magna residues have been positioned in
function of the known homology of the molecule lie region coded by exon 4 and 6 (BRIT&SI. 2008) and are
represented by red lowercase initials. Polymorpdiies at exons 6 foba. magna and Dr. melanogaster are
represented by lowercase initials, each color spoeds to positions on Epitope Il coding regiondifferent

paralogous

exons 6.
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The sequence of each exon belonging to arrays 4
and 6 can be divided into parts of the sequence
that contribute to epitope I, parts that contribute
to epitope Il, and parts that contribute to neither
of them. Orthologous exons of arrays 4 and 6
show more divergence between closely related
Drosophila species in the parts coding for
epitope Il than in the parts coding for epitope |
[9].

structural features described above, has led to the

This pattern, in combination with the
idea that epitope Il might be involved in host-
parasite coevolution and might have evolved
faster as a consequence of being a potential
pathogen recognition epitope [9]. Here we
address this hypothesis by searching for
signatures of adaptive evolution in the nucleotide
sequence coding for epitope Il. We do this by
analyzing polymorphism patterns of the Dscam
gene in Daphnia magna and Drosophila
melanogaster as well as divergence patterns
between these species and some of their closely
related congeners and by using molecular tests
likelihood

of selection, including maximum

(ML) models of codon evolution.

MATERIAL AND METHODS

Origin of the samples

We used 17 genotypes &fa. magna,
each isolated from a different population, as well
as one genotype from two outgroup spediss,
lumholtzi (Zimbabwe) andDa. similis (Israel)
(Table 1). The genotypes were maintained by

clonal propagation of offspring from single
females isolated from these populations.
The for Dr.

melanogaster were obtained by [10] and come

polymorphism data

from six populations (four individuals per
population pooled before DNA extraction),
covering the initial range of the species in Africa
and more recent expansions. The divergence
data for Drosophila are from the sequenced
genomes of six species of theelanogaster
group obtained from gene banRr( ananassae
GF1223% Dr. melanogaster CG17800 Dr.
erecta GE24114 Dr. simulans FBgn0086259;

Dr. vyacuba GE24114 Dr.
CH480816). Daphnia
Drosophila species were not considered for the
their

sechellia

pulex and other

analysis because synonymous  site
divergence was too high to allow a meaningful
analysis of substitution rates due to the high
the

following six additional species were included in

likelihood of multiple hits. However,

analyses of exon copy number and analyses
based on amino acid sequences only (where
multiple hits are much less likely than at

synonymous
(GA14672, Dr. persimilis (CH47918), Dr.

willisoni  (CH963849,
(GI20826, Dr.

grimshawi (CH916367.

sites): Dr.  pseudoobscura
Dr. mojavensis

virilis  (GJ20560, Dr.

Genomic region analyzed
In Da. magna the entire Dscam protein,

depending on exon usage, is composed of
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approximately 1960 amino acids and the whole
locus is 31 Kb long [3]. For the present study,

we analyzed three regions of the Dscam gene:
two regions containing alternatively spliced,

duplicated exons belonging to arrays 4 and
arrays 6 ( and, for comparison, one region
containing the constitutive exon 10, which was
chosen because it codes for Ig6, which is
structurally similar to the Igs 2 and 3, coded for
by arrays 4 and 6 (data not shown).

In Da. magna, array 4 consists of eight
paralogous exons, (named 4.1 to 4.8, covering
around 3390 bp in total) and array 6 contains 24
paralogous exons (6.1 to 6.24, around 6100 bp in
total). We obtained sequence data on all exons of
array 4, except exon 4.5 (3200 bp in total,
accession numbers JN977549 to JN977579)),
exons 6.5 to 6.7 and 6.10 to 6.14 (1683 bp in
JQO037914
JQO037973), and 327 bp of the constitutive exon
10 (the total length of which is 423 bp, accession
numbers JQ037974 to JQ037993). Part of the

intron sequences (mostly from array 4) had to be

total, accession numbers to

excluded from the analysis due to alignment

ambiguities, repetitive  sequences, and
insertion/deletion polymorphisms. Thus, only
1759 bp of array 4 sequences and 1679 bp of
array 6 sequences were retained for analysis
(Table 2). All exons sampled are known to be
expressed [3]. The same sequence data was also
obtained for one genotype Bfa. lumholtzi. We

were unable to obtain array 6 sequence fizan
similis, thus we restrict the analysis of between-
species divergence

mostly to divergence

betweenDa. magna andDa. lumholtzi which is
the closest known speciesa. magna

Insectshave three other Dscam paralogs
that have been named Dscam-like (Dscam-L)
[3,11,12] and we have found orthologues of
theseDscam-L genes in the genome Blaphnia
pulex (unpublished data). The distinction
between the variabl®scam and theDscam-L
genes is very clear and we are confident that we
have amplified only the variable Dscam in
Daphnia.

The Dscam sequence data froDr.
melanogaster [10] comprises almost the entire
Dscam coding region (22795 bp). For the
interspecific comparisons of the dixosophila
species from the melanogaster group, we used all
orthologous exons of arrays 4 (12 exons, 1950
bp in total). For array 6, 43 orthologous exons
were used, 32 occurring in all six species and
eleven in five of them (5205 bp in total). Exons
that confidently (>60% of 100 bootstrap
replicates) shared a common ancestor in a
likelihood
orthologous [13]. Trees were built with RAXML
trough the Cipres Portal [14].

maximum tree were considered

Sequencing methods

Genomic DNA of Daphnia genotypes was
extracted (peqGOLD Tissue DNA Mini Kit,
PEQLAB, Erlangen, Switzerland) and PCR
reactions were carried out using High Fidelity
Polymerase (ROCHE, Manheim, Germany) for
array 4 exons or Pfu (PROMEGA, Madison, WI,

USA) for array 6 exons and exon 10. Primers
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and PCR conditions are available by request.
PCR products were purified (Gen Elli{ePCR
Clean-up kit, SIGMA, St Louis, MO, USA), and
all reactions were sequenced directly using
Sanger sequencing. In addition, products of
some PCR reactions were cloned (TOPO Kit,
INVITROGEN, Carlsbad, CA, USA) to obtain
All

heterozygous sites and singleton polymorphisms

experimental  haplotype information.
were confirmed by resequencing independent
PCR reactions or cloning. To verify that only the
targeted regions were amplified, all sequences
were compared to a referenbscam sequence,
obtained by cloning the entire locus Da.
magna [3]. The Dscam sequence data froi@r.
melanogaster was obtained by Solexa-lllumina
sequencing [10]. Regions with less than 20x
coverage were excluded. By resequencing eleven
genes using Sanger sequencing, the authors
uncovered 31 miscalled polymorphic sites in a
total of 12451 bp (accuracy=99.8%), of which
10 polymorphisms (0.08%) corresponded to
false positive polymorphisms and the remaining
to false negatives (0.12%) [10]. To minimize the
occurrence of false positives all variants with a
frequency of less than 5% within a population
were excluded from the analysis [10]. Because
read frequencies did not provide a reliable
estimate of allele frequencies [10], the data were
only used to estimate nucleotide diversity from
the proportion of segregating site®) @nd for
performing McDonald-Kreitman tests [36], but

not for tests based on allele frequencies.

Identification of epitope | and epitope Il
coding sequences

Some analyses required partition of
array 4 and array 6 exon sequences in regions
that constitute epitope |, epitope Il, and the
remaining exon regions. These partitions were
based on the structural information provided by
[9] and on the similarities in the secondary
structure of Dscam betweeDa. magna and
Drosophila melanogaster (data not shown),
the program PSIPRED
(http://bioinf.cs.ucl.ac.uk/psipred[15]. The

using

partitions were assigned in the following way: In
exons of array 4, the ten amino acids between
the conserved 4Q and the 15V were considered
to belong to epitope |, and the 13 amino acids
after 40W were considered to belong to epitope
Il. In exons of array 6, the eight amino acids
after 10R were considered to belong to epitope |,
and the eight amino acids before the conserved
LLC motive were considered to belong to
epitope Il (Fig. S1). Figure 2 was redrawn
manually from [9] using the Dscam reference
(2v5m) in the protein data bank (PDB,
http://www.rcsb.org/pdb/home/home)do

Analysis
Sequences were assembled and edited
STADEN 1.5

(http://staden.sourceforge.net/),

using version
aligned with
ClustalX [16] and edited in Jalview 2.3 [17]. For
exons of array 6, alignments including unphased
sequences (7 genotypes) and true haplotypes (20
to obtain
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pseudohaplotypes for unphased sequences using likelihoods for the following models:

the program PHASE 2.1 [18]. For array 4 exons
all PCR products were cloned. The program
GENECONV version 1.8la (using default
parameters) was used to detect gene conversion
between paralogous exons [19].
Analyses of nucleotide diversityz)(

divergence, and standard neutrality tests were
done with DNAsp v5 [20].

otherwise,

Unless stated

divergence always refers to
divergence of orthologous sequence between
species, rather than divergence of paralogous
sequence within species. Amino acid divergence
between paralogous exons was calculated using
the Poisson correction method to account for
multiple substitutions at the same site, averaging
over all paralogous paifdEGA 4.0 [21]. Next,

we used the site models implemented in PAML
version 4 [22,23] and HYPHY [24,25] to test for
positive selection between orthologous exons
the

melanogaster group. The same models were not

using six Drosophila species from
applied toDa. magna because they require data
from several, closely related species. These
methods assess the ratio of non-synonymous to
synonymous substitutions = dN/dS, wheren
<1 indicates purifying selectiom =1 neutrality,
ando >1 positive selection. They infer positive
selection by asking whether a model that allows
some codons to haves >1 fits the data
significantly better than a model that restricts al
codons to have <1.

The ML analysis was carried out in the

following way: In PAML, we calculated

M1la
(assuming that sites have eitherw@<l or
®l=1), M2a (which adds an additional class of
sites with ®2 > 1), M7 (which uses a R-
distribution to modeln and does not allow for
®>1), and M8 (which adds an extra class of sites
with ©>1 to M7). We compared the log-
likelihoods between models M2a and Mla and
between M8 and M7 to test for positive selection
[23].

calculated

In all models, base frequencies were

from the average nucleotide
frequencies at the three codon positions and we
used the GY model [26] as basic model of codon
substitution. Finally, we used the empirical
Bayes approach implemented in PAML to

identify individual codons under positive
selection.

To account for potential differences in
synonymous rates, which can influence the
accuracy of detecting positively selected sites,
we fitted the “dual” model implemented in
HYPHY to our data [25]. We used a general
discrete distribution (GDD) with three bins for
dN and dS and the codon substitution model
MG94 [26] combined with the nucleotide
substitution model HKY85 (determined as the
best-fitting nucleotide substitution model using
the model selection procedure implemented in
HYPHY). To identify sites under selection we
used a Bayes factor of 50.

To test whether the dN/dS of epitope Il
regions differed from remaining of exon regions
(for a similar analysis see [27] [28], we applied

the ML-based hypothesis testing procedure
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implemented in HYPHY on two patrtitions of the

data, one containing epitope Il sequence and one
containing the remaining sequence of the exons.
The same tree topology and the MG94 codon
combined with HKS85

model nucleotide

substitution model were assigned to each
partition (epitope Il and non-epitope Il sequence)
considering the observed nucleotide frequencies.
For testing the hypothesis that dN/dS differs

between partitions, dN/dS was estimated

independently for each of them but the same tree
was assumed.

To investigate substitutions patterns of
paralogous exons, we applied branch models
[29,30] as implemented in PAML. This analysis
was performed only on the phylogeny of exons
of array 6 in theDr. melanogaster group (Fig.

S3 A). Paralogous exons 4 have diverged too
much for a reliable analysis (data not

shown).Whereas orthologous exons 6 are very
conserved (except epitope Il coding regions),
paralogous exons diverged extensively pointing
out to an acceleration of aminoacid substitutions

following exon duplication. Using the branch

models on trees that included orthologous as
well as paralogous sequences, allowed us to test
whether selection changed after duplication by
contrasting branches giving rise to paralogs with
branches giving rise to orthologs. We used an
alternative model assuming that orthologous
branches and paralogous branches differin
(model R2, Fig. S3 A & B), the null hypotheses
being that all branches in the tree have the same
o (model R1, Fig. S3 A & B). Under these
models, ® estimates correspond to an average
over branches and sites and thus unlikely to be
higher than 1. We used the branch-site models
implemented in PAML to test for positive
selection, i.e. to test whether particular branches
have aminoacid sites that evolved withnal
[31,32]. Because we did not haaepriori data

on particular exons with functional importance
we chose to test the branches leading to
duplicated exons where we detected an excess of
non-synonymous  polymorphism  in Dr.
melanogaster using MK-tests in the previous
analysis. For doing this, smaller subtrees were

used (Fig. S3 A).
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TABLE 1 Geographic origin of thBa. magna populations sampled

Genotype Geographic origin Latitude Longitude
FA Tvarminne, Finland 59°50.18'N  23°14.16'E
K-10-1 Tvarminne, Finland 59°49.43'N  23°15.15'E
SP1-2-3 Tvarminne, Finland 59°48.42’N  23°12.31'E
FAV-1-1* Aland Islands, Finland 60°01.30'N  19°54.15'E
HO1' Hungary 46°48'N 19°08'E
HO2 Hungary 46°48'N 19°08'E
HO3! Hungary 46°48'N 19°08'E
DKN-1-8 Kniphagen, Germany 54°10.45°’N  10°47.3'E
MU10 Munich, Germany 48°12.23'N  11°42.34'E
MU11 Munich, Germany 48°12.23'N  11°42.34'E
GE-1 Ismaning, Germany 48°12.23'N  11°42.34'E
1 Leitholm, UK 55°43.9'N 02°20.43'W
EC-1-4 Cummor, UK 51°43.9'N 01°20.4'W

CN-2-1 Sedlec, Czech Republic 48°46.52’N  16°43.41'E

BE-OM-1  Leuven, Belgium 50°52’N 04°41'E
KE-1 Kenia 0°26.25'N 35°18.16'E
SE-2-3 Sweden, East coast 60°25.93'N 18°31.34'E

! Genotypes for which only array 6 exons were argglifand which were only used in parts of the asigly



TABLE 2 Number of sites and number of polymorphic sitesp@ram genomic region analyzedda. magha

(Dmag) andDr. melanogaster (Dmel), the latter obtained

from [10]

N of sites (L)

N of polymorphic sites (S)

Gene region Dmag Dmel Dmag Dmel
Ls  La Lnc Ls L. &S S S S S
Array 4 total 218 731 778 458 1524 4 6 20 11 9
Epitopes | 34 117 n.a. na. n.a. 0 O na .naa
Epitopes Il 56 187 n.a. 120 447 2 1 na 2 4
Remaining 128 427 na. 338 1077 2 5 na. 9 5
Array 6 total 213 628 728 1443 4325 17 10 27 60 46
Epitopes | 44 124 n.a. na. n.a. 1 1 n.a. . nmaa.
Epitopes Il 40 128 n.a. 278 864 0 5 na 297 1
Remaining 129 376 na 1164 3461 16 4 na 77 29
Ig6 coding exon 81 246 O 60 173 6 4 0 25 0

Abbreviations: n.a., not assessggynonymous;, hon-synonymous,, hon-coding.

RESULTS
Gene conversion and copy number of array 4
and array 6 exons

The duplicated exons of are 160 bp in
array 4 and 130 bp in array 6, and within each

array, introns of

they are separated by
approximately 200 bp (array 4) and 100 bp
(array 6) None of our PCRs showed evidence
(length polymorphism or failed PCRs) for
variation in the number of exons in array 4, nor
in array 6 (only eight contiguous exons out of 24

were investigated in the latter). We found no

variation among closely related species in the
number of paralogous exons in array 4: all
twelve Drosophila species have twelve exons
whereas botiDa. magna (EU307883) anda.
pulex (EU307884) have eight. In contrast, array

6 has between 41 and 52 exons in the twelve
Drosophila, and two more exons iBa. pulex

than in Da.

in Da. magna. Furthermore,
lumholtz, at least one of the eight sampled exons
of array 6 is probably missing (as indicated by

our failure to obtain this sequence). This
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indicates that exon copy number in array 6, but
not in array 4, varies among related species.

Multigene families are frequently under
the action of concerted evolution by gene
conversion [33]. However, consistent with
earlier results based on trees of the duplicated
regions inDa. magna and Da. pulex [3], we
found no evidence for gene conversion between
duplicated exons in arrays 4 and B-values
based on 10000 permutations were 0.2 for array
4 and 0.5 for array 6). The low levels of
polymorphism in array 4 (Table 3) may suggest
gene conversion, but the high level of divergence
between paralogous exons (Table 3) contradicts
this hypothesis. The apparent absence of gene
conversion suggests that Dscam is unusual in
this respect compared with other multi-gene
families and greatly facilitates further analysis
because it legitimates the use of classical
population genetic methods.
General patterns of polymorphism and
divergence

In Da. magna, array 4 has low
nucleotide diversityx) both at non-synonymous

and at synonymous sites, whereas array 6 and

exon 10 have moderate levels of synonymous
diversity ) (Table 3), similar to the average
values estimated for eight housekeepiDg.
magna genes in another study [34], and higher
than in a sample of putative immunity genes in
this species [35]. In contrast, non-synonymous
diversity ;) in array 6 and exon 10 is about ten
times higher than in oth&a. magna genes [34].
Synonymous divergence Jk between Da.
magna and Da. lumholtzi is similar in all
sampled Dscam regions. Contrastingly, non-
synonymous divergence gkis much higher in
arrays 4 and 6 than in exon 10, and
correspondingly also ka/ks ratios are higher in
arrays 4 and 6 than in exon 10 (Table 3). The
opposite is true for the ratio of non-synonymous
to synonymous nucleotide diversity ratig, (s,

Table 3).
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TABLE 3 Estimates of Dscam nucleotide diversity (in Da magna, 6 in Dr melanogaster), divergence of

orthologous sequences betwe®a. magna and Da. lumholtzi, and amino acid divergence between paralogous

regions of Da. magna, as well as divergence of orthologous sequencewele Dr. melanogaster and a
reconstructed ancestral sequence estimated in [10].

Species Gene region Diversity, 0 ) Divergence (kf
Array 4 Total 0.0014 0.004 0.005 0.0008 0.2 0.132.013 0.098 0.837
Epitopes | 0 n.a. 0 0 n.a. 0.118 0.000 0 ©®.98
Epitopes Il 0.0014 n.a. 0.005 0.0009 0.18 64.1 0.032 0.195 1.431
Remaining 0.0014 na. 0.005 0.0004 0.08 0.131004 0.029 0.567
Dmag Array6 Total 0.0064 0.01 0.017 0.003 0.176 0.148018. 0.088 0.593
Epitopes | 0.003 n.a 0.003 0.0006 0.1 0.13900® 0.057 1.379
Epitopes Il 0.007 n.a. 0.000 0.009 n.a. 0.17@031 0.174 1.616
Remaining 0.007 n.a. 0.023 0.001 0.04 0.144004€ 0.028 0.211
Exon10 (I1g6) 0.006 n.a. 0.011 0.005 0.454 0.149 0®.0 0.02 n.a.
Array 4 Total 0.01 n.a. 0.024 0.006 0.25 0.039 8.000.077 n.a.
Epitopes Il 0.0106 n.a. 0.017 0.009 0.53 B8.030.005 0.151 n.a.
Array 6 Total 0.018 n.a. 0.042 0.011 0.26 0.076 08.0 0.105 n.a.
Epitopes Il 0.0253 n.a. 0.043 0.006 0.14 ».080.01 0.121 n.a.
Dmel © Exon7 (Ig6) 0.008 n.a. 0.033 0 n.a. 0.083 0 n.a. a. n.
Remaining Dscafn 0.019 n.a. 0.048 0.009 0.18 0.067 0.005 0.075 n.a.
Control genes n.a. n.a. 0.015 0.002 0.13 n.a. n.a. n.a. n.a.
Immune genes n.a. n.a. 0.016 0.009 0.56 n.a. n.a. n.a. n.a.

Abbreviations: n.a., not assessethtal;  synonymous; non-synonymous, non-coding

'[34], average over eight housekeeping gehBsvergence estimates are not corrected for divesithin species
nor for multiple hits?amino acid divergence between paralogous regiomaofmagna. “from 1g2 coding exons to
the first transmembrane domain coding exon, exaspiys 4 and 6 coding exons (total of 15045Bgstimates by
[10]; 6 Data obtained by [10].
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The divergence estimates betwelBa. magna
and the second outgroup species, similis are
similar to the estimates betweBa. magna and
Da. lumholtzi. Thus they are presented in the
supplementary materials only (Table S5) and
will not be discussed further. A McDonald and
Kreitman (MK)-test [36] yielded evidence for an
excess of non-synonymous polymorphism
compared to the ratio between non-synonymous
and synonymous divergence in array 4, whereas
results for array 6 and exon 10 did not differ
from neutral expectations (Table 4). This is
consistent with the action of balancing selection
in array 4, but a Hudson-Kreitman-Aguadé
(HKA) test [37] did not yield evidence for a
significantly higher polymorphism to divergence
ratio in array 4 compared to array 6 and exon 10
combined (synonymous sites only, p=0.08). All
non-synonymous polymorphisms in array 4
segregate at low frequencies (Table S1), so that
the excess of non-synonymous polymorphism
could also reflect slightly deleterious mutations.
In such cases it has been suggested that
removing. alleles with a frequency lower than
0.15 from the MK analysis could partially
reduced the bias introduced by low-frequency
polymorphisms [38]. When applying this to our
data, only exon 10 has a significant excess of
non-synonymous polymorphism.

In Dr. melanogaster, non-synonymous
diversity is similar to that of other genes with
immunity-related functions, and synonymous
diversity is higher than that of other immune and

control genes [10] (Table 3). In contrastDa.

magna, constitutively expressed and
alternatively spliced exons exhibited similar
levels of synonymous and non-synonymous
diversity. A MK-test applied to arrays of exons 4
and 6 revealed an excess of non-synonymous
polymorphism in relation to what would be
expected from the divergence levels betwben
melanogaster and an inferred ancestral sequence
[10]. After eliminating all alleles that occurred
with minor frequencies (less than 0.15) there was
no longer an indication of a significant excess of
non-synonymous polymorphisms in relation to

divergence (Table 5).

Contrasting patternsin Epitopes| and ||

In Da. magna non-synonymous
polymorphism was higher in epitope Il than in
the other regions (Table 3). Likewise non-
synonymous divergence is nearly an order of
magnitude higher in epitope Il compared to
epitope | and the remaining exon regions and
10 (Table 3).

synonymous site divergence

also compared to exon
Contrastingly,
between Da. magna and Da. lumholtz was
similar for epitope |, epitope I, and the

remaining exon regions of arrays 4 and 6 (Table
3). However, neither the MK-test on epitope |l
nor the HKA-test comparing epitope Il to all

remaining regions indicated a significant
deviation from neutrality, although there was a
tendency  for  excess non-synonymous
polymorphism in epitope Il (Table 4). When

array 6 was considered alone, this excess of non-

synonymous polymorphism was significant
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(p=0.04, Table 4), mostly due to exon 6.7 (Fig.
S2). This effect disappearekowever,if alleles
with a frequency lower than 0.15 were excluded
from the analysis (Table 4).

Likewise, in Dr. melanogaster array 6
epitope Il coding regions exhibited a significant
excess of non-synonymous polymorphism
relative to the levels of divergence estimated
between Dr. melanogaster and an inferred
ancestral sequence [10]. After removing minor

allele frequencies (less than 0.15), the excess of

nonsynonymous polymorphism was stronger
because mainly synonymous mutations were
excluded (Table 5). It is not possible to
accurately estimate allele frequencies from the
data obtained by [10] in order to know whether
the non-synonymous derived alleles are common
in the populations analyzed. However, the same
derived non-synonymous alleles are present in
several of theDr. melanogaster populations
surveyed around the world suggesting that they
are variants  (Table  S3).

not rare

TABLE 4 MacDonald Kreitman tests for the comparison betwBan magna and Da. lumholtzi. The test was
performed on raw frequencies of alleles as welfrequencies after correcting for minor allele freqay (MAF).
This correction was done by eliminating all allétequencies lower than 0.15 when consideringDal magna

populations.
Raw values Corrected MAF
Gene region Fixed Polymorphic ot Fixed Polymorphic ot
Syn Nonsyn Syn Nonsyn Syn Nonsyn Syn Nonsyn
Array 4 Total 28 9 4 6 0.05 28 9 1 0 1
Epitopes I 10 7 2 2 1 10 7 0 0 n.a.
Array 6 Total 26 7 17 10 025 29 7 4 2 0.6
Epitopes Il 6 4 0.04 6 4 0 2 0.4
Exon 10 (Ig6) 10 0 0.08 12 0 0 2 0.01
' values are according to a two-taled Fisher's exadest. n.a, not assessed.

Testing for positive selection in epitope |1
regionsin Drosophila

The ML analysis implemented in PAML
and HYPHY did not yield significant evidence
for positive selection in arrays 4 and 6 in the
melanogaster group, when the entire orthologous
coding regions of the two arrays were analyzed,
(Table 6, HYPHY results not shown). When the

dN/dS of epitope Il coding regions was

contrasted with the remaining exon regions for
both arrays of exons 4 and 6 (Table 6), a model
that estimated dN/dS separately for epitope Il
and for the remaining regions fitted the data
better than a model that considered dN/dS to be
constant throughout the entire exons. The dN/dS
estimates of epitope Il coding regions were

significantly higher than for the remaing regions,
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but not higher than 1p€0.001 in both cases, S4, p<0.001). The average over all sites and
Table 6). branches leading to paralogous exons was 0.26
whereas the branches leading to orthologous
Diver gence between paralogues exons had average of 0.094. The branch site
The selective constrains acting before and analysis on several branches did not provide
after the duplications of exons 6 differed evidence for a role of positive selection in the

according to our branch model analysis (Table divergence between the paralogues (Table S4).

TABLE 5 MacDonald Kreitman tests for the comparison betwBenmelanogaster and an ancestral sequence
inferred by [10]. The test was performed on ravwgfrencies of alleles as well on frequencies cordefde minor

allele frequency effects (MAF). This correction wane by eliminating all allele frequencies lowleart 0.15 when
considering alDr. melanogaster populations.

Raw values Corrected MAF
Gene region Fixed Polymorphic b Fixed Polymorphic |
Syn Nonsyn Syn Nonsyn Syn Nonsyn Syn Nonsyn

Array 4 Total 13 0 11 9 0.005 13 0 5 0 n.a

Epitopes Il 3 0 2 4 0.16 3 0 0 0 n.a
Array 6 Total 81 14 60 46 <0.001 86 18 18 8 0.1

Epitopes Il 17 7 12 17 0.051 19 7 2 7 0.01
Exon 7 (1g6) 4 0 2 5 n.a 4 0 1 0 n.a

' p values are according to a two-taled Fisher's txadest. n.a., not assessed
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TABLE 6 Likelihood ratio tests and maximum likelihood esttes of dN/dS for silorosophila species of the

melanogaster group.

Gene region (Models tested) N° variable sites LRT araPeter estimates
Array 4 total
(Mia' vs. M238) 292 n.s. ©0=0.009 (96%)
(M7 vs. M8) 0120=1 (4%)>
Epitopes || 84 y2=52%:df=1; dN/dS=0.11
Remaining 208 p<0.001 dN/dS=0.006
Array 6 total
(M1a vs. M23) 784 n.s. ©0=0.03 (94%) 3
(M7 vs. M8) w182=1 (6%) 3
Epitopes Il 242 ¥2=119%df=1,; dN/dS=0.19
Remaining 542 p<0.001 dN/dS=0.03

Abbreviation: LRT, Likelihood ratio tesrt

1 M1la: o, varies between 0 and 1 whereas1; 2 M2a adds to Mlap,>1, which is estimated from the dafa;
proportions of sites undes,, ©;, andw,. * Tests whether the dN/dS relative to the two partit are significantly

different from

DISCUSSION
Insights into exons duplications in arrays 4
and 6

The duplicated exons of arrays 4 and 6
contribute to Dscam isoform diversity due to
alternative splicing [11]. Selection on duplicated
genes occurs at two levels: on copy numbers and
on new mutations within the duplicated forms
[39]. In Daphnia, we did not find any copy
number polymorphism in array 4 among closely
related species. This is consistent with results
from insects, which indicate that the structure of
array 4 is ancient and remained relatively
unchanged throughout the evolutionary history
of insects [40]. In contrast, the number of exons
in array 6 is larger than in array 4 [4(his
study). The reasons for these differences are
allow

unknown and our results do not

each other.

distinguishing whether constraints or adaptive
evolution might explain them.
Much of the sequence diversification of
paralogous exons in arrays 4 and 6 seems to
have predated the most recent speciation events,
and, in both arrays, exons do not seem to have
undergone much concerted evolution, but rather
evolved under a birth-and-death evolution
process [3]. This is supported by the apparent
absence of recent gene conversion events, which
is surprising as gene conversion occurs in the
majority of other multi-copy gene families [33].
Likely there is selection against gene conversion
because it would homogenize exon sequences,
thus diminishing the repertoire of different
Dscam isoforms. Functional studies showed that
Dscam isoform diversity is indeed necessary for
the correct development of the nervous system
[5]. Interestingly, other important multi-copy
69



immunity related gene families, such as MHC,
immunoglobulins, and T-cell receptors, evolve
also mainly by birth-and-death evolution rather

than by concerted evolution [33].

Polymor phism and divergencein arrays 4 and
6

Standard tests did not provide evidence
for positive selection in arrays 4 and 6 as a
whole in Da. magna. Rather, all three studied
regions showed a tendency for an excess of non-
synonymous polymorphism (significant only for
array 4). While this can be interpreted as an
indication of balancing selection, most of the
non-synonymous polymorphisms segregate at
low frequency, so that they may also represent
segregating, slightly deleterious variants [38].
Also in Dr. melanogaster, the excess of non-
synonymous polymorphisms in arrays 4 and 6 is
mainly caused by low frequency variants. This
might derive from the action of purifying
selection on the alternatively spliced exons being
weaker than on constitutively expressed exons

because the former are less expressed than the

latter. Yet, rare alleles may also be maintained
by time-delayed negative frequency dependent
selection which has been described for host-
parasite systems [41, 42]. Under this kind of
selection, there is a time lag between the allele
frequencies and the selection acting on the allele,
so that (in contrast to e.g., overdominant
selection), allele frequencies are expected to
fluctuate in different populations and alleles can

be rare for a considerable amount of time [41,

42]. Furtermore, sporadic fixation of alleles may
occur and low synonymous variation is predicted
due to bottlenecks for the different alleles [43].
Consistent with this prediction, iBa. magna,
array 4 exons have low synonymous variation.
However, in contrasbr. melanogaster tends to
have high synonymous variation across the
entireDscam gene (Tab. 3).

Theevolution of epitopes| and |1

Structural data suggest that epitope | is a
crucial unit engaged in the formation of Dscam
homologous dimers between the surface of
neurons, whereas epitope Il is oriented towards
the outside of the Dscam protein and is a
putative antigen binding region [9]. Within
species, the paralogous exon regions of arrays 4
and 6 coding for epitopes | and Il have diverged
more than the remaining regions of the gene
(Table 3).
orthologous exon regions coding for epitopes | is

In contrast, divergence between
much lower than between orthologous exon
regions coding for epitopes Il in bofbaphnia

(this study) andDrosophila [9]. These patterns
suggest that the divergence between paralogs is
ancient. Intriguingly, however, epitopes | do not
seem to have evolved much since then, except
by exon duplications, whereas epitopes Il have
continued to accumulate differences, which is
seen in the increased divergence of orthologous
sequence between closely related species (Table
3).

Potential balancing selection in epitopesl|
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While much of the sequence divergence
between paralogous exons may be ancient,
allowing high isoform diversity, divergence
driven by selection may still be ongoing in some
parts of the gene, particularly if any parts of the
gene are involved in ongoing coevolution with
parasites. Epitope Il coding regions of exons 6 in
both Daphnia and Drosophila, show an excess
of nonsynonymous polymorphisms relative to
the divergence levels. IBr. melanogaster, this
is still visible after low

effect excluding

frequency alleles and may thus suggest
balancing selection [44]. IDr. melanogaster
allele frequencies could not be inferred with
great accuracy, but we found that the same
derived non-synonymous alelles segregate in the
severalDr. melanogaster populations around the
world, which suggests that these alleles are not
slightly deleterious and are not artifacts due to
PCR or (Table S3).

Additionally, some of these alleles are present in

sequencing errors

other distantly relatedDrosophila species,
raising the possibility that some of those could
be trans-specific polymorphisms (Table S3).
However, we did not find high levels of non-
synonymous nucleotide polymorphism in
Epitope Il coding regions, in contrast to that
found in the resistance gendBL1 and TEP1 of
Anopheles gambiae to Plasmodium falciparum,
whose very high levels of non-synonymous
polymorphism are presumably a result of
balancing selection and gene conversion [45,46].
If balancing selection is maintained for a

long time, it is expected to lead to strong linkage

disequilibrium (LD) and to elevated neutral
variation at linked sites [44,47]. IDa. magna
the synonymous site diversity of exon 6.7 is
among the highest of all sampled exons in array
6 (ts = 0.012), but synonymous site diversity of
the whole array 6 is only slightly higher than that
of the constitutive exon 10. In addition, we did
not find elevated LD in the region (results not
shown). Thus if any balancing selection acts on
the region, it is unlikely to be long-term
balancing selection, as found in some other
immunity genes such as MHC [48]. In the.
melanogaster populations, Dscam synonymous
diversity tends to be high across the whole gene
(Table S2), but it is not possible to estimate
whether there are any sites in LD with epitope |l
coding sites given that no haplotype information
is available.

An alternative explanation, as discussed
above, is that epitopes Il are under negative
frequency dependent selection. In such case, due
to periodic bottlenecks, non-synonymous
diversity is not expected to be elevated [43] and
the prediction for LD is less clear. However, to
differentiate between overdominant and negative
frequency dependent selection acting on this
region would require better estimates of allele
frequencies among different populations both in
Daphnia andDrosophila. In summary, our data
do not currently allow us to distinguish between
the hypothesis of negative frequency-dependent
selection and the hypothesis of relaxed selective
constraints, although the fact that the same

derived alleles segregate in sevelbabsophila
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populations suggest a likely action of some form
of balancing selection.

Maximum likelihood codon based site
models have been shown to be powerful at
detecting balancing selection in MHC [28,49].
Yet many of the studies on MHC involved
comparison of paralogous MHC alleles [48,50]
[28,49]. In Dscam, paralogous exons diverged
too extensively (array of exons 6 tree length for
dS is 104.4 irDr. melanogaster) to be included
in a reliable site model analysis [51]. The site
model analysis of orthologous exons of arrays 4
and 6 in sixDrosophila species revealed that
although epitopes 1l evolve faster than the
remaining regions of these arrays, there is no
evidence that this is driven by positive selection.
However, as discussed in the supplementary
section (Table S2), our analysis has most likely
low power for detecting balancing selection.
Involvement of epitope Il in immune
recognition in insects and crustaceans

Despite some differences, the results
obtained withDaphnia and Drosophila point to
similar molecular patterns of Dscam. The gene
does not have high nucleotide diversity in both
Da. magna and Dr. melanogaster. Instead,
Dscam diversity is generated by alternative
splicing of duplicated exons (more than 13000
and 30000 protein isoforms can potentially be
expressed iDa. magna and Dr. melanogaster,
respectively) and there is selection to preserve
the diversity caused by duplication and

divergence. In both taxa, epitope Il coding

regions diverged more than the rest of the gene,
but in Drosophila we could not show that this
high substitution rate was due to adaptive
evolution. Epitope Il coding regions harbor an
excess of non-synonymous polymorphism in
relation to the divergence levels observed. This
could be maintained by balancing selection but
also be influenced by segregating slightly
deleterious mutations as discussed previously,
which would suggest lower constraints on this
part of the Dscam molecule.

Nevertheless, some of the segregating
epitope Il amino acids in botba. magna and
Dr. mel anogaster

considerably change the binding capacities of the

populations might
epitope (Fig. 2). InDa. magna arginine and
glycine (exon 6.7) and irDr. melanogaster
arginine and methionine (exon 6.24) or
asparagine and lysine (exon 6.39). In the case of
the arginine polymorphism, the amino acid
variants have exactly the same position in the
epitope in both taxa in non-orthologous exons
(Fig. 2). Furthermore, at this position glycineais
hallmark amino acid of many Ig domains [52]
the that this

polymorphism might not be neutral. IBa.

which  corroborates idea

magna the arginine/glycine polymorphism
showed an intermediate-frequency
polymorphism with 54% of the analyzed

individuals being homozygous for glycine, 30%
being homozygous for arginine, and 17% being
heterozygous across different populations. Both
Da. lumholtz andDa. pulex have glycine at this

site.
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Epitopes Il are formed by the
interception of two interstrand loops belonging
to Ig2 and Ig3 domains (Fig. 2). This resembles
"complementary determining regions" of T cell
receptors or antibodies of the Immunoglobulin
superfamily that, respectively, bind peptides or
native antigenic determinants from pathogens
(Fig. 2). A similar epitope in hemolin, a
molecule involved in immunity  in
leptidopterans, has been suggested to harbor a
similar  region involved in  bacterial
lipopolysaccharide binding [53]. These and other
structural similarities constitute circumstantial
evidence for an involvement of Dscam in
immunity, yet the molecular patterns we have
found are not unequivocal.

Genes of the immune system involved in
recognition, such as MHC, present hallmarks of
long-term balancing selection; elevated levels of
synonymous diversity and deeply diverged,
trans-specific alleles. However, such strong
patterns are not found in Dscam. It remains a
challenge in the field of arthropod immunology
to uncover the underlying mechanisms of the
Dscam function. Expression by effector cells of
the immune system such as hemocytes, is not in
itself a guarantee of an involvement in immune
recognition. Dscam diversity could play there a
role similar to that played in neurons, controlling

interactions between hemocytes inside the body.
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SUPPLEMENTARY MATERIAL

TABLE S1 Non-synonymous polymorphisms and non-synonymousrdance in the duplicated exons of Dscam in
Daphnia.

Exon® Codon” State® AA"  Frequency (%)°
41 19 P AT 96.4
4.1 44 (I D N/S

4.2 920 P ED 964
4.2 100 (I1) D N/T

43 107 P TIN  92.80
43 111 D L/l

43 135 (II) D T

4.6 211 (1) P D/IA  96.4
4.6 215 (II) D TIS

4.6 218 (II) D PIQ

47 243 P AN  96.4
47 264 (1) D GIS

47 275 (II) P T/R  92.80
4.8 294 D AIT

4.8 317 (1) D G/D

6.6 38 D FIN

6.6 39 D FIN

6.6 62 (1) D /A

6.6 63 P SIF  93.75
6.6 78 D FIY

6.7 84 P AIS  93.75
6.7 102 (1) P GR 718
6.7 103 (II) P M/l 93.75
6.1 75 P FIY 875
6.12 81 P P/S  93.75
6.12 101' (1) D FISIT

2Array and exon numbering as in [3].

® Codon numbering within each exon. (ll) indicateattthe codon is in epitope fl.and" refer respectively to
nucleotides 658 and 659 in the same codon.

°P indicates a polymorphism withida. magna D a fixed difference betwedda. magnaandDa. lumholtzj and

P/D a polymorphic site withiBa. magnaat whichDa. lumholtzihas a third amino acid.

4 The first amino acid corresponds to the more comaitele in the case of polymorphic (P and P/Dsjit&he last
amino acid designates the one preseanlumholtzi(D and P/D sites).

® Frequency of the most common allele.
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TABLE S2 Random sites model [23] likelihood ratio tests (DRdr positive selection at MHC Class | locus B in
six primate species. One allele per species wadoraly chosen from Genebank (HQ23132H&mo sapiens
DQ026306.1Gorilla gorilla, CR860073.Pongo abelij AABO8074.1Hylobates lar AAY59437.1Pan troglodytes
AAA50178.1 Pan paniscus This analysis was done to assess the powereofahdom site model tests in our
analysis of thérosophiladata, According to the results, the amino acidatem observed between the orthologous
MHC alleles was more likely explained by neutrabletion (i.e., no significant signs of positive sefion were
found), which suggests that our site model analgst very powerful at detecting diversifyingesion.

Model LRT Parameter8
Mla y2=3.06

Mia we=0 (71%)w;=1 (29%)
VS. df =2

M2a:w,=2 (21%)
M2a p=0.2
M7  y2=3.1

M7: p=0.005;g=0.011

ve d=2 M8: ‘p =4.66,'9=88 »=2 (20%)

:'p =4.66,'q=88 w= b
M8 p=0.2 P a

& wo, w1, @, indicate the estimated valueswfunder the conditions of each model; Mlawg<l, w,=1; M2a adds
to Mlaw,>1, which is estimated from the data; within braskis the proportion of sites estimated to be ichea
category ofw. In M7, O<w<1 andp andq are parameters of the beta distribution. M8 aduks extra class of sites
w>1 to M7.

TABLE S3 Non-synonymous polymorphisms in epitope Il regioharray 6 exons ir. melanogasterShown are
only polymorphisms at which the overall frequenéyhe rarer allele exceeds 0.15.The amino acidsgnteat the
orthologous codons in othBrosophilaspecies is shown as well.

Codon?®
Species Population 65 9502 1027 1109 1547 1598 1625
Athens SIG R P/L A/IS N/K IS ANV
Florida SIG R P/L A/S N/K /S AV
French
Dr. SIG R P/L A/S N S AV
Polynesia
melanogaster
Gabon S/IG R/M P A N/K IS A
Japan SIG RM PIL AIS NK /S AV
Kenya S/IG R P/L AlIS N/K IS ANV
Ancestral G R P A N S A
Dr. simulans G R A A K S A
Dr. sechellia G R P A K S A
Dr. yacuba G R A A K S n.o

2Polymorphism data

and codon numbering from [10]. n.o. indicates timbrthologous exon was found in this species.
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Figure S1 Array 4 (A) and array 6 (B) partitions of epitopand epitope Il inDa. magna Polymorphic positions

are indicated by amino acids with the size of @ttel being proportional to the frequenc

ies of emwino acid. The

colors represent the chemical properties of amiidsa polar (green), basic (blue), acidic (red) @ydrophobic

(black). This figure was created with WebLodit(://weblogo.berkeley.edu/logo.ggi
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Figure S2 Sliding window analysis across array 6 exonshefriatios of nonsynonymous nucleotide diversityo
synonymous nucleotide diversity in Da. magnaand of nonsynonymous divergen€gto synonymous divergence
Ks ratio betweerD. magnaand D. lumholtzi The sliding window analysis was done with DNAsging a 50 bp
window length with a 10 bp step size. The intronfekoundaries as well as the locations of epitégedite bars,
black dots) and epitopes Il (grey bars) are ingéiddtelow the x-axis..

r T T T T T T T T T T T T T T T 1

T
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700

nucleotide position bp

3 n/mg
— KJ/K,

I
I
%?

—QE =

6.5 6.6 6.7 6.10 6.11 6.12 6.13 6.14

80



Figure S3 A) Maximum likelihood tree of array 6 exons in thelanogaster subgroup including orthologous and
paralogous exon$Support values at nodes are bootstrap values (@0ttbap replicates). Branch length estimates
the expected number of nucleotide substitutionsgoeion using the one-ratio model, and the treelogyoand
branch lengths were used to fit different modelse Tree is rooted for convenience at the midpaintatl analyses
were done with an unrooted topology. Red branchigs arrows indicate branches for which the preseofce
aminoacid sites that evolved with>1 was tested using branch-site models implementd@lARNL [31,32]. The
branches chosen were the ones leading to duplieateds where we detected an excess of non-synorsymou
polymorphism inDr. melanogastetusing McDonald-Kreitman tests. the PAML tests usathller subtrees (grey
boxes). B) Schematic representation of branch nsoiféé used these modelstést whether selection changed after
duplication, that is whether orthologous and paralogous branches diffen (model R2).The null model R1
assumes that all branches in the tree have thesame
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TABLE $4 Branch models and branch-site models applied texbas of array in the melanogaster subgroup.
Likelihood ratio test (LRT), parameter estimate$, @nd positively selected sites are shown. Indiesite models
the branch of interest is called foreground brakid. S3, red branches with arrows) and all theobranches in

the tree are called background branches.

Models LRT Parameters Positively selected sites

Branch models

One-ratio (R1) x2=46
VS. df =1 ®,=0.26w,=0.094
Two-ratios (R2) p<0.001
Branch-site models Parameter$

Foreground brancha] x2=1.46 10T**, 15 S*; 16 R*; 25 S**
vs. df =1 =0.07w1=1 02,B=0.07 w2,F=5.43w,,F=5.43
Background p=0.2 @omT D012 02aB TR R 02T 302N
Foreground branchf 2=0.38 18 T*, 21 P**; 37 V**
vs. df=1 ©0=0.081=1 @B =0.08w,,F=2.320,pF=2.32
Background p=0.55
Foreground brancte  ¥2=0.09
VS. df =1 600:0.0&01:1 COZaB :O.OSwZaF =1 waF:1
Background p=0.8
Foreground branchd] x2=0
VS. df=1 00=0.02w1=1 @,,B =0.02w,F =1 w,,F=1
Background p=1

2=0
\Z’regm“”d brancfe( %220 ©0=0.0501=1 B =0.0502.F =LwzfF=1
Background p=1
Foreground brancH)  x2=0 ®0=0.08w1=1 @,,B =0.08wrF =1 w,,F=1
VS. df =1
Background p=1

# Parameter estimates under the alternative mod&}stN/dS<1; w;: dN/dS=1,w,.F= dN/dS >1 (alternative
hypothesis) or dN/dS=1 (null hypothesis) on theedmound branch and dN/dS<1 on background branch8s,
wop,F=dN/dS >1 (alternative hypothesis) or dN/dS=1 I(hybothesis) on the foreground branch and dN/d8a1
background branchésSites inferred to be under positive selectiorhat35% (*) or 99% (**) by Bayes Empirical
Bayes analysis.

Table S5 Estimates of divergence betwelea. magnaandDa. similis as well as McDonald Kreitman tests for the
comparison between the two species. No polymorphisere excluded for this analysis.

Da. magna vs Da. similis

Gene region Divergence (k) Fixed Polymorphic
Ks Ka Ka/Ks Syn Nonsyn Syn Nonsyn g
Array 4 Total 0.094 0.011 0.117 21 8 4 6 0.12
Epitopes Il 0.07 0.027 0.35 5 6 2 2 1

#p values are according to a two-tailed Fisher’s etest.
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CHAPTER 4

DUPLICATION AND LIMITED ALTERNATIVE SPLICING OF DSCAM GENES
FROM BASAL ARTHROPODS

Daniela Brites, Carlo Brena, Dieter Ebert and L ouis Du Pasquier
manuscript

ABSTRACT The Dscam homologue of pancrustaceans is the maosrkable example known
of how exon duplication and alternative splicingncbute to generate protein diversity. Here we
describe for the first time Dscam homologues indbetipedeStrigamia maritima and in the tick
Ixodes scapularis, taxa that belong to two arthropod basal groupsntyriapods and chelicerates
respectively. In both, Dscam diversified extensivg} duplications of the whole Dscam gene and
in some cases by duplications of exons coding fanilinoglobulin domain 7 (Ig7) and Ig8 but
not of exons coding for half of Ig2 and Ig3 likepancrustaceans. This resulted in the creation of
a Dscam multigene family with many members in bSthmaritima and|. scapularis which,
according to our phylogenetic analysis share a comarigin but expanded independently. We
demonstrate furthermore that the mechanism of riiytazaclusive AS known in pancrustaceans
was already preser8. maritima contributing to generate Ig7 diversity in both vers and
immune cells. That indicates that Dscam mutuallglgsive AS and expression by hemocytes is
not a derived character of pancrustaceans. Additiiprdiversity caused by alternative splicing of
the cytoplasmic domains of the receptor was alsmowered. We found evidence in bagh
maritima and|. scapularis of extensive rearrangements among different Dsparalogues and
we propose that the highly variable Dscam geneamiftpustaceans evolved by recombination
between Dscam paralogues with Ig7 coding exon dafidins, from a common ancestor with
more Dscam genes than any of the extant specigsnafustaceans. The convergent evolution of
mechanisms to generate Dscam diversity in differarihropod groups suggests that the

concomitant functional diversity created was imaottin the evolution of this very successful

group.
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INTRODUCTION

The Down syndrome cell adhesion molecule
(Dscam) gene family is composed of several
members related to other cell adhesion
molecules (CAMSs) like axonin, roundabout, etc,
which are involved in the nervous system
development (Shapiro, Love, and Colman 2007).
The composition of the different Dscam
members is relatively conserved among metazoa,
consisting of 9(Ig)-4(FN)-Ig-2(FN) followed by

a transmembrane domain and a less conserved
cytoplasmic tail. Vertebrates and insects have
paralogous Dscam members that resulted from
whole gene duplications like DSCAM and
DSCAM like (DSCAM-L) in vertebrates, and
Dscam-L2, Dscam-L3 and Dscam-L4 in insects
(Yamakawa et al. 1998; Schmucker et al. 2000;
Agarwala et al. 2001; Millard et al. 2007). In the
latter group, another homologue called Dscam, is
the most remarkable example known of protein
diversification by duplication and alternative
splicing (AS) (Schmucker et al. 2000). In this
member of the Dscam family certain exons
duplicated extensively forming three arrays, that
encode half of Ig2 and Ig3 domains, the
complete Ig7 and two transmembrane domains
(Schmucker et al. 2000) (Watson et al. 2005)
(Fig. 1).

An exquisite form of mutually exclusive
alternative splicing of the exon duplications
ensures that only one exon per array is included
in the mature mMRNA (Schmucker et al. 2000;
Graveley 2005; Kreahling and Graveley 2005;

Olson et al. 2007). In this way, tt#rosophila

melanogaster Dscam gene has the potential to
generate 19 008 different extracellular Dscam
combined with two alternative
Additionally, by

alternative splicing four different cytoplasmic

isoforms

transmembrane domains.

tails are used and hence, in total 152 064
different isoforms can be encoded in a single fly
(Yu et al. 2009).

A) VERTEBRATES

DSCAM
—1

PHOREEPEDEE @ @@ @@

B) Dscam-hv

=) 2)62) () () ) -GG G (-GG

4 6 1
i 4148 61-6.24 141117
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C) Dscam-L2
MOB2000H0O T D DDAyl
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Figure 1 — Dscam domain representation; Ig-
immunoglobulin domains; FNIII- fibronectin 1l
domains. The yellow and black boxes represent the
transmembrane and cytoplasmic domains. A)
DSCAM of vertebrates represented by the homologue
in Homo sapiens B) Dscam-hv of pancrustaceans
represented by the homologueDaphnia magna; ii)
MRNA, each box corresponds to a constitutive exons
and the colored boxes 4, 6 and 11, correspond to
exons that are the result of mutual exclusive
alternative splicing of arrays of duplicated exons
which are present in three arrays, as indicateid);in

C) Dscam-L2 of pancrustaceans; i) two exons that ar
mutually exclusive alternatively spliced code fgrv

A homologue of this gene is also present in
crustaceans with a similar organization but with
only one transmembrane domain coding exon
(Brites et al. 2008; Chou et al. 2009). For the
sake of clarity we will designate hereafter this
Dscam member of insects and crustaceans

(pancrustaceans) as Dscam hypervariable

(Dscam-hv). The mechanism of Dscam somatic
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diversification described has not been observed
the

generation of two transmembrane forms in

in deuterostomes so far, except for
humans, but through a much simpler mechanism
(Yamakawa et al. 1998).

Despite the differences, DSCAM and Dscam-hv
are both involved in similar developmental
processes controlling neural wiring (for a review
2008). Additionally, the

diversity of Dscam-hv isoforms in pancrustaceas

see Hattori et al.

seems to play a role in the immune system

(Watson et al. 2005; Dong, Taylor, and
Dimopoulos 2006; Watthanasurorot et al. 2011).
The silencing of the gene reduces the

phagocytosis activity of hemocytes, infection by
different pathogens induces different alternative
splicing patterns of the molecule and different
isoforms have different binding specificities to
2005;
Furthermore,
the

hemolymph of both insects and crustaceans

different bacteria (Watson et al.

2011).
Dscam-hv soluble forms circulate in

Watthanasurorot et al.

suggesting that they could function as opsonins
but with a function not yet fully elucidated
(Watson et al. 2005; Watthanasurorot et al.
2011).

It has been generally assumed that the
diversification of Dscam-hv has occurred in all
arthropods (Crayton et al. 2006; Kurtz and
Armitage 2006; Lee et al. 2009). Arthropods
appeared approximately 600 million years ago
and represent far more species than any other
animal phyla (Budd and Telford 2009). The high

diversity of living arthropod species is grouped

in four taxa; insects, crustaceans, chelicerates
and myriapods. Dscam in the latter two taxa has
not been studied so far. Here we report on
Dscam related genes in the tickxodes
scapularis, a chelicerate, and in the centipede
Srigamia maritima, a myriapode. We also
studied the expression of one Dscam homologue
in Srigamia maritima. This broadened the
phylogenetic sampling of Dscam genes in
arthropods and revealed interesting differences,
but also similarities, among Dscam in the
different arthropod groups which are relevant for
understanding the evolutionary history this gene

family.

MATERIAL AND METHODS

Generecovery

The program tblastn was used to probe several
genomes (Table S1) to search for Dscam related
genes. We did first a general search using the
whole Dscam-hv ofDrosophila melanogaster

and selected the most related genes based on
amino acid similarity and domain architecture.
Several architectural criteria were used non-
exclusively; the Igl motif GxxxxC (where x
stands for any amino acid and C refers to the
first cysteine in the Ig domain) which is a
distinctive signature of Dscam (in regular Ig
domains G is at position -8 in relation to the
cysteine referred); the presence of Igl to g4,
which are domains that form a horse-shoe
structure typical of Dscam and other related
CAMs (Meijers et al. 2007); and the presence of
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Ig10 in an intermediate position between the
FNIlII domains. Finally we looked for the
transmembrane domains and cytoplasmic tails
sequence similarities. In all Dscam related genes
found we did a further search for duplicated
exons using the Dscam-hv variable regions of
Ig2, Ig3 and Ig7. All homologues were annotated
by hand using the identity information and a
prediction of the protein structure obtained with
SMART
(Schultz et al. 1998; Letunic, Doerks, and Bork
20009).

(http://smart.embl-heidelberg.de)

Identification and annotation of the Dscam of
Myriapodes and Chelicerata

The procedure described above was used to
search for Dscam related genes in the genomes
of I xodes scapularis
(http://www.vectorbase.org/index.php) and that
of Srigamia maritima 24X  scaffolding
(http://www.hgsc.bcm.tmc.edu/collaborations/in
sects/strigamia/). In both taxa, several Dscam
related genes were incomplete and/or did not
correspond exactly to the Dscam canonical
architecture  9(1g)-4(FN)-(1g)-2(FN)  (Shapiro,
Love, and Colman 2007). In our analysis we
included only the members which we believed as
not being the result of assembly mistakes. Each
gene was named after the name of species to
which it belongs followed by a number (Fig. S2
and Fig. S5). In this way, dll scapularis andS.
maritima Dscam homologues start with Is and
We

scrutinized the EST data base available Ifor

Sm, respectively. have furthermore

scapularis to look for Dscam expression using

the same blast procedure described above
(http://iscapularis.vectorbase.org/SequenceData/
EST/).

Phyl ogenetic reconstruction

Multiple alignments of amino acid sequences
were built using CLUSTALW and edited
through Jalview (Waterhouse et al. 2009). The
G, W and C amino acids at certain positions are
distinct features of Ig domains (Lefranc and
Lefranc 2001) and were used as reference amino
acids to correct the alignments manually.
Phylogenetically conflicting regions of the
alignments were eliminated following Gblocks
selected blocks (Castresana 2000; Talavera and
Castresana 2007) .The program ProTest 1.4 was
used to estimate the amino acid substitution
model and related the parameters that better
describe the evolution of the aligned sequences
(Drummond and Strimmer 2001; Guindon and
Gascuel 2003; Abascal, Zardoya, and Posada
2005). This information was used to build
protein phylogenies with both Bayesian and
Maximum Likelihood (ML) methods,
MrBayes 3.1.2 and RAXML (Stamatakis 2006),

respectively. For the Bayesian analysis we used

using

a gamma rate distribution estimated from our
dataset and a burn-in equal to 1/10 the number of
generations; after the burn-in phase every 100th
tree was saved. Two parallel Markov chains
were run simultaneously in each of two runs.
Tree length, log-likelihood score and alpha value

of the gamma distribution were examined prior
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to the termination of MrBayes to ensure that all
parameters had reached stationarity. To access
whether the MCMC of the two runs converged
we used AWTY (Nylander et al. 2008) for
plotting the posterior probabilities of all splits
for the two runs and increased the number of
the ML
analysis we run RAXML through the Cipres
Portal (Miller et al. 2009) with at least 1000

generations when necessary. For

bootstrap replicates.

To determine the homology of Dscam related
genes found in basal metazoan groups, we
estimated phylogenies of 42 proteins including
Dscam and other proteins from the CAM family
whose Igl to Ig4 domains form a horse-shoe
structure (Table S1). This phylogeny was rooted
using the sequence of human NCAM (Neural
cell adhesion molecule), a immunoglulin
superfamily CAM that does not form a horse-
shoe tertiary structure.

The relationship between all Dscam homologues
representative of major metazoan clades was
reconstructed by estimating phylogenies based
on aligned Dscam sequences of Ig2 to FNIII-2
domains given that Igl was not found in many
cases. In order to include incomplete Dscam
homologues ofIxodes with multiple exons
198,
phylogenies based on Ig8 to FNIII-2 domains.

coding for Ig7 and we estimated
To trace the origins of Ig7, phylogenetic trees of
all 197 domains of Dscam and Dscam-L of all
arthropods and deuterostomes were produced.
Due to the high number of exons analysed (177)

we present only the results of the confident

monophyletic groups of exons found (exons that
shared their most recent common ancestor with
0.95 posterior probability and that were grouped
in more than 60% bootstrap replicates in the

Bayesian and ML analysis, respectively).

Srigamia maritima dissections, RNA extraction

and cDNA synthesis

Adult individuals of Srigamia maritima were
sampled near Bora, Scottland and kept alive at
4°,
hemocytes
(INVITROGEN)
instructions. In the case of hemocytes and heads,

RNA was extracted from whole-body,

and heads using Trizol

following manufacturer

to increase RNA yield, RNA samples were
precipated overnight in isopropanol at -80° with
5 ug of RNAse added
(INVITROGEN). Hemocytes were obtained by
cutting the individuals in several sections and

free glycogen

withdrawing the hemolymph by capillary action
using microcapillary glass tubes (Harvard
GC100TF-10). To the

expression of Dscam in the nervous system, the

apparatus check
heads from the same individuals were used for
RNA extraction. All material was immediately
stored in RNAater (Ambion) solution.

To obtain the 5’ leader region of tl#n35 gene

of S maritima, we used SMART technology
(SMART™ RACE cDNA Amplification Kit,
CLONTECH) on mRNA samples extracted from
whole-body following the instruction of the
manufacturer

and specific reverse primer

annealing to Ig3.
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The expression of the duplicated exonsSwB5
coding for Ig7 was investigated by sequencing
RT-PCR amplicons obtained with primers
specific to Ig6 and 1g8 coding exons. For this
purpose the One Step PCR kit (QUiagen) was
used to perform a multiplex PCR with tBm35
specific primers and primers specific to actin to
All PCR products
were cloned in the pCR 2.1- TOPO vector

serve as positive controls.

(Invitrogen) and sequenced with traditional

Sanger sequencing.

RESULTS

The

Immunoglobulin superfamily CAMs

Dscam family within the

We found Dscam related genes in metazoan
basal groups such demospongésnghimedon
Nematostella
placozoan T(icoplax

gqueendandica), chidarians

vectenss) and a
adhaerens) (Table S1). These genes do not
encode proteins with canonical Dscam
architectures. To investigate whether they belong
to the Dscam family we built a phylogeny

including those, other metazoan Dscam proteins
and some other cell adhesion molecules (CAMs)
from the immunoglobulin superfamily whose

first four Ig domains, like in Dscam, form a

horse-shoe  structure
L1CAM and hemolin).

formed relatively well supported clades and most

(roundabout, axonin,

Most Dscam genes

likely have a monophyletic origin although the

latter could not be recovered with statistical

support (Fig. 2). The same is true for roundabout
and axonin, molecules which are used by the
nervous system and to which the geneTof
adhaerens is most closely related. We could not
recover with confidence the relationship between
the genes fromA. queenslandica and three of the
genes inN. vectensis and the remaining CAMs
(Fig. 2). All blasted significantly to Dscam but
did not form any well supported clade in our
analysis (Fig. 2). The position &. vectensis
gene Nv_1 is unclear based on the phylogenetic
relationships estimated using the first four Ig
domains of the molecule. Yet, if the phylogeny
is based on region comprising 1g8 to FNIII-2
domains, Nv_1 forms a well supported clade
with the human Dscams (Fig. S1) reflecting the
similarity of Dscam with vertebrate Dscam

(approximately 30% similarity, E values

! and €'¥). Furthermore, their

between e’
cytoplasmic tails also share similar SH2, ITIM
and polyproline motifs (data not shown)
indicating that they use similar signaling
pathways. In subsequent analysis of the Dscam
gene family, the gendlv_1 was used as an

outgroup sequence.
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Figure 2- Maximum likelihood topology 42 CAMs whose firgidr Ig domains form a horse-shoe tertiary structure
Support values at nodes are bootstrap valuesveltti1000 replicates (left value) and posteriabpbilities (right
value) when higher than 60% and/or than 0.95, wimdy. The tree is rooted with the human NCAMCAM

which does not form a horse-shoe structure

Diversfication of Dscam in chelicerates and

myriapodes

Extracellular domain diversification by gene

and domain duplication

A very high number of Dscam related genes was

found in both. scapularis andS maritima

genomes. None exhibits internal duplications of
exons coding for Ig2 and Ig3 domains like the
Dscam-hv gene of pancrustaceans but a few
genes have duplications of exons coding for I1g7.
The purpose of the present study was not an
exhaustive description of all the Dscam genes in
S maritima andl. scapularis, but an analysis of
relevant comparative aspects with Dscam genes

from other taxa. For that reason we have
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annotated only a fraction of the Dscam genes
present in the genome of those organisms.
Although all statements about absence of genes
or domains have to be taken carefully, especially
in the case off. scapularis for which many of the
analyzed genomic scaffolds were interrupted by
undetermined sequences, we are fairly confident
in our claim that in the current genome
assemblies there are no arrays of duplicated
exons coding for Ig2 and Ig3 like in the

canonical Dscam-hv of pancrustaceans.

Srigamia maritima In the myriapodS. maritima

we found a high number of Dscam related genes
present in the current genome assembly
(approximately 50 hits with E>T{) depending

on which Dscam domains were used as query
sequence). The majority of genes are strongly
similar to Dscam, although some are incomplete
or do not correspond to the canonical structure.
An equivalent of the arrays of exons coding for
half of

pancrustaceans was not found.

Ig2 and 1g3 domains present in
In contrast
several genes present arrays of duplicated exons
coding for 1g7; geneSm35, SM54.1 and SM62.2

have four duplicated exons, geng®62.1 and
Sm55 have three and gene&dn9l and Smb546
have two Ig7 coding exon duplications (Fig.
S2A). The phylogenetic relationship between the
exon duplicates indicates that they were
probably already present before the genes
duplicated as they are more similar between
genes than within each gene (Fig. S3). Assuming

that this is true, one would expect that those 1g7

domains have similar amino acid divergence
compared to the remaining ectodomains of those
the
g7

domains are less divergent than the remaining

paralogous Dscam genes. Interestingly,

aminoacid sequences of the duplicated

ectodomains (Fig. S4), suggesting that they
be
recombination.

might under gene conversion or

Ixodes scapularis We found 27 genes with
strong similarity to Dscam although none
exhibits the exact configuration of a canonical
Dscam, generally lacking the third and fourth
FNIII domains and the tenth Ig domain (Fig. S5).
Fifteen almost complete homologues could be
reconstructed (Fig. S5) and analyzed but the
number of contigs with Dscam related genes
amounts in total to 56, often containing strongly
related but single Dscam domains. In the current
assembly we did not find exon duplicated arrays
coding for half of Ig2 and Ig3 like in the Dscam-
hv of pancrustaceans. Instead we found four
genes 1s27, 1s28, 1s29 and 1s53, each with
several duplications of exons coding for Ig7 and
Ig8 (Fig. 3A). The multiple exons coding for 1g7
and Ig8 are in alternate positions in the genome,
a feature not observed in any other Dscam gene
(Fig. 3A). The exon and intron structure of these
genes sugests that they could be alternatively
spliced but no related ESTs were found.

The genesls27, 128 and 129 are
the contig
approximately by 1900 bp. Genke8 and|s29

are duplicates of each other, whereas the origin

located in same separated
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Figure 3 A Ixodes scapularis Dscam homologues with duplicated exons coding I§at and Ig8 i) protein
reconstruction coded by gene7, 1s28 andls29 which are all adjacent in the same contig. ii) piotreconstruction
coded byisb3. Bellow each reconstruction is the representatitine alternative exons of each gene coding f@r Ig
(black boxes) and ig8 (grey boxes). N representieteammined sequencB. Maximum likelihood topology of the
duplicated exons coding for 1g7 (black branches) g8 (grey branches) ih scapularis Dscam homolog$s27
(blue branches)s28 (green branches)s29 (orange branches) ansb3 (red branches). Support values at nodes are
bootstrap values relative to 1000 replicates (kafue) and posterior probabilities (right value)emhhigher than
60% and/or than 0.95, respectively. The tree s teso for convenience with exon 8.12
from genels28 because this exon has the lowest aminoacid sityilaglative all other exons in the tree.
Monophyletic clades of exons were collapsed forvenience.

of 1s27 is not possible to elucidate (Fig. S1). occurred independently in the three genes, since
Nevertheless, an contrarily to the Ig7 paralogous exons within each gene are more
duplications in S maritima, the multiple similar to each other than to paralogous exons in
duplications coding for Ig7 and Ig8 seem to have the other genes (or they diverged so extensively
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Figure4|. scapularis reconstructions of Dscam homologues present itig82235. Ig domains are represented by
open circles and FN domains by grey ellipses. ®remic regions between these genes are repredgntatbws
and its size is indicated. The size of the genammions between the exons that code for Igl ancitg2ndicated as

well. NN indicates that the sequence was undet&thin

that a common origin cannot be discerned) (Fig.
3B). The only exceptions to this are exons
coding forls27 1g8.5 andis28 1g8.11 (Fig. 3B).
Contrastingly, the genés53 has a chimerical
arrangement originated from a whole duplication
of the Is27 region containing exons 7.1 to 7.5
and a whole duplication of thés28 region
containing exons 7.6 to 7.10 (Fig. 3A & B). The
conservation of amino acids is very strong
betweenlss3 and1s27 and1s28 but not at the
nucleotide sequence, excluding the possibility
that this
Additionally
suggesting that these are functional genes. Genes
[s15, 14, 159, 1s10 andls3 were also found to be

physically close in the genome and all are

is an artifact of the assembly.

there are no pseudoexons

transcribed in the same direction, excegd
(Fig. 4). The phylogenetic relationships among
these genes are mostly unresolved excepitsBr
which is most closely related ts26, a gene
present in a different genomic region (Fig. S1,
Fig. 7).

Dscam diversification by alternative splicing in

myriapod

In order to investigate whether the mechanism of
mutually exclusive alternative splicing was
already present in a Dscam member f
maritima with internal duplicated exons coding
for Ig7, we cloned and sequenced RT-PCR
amplified fragments of the ger®n35 containing

the duplicated exons obtained from RNA from
whole single animals. We found transcripts
containing Ig7 duplicated exons expressed in
many possible ways; the four duplicated Ig7
coding exons can expressed in a mutually
exclusive alternatively spliced fashion just like

in Dscam-hv. Moreover, two alternative exons
can be retained or Ig7 coding exons can be
skipped all together (Fig. 5). This suggests that
the mechanism of mutually exclusive alternative
splicing of the Dscam-hv gene has evolved

initially in the array of exon duplications coding
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for Ig7 and it was already present in the ancestor
of the pancrustaceans.

WB B

H
b
\4

a b C
v VY \4

Figure 5 S. maritima expression of th&m35 region
encompassing duplicated exons coding for Ig7.
Whole body (WB), hemocytes (H) and brain (B).
negative control of bp Region encompassing Ig7
coding duplicated exons @35 c expression offm

35 constitutive exons coding for Ig9. All bands were
cloned and sequenced; 1 corresponds to transcripts
with exons coding for Ig6 and 1g8, missing 1g7
coding exons altogether; 2 corresponds to transcrip
for which Ig7 coding exons were mutually exclusive
alternatively spliced using a premature splicingg si
and 3 to transcripts for which 1g7 coding exonsever
mutually exclusive alternative splicing. The larger
bands that follow correspond to transcripts withreno
than one Ig7 coding exon.

Alternatively spliced Dscam of myriapodes is
expressed by hemocytes and nervous system

In insects Dscam diversity is used both in the
nervous and immune systems. We investigated
whetherSm35 is expressed both by hemocytes
and by nervous system cells &f maritima by
RT-PCR. The hemolymph withdrawn from two
S maritima individuals was rich in hemocytes
(Fig. S6). To obtained nervous cells enriched
tissue, the heads of three individuals were used
to obtain RNA. The sequences of cloned the RT-

PCR fragments shows that this gene is expressed
by both hemocytes and nervous system (Fig. 5).
Several different transcripts were obtained from
the whole body. This result indicates that the
expression of Dscam by hemocytes is not a
derived character that evolved in pancrustaceans
but a character that was most likely already
present the ancestor of this group.

Diversity of transmembrane domains and
cytoplasmic tails of Ixodes and Strigamia

Dscams

We found one member of thke scapularis
Dscam family with two exons coding for
transmembrane domains, which indicates that it
might use alternativaransmembrane domains
through alternative splicing (Is9, Fig. S5) like
the Dscam-hv of insects (Watson et al. 2005). In
support of that we found one EST corresponding
to the expression of Is9 where only one of the
transmembrane forms is used (Fig. S5). The
Dscam homologue Is13 does not contain a
transmembrane domain possibly coding for a
Dscam soluble form (Is13, Fig. S5). Supporting
that, another EST was found in which there is no
transmembrane domain, corresponding to the
expression of the homologue Is13. The EST end
coincides with the end of FNIII-6, i.e. the end of
the ectodomains of Is13 (Fig. S5).

In S maritima, the geneS9mn35 of encodes
different cytoplasmic tails by alternative usage
of exons (Fig. S7), indicating that this molecule
might engage in different signaling pathways

like the Dscam of pancrustaceans. The sequence
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conservation between the cytoplasmic domains
of S maritima and of I. scapularis with the
cytoplasmic tails of pancrustaceans is low (data
not show). Nevertheless a few motifs are
conserved and among those are motifs that
belong to the so called CC0-3 motifs category in
particular CC1 motifs (PTPYATT) (Prasad et al.

2007; Andrews et al. 2008) (Fig. 6).

Honp Robo. TTYSRPGQPTPYATTQLI QSNLSNN 124
Dugesi a NNDDEDEM_VPYATYESLSKPDSST 105
Apl ysi a SFRSDEGNI NPYATYNEI KPTFI PE 139
Strongyl . EPRRHRGLADPYATFDYHDGSI YPS 126
| xodes 6 LEGRLDYYPTPYATTRVTDI DERKL 68

23 ECSTSAFFPAPYATTHLGTRGPEKR 72

10 PRCGDPLYFPSPYATTHI SVYSGDND 69

15 PSKDQ YYPSPYALGGREPVLHRQG 69
Stri.52294 GSHVDSDELTPYATARLADFQEHRR 61
321807 QNSLRRGDVAPYATGHLSDHYQAEE 95

34735 Tl PRRGADPSPYATSHLTDCHHPEH 94
Sn85 LVKGSSDEI TPYATTQLPNFHYGEM 66
24872 YTQTSLEDVCPYATYRI PESSNKAQ 98
56727 TREGVHDDACPYATFQLSENKQNSN 102
Dr osophi | a RHPGVEDEI CPYATFHLLGFREEMD 162
Dscamnl2 EGNEYI EDI CPYATFQLNKQTYSES 108
Dscaml3 GNESEMYEI SPYATFSVNGGRTGAP 92
Dscanl4 KI PETSEDI SPYATFQLSEAGGNMS 96
Daphni a LYAGVDDEI CPYATFHLLGFREEMD 151
Dscamnl2 LSDYAPDQVSPYAVFPSLTSSGEKS 104
Dscaml6 DNPNQLGDI TPYATFTLKPI NGVDT 123
Paci fast. LRSGGDDElI CPYATFHLLGFREEMD 165

Figure 6 Conservation of CC1 motif PTPYATT
between Human Roundabout and DSCAM family
molecules from invertebrates. The numbers on the
right refer to the position of the aminoacid with
respect to the beginning of the transmembrane
domain of the molecule. In red the CC1 motif and in
blue some (relatively less) conserved flanking
aminoacids. All sequences except Human Robo are
from Dscam-hv or Dscam-like molecules. The
comparisonPacifastacus leniusculus, Daphnia pulex

and Srigamia maritima reveals tha the sequence
GxxDEICPYATFHLLGFREEMD (underlined) is a
good marker of the variable Dscam. Abbreviations;
Homo Robo: Human roundabout; Strongyl.:
Srongylocentrotus  purpuratus, Sri..  Srigamia
maritima; Pacifast.:Pacifastacus leniusculus.

These motifs are also present in the Dscam

protein of other invertebrates but not of

vertebrates. Interestingly they are also shared by
adhesion molecules

vertebrate cell loosely

related to DSCAM such as roundabout. The
comparison of several Dscam cytoplasmic tails
of arthropods that the
GxxDEICPYATFHLLGFREEMD are a good

predictor of Dscam genes containing domains

revealed residues

diversified by alternative splicing (Fig. 6).
Interestingly these motifs are present in Sm35
for which alternative splicing and the expression
by hemocytes was demonstrated, but not in the
other Dscam duplicates db. maritima with

several exons coding for Ig7.

Evolution of the Dscam gene family

Our data suggest that the Dscam gene with
arrays of exons coding for Ig2, Ig3 and Ig7
evolved uniquely in the ancestor of
(Fig.

diversification of Dscam homologues occurred

pancrustaceans . Nevertheless,

in all arthropod groups either by internal
duplication Ig domains or by duplications of
complete genes. The genealogy of all Dscam
gene reconstructions o8 maritima and I.
scapularis, confirmed that the former correspond
to Dscam homologues which diversified within
each taxa independently. Despite their
differences, arthropod’s Dscams seem indeed to
be more strongly related to each other than to
any other homologues in the Dscam gene family
forming a monophyletic group (Fig. 7). Within
Dscam-L2, of

arthropods Dscam-Hyv,

pancrustaceans form two separated clades.
Noteworthy, Dscam-L2 of pancrustaceans and
all the genesof S maritima with Ig7 coding

exon duplications, do not have a common origin.
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This genealogy also demonstrates that not all paralogues.
insect groups share the same four Dscam
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Both A. mellifera and the lice specied. present in the other insect species analyzed (Fig.
humanus have five Dscam paralogues. Two of 7).

them share a common ancesind are not
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Contrarily to previous results (Brites et al. 2Q08)
Daphnia pulex has two other paralogues besides
Dscam-hv and Dscam-L2 which do not group
confidently with any of the other insect Dscam
paralogues.

The S maritima Dscam homologues are more
closely related to each other than to any other
Dscam and the same is true foscapularis. In
both taxa, gene duplication was followed by
quick divergence such that the phylogenetic
relationships among paralogues are difficult to
recover (Fig. 7). The paralogues with 1g7 exon
duplication do not form a monophlyletic group
within the S maritima paralogues.

The origins of the duplicated genes coding for
g7

All arthropods evolved Dscam paralogues with
internal exon duplications coding for Ig7. This
suggests that the array of Ig7 coding exons might
be the origin of the alternatively spliced exons of
Dscam in arthropoddxodes scapularis and S
maritima 1g7 coding exons always rendered
higher similarity to the Ig7 coding exons of
pancrustacea than to any other Dscam in our
blast searches. We tested whether a common
ancestor between exons coding for Ig7 in
myriapodes, chelicerates and pancrustaceans
could be found, in which case we expected them
to form a monophyletic groups in relation to the
rest of Ig7 coding exons of other Dscams. We
produced Bayesian and ML trees containing all
Ig7 coding exons of all Dscam paralogous and

orthologous genes of representative metazoa

(Table S2), together with all 1g7 coding exons
present inlxodes and Srigamia. The results
show confidently monophyletic groups of exons
within species but generally low statistical
confidence in the nodes that connect the Ig7
coding exons from the main arthropod groups
(Table S2). This is not unexpected given that 197
coding exons are short sequences that, except for
a few landmark amino acids, diverged
extensively in the represented taxa.

The only exceptions found were monophyletic
relationships between the ig7 coding exons
11.16 ofDaphnia pulex and 9.33 oDrosophila
melanogaster (also found by Lee et al. 2009),
and between exon 7.6 Dfphnia pulex and 7.16

of Apis mellifera, indicating that these exons
were probably present in the ancestors of
pancrustaceans.

The alignment of all Ig7 coding exons
revealed an interesting difference between all
Ig7 coding exons of Dscam-hv and all the other
Dscams. Between the conserved tryptophan 38
and glycine 42, all ig7 coding exons except those
belonging to the Dscam-hv, have a variable
nonpolar aminoacid, followed by arginine or
lysine and aspartic acid (Fig. S9). This is not
observed in any of the Ig7 coding exons of the
selected pancrustacea species, which have a
variable amino acid composition between
tryptophan 38 and glycine 42, but have
invariably, arginine or lysine at position 58
which was never observed outside of the Dscam-
hv (Fig. S8). Curiously, exons 11.16 Déphnia
pulex and 9.32 and 9.33 ofDrosophila

melanogaster, for which a common origin is still
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noticeable, exhibit an intermediary composition
at these positions, with aspartic acid before
glycine 42 and no charged amino acid at position
58. In both species, these exons are located at the
end of the array. Possibly they did not diverge as
much as the exons more internally located in the
arrays and still retained ancestral features (Brite
et al. 2008; Lee et al. 2009). According to
models based in th®rosophila melanogaster
Dscam-hv protein structure, the position 64 is at
the beginning of an Ig7 domain D’ strand which

is involved in homophilic binding between
Dscam isoforms whereas the region of Ig7
encompassing tryptophan 40 and glycine 44 has
no described function (Sawaya et al. 2008). The
significance of these amino acid changes is not
clear, but given the prominent differences
between Dscam-hv and the other Dscams they
are likely to be important functionally.

Discussion

The evolution of the Dscam family

Throughout the evolution of metazoans, cell
adhesion molecules (CAMs) were recruited for
different  cellular cell

many functions;

proliferation and differentiation, apoptosis,
migration and parasite recognition among others
(Buckley et al. 1998; Humphries and Newham
1998). Many members of this family are at least
partially composed of multiple Ig domains
(Chothia and Jones 1997). In some of those
members, the first four Ig domains of the

molecules form of a tertiary conformation called

the horse-shoe structure which creates singular
adhesive properties by allowing homophilic and
heterophilic adhesion to similar and different
proteins, respectively. The appearance of this
structural feature might have allowed the
expansion of a sub-family of CAMs used by
nervous cells of different metazoans such as
axonin, roundabout, contactin, Dscam, etc, and
by immune system cells such as hemolin and
Dscam. Our analysis of basal metazoan CAMs
suggests that precursors of Dscam could be
already present before the evolution of the
Bilateria. Certain regions of the cnidarian NV_1
between

protein conserved

Nemastostella

are  quite

vectensis  and humans.

Furthermore, Nv_1 shares cytoplasmic motifs
with human Dscams (but not with any of the
protostome Dscam homologues) denoting the
This

suggests that some of the Dscam features

usage of similar signaling pathways.

characteristic of complex groups such as
vertebrates might have evolved already in early
metazoans.

In vertebrates, in the flat worBugesia japonica
and most likely in all other metazoans, Dscam is
essential for the correct development of the
1998)

(Fusaoka et al. 2006). The same is true for the

nervous system (Yamakawa et al.

pancrustacean Dscam-hv and Dscam-L2 which

have been shown to participate in the nervous

system development of Drosophila
melanogaster (Millard et al. 2007)(Millard et al.
2007). Al extant arthropod groups,

pancrustaceans, myriapods and chelicerates, had

extensive expansions of this gene family. This
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occurred both by massive duplication of entire
Dscam genes, of which chelicerates and
myriapodes are an extreme example, and by
extensive internal duplication of certain exons
such as in Dscam-hv of pancrustaceans, and to a
lesser extent in Dscam-L2 and in all the Dscam
homologues ofl. scapularis and S. maritima

with Ig7 coding exon duplications.

In contrast to the extracellular domains of
Dscam of distant taxonomic groups, homology
between the cytoplasmic tails of the different
metazoan Dscam cannot be traced even though
certain short motifs are conserved. This suggests
that the

intracellular part of the Dscam family molecules

evolution of extracellular and
must have involved exon shuffling at different
rates. The result is a number of members with
highly similar extracellular domain conservation
of the horseshoe distal extremity and Ig7 but
with very divergent intracellular segments. That
suggests that the selective pressures on the
external and internal parts of the molecule in
different organisms were not the same and that
the properties of the receptor were
accommodated to multiple signaling pathways.
Additionally, alternative splicing appears to be
used in many instances to diversify both

extracellular and intracellular parts of the
molecule. All things considered, the independent
acquisition by different organisms of multiple
Dscam forms, either by producing numerous
protein isoforms by alternative splicing of
duplicated exons or by usage of multigene
families and by using different cytoplasmic tails,

suggests a very strong pressure to diversify the

family, mostly evident in the extant Arthropods

groups analyzed.

The Dscam genes of arthropods

Despite the differences among arthropod Dscam
homologues our phylogenetic analysis suggests a
monophyletic origin for the Dscam family in this

group. In the remaining metazoans no Dscam
paralogues are known, with the exception of
vertebrates in which two paralogues of Dscam
(DSCAM and DSCAM-L in humans) have

arisen independently of the arthropod duplicates
(Brites et al. 2008). Why the evolutionary

history of this gene family is so different

between arthropods and the remaining metazoan
groups is not easily answered. Whatever the
cause may be, the genetic diversification of
Dscam in arthropods has allowed the functional
diversification of the gene. That is evident in

pancrustaceans for which the Dscam-hv
expresses diverse splicing repertoires both in
nervous cells and hemocytes (the immune cells
of both insects and crustaceans) (Watson et al.
2005; Dong, Taylor, and Dimopoulos 2006;

Brites et al. 2008). Here we show for the first
time that the expression of Dscam diversity
created by mutually exclusive alternative

splicing by hemocytes is not a derived character
of pancrustaceans, the hemocyte cells of the
myriapod S strigamia also express Dscam

variants created by mutually exclusive
alternative splicing of Ig7 coding exons. This
character was thus most likely already present in

the ancestors of pancrustaceans.
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It has generally been assumed that Dscam-hv
evolved in all arthropods (Crayton et al. 2006;
Kurtz and Armitage 2006; Lee et al. 2009;
Schmucker and Chen 2009). Our data show that
the Dscam gene with arrays of exons coding for
Ig2, Ig3 and Ig7 evolved uniquely in the ancestor
Yet,
diversity of Dscam caused by expansions of

of pancrustaceans. we found a high
Dscam homologues inS maritima and |I.
scapularis, which have occurred by several
rounds of duplications of the whole Dscam gene
and/or by duplication of certain Dscam domains.
Furthermore, in both groups there are Dscam
homologues with duplicated exons that code for
lg7 and 1g8 in the case of. scapularis.
Interestingly, the gene expansions in both taxa
seem to have occurred independently given that
Dscam homologues are always more related
within than between those taxa. A striking aspect
of these gene expansions is that they reveal a
highly dynamic interaction between Dscam
paralogs through which many kinds of genetic
arrangements were possible. Furthermore, a
large part of the genes foundlirscapularis and
in S maritima seems to be functional given that
only some pseudo-exons (exons with incorrect
splicing sites or shifts in reading frame) were
observed. In addition we show that duplicated
exons coding for Ig7 inS. maritima can be
mutually exclusive alternatively spliced, adding
isoform diversity to the diversity created by the
expression of the numerous whole duplicated
genes.

In both I. scapularis and S maritima there

are Dscam molecules with signaling capacities

An
characteristic of the transmembrane domains of

similar to  Dscam-hv. interesting

both groupsDscams is that they are unusually
rich in cysteines (Table S3). Cysteines are
important binding residues that could favour the
formation of complex membrane-bound Dscam
multimers or associations of Dscam with other
proteins. This feature might allow those Dscam
members ofxodes andSrigamia to be engaged

in different cellular functions. The cytoplasmic
tails of several Dscam members in both
Srigamia and Ixodes contain furthermore a

number of motifs common to the Dscam-hv of
pancrustaceans (Brites et al. 2008), namely
numerous SH2 binding sites (Schmucker et al.
2000), endocytosis/phagocytosis motifs (Indik et
al. 1995) and several immunoreceptor tyrosine-
based inhibition and immunoreceptor tyrosine-
ITIMs and ITAMs,

respectively (Barrow and Trowsdale 2006;

Daeron et al. 2008) (Table S3). This indicates

that these Dscam genes can have similarities to

based activation motifs,

Dscam-hv in their signaling capacities and

protein associations. We have found that CC1
motifs (PYATT) (Prasad et al. 2007; Andrews et
al. 2008) present in all arthropod Dscams and in
the Dscam proteins of other invertebrates but not
of vertebrates. Interestingly they are also shared
by vertebrate CAMs loosely related to Dscam
such as roundabout. In roundabout molecules,
these motifs can be involved in axon guidance
signaling pathways and importantly, in leukocyte
mobility control via heterologous binding with

the ligand SLIT (Prasad et al. 2007). The latter

function could indeed be shared with arthropods
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given the expression of Dscam by hemocytes.

The homophilic binding between Dscam

isoforms plays an important role in axon
guidance (Matthews et al. 2007; Meijers et al.
2007; Wojtowicz et al. 2007) but heterologous
binding to the ligand Netrin, has been
demonstrated to contribute also to axon guidance
both inDrosophila and in mammals (Andrews et

al. 2008). In sum, these aspects suggest that the
expression of Dscam diversity by arthropod
hemocytes could be related to hemocyte mobility
which in turn could have consequences both for
immunity and organogenesis.

The diversity of Dscams found in those animals
recapitulates the Dscam-hv of pancrustacea, i.e
high diversity of Dscam ectodomains, Dscam
molecules with mutually exclusive alternative
of internal Dscam

splicing duplications,

molecules with alternative transmembrane
domains such as in insects, Dscam soluble forms
like in pancrustacenas (in decapode crustaceans
a Dscam soluble form is encoded in the genome
whereas in insects is produced by proteolytic
cleavage of membrane bound forms (Chou et al.
2009) (Schmucker et al. 2000). The fact that
different groups of pancrustaceans have different
Dscam paralogues (Fig. 7) suggests that their
most recent common ancestor had large diversity
of Dscam genes, similarly t8 maritima and|.
scapularis, from which different paralogues
were retained in the extant pancrustacean
groups. We speculate that extensive Dscam
duplications, the

gene rearrangements and

mutually  exclusive  alternative  splicing

mechanism found for Ig7 coding exons seen in

Ixodes andStrigamia were the raw material from
which Dscam-hv evolved in the ancestors of the

pancrustaceans.

Theorigin of Dscam-hv in pancrustaceans

Some duplications of Dscam homologues in
Ixodes and Strigamia occurred within short
genomic regions as demonstrated by the fact that
a number of contiguous genes are more similar
to each other than to other genes (i. e. Fig. 7,
Is12 andlsll; Sm53.1 andSmM53.3; SM605.1 and
Sm605.3). Other duplications are found in
different genomic scaffolds indicating that they
occurred over longer regions in the genome (i.e.
Fig. 7,126 andIs3) and genes such &sb3 are
chimeras between other duplicated genes (Fig.

3). This situation could have arisen due to

mispairing (Zhang 2003) during meiotic
homologous  recombination, a common
mechanism of duplication and the likely

mechanism underlying the duplications in

Dscam-hv arrays of exons. We propose that a
similar mechanism created a large number of
the

pancrustaceans, and is at the origin of the arrays

Dscam duplicates in ancestor  of
of alternative duplicated exons that confer
diversity to half of Ig2 and Ig3 domains and to
the complete Ig7 domain of extant pancrustacea.
The intriguing question is why only those exons
duplicated and not others. Structural aspects of
Dscam-hv and the molecular basis of its role in
the nervous system, provide insights into how

this might have been achieved.
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An important basis for the molecular action of
Dscam is the formation of Dscam dimers trough
homophilic binding of identical Dscam isoforms,
leading to a self-avoidance behavior of nervous
cells essential for neural wiring iBrosophila
melanogaster (Hughes et al. 2007; Matthews et
al. 2007, Soba et al. 2007; Wojtowicz et al.
2007). Remarkably, the Dscam regions involved
in dimer formation are fractions of 1g2, Ig3 and
Ig7 domains coded by the duplicated exons
(Meijers et al. 2007; Sawaya et al. 2008). In this
way the genetic diversification caused by the
duplications, coupled with the strong specificity
of Dscam’s homophilic binding, provide a huge
repertoire of highly specific “key-locks” which
nervous cells exploit extensively (Hughes et al.
2007; Matthews et al. 2007; Meijers et al. 2007;
Soba et al. 2007; Wojtowicz et al. 2007; Sawaya
et al. 2008). We propose that the homophilic
binding between Dscam molecules having
internal duplications coding for Ig2, 193 and Ig7
was the mechanism that drove selection on all
duplications that coded for those domains
because that increased the number of possible
Dscam dimers, providing cells with a diverse
self non-self recognition system. In this way
duplications that conferred direct functional
diversity would be selected whereas others
would be lost by drift or by purifying selection.
We speculate that internal duplications coding
for other Ig domains might have occurred (as the
Ig8 duplications ofl. scapularis suggest), but
only the ones patrticipating in half of 192, half of

Ig3 and Ig7 domains have been selected based

on structural and functional features of Dscam in
the pancrustacea ancestors.

Another possible explanation is that the
regions coding for half of Ig2 and Ig3 and the
complete 1g7 could be more prone to duplication
(like suggested by the apparent independent
duplications coding for Ig7 and 1g8 I827, 1s28
and 129 genes), maybe because they reside on
recombination hot spots. A third possibility still,
suggested by the existence #rigamia and
Ixodes of contiguous Dscam genes separated in
some case by relatively short genomic
sequences, is that the transcription of such
contiguous genes is not totally independent. This
could produce a step-wise expression of these
genes similar to alternative splicing. Under this
scenario, again based on the selection imposed
by the specificity acquired via dimers formation,
the composition of the ectodomains of the
molecule like it exists in extant pancrustacea
could have been shaped mainly by domain lost.
The origin of the mutually exclusive

alternative splicing of the duplicated exons

The extraordinary molecular diversity of Dscam-
hv expressed by nervous cells and by the
hemocytes of pancrustaceans is achieved via a
process of mutually exclusive alternative
splicing of the internal exon duplications coding
for half of Ig2 and Ig3 domains and the complete
Ig7. This process ensures that only one exon per
array of duplications is present in the mature
RNA. Throughout evolution alternatively spliced

exons appeared as a transition from constitutive
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to alternative exons among other mechanisms
(Ast 2004). The Ig2 and Ig3 exon duplications
encode only half domains, thus any duplicated
exons transcribed constitutively would render a
non-functional protein and be deleterious. In the
case of Ig7, given that it is encoded by a
complete exon, exon duplications constitutively
expressed would potentially code for a
functional protein with several Ig7 domains. A
plausible scenario is that the regulators of the
alternative splicing mechanism of Ig7 were used
in the ancestors of the pancrustaceans to splice
exon duplications coding for Ig2 and ig3
domains. In that case we would predict that the
three arrays of duplications have in
pancrustaceans at least some common regulating
features.

We could not show that the duplicated
alternatively spliced exons coding for Ig7 $
maritima and in the pancrustacean Dscam-hv
have a common origin due to the little
phylogenetic signal present in such short region
which diverged extensively among such distant
taxonomic groups.

Whatever the case may be, there was convergent
evolution in different arthropod groups to
generate Dscam diversity. The reasons why this
diversity was selected for are probably related to
the self vs non-self cell recognition system
created by the specificity of binding between
different Dscam molecules. Interestingly, exon
duplicates of Dscam-hv in pancrustaceans seem
to have diverged mainly under neutral evolution
(Brites et al. 2011), suggesting an evolutionary

scenario in which accumulating aminoacid

diversity was more important than the exact
aminoacid sequences created.
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Table ST Accession numbers of Dscam homologues and otA&t @roteins from
selected metazoan representatives.
Species Gene accession number
DSCAM-L aal57166.1
DSCAM aacl7967.1
NCAM X16841
Homo sapiens Human L1CAM NM_024003

Roundabout3 AK056544.1
Roundabout4 AK289769.1
Axonin AB587327.1

Gallus gallus chicken XM_416734.3

Danio rerio Zebra fish aat36313.1

Monodel phis domestica Opossum XM 001370616

tobacco .

Manduca sexta hornworm Hemolin MOTP4A
Dscam-hv AF260530
Dscam-L2 cg42256

Drosophila melanogaster Fruit fly Dscam-L3 cg31190
Dscam-L4 cg42330
Roundabout

Dscam-hv AAT96374
Dscam-L2 BAF03050.1

Apismellifera Honey bee Dscam07 XM_392207
Dscam-L3 XM_396307
Dscam39 XM_392224.4
Dscam-hv NP_001107841.1
Tribolium castaneum Flour beetle Dscam-L2 XP_967655.2
XM_963226
XM_967798

XM_001951649
Acyrthosiphon_pisum Pea aphid XM_001949227
XM_001950975
XP_002432838.1
XP_002423033.1
Pediculus humanus XP_002424921.1
XP_002432149.1
XP_002429302.1

i ; Whitel
Litopenaeus vannamel c'eg Dscam-hv GQ154653
schrimp
Dscam-hv EU307884
i Fleab ffold 6
Daphnia pulex Water flea eabase scaffo

Fleabase scaffold 16
Fleabase scaffold 178

107



Dscam genes in arthropods-supplementary material

Bombyx mori Silk moth Dscam-hv
Srongylocentrotus purpuratus Sea urchin Dscam Xp793690
. XM_002742216 mRNA
Saccoglossus kowal evskii Acorn worm Axonin NM_001168034.1
Aplysia californica Sea slug Dscam ABS30432.1 mRNA
Dugesia japonica Flatworm Dscam Ab249988
Nematostella vectensis Starlet sea Dscam like JGI scaffold_239
anemone

Dscam like

Amphimedon queenslandica Demosponge  http://reefedge.sols.ug.edu.au/genome/bl

ast/blast_link.cgi
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Figure S1Bayesian topology of a partial region (Ig8 to FX)lof Dscam related genes

in representatives of metazoa. The tree is roowdguthe Dscam sequence of the
demospongeAmphimedon queenslandica. The nodes’ support values depicted are
posterior probabilities when smaller than 0.95. €efocated in the same contig are
presented in the same color.
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Figure S2 —A) Strigamia maritima reconstructions of Dscam homologues. The round
circles represent Ig domains whereas the greyselipepresent FNIII domains. The Ig7
domains which are coded by several possible exenrgpresented in bold and the
number of possible exons is indicated in brackB)sAminoacid sequences of ti&
maritima reconstructions. The genomic scaffold containimg gene reconstructions id
indicated at the top of each reconstruction. Theledined sequences form the
transmembrane domains. The domain homology of ttesligied sequences when
uncertain is followed by ?. In the caseSni35 the leader of the molecule and the regions
comprising Ig7 to the transmembrane domains werdirooed by RT-PCR and the
cytoplasmic domains were obtained by EST analyslisother members were at least
partially confirmed by analysis of transcripts.
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scf7180001248546
Sm35
Leader
LRGRSECARRRTMDTFFNLTLFLTVFCQLFL
gl

FAQTPTVTTPEQSI EFLQEPPDLVDFSNSTGTRI VCAASGSPTPTI SW.VSDGNQVTNVTSLRQVNL DGTLVFPPFRAED
YRQDVHAVWWYKCVASNVI GTI | SRDVNVR

I g2

VLQPYDVYVYDVYVI KGNTAVFRCHVPSFLVDYVKVTSW/RDSAFVI QSTFADVTSYHFSLFYQQDGKY! VMPTGEL YVR
DVAANDAMI TFRCQT QHRL TGEVKMSATAGRLFVT

1 g3

VTEPQGKVQPRVTDSKTSI KANQHDTWWL PCl AQGHPVPAPKWFTKVANGHL LPVYVGDRI HQPNGAL VI RDAEVADTGT
YVCVI SNNASSERI ETSVAI T

| g4

VEVQPSTL L GEL GKSATFRCHVSSFPI SSL YW KDGRPL PMPGLSLPTTETVL VESVRL TDRGVFQCVAKRGFESAQGTA
ELKI G

I g5
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| I PAFRAVFEERVL QPGPSLTLQCLTYGSPKPQVSW.VEGM LPEGNERSSVRDHVDATGNVVSRL TVSKVRPEDGGVYK
Cl STNLAGTI EHFTRI NI Y

| g6

RPGVRSRPKMIAVAGDNVMLTCPMYGYPI DLI TWEKGVI LPI NLRQTVLPNGTLVI EKI QRATDSGKYTCl VONKQGBA
RGDVEVI VM

1g7.1

VPPKI TPFSFQEEL L REGVRARL QCVVSEGDLPVTI KWFKDGRVI PAEL GVWVRELDDVSSI LAl GSVAPRHNGNYTCVA
TNDAASASHTAALFVN

1g7.2

VGPKI | PFAFLDDQFYKGVRAHVTCAVSQGDLPI TFSWEKDGWEI PPSMGVLTRSYDQHASSLTI ENVSSEHTGNYSCEA
SNEAAI VQYTASLLVH

1g7.3

VAPKI | PFSFQDEHLFEGVLARI SCVWWYQGDLPLTI LWWKDGRPI SPDLG TRRDI DDYSSI LTI EKVQTTHNGNYTCWW
SNDAATVNYTAQLTVY

1g7.4

VPPKI VPFSFQDEHLFEGVLVRVSCVI SRGDLPLSI TVEKDG Pl RQAPG MVRAFDEYSSI LSI DPVLPRHSGNYSCI A
HNAAGSASFTTQLLVN

| g8

VPPRW | EPLDSTAVKGETAM.HCKADGFPPPEI SWWKTEGSSPNAERKPI | SNYDTEVLYNGTLLI RQAEESSDGYYFC
RAANGVGEGL SKWRVM H

1 g9

VPTHFEL RFSNHSTHRGEDARLKCEASGDLPI Al TWRFTGESI DQRVDSRYKI TETTSENGVHSEFM HNTERKDTGWS
CLGANKFGSDEI KLQLWQ

FNITI-1

EAPDPPKI TKLESVGNRSVHL TWSEPFDGNSKLI KYLI QYKPKSASVWDNEL LAPNI TLDGTKLKAI VRNLFPATTYHFRL
FAENI VGTSLSSDI GTVDI EEE

FNIII-2

PGTPPRDVDCEASDPQTLRVTWKSPEKDHYTGNI RGYYI GYKI YNSTDPYNYHSVEVPDDYAEDL VFRI TDLRMYAQYSV
| VQAYNDRGRGPNSPELLVMI'SED

FNIlI-3

PSASPTDVSCSVLTSQTT NVNWQVL SL HAVNGVL RGYKVL FKPADEVWDT TI NQKTTDTNKLTLRNLEKSVNYSI QVLAFT
RVGDGPKSDPVYCKTYE

FNIlI-4

VPGPPAQ KAI PTSLDSI LVAVKPPTRPNGVI | RYNVYl RDAADTHNI LGSEI HSNRDSI PRSEEYLDATKFTONGDVTT
HEI KGLKKNRRYEFW/TAATTVGEGQSTQVI AQSPLGP

I g10

VGATAASFSDI | TSPWKHEI RLPCLAVGTPLPQRKW SGRI VKANRKVRI LVDGTLVLKDI DHGDAGNYTCWNKI GED
KI TYTLI |

FNIlI-5

VPPSTPTLTVVSTSLTAI ELQAKPEPEETTPI SGFI LHYKREFGQWET! NLKSDQL SFRLENLWCGTKYLVYVQGYNKI G
VGTASEI | TATTEGS

FNIII-6

VPEVPNKEI LLTEGPTFVTI TLDGAPL TGCPI MYFVWEYKQL QT SQWLVSNNAKAEQKKVVVPGLNPGTWY TVKVTAHS
SAGSTI AKYNFATLTAEG

GTVGPEVI | El QEEKGVLFYLDLRVI | Pl Al SLLI LFWLLI MCI YFRRRNHDDRFVK

Cytopl asm ¢ Tail

Exonl

GRI | NG VKSSSKFSSSSSTVKNYSVDSFGNGQRSTESI ARRYPSI SDKLVK

Exon2

El VCSWAL GL FVSKSQDCKMKYCTWEVCFFLI LSRI MSRTKKAI LLDSFI | HRDSPRSRSAP

Exon3

GSSDEI TPYATTQLPNFHYGEMKTFGERKSGASPFSGGG

Exon4

SDNEENL| QNTNTQKRVKKQSGEQ ARPKSDGAVV

Exon5

AAAYPRPEPDGKAAVWAT GQPERGFSSQTGFPVGS

Exon6

AARL PDSSMIRANSGGPSPRQQASPGDTKWRI VOQRNLGNI SKAKVHGV

Exon7

SSSGTQETTFI FPRTPDEVGVTPTMVESDPTERYDEPI LPPS

Exon8

AFONKGKTDQTQADPTEGSKLLK

Exon9

SLVSCK
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scf7180001248648 — 3 Dscam duplicates

Smb546

gl

NEPPRLVEFSNNTGAKI ECTATGDPTPKVTWSLSDGTSVTNI ASL RQVHADGT L VFPPFSASDFRQDI HAAVYRCVASNA
VGVWVSGDVQVK

I g2

VLLQPYI VH YDVYAI LGNTAVMKCHVPTFLLDYVHVTSW RDAAFVI QTTADGKYVI LPSGELHI REVNPKDAMTNFRC
QTHHTLTGETRLSASAG

g3

EPQGNVSPRI LTTQTAVHVRQGEAAI L SCVAQGYPVPNTVKGSKGDL QL L RLGDRVSKVDALVI RGARVSDSGT YVCVA
NNLVG

I g4

APLHAKI EPAVLVAEI KKPAAFACVI SGSPVSSVTWWKDGKPI VSPKPVRAAYNEKLRI ESVTTEDRGWQCI VENDYQ

RQATAELRLG

I g5

DI APEFL SVFEEKL QQPGT SVSLRCVARGVPLPQ TWFL DDLPLPRSDRFHTDT Yl NRKGDRVSI LNVTHVRVEDGGVYK
CESQSSAGWHFARI NI'Y

I g6

PAVRPMPKMSVWWAGHDVRI NCAMYGYPI ESVDWEKGAAI PLDLRRMVLANGTLLI GSVERSTDSGRYRCSVRNKQGNTGT
GEVEVW

1g7.2

VSPKI | PFSFQDEYLREGTQARVMCAL | EGDPPVKFQALKDSRPI PSAGVAG MVRNFDDFTSI LTI SNVASHHRGNYTC
VAENAAASAAHT TPLKVN

1g7.2

VPPTI LPFSFQDEHLLEGVL ASVSCVVSRGDL PL SL SWEKDGLPL VPSAAKGVYNI MAHGDSIVSI LSI GPAFPVHNGNYTC
VASNVASTMRYTAHL SVK

1 g8

VPPRWILEPKNTMVLFGRSTVI HCQAEGFPPPSI TWWKARGTEVTDQTDVL ESGDEFHVFQNGSL L VKHATESHRGYYFC
AATNG GTGLSRGVFLQVH

I g9

VPAEI ETKMQSFTVVEGE!I | RARCEAKGDHPI DFTWSTDGQTI ESCOHSYYFKDHVTPSRAVSEL TVTNAQKMDTRI FVC
MARNPYGGDVANI Q1 | VQ

FNITT-1

| PDAPKI | KI ADNGNRSVELAVWNPPYDGNSRI TKYI VQYKPI QATDEVSNL SVSGEQRSSVI | RALTPSVGYHFRMFSENT
VG SPPSDVVSVTMEDE

FNIIT-2

APGAPPQDVEVEAMDPQT L RVMAKPPPKEMANGAI RGYYVGFRI SGTEDPFNVQTVEVPDEYMEEMKLRI PDLQKYTQYG
VMWQAFNDKGLG

FNIIT-3

APPAEI KVLPLSTETVLVWKPPSRPNGY! | KYNVYAREL EDENL RSETHSSRDAMORT SQHNFPTKHSVRGDAVQYEVK
GLKANQRYEFW/TATT

I g10

VI SI FFI VFSWLI SYTAAPKSASFNEGVI TAVKKEVNL TCRGVGQPSPDREWSFSSGRI SYANPDGSL VI KNAQLADVGN
YSCRLFNRNGEDY

FNIIT-5

PPSAPI VRVLSTTLTSI ELRWSAET SERSPL QYM.HYQSDNGQAETKEI DSDYERYRLENLLCGTKYNI FVEAYNKI GLL
SEPCETI | TFTEG

FNIIT-6

APTRPPKDRLI DEG GSI TLHLDSWITNGCPI LYFTVEYKI RDTDEW SVEGGAKNTDKKNFL L DEL DAETWYNVRVKAY
TSAQ TEG YTVGILTLSG

111 PYWWLI I LFLSI TTI CFVI

Cytopl asm ¢ Tail

NRKRAEDKRTKGKTPL DVKNAASAL GL PSGKEFNVNHAQNSDQL SRRYTSTPTRVALVFNNLRSTL KRKKDV
KRAI HPCENLTDDGSYLLLI TSG
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Sm54.1 Transcripts_eggs_Locus_46219

gl

EPSNHVEFSNETGVSI NCTAHG PEPLVTW/RTDGSL VSTVPSL RRVMADGSL VFPPFNADEYRAEVHT AT YKCVASNKL
GTWSRDVNVKA

I g2

| MDTKDVVRVKQGETAVLPCVTQA PVPVTTWFCKVHHEQVL PLHVGARL QUTSGAL | | SDTRLADSSAY! CVANNTGGT
DRAETALTVTVPLS

1 g3

VKVQPPHTVADVGSSVTFTCEVTA ATSFSW.KNGRPI RVDRVRPVTADTVRI DSVQPEDRGWY QCVARNGL ESAQGAAE
LRLGDK

I g4

VPLSVKVQPPHTVADVGSSVTFTCEVTA ATSFSW.KNGRPI RVDRVRPVTADTVRI DSVOQPEDRGMYQCVARNGLESAQ
GAAELRLGG

I g5

SKPDFRETFAEKI EYPGGFVSLPCVATGSPPPHFKWILDG VWAEDERVSTSEMSDENGNVVTSLNI TDLWEDGGLYSC
HAI NRI GSTEHGARLHI YGR

I g6

PVWRSHLKLSAVAGERSI | NCPSYGYPI EKYSVEKDGVSLPDNI RQTVYVNGTLVI SEVRKVYDSGRYTCI | RNNDHI AR
GDVEI WL

lg7.1

VPPKI APFSFQEEL L REGVRARL QCVVSECDL PLSI KWKDGGDVPPTLGVLI RDLDEFSSI LTI NSVTPRHNGNYTCW
ANHVATI HSTAELYVN

1g7.2

VPPKI | PENFI DDQFYMGAVRAHI TCAVSQGDL PI AFQNLKDGSEI SPTLGVATRYYDQHANSLSI ESVTSKHSGNYTCI A
HNVAGTAMHSAQLLVH

1g7.3

VAPKI | PFSFQDDHLFEGVLAQ SCVVYQGDLPLEI DW.-KDG PVAADTGLTLRQ DDYSSVLTI GSVQRKHSGNYTCVA
SNSAASSNFSASLTVN

1g7.4

VPPKI VPFSFQDDHL FEGVLVRVSCVVSRGDLPLTI RWTKDGAL I PPSLGVTLRDFDEYSSVLSI ESVAI VHNGNYTCYA
NNSAGKASHTAQLLVN

| g8

VPPRWRI QPKDSSVL L GREVL LNCQADGFPKPKI KWWKAEGGN! | QHRDVI HVBNVHVL SNGSLHI KHSTETHRGQYFCI
ANNGVGGDL SKAVTVNVN

1 g9

VPVTFHSKYQAQSAI LGENTSLVCSAKCGETPI TLNWIVDQSRSSRHI | NETPTRFGRI STLQ MAVEREDSGSYL CAAKN
EFGADETTI ELTVKESPE

FNITI-1

PPTNLEVSLRKNQKAFLSWIAPYNGNSPI | RYWQYKFTSASWNSDVL DATFDAKEASGT| GALRPATTYNFRVLAENDI
GVSQASEWTVTTEEEAP

FNITT-2

GGPPQAVNVEAL DSQTLKVTWKPPREDLL YGVLRGYQVGHRARGSNDPYAFQ LEI PANATPPAEL SLNVTELRKYSPYH
I VWVAAYNNKGRG

FNII'1-3 partial

PL SQEVMVMI AEDNGKPSVKTTSAYKMI'VWKLEKFTNYSI QVLAFTKVGDGVKSLPLYCKTHEDV

FNI'TI-4

PGSPANI RVLPASGESVLVWWRPPLQTNG VTRYI VYCKNL DGRDVRVEKLVNEPVI RHSVSANVL QHEVRRLRRNRRYE
FW/TAATGAGEGQSSRVI TQSPASNKA

1 g10

VPAAVASFDDVVWWTNWKENL LLECHTI GAPFPDRRWLI DGHTI VETSRI RI VANGSL SVL DVQGEDEGNYTCRVENDHGH
GEVKYQLI | QAPPSLSSFEVLSI TMISI TVHW

FNI'TI-5

RVKSSGGHPI QGFI LNHKRDQETTVEERTEI SPSQETYTLESLACGTKYHLYLVAVSRVG GNPAETLTI TTEGTI PTI PP
KQKLI EENSSFVTLRLDSW GNG

FNI'T1-6

DCPI TALSVEYRVKTHYKWAFVTESANL EQKKLVI PGLLPATWYKL RMIANSSAGASTANYDFATL TPSGGTVPPELGLD
EDI K@ LFYLDLR

FlI 1 Al AASLFVI LAALI

Cytoplasnmc tail

TMCl Cl KKGKASSGKRKEKQ NTLHKEETMQSRPNSWIKPPRQDGNADTFSRI HTGNQHI GRYADYEPVI RENGSI PRDG
APPMWPVNKDHL QRTALADEG TRFSGPSFEDPNHHDETAETTFI FENPLDENEHI TTGHGT L SCRDKKPQVTCRETSEF
LGPRF
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Sm54.2

gl

APEPPHSVEFSNSTGANI VCRAEGSPPPSVSW/L ADGSGVGNVPNLREVTL DGTL TFPPFRAEDYRQDVHSVDYRCWTN
PVGWLSRLVHVKADGKYAI LP

I g2

VMNPVYDLQVYDT YAl KGSSAVLRCSVSSLMISVWNVTAW KDSAFKI ESSPTPGNGEL Y1 RDVDHNDAQT SYRCQVRHR
FTGETRQSTTAGILF

1 g3

VTEPQGNVAPKMFESDSKL TALEGESVI LPCAAQGFPLPEYTWFLQGRDGQLI SI YLGERFTQ SSI LI | KSYWSDTG
YVCRAENNVDI DQTEVSLD

| g4

VSSPLKATLI PAVQ LEI GSSLKLQCKVSGAPVSTI EW/KDGRSLVSSLHLLVANDTVHI DYVRPDHKGWYQCFASNNYD
MQASTALFMG

I g5

DRLPQLLEGFQEHTLQ GDSVSI KCSFKGNPI PGVTWRLDNTPLPETHRYMVELQTDG EKI VSALNVNGVKSEDGGLYT
CEAANKAGKTSHWARLNI YGPAEL P

I g6

QVBVFKTRMFFKLY! LI SCLGRPAVRSMEKI SATSGGNVYLNCAYYGYPI DKI LWKKGLKNQNKLI SLFSVNLRQDI LPN
GTLVI SNVQRASDSGRYTCVASNKDGDSASQSLDLAVL

I g7

VAPNI | PFSFQAEHL YAGVI ARl SCWWYQGDAPI QLW KDGQPFEDSLQVEVKTI DDYSSI LTI PEVKPI HSGDYTCVA
KNLAATVNYTAPLT

I g8

VQAYWWEPNDT SSFL GGSVHL HCL AGGHPQPLI TW.KVQE VFVWFKFVCCFNFLLFGDDYTI FVNGTLY! SHYDDQHN
GYYFCEAQNG GQGLSKWWRLI

1 g9

VHRPPKFTNPLQRRI | QKGDAI KLECDPKGDRPI QVTW VNENKVHRKDARYKL RETHSDEKFASEL SVDAALRTDSGSY
VCAARNVYGSADAI FEVT

FNITT-1

VQEPPDSPSHI El NDVLNRTLTLMAVYAPYDGNNPLKRYVI QYKQAEEQAL DDGKNI SVDPTRSKVVI TGLQPASDYEFRL
FAI NDRGASEASDVVQASVAEEAPSG

FNIIT-2

APEEVEVEAADGT TVNVFVWKPPSKEHWNGNI RGYYVGYRVAGSGDEYI FHOHDVPEG-TDRLSLVLTELQKFI QYAl WQ
AFNGEGRG

FNITT-3

PLTEEI | | MTAEDVPSKPPEEVRCSVLNSYSI NVTWQPPPDESI NG LRGFKI LFHPI ENGFTASPI | ETKSVFTPKI TL
KDLKKYTNYSI QVLAYTKKGNG

FNIII-4

VKSEAI MCTTMEDVPNAPADI KALPSSPDSVLLTWKPPLNTNGQ TKY! VYAKNVDNESEEKI | HVAKGDI TSQEVFGLT
KENQYRFW/TASTKI GEGPKSE

I g10

VLI ASPGDVNI PAKSASFDEI TATAVKSTLTLPCKAVGA PMPDRKWI RRGKAVDKSDRL YVSTDGSLTI TNI QEKDAGNY
SCKLSNTFGVDQVVYTLI

FNIIT-5

VLAPPSKPNLAVTLVTTTTLDVQAKVGE KGASPI | GYLLHFKKEFGTWQVI DI GAREDGHRL YDLQCGTNYHL YVI AVNK
VGQSEQSKTLTLRTKGQ

FNIIT-6

VADI PPKEELI EEGSTYI TVRLDSVKSATCPI LNFVTEYRVRSQNKWYMAPNDI KPDQKRL VI RDL MPATWYVL RMSAFN
NAGSSWWEYTFATLTLTGATVTPI EM NDI PAANVLNLLDLK

| WPAACTLFI FAIALILICI C

ARRSSKQKHKKKET EKRSENNHSRPPL QKRQKKDDVYVDTG-TYFQRNQPT SSGVQRDNKKRQSRLPREYRE
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scf7180001248762

Sm62.1 Transcripts_eggs Locus_3954 Transcript_1-9

I g1 partial

VDGT PVSNVSGL REAL TVGKLAFL PFRAEDYRQDVHAVHYRCVAVNSVGSVI SREVQVRA

I g2

VLLQVYDVHVYDTYVI SGNTGVLKCHI PSVLSDFVRVI SWTRDEAYI | ? SPTHSKGKENDL

GDDW/FGLTDFSCLSI

1 g3

DPKGNVPPKLTDTVTKVKVKQGDI LVI PCVAHGNPAPKFWY VKPERNVQHL VHL GDRAYQT ASSLVLVDPQVSDGA Yl C
EAQNSVATERAEI KVW

I g4

VSLSAKI EPAVLI AEEKQAAI FKCYPSGFPI TG | WLKNGRVLIMKI NHNI SHYSELKVES
ADLESRGMYQCVVKNSQESSQASGELRLK

I g5

DAAPVL KRGFSDKVL QPGPG-SLQCVAVGSPPPSVTWILDA TLKSGKDRVSVYTFLDPTGDVWSTFNVSNTRTEDGELY
RCl VKNKAG VEYMARVNI F

| g6

KPAVRKTPKLAWAGNDI WDCPMYGYPI DNl TWEKGRSL PFDLRQSLFRNGT! KI TNVORGVDSGRYTCI VNNKHGQAA
KEDKQLVVM

I g7

VPPKI | PFAFVGDQFHL GVRAHLTCAVSEGDL PVRFQN_KDGREMPTTL GVWVRSYDQHT SSFSI EGVSSQHSGNYTCW
ANSAGTTSHSARLLVQ

1g7.2

VAPKLVPFSFHGDYL YEGGEARVSCVVSQGDLPI SLQAKKDGRRPDLEESVGLSI RVI DDYSSLLTI ENVQRKHSGTYSC
| ARNEAGVAEYHTHLAVN

1g7.3

VPPKI TPFSFQDAHQG LARVSCVVSHGDL PLKFTWEKDGVRLDSSL GVEVRLFDEYTSVLSI GSVEAKHDGNYTCI ASN
DAGSASHFALLRVD

| g8

VPPWAYI QPQDKSVVLGGSI LI NCSADGFPKPVI SWITKVEVI SSSSVLHVFTNGSLW KQAL I EHKGRYFCQATNG GGG
LSTPI NI LVH

I g9

GPPI FDI KYRNQTVRKGESFEVPCEARGDYPI NI EW KDGEERI GSYAVKEGTVAEAPVSHLHVMAADRRDTAVFTCI AE
NAFG

FNIIT-1 & 2

EPPDFPQNVSVANVESRDL| LEW TPFDGNSRI TKYVWVQYQPL GGNWINEKVNEVSVNGKETVAPVAGL SPATSYHFRVL
AENML GT SAL GEEVNVTNMAEEAPAGPPESAKVEAVNPQT LKVSW

FNIIT-2

APKPEQANGKLRGYNI GHRI VGNGVDSNY| FRHTDLI EL SADDLHTFI TDL QKFTQYGVAVQAYNDAGK

FNIIT-3

VPSKPPQELRCTTLTSQSI HVTWIPPPSDSTNG LRGFKI FYKPI KEWDDATI QEKI DTPKKTLKNLEKFTNYSLQVLAY
TKMEDGVASSPI YCRTLDDG

FNIT I

VPPAAPALQ VATTPTTI EIl AWSLPDDGGE Rl QGYFLFI QARYI FSGYTLNLKREFGMEQUITL SPEVRNTTLTNLECGT
RYHL YL FAFNKVGMGSPSEVAVPSTEGT

FNIIT-6

VPNVPPNVETVI EPGVTSVTLNLYAVKNKECPI QYFVVEYKL QVSSDWSFVSNNI KPEQRKLYVI PGLI PAMRYDL RMTAHN
TAGSSVAAYKFATLKVDGG

| VI PI Cl SVTAI CVI LWSCLCM

Cytoplasnmic tail

RRRKGT SRRRVKAI PRFL PRAYGSKKHSSGHGHSGHQHKKKPAI QKPPRKGPVKKKAKVQSAGTI SREFGVP
PPl GRAVQL DKQFSSNSSNGGTFVRRRL SDAVCPI GRL SQNFRTNDQFDKRRMIEVSEAFADFVYVYVSDAV
CPTERLSEI VRCHLYETGSTDGDHPEGPTFI KEPPNNVDF
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Sm62.2 Transcripts_eggd.ocus_4384_Transcript_2/2

gl

EPPNNVDFSNTTGVTI ECLATGDPLPHI TWESSTGT S| GSL DGVREVL PNGDL VFPPFKAEEFRQDAHAAVYRCAATNAA
GTVLSRDVHVRA

I g2

VWPQPYDI QVYDVYAI VKTTAVLKCHVPSFLEEHVRVTMALRDEVLI | EPTSI MYAVL PSGELHVRDVEMEDSGSSYRCH
VKHSLTGETHFSSASGRLYV

g3

EPQGSVPPKI TDI MTAVHVTEGETVI L PCVAQGHSAPKAEWFAKLNKRQLFPLHI GERVQQTSGAL I | HRAQTSDSGT YV
CDVSNEAGNDRGETTLTV

| g4

ASLTVSI LPEKQVVDI GKSATFRCWTGFPVWVYVSWYKDGRKL QSDAEKTLSDDTI TI ASVHVTDKGWYQCLVSNNQESA
QGAGQLI LG

I g5

DAAPEL VGVFDDNTLESGTDVSLACVATGSPAPVI TWFVDDVSLQTSERI RVWGRADTDGSI VSVLNVTETRWEDGGT YR
CLANNKAGTVEHI ARLNI YG

I g6

RPAI RPLDKVTAVAGEDVRLNCFYYGYPVTSI NWVEKDGRALPFNLRQ AFPNGTVVI RKVQRATDSGKYTCTVWNDKGQS
AQEHVEMAV

1g7.1

VPPKI TPFSFQDEL VREGVRARL QCVASEGDAPL YL RWTKDGNPL QESGLAGVTVRDLDDYSSI LSI SHVTPRHNGNYTC
| ATNEAATAQYTAQLSVN

1g7.2

VPPKI | PFAFLDDQFYMGVRAHI TCAVSQGDLPI SFRW.KDGQELPSALG LTRNYDEHANSLHI ESVTSKHTGNYTCI A
ANVAAS| NYTAQLLVH

1g7.3

VAPKI VPFSFPSDHLFEGVLARI SCWYQGDLPLSI SWHKDGVPI PVSDHVVVREI DDYSSI LTI ESVLQSHSGNYTCLA
HNSAATVNYTAELVVN

1g7.4

VPPKI VPFTFQDEHL L DGVL VRVSCVVSRGDL PLVI RAEKDGL Pl VPDVGGVEVRAFDEYSSVL SI DPL SRAHSGNYTC
ASNHAATATFTVPLW

| g8

VPPRWI'LEPRDSSM. L GHSL QL DCQANGFPEPKVTWWKT QGATVGEFVEPVENMSPDL S| LSNGSLLFI RAREYHAGHYFC
KASNG GDGALSTAVHVTVQ

1 g9

VPPRFDVKFVNQSL KRGEGFRL ECPPNGDKPVSFMAKKDGVL L DPLADTRRYKI ESPADRGVSDLTVEEATRI DTG YNC
KAENEFGTDDTNLQ T

FNITT-1

EPPDAPGDI RI QNI GSRNVHVTWEHPENGHTRI | KYVWWEYNQGPEEVEEDGL VEL AVSGADTNVTLHGLRPATHYQLRMFA
ENEL GL SSPGDFVTFLTKEE

FNIIT-2

APAGAPVDVEADAVDANTVWVRWPPERHVWHGKL RGYTI TYYKKL DSTDAPNFRTVQVEDGSEGNHSAFI TDLEKFTKYS
LTI SAFNDQGQ

FNITT-3

EPPTDVQCLAYTSQSI YI TWQAPLSTSFNG LRGYKVFFAKADDTAEDGSL EFKSTTWRT TLHGLEKYTNYSLRVAAFT
KVGDGAA

FNIIT-4

VPDVPADVKAI PASKESVL VAVKPPL HSNGVWTKYYVYAKHENDPEEDAMKHTAPPSAL YHEI SGLKTDQSYEFW/TAAT
M GES

I g10

WTTLVKKYI KLPCKAVGNPATERMAT L TPVQSTRLVWEFVWI NANDEDFVY GHCRAHTVKESDRL RI L PDGNLMVKNVQ
WADSGNYTCQVKNGFGYDQ V

FNIIT-5

APPSAPI | NVLETTPTSI VLEWKL DTDGGTNVQGY TLNYKRESGHWEQRDL APDSDSYTL SGLKCGSHYQWMIAFNKI N
TG

FNIIT-6

ADVPAKEDL | DEDVDYVTLDLHWHSDSCPVSTFKVEYKQKNSL NVWHLL TDEL KAEQEKYVI RNLTPGTAYLLRVTALNG
AGPSVATYDFI TLSRQ

Cytoplasnic tail

Al PRFLPRAYGSKKHSSGHGHSGHQHKKKPAI QKPPRKGPVK

HEDPRG LFYLDLRI | | PLAALVI WI LVLSVTClI CANRRGNAAR

GVDSQNGPHRPCLRTDSTL SSFAYL QRHRSSCDGSI LRSDTQEKSI PYSTYNLPNLRSSAEFKTFGQRNSVSDPPPLPPQ

116



Dscam genes in arthropods-supplementary material

DEADAQAL QHFSRPPVTNL QSPNCKMQRTGYPVAI PTAPTPPPQ DANSADQT GSPGLKKVPEVPPKPNWTMETRESSS
PDKVRVRVLPGA

scf7180001237055
SmBE5 Transcript_Locus_8916_Transcript_1/3

gl

EPDDI | EFSNSSGVQ DCNAEGTPQPTLGWQLADGSSI SNI TNLRLVYPNGTLLL PPFKAEEYRQDVHTATYKCTASNLV
GTl FSRDVAI RA

I g2

VTI QPFDVYVYNVYI | RGNTAVI RCHVPSFLTEYVEVLSW RDGAFTI QUNG EEGKYAVL PSCGEL LLKNAGPEDAQTTF
RCQARHKLTKEI KTSVSAGKL

g3

EPEGNVPPRMLI HQTSVWWAEEGHDAI | PCVSNGHPVPEESL SSVI KPI NEDARYKI VQGALI | | DVQQYDAGKFI CESTN
GAGTQQVETELI VF

I g4

LFATI TPPI AVI DI GHKTTFENCEVTGYPI KNI QAL KDGKQVSHFENQLNKN- NATL TVKSVSAADKGWYQCF
VKNDFDVWVHASARLKLG

I g5

DSPPEFLTTFEEKTLRPKESLSI LCEATGTPTPDI SWI'L DGVAVRGNSQKESADSI | SW.

NI TSLKVENGGVYTCHAKNRKGSVEYSTRI YV

I g6

KLEARSRPKI SAI SGCDTVWLNCPI YGYPFDTLTWEKDDI LPAHLRQVI LKNGTLRLENVQRGRDEGRY! CSVRNNNGESA
RGYVDI NI L

I g7

VPPKI TPFFFQEDVVRQGSRARL QCVVSDCDTPMIT KW.KDGSEI SKALG Tl REI DEYSSI LM PAI NPOHNGNYTCVA
| NKAANTHFTTKLAVN

| g8

VPPHWI KPQDMHALVGSGVI | DCVAEGFPKPTI QAMKTRSL YL RQKTSSNFSNKI LVATNGH Qf LONGSLRI PYLSEH
NEGYYFCHASNG GDGLSKAMYLKI Y

1 g9

PTRFI FKNNNKSFSI SEKI HLI CEATGDLPI TENVKLNNKTLDI HRNLRQLRSKENATKNSAI SELFI SKAKKNDSNTYV
Cl AKNDYGSDETNFHVTI

FNITT-1

VPDPPVLI EVKSSGNGSNL VKW PODGSSPI THFL L QYKEKKDWAL SQNL SLL RTRNWILI NDLKPYAFYDI RLAAANS
| GYSNFSNDLDFQTEEQ

FNITIT-2

APSGPPLNVEI EPVDKQSLRI TWKQPEKKFWAGVI RGYRI GYKVSRSDSTYTFI S| El PEDYTDDLI YQLTELDMYTQYM
I I VQAYNGKGNGPPTEELH

FNI'TI-3

VPSVAPYN RCSPLSTTTVYI | WDPI SPDYTNG LRGYKVFYKPFDDWYDAAYHSKSI DVPKLTLQGLEVNTNYSI EVAA
FTKVCEG

FNI'TI-4

VPSAPGDI KVLSSSSDAVL VTVWKPPLKPNGAI TKYNVYVRAI DYDEEI GAETRYSKDAVPKPGGVYDDTDI HTSRDDLVYQ
| TGLDKNQRYEFW TAVSGVGEG

1 g10

VPAQTAAFDDVI KTPWKKDL KL NCRAVGSPQPTKSW KGGKTI TPNERAQLGPDGTLVI QRVDL EDSGNYTCKVQNKYG
NDEVKYLVVVL

FNI'TI-5

VPPSAPNL GVYSKTMSSL QL KWHQGSNGCEDPVRYML Y YRKDGDKWEKKEL FADQDSFM-ENLACGAVYNL YMESI NNI GV
GESSDVWVTI TTDGDA

FNI'T1-6

LEPPTKEDLI HEGNTYFSVHLDAWPSSGCPI KNFTI EYRKADTVTWIMWKTGVKPI EKRI WSGLTPATFYHVRVTAFSN
GGPTVADYI TATRTSTGG

TMSPSEL EHQEGDRVI W.SLDW LI TASI VLAM LVWWWITLI CI KRW TNNQKSA

Cytoplasnic tail

RKSHHMSVESFVHL QGNNPTNSRVYASL KKGTLRKDNL SPYASSTL PGCSPDI RSQGRL SVPTGAHSG
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Sm41 Transcript Locus_5994 Transcript

gl

VDPMGPVFI YQPPNSVDFSNSTGASVECSAHGNPL PVWQW HAATSLPVTNVSQLRLVLPNATLVFPPFGAD
HYQAEVHSSVYRCRAANLHGTI | SRA

1 g2

VVLQAYDAQVYDEYVI RENTAVLKCQ PSFVADYVTVTSVWRNSVDNI ETDVKKGKFFVLPSGEL Yl HNVSA
QDALHTYHCRTLHW. SGEAKL SATAGKLWT

1 g3

DPNGSVPPRI TDGKSI VQAKEREMVWWL ACAAQGHPAPSYRSVVVRY SVWHHKVDSGQQVTAI SESRLHQVHGL
LI | DHVQPEDAGTFVCSASNSLGTERI ETSLI VN

| g4

VPLSVHI EPVQQ LDRGRMATFTCVI SGHPI SSVI W.KDGRDVKKENI LRRDMLQI ERVHREDSGWQCFVT
NNVETVQSTAELRL

1 g5

DSLPEI LSAFKSHTLNPGVSLSLRCVAAG PVPKVI VWNVDDTLVNPGDRI RVGEYNDVNGN\VI SHVNI SRVQ
VEDGGE.FACTASNKAGNTTHTAPI AVYG

1 g6

PYI RSMPKI TVWAGEDLRVRCPVSGHPI DSI YWEI DGSRL PVNHROQKSFHNGT | LVQSVORNLDAGKYTCVA
SNNQGNTARRDFEVAVL

1 g7

VPPKI | PFSFQEDQTYEGVRASVFCSSSQGDLPLNI KWYKDNTLVQPKSDVTTQTI DNYASTLVI ELVKAHH
SGNYTCSASNAAATVNHTALLI VK

1 g8

VPPRWHVEPVDTSTALGSAVQ ECQAEGHPPPLI SWFKSLVADVSNFTLI FFFLLLPDVSSSDFVEL TATSL
SHQGSLRI SSAL EYDEGHYMCKATNNVGAGL SKVVFLNVH

1 g9

VPAKI DVKLKNESVKMGEEAKL RCNVHGDL Pl QVTWSSSKHAI STDKRFAEDL KSDVGMITSMLKI MNVVRKD
STMYKCNAKNQFGEDEASVLLI VQ

FNITT-1

ELPEAPNNI HLVEEGSRAVH SWESRPFDGNI PVTGYLVQFTSGSDWSSHVFNLTI PSTQVRVTI KDLKPATK
YRFRVFATNELGMVSESSVLVSTTTGEE

FNITT-2

APSGPPKDVRVEAMNSQT LRI TWKPPKQEHWNGEI LGYHVGYKLYNYSEPYNFRTGSPLNLM_TFEKLKKFT
KYSI WQAFNDHG GPNSEEVWAMT | E

FNIII-3

VPSSSPGNVKCSAVSSQSLH QADPPPTHDI NGLLQGYKVL YKPVREWASRGGSVFETKI TPALKTMLHGLE
KHTNYSVHLLAFTHVGDGVKSEPVFCSTLE

FNITI-4

VPGPPADI KALTMSLDAI LVSW.PPVKPNGNI LKYTVYVRLTDSGREETTKVSVPDSMLRYESKG. SKNRRY
EFW/TASTAI GEGESTRVTTQTTSGPL

1 g10

ARl ASFGNHVI VSVWKQKL ELPCDFI GTPAATVRW.FLCGETLQTSNKLHVLSEGKLI | K@ QSNDAGNYTCTV
QNSLNSDNI THVWWWE

FNITI-5

VPPEAPI VS| VSTTMKSI HLSWIRPLDEMRSNDI Y| L SFRQODYGWSELNL QPSVYTHTLQSLTCGTRYQVY
VTPVNRI GRGQASDI | TAKTKGD

FNITI-6

APKTPSKDKLI | TNSTFI | LNLDSWFDGGCPI LYFVWEYKRKETSDWLVSNNVKPDNKRFVI TDLAPAEAY
QLRVTAHSSAGSNFAQYDFMTLI EETD

DNRRHREI SMQEEEGSLSFLDLSI M PAVASI FLVAALI SI VCI CL

Cytoplasnmic tail

KRRKMESGNTADKI NPKYQSVNPDTKKKTYTETVPTI ENGSLQDI | PAYPSNATELNYNSKYPPAENL YNEN
LKQAVHMCPRHQ SHTEAEVPDL L EHGPDSSSSEDASPQFHHRTRRVDSYPRHPGDPHPL GYPHHTLNRNR
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scf7180001248653

Smb3.1 Transcript_eggs_ Locus_449

1 gl

SVELHGPVFI QEPTNHVDFSNT TGARVECT AHGT PL PAVOQAL LADGSPASDVPTVRVVYSNGT LAFL PFPAE
GYRQDVHAAI YRCRASNSVGAI LSRDVRI R

I g2

VVMOMYEVQVYNEFVI RGNTAVLKCHI PSFVTDYVKVVEW/RDTTFNVLSEVETGGERYTI MPTGELHI REVG
PSDAYHSFRCRTI HRLTGEI Rl SSMEGKLVI S

1 g3

DPQGSVTPRI TDSKTLVQ HKGEAALLPCAAQGYPAPTYWYVKSNRSQVNSLVLTDRI KQI GGSLLI QNARI

ADGKTYVCVVSSNVGNQSAVTVLSVT

1 g4

VPLSAYI QPHKLKVDVGSSAVLNCKTSGYPVASLVW. KDAQLVRPQPHPPHSLHI ETLRREQRGVIYQCVASN
DHEAAQGTAELRL

1 g5

DAASDI VEGFQERVL SPGT ST SL RCVASGNPAPQVMAWL DDTPLVNSL HTEL VSAQGEVVSYLNLTGVRT QD
GCGDYTCLASNRLG

| g6

PPA RPMSRVEVVAGFDVTLKCRVYGHPLESL SWEKGLLL PVNRRQKLFPNGTLAI QNI QKTI DGCKYACW
RGVTGEAVRKDVEI TVM

1 g7

VPPKI SPFSFQDEDL YEGVRAQVT CAVRQGDL PMAI HWWKDGVPI EATSLGRDGALVARTFDVYTSSLSI DS
VASEHNGNYTCVASNMAAAVTYSSSLRVN

g7 ?

APPVLASFSFPSVGE HEGWARVTCSVTQGDLPI YFHWAKDGRQ ASGEGQ Al KDFDEYASI LTI NDVRHRH
TGRYTCI ANNAAAS| KHSTHLI V

1 g8

VPPRW.VEPKDT QVL VGASARVDCQADGYPEPSI TWIKAVGKHPFSNLPI GVCTI Rl NKPHLAI NKLTKRKK
ALLFI TASFRLDFDDFANRKNLLN

1 g9

PVQFEVRSRNQT AKRGENVRL QCNAKGDSPI KVTWSVNSHPI EPAARPRYKI KEMSSKHGFLTELI VTRSER
SDSGVYSCSATNPHGRDSTVI HLTI Q

FNITT-1

EPPEAPRSVNVEDYDARSVNL AW QPYDGNSQVAKY! VQYKHADW GGSANETVI GRVTSAVVSSLLPATKY
AFRVMAENEVGVS

FNITT-2

APSAPPTH LI EATQPQCL KVSWKAPQKDLWHGEI L GYNVGYKMIDSSKPFLFKAVESASL DGGHLELRGLL
PFTKYDI WQAY

NRVGPGPLSDAI GASSAE

FNIII-3

VPSRAPDDVRCSAHSSQSVHVTWAPPSPQSVNG LQGYKLLFREI HEQKRHQTLGHI METKI TPSLETI LHG
LAKFQNYSI QVLAFTRVGDGVKSDVI TCQTFE

FNITI-4

ALVASEDSI LLTW.PPSQPNG | | RYTVYI RTI DKDKETTKM VSGSQL SYDFKGLVKNHRYEFW/TSSTSI

GEGQSTKMVSVTLTSK

1 g10

VAAKI VSFGASI VI AWKEDVHVTCDAVG PPPTRVWANVGYAKL I DRGQPLPQLERYQVQPDGSLLVRNVQLT
DSGNYSCRVENGHGSDI NFY1 | LVQ

FNIII-6

PSAPAKEQLI YPNAEFVALNLNTWDDGGCAI LYFI | EYKAKSSPDW/LVSNNVKPQRDAF

LI PDLESRVSYNVRI TAHNSAGSQTEV DFATRGR

SDI AQDDKSDIVDEEDQAPFYADLKLI VPI ASAI LGLLVI FATYALC

SFRRNKL HDKNESENY SQPEKDVGSSL AHEFDKNSVQT PVSTRCNYL QQEFDHFPGSLAAPTRPKLNYTQT SLEDVCPYA
TYRI PESSNKAQVHT SAWHQL PL KT QDFL SGGREKRDCGKQT SSNKNFSPQVTDQESTNYQNPI TSCDQI NHQT SSNYPI

TSPNHRQVAALNLEANI NG SLFRLWATFI AVNNTI PFYRPW DVFVCTSDI VA
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Snb3. 3

gl
FVQEPPNRVDFSNT TGARVDCTFHGTPTPAVQW. LADGT PALDVPEVRI VFSNGTL L FYPFPAEGYRQDVHAAVYRCRAS
NSVGAI LSRDVRI RA

I g2

WLQ YEVQVYNEFVI RGNTAVLKCHI PSFVTDYVKVVSW/RDTTFNVL SEVETGGRYSI MSSCGELHI RDVTPNDAYHSF
RCRTVHRLTCGETKI SSMEGRL

| g3

DPQGSVSPRI TDSKSFVQVHQGDSAVL PCAAQGHPPPSY SWFVKSNRNHMTPVWLSERI QQ GGTLLI RNARI ADSETYV
CVVSSNVGNQSAVSVLSVT

I g4

VPLTVYVQPHKLKVDVGGSVTLTCKASGYPI ASLVW. KDAQLLRPQPHPPTALHI ETMOREQRGWVYQCLATNDHETAQGT
AELRLG

I g5

DAAPDVI EGFKEHVL SPGSFL SLRCI ATGNPPPKMWAWL DDKSLEDSRHARI SQRVGSQGDTVSYLNLTGA RTEDGCGEYS
CVAVNRLGNATHAARI NVF

I g6

GSLGA RRMIPVSVI AGEDVFAKCRVYGHPLESI TVWEKDGLLLPI NRRQKI YPNDTLLI LNVQTSDSCKYMCWRGSGGET
VRSTLEI TVM

I g7

VPPKVSSFSFQDEDL YEGVRAQVTCAVRQGDLPLTI KW.KDGVPI EDTPPGQRGTLVARVFDGFTSSLSI ESVASEHNGN
YTCVASNMAAI VSYSTTLRVN

| g8

VPPRWWL EPRDSQVL VGGSARVDCEADGYPEPAI TWWKAVGVPVDFREI VANGYNVMFANSSL LL TGVKESDQGYYLCQ
AANNI GEG.SKI FFI DVH

I g9

VPVSFDVRSQNQSAKRGENVM_KCNAKGDL Pl KLEWNVNSHL | DPDFRARYKI KESNSAHGLVSEL| VTRSERADSGFYV
CLATNAHGRDDTTTI HLAV

FNITT-1

EPPEAPRSLNVDDFDARSVHL | WBHAYDGNSPVLKY! VQYKHVL AEWFGGSANETVKGSTSGAVVSSLLPATKYSFRVIVA
ENDVGVSEPSETVWVTTAEE

FNIIT-2

APSAAPI H HI EATQPQCLI VSVK

PPQKDLWHGEI LGYNVGYRVQDTCGEPFLFKTVEI ETDGPGRLELRGL SPFTKYDVWWCQAY

NKI GSGPI SDPI AAATAEE

FNIIT-3

VPSRPPSDVRCSAHSSQSI HVTWSAPTTSSI HGVL QGYKVL YKSNSQEQHRVPFHGOHFPSDLETKI TSSLETI LHALTK
FENYSI QVLAFTRVGD

FNIIT-4

VPEAPAKVKAVWWTSEDSI FLTW.PPYQPNGLI | RYSVYI RTTNDDVEVNNTTKTI VAGDQLRFDI KGL SKKQPYEFW/TS
STSI CEGQSTKMYSVI PNSK

I g10

VAAKI SSFGTTWTPWKEEVVMECDAVA PPPTRVWWWVGQAL PQHDRYEI RPEGSL SI RNVHL TDSGNYSCRVVENTHGS
DEI HYAFI VQ

FNIIT-5

PPVPPHL VWSSTTSNSVTVYWKPDANGGSPI TFALTLKREYGEWEETQLEADCRSHVI DNLWOCGSRYQLYI SAANSI GAG
EPSEI ASFKTKGS

FNIIT-6

PSSPSKEQFI YPDSEYVALNLNTWADGGCSI LYFI VEYKPKTVADW LVSNNVKPQRDTFLI PDLEPRVSYNLRVTAHNS

AGSQTQV

scf7180001248602

Sm9al

VFTTGPPLRVDFANSTGARI DCTARGNPSPLVKWILL DGNSADDI PGLRHVLSNGSLI FL
PFRPEDYRADVHSVTYI CHAKNTWGTI RSRDMQVRA

VWLQLYEVQVYDEYAI RGNTAVVRCHI PSFVKDYVSVMFW.EEPASGGSTNVI ET
GGRYLI TATGELH GHANTSDNANAYRCRTLHRL TGEMRL SAVSPSGRLYVT
EPRGSVPPRI TDHRPSVHVVQGDAVL L PCAAQGFPLPSY
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VFRRELPTTDLRFTWSKEMRFCCRAQLKASHYHLI GEI YESLATCGQLGLVCCVGLCRRL

KI Rl I LSWFAKMNEVEVLPI STSSRI LLMGGSLMLTSALI LDAGTYI CEVSNSMGVVRI ETI LTV

APLSAY! YPORQVWDVGBATLTCVI SGYPFTQVTWWKDGRPLLTDTI NQLSQEVLRLDA
VHRRDRGWY QCFVNNHLEVVQGTAEL I LG

DI LPEFQRVFSDKVVQT GSFVSLECAVSGSPTPQVVWI L DGQVL KNRNNKVTSANFVDDN
SDVMSLVNI SQVGYADGGEYVCTASNRAGSVRHVGRI NVQG

GPPLI RLVSNVAAVAGT DLVWRCYVSGFPI DSVHVE

DDRMLPFTI RONVYPNGTL LI QNVOQKAL DEGQYTCAAKAGRLVDRKQTNI SV

APPKI | PFSFQDEHLREGTRARI QCVLSEGDLPI Al SW.KDSRSI SAQLG LI RDLDDFS
SMLTVNNVSSLLHNGNYTCVATNTAATANYTSEL SVN

VPPKI LPFSFRDVQL QEGVRAQ TCAI SEGDQPVRMIM'W.KDGHPL NSAL GVVVREFDEHT
SSMSI ERVFSVHGGENYSCKAGNRAAEVQHTAQLLVN

VPPRWL. TQPONTEVI LGGSTYL SCQVDGFPKPTVTWWKAVGDAPGDYRDI AFELLHFKLN
EEGDL QVLGAEEADKGYYLCKASNG GAGLSEVVYLSVH
VPAYFQTKTRNVTAKMGGRAEL VCEAYCGDKPLTI SWEAHRDPARADAL S
YNVNDNYWEKGT | SELVI EKVEKSDSGVYPCVATNAYCGEDESHVQL I VQDVSDAPLHLRA
SDI GSRKI RLAWTAPFSGYSPI NLY! LEI KDKSEDEWKDGRNLTVSCGHATEC! VE
ALEPAKSYHVRL YAKNEI GTSKASKHI EVTTNI E
APGGPPLEVRVEAVDSTCLNVYWKPPRSDL WHGKL TGYKI GFRQHEI KEI QFRVVRLEDN
ENEADEFVMRL THLKKFTKYRVVWAAVNQMVGDGPFSDDI LARTAE

PSRSPEGLQCSPI SSQGL SVSWDPPPTNSVHGQL QGYKVL YKPVSEWY

DDMPTEVKI SQTVKTTI HALEKYKNYSI YVLAFTRVGDGVRSEPVFCLTKED
VPDAPAAI KTLI | SSSAVLVWKSPLRTNG | TKYVVFVMRNSDSGND

El RKFVVSSNKTLMYEI GNLKKNHQYEFWTASTSVGEGASTKAI TQI PSSR

VPAKI AAFDETVI SQWQESI TLDCYSVGNPTPLI EVRL

NVQ QVTKRFEI LPTGSLFI SQLONSDAGL YTCRVQNI YASDAVVYTLKVQ

GPPQPPRI TYLKSTFSSI HVQAEVSTDI GNPVEGY! VYYKRDFGEVEESVQL GSVEESHSL
DDLWCGTRYQLYI VAWNKVG GEANEI KSI RTQGS

APEL PAKHKL VHENVSSI GLNL SSVENGGCPI L YFVWEYQPVNHHEWWL VSNNVKVQQFL
| LDLAPATKYVLRVTAHNSAGSTI GVYEFVTKPHG

VDI LDEVTNEMSPNSGFYLDVNI TFPI AALLSFLI VASTCVI CCRRYRVNNSI EGS
DGGSEPKRYEARYWVTGDKKSCI LGNEI DKGSFTCLLVNTEGADTSSGNTPRNAKR
VAPRGEI QPYATYQLPECCTDAFTPDDVWKRFEI YNPGHVPVRA
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Figure S3 Maximum likelihood topology of the nucleotide seques of the duplicated

exons coding for Ig7 in the differei® maritima Dscam homologs. Support values at
nodes are bootstrap values expressed in percergiagge to 1000 replicates. The tree is
rooted for convenience at the midpoint. Each exaplidation was numbered according
to its physical position in the locus.
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Figure S4 Number of amino acid substitutions per site cakedlawith a pair-wise
analysis of the poisson corrected distance amdifgyeint Dscam domains of paralogues.
A) S maritima paralogous genes containing exon duplicationsngptlir Ig7 (n=8). B)

S maritima paralogous genes containing not contatining exguichtions coding for 1g7
(n=5). The comparisons of the different Ig7 codaxgn were made based on the groups
obtained in Figure S3). Gen&n53.3 and Sm91 were not included. The bars indicate
standard errors obtained by 1000 bootstrap repkcat

Figure S5 Ixodes scapularis reconstructions of Dscam homologues. The rourdesir
represent Ig domains whereas the grey ellipsegsept FNIII domains. The Ig7 and 1g8
domains which are coded by several possible ex®negresented in bold. The number
of possible exons coding for those domains is eteid in brackets.
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sl contig 979349

gl

GASL PGDAPYFVREPPARL RFVNSTGAAL FCAAKGHPVPDI HW/TVESEVRAEPRPALDI PGLRRLQPDGT| VFEPFRAE
QYRQDVHSAVYRCTAANRVGVL GSRDVQVRA

I g2

MEWCQHPYKPQVFDEFVI SGNTAVFRCSVPSFVKDFVDFVSWHRDDGL TI TSTSDRVRI SDFI PKCVFLAGKYSVLPSGE
LYVRNTGPSDRLRSYHCKTKHKLTNEVI VSASSCGRLFLQ

g3

APQGWAPKI TDSHPFVQLVEGQDI VEI ACAVQGFPVPSYSWYREVDGRL VDL SL DPRTAQVDGSL FLSTPVVRDAGKYF
CVWNNSVGEEQ RTTLSVT

I g4

AALKAEL QPTVQTADVGHPVTFNCSASGCOPVRSVSWYKDQQRLQPTCGRI SLLASGLVLRI DSVLRQDAGVYQCYLHNEAD
SAQASAELRLG

I g5

DVAPFLASTFAEQT SL PGNSASL RCSASGSPL PQVTWI L DGGGVPDHPRFRVGDFVT SDSTVVSFVNVTEL RVEDGCGEYV
CRATNVVGEAKHAARVNVH

| g6

GPPM RSMGNVTVI AGRSFQTVCPVAGFPI HSVWW.KGDAKL PTNHRQQVFHSTL TVHNVQRASDEGEYSCVARSGNL SA
RGNTFVHVQ

I g7

VPPVI DSQVL PDM.TSNQGVNVKM. CSVWQGDPPI SL RAWHGAQL VSRSSSVSL QSLDDSSVLTI KGVSMRDSGNYTCEA
SNAALTVNRTVTLVVN

| g8

VPPMAT TEPTNGNVVWVGET VWL DCAADGFPVPRI AWKRAEGNEPRNFERL TTSYRVQWL SNGSL VWQDAEI SDSGFYLCE
AHNG GAGLSRVVSLSVN

I g9

VPPSFSTKFSSQNVKRGQDAVL RCDASCDPEL | | MAEKDKQPI DLTI EKRYSLFEETLDGRLGSSLTI SSTERWDGALYT
Cl VRNPFGSDETNVQLLVQ

FNITT-1

EPPSAPTEVKAAKI ASRTVElI MASPSYNGNSPI RKYHVHFANRT TSWDSSSSAL LL SVSGTENRATI YKLYPMITYRI RI

TAENHLGHSPPSDTLEVTTTEE

FNIIT-2

APGGPPLHVKVEATGSQSLKVTVEPPRKELHYGQL RGYY! GYKEEGKMEAEFQYKNVEAL DL NTVSQRQL MSHL TNLKRK
TSYSVKVQAYNSEGAGPVSDEVSSTTLDAGVHRSLNCLS

FNLLT-?
G GPPSEVLTVI TDGEVPAT
FNITT-2?

PPQSVKVSAVGSKKVEVAVKPPPLHL QYGDI QGYYVGYRVHGT TEPYVFKTVTRASGPTTQC! | DNLQRATAYAVVWQAY
NEKGAG

FNIIT-3?

PLSDEI MVQTHEHDPPPSPI VTWTRTPDAI ELAWTPQEENKDAI EGYVARFRLHEGVDWNEVSL GPDKRGYLFEGLVCG
SAYYFSI LS

YNRNGRSEPGEL LQVKTEGTVPQPPSHRTG VPNVTGLSLAL APGGTEAAPSAL L HQYSHATTPSGHYL SSRVL PDRDSV
Al

I s3 contig 922315

I g2
NYVVWTSDGQLY! REARDADEL RRYRCHTENTLTRRKKTSVNFVRLLLR
1 g3
GELTSPAPPVFRRL GVAVRRDVAAFFCPRRCSPSARSWKRQGQRMAPVEPSL GRRQVAGVL QFRSAREEDAGT YVCWA
NSVGEAQVDLELWTP
| g4
QAWAVSPAHVRAEVGHAAAFRCNASGPGL EEGSVEWRL NGRRQATRSRVL HVASI RRODQGWQCFVRI TPQRTVHAAA
ELI VGD
I g5
QAPKLRSTFEETTVRPGKPVTLRCVATGDPPPRVTWILDSTWPI DSRHGRL RVRTSGPDSGT TTGQTGGGSEVWSTLSI S
SAEVQDGGSYACEASNYAGVARHVARLN
I g6
VYGSVFVRPLNNVSAL AGSVFAVQCPFGGYPFGHVYWEKDGRRL PL NQRQTAFPNGT L VI QGTDREPDQGQYSCTVHGPD
SQVWHRSI SLHVRS
I g7
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GPQ TPFSFQSNLHEGVRAGLTCLVHAGDPPI KI EW.RDGKPLAPGAHPSHDVSVL SPEGGFVSTL TLQRL SSKONGNYT
CRATNQFASAEYSAEL LVKV

| g8

PPSWI'LEPNDTTAVSGRSVFVDCQASGVPQPHI RAKSAAGT GSSFFGFASDLRPDI KLNFFFVQRAPASEEYTFVAPSTP
AHNQDL L GHCFCSLHR

1 g9

APRFTAKFTTVAVKRGETAEVSCPAQGDL PI RFHW.KNNLPLNI L KEHRYSRVEDRSDDVTVSKI TI QGGAERSDNAVFSC
QAANEFGEDSTNVQLTVQ

FNIITT-1

DVPDAPADVDVREVGSRTARVTWSAPFNGNSAI TQYVLHWKTADGLWQDTMSVSGVETKATI RSLLPTTAYQLRVRADNV
FGNSDFSWTEFTTSQE

FNIIT-2

PPRFPPKNVQATASNSRAI SVSFDNPLLSKSDDRI EGFYVGYREL SSLEAFTFKTFESLPPTGEPHRVT YELGGLRRSTE
YAVTVQAFNGKGAGPQSE

KQKSPQKAGL RPL YKFPRRDQSL PKRDVQWFEAAPSKI L KKKKRNL KEKKAAI KANGQSHI ERM FSLLPCLNACFDFVE
TAAAYPLPKI TI NRI KRRR

RRSTLPERSFRKKNKKASSFLEPTVI TRPGSLI SFPFRSWPCGRLTTEPGSSFQGPTSI QPREFCAQKRRRRRTAQRCGR
GRPYARRKDKI TAEETNRESFRAL VRAPSARDGSNKRAPY

SSCCQKKTTKKRKTEAQL CFARRRQMICl KCFKVRQRHCWKDGGLFLI

QKALNLI YDSQF

FNIIT-5

SCKQKKNQLNFFTLFFLFCPDPPSAPHLRI GGTTSRSVSVNVENEHL QEAPI TGYSVYYK
SEGCEWHEVSVPHDRRAFTL SDLRCGTEYLVY! RATNRAGKGPQGETLSVRTNGG

FNIIT-6

RPVEPEPGKLFEI NSTFVWWLHLEAWESGGCPVSYFVWQYRAEGT QSEWTLHSNNVWPQQQLVHLG
DLVPGSWYTL L MSAHNDAGSTEVEL SFATL TPAGGRGTSPSLTCFYCYl MDPQVAFYRH

LTVTVPI VSSALVLVI VLGWCI VL

I s4 contig 922315

gl

ARPTRSSEQQGPRFEREPPGL VEF TNSKEASVPCQASGRPAPAVRW KLPDAVTAAEV

PGLRYVRPDGT L VFPKFAPKDL RQDVHSAL YRCVATNSVGAVASRDVRVRA

I g2

VSQPFEVRAYDEFVTRGNAAL FRCHL PSFAKDVLVI TAW.RDDGLL| HSPI TEGESKYALLPSCEL Yl RETDQQDGFRTY
RCQTRHRLTGAVSQSVTVGQLI LTG

I g3 anbiguity for the beginning of 1g3 see bel ow another proposition
GPSRARRGPTARTRSHI RAYI RTTDSEVWLPCVAQGFPVPAYQAL RKDEVSGRAEPVPTAGPRI SLI GGNLVI RAAVAQD
AGKYYCVVNNTARQDRAETEL| VY

g3

MVPPRI THLLGQVTAL EDSEVWLPCVAQGFPVPAYQW. RKDEVSCRAEPVPTAGPRI SLI GGNLVI RAAVAQDACGKYYCV
VNNTARQDRAETELI VY

| g4

APLRASVKPTRVSASI GHSLRLNCSTEGYPVREVSWIKDSRPLYTSDRI KI | YNEVL VWNGVKRQDRGMYQCFVRNRFET
VQAASEVI | N

I g5

DEPPVLENI FPESI HKPGGSVSLRCTATGNPLPQVTWOL DGRHLPETI RYRVGDYVTRDNRVVSYVNI SSVRTEDGAE YR
CRASNDVGLASHVARVNVYG

| g6

PPTI RLMGNVTAL SGANL VVHCPVGGYPLTAI RAERDGRTL PSGHRQL VHANGT L VWSEVNRKADEGT YECVAENGRGDI
ARRALHVHVM

I g7

VGPKVDPFKFPSDL EEGVRSVWWCVVI DCDPPVFI GALKDGRPL TQDL GAHTEMLNTFTSSL TFHSVGPKHSGNYTCVAR
NPAAAVNRSATMIVK

I g8

VPPYWRKQPMDKAG LGESVLI DCQADGVPHPQ RWKKM PGPPVESQT! | SNPYI Q LENGSLVLREI GLNDAGEYMCQ
ATNNVKPSLSEVI KLRVH

1 g9

VPAFFKTQFSSQNVRKGEDVRI RCEAYCGEKPI NI TWTKDRQ LNFDTETRYKETSTTFPERLVSEI LVKATDRRDSSLFT
CMASNAYGRDETNFQ WQ

FNITI-1

EKPDSPRNLNI KEVT SQSVAVAWMQPYSGNL PLTSYVI QYKKDSEQATPDVMSARNSPSDL SVWWVRNLNPVTTYNFRVLA
ENSLGHGNPSEVVSVI TKEEA
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FNITI-2

PSNPPTEI Q EPTSSKSI KI KWKAPPSEERRSPVKGYYL GYKLHRSGEQYVYKTLESARNGE! EEFLLSN
LRRNTEYSI RLQAFNSAGSGPASEE! VAKTLEH

FNITI-5
GYVLHYKEDONDW/KQHVPGTQQS! VLEQL RCGTRYQL YMEAFNDAGKGDPTQVL SVKTEGTA
FNITI-6

PVAPDKASFLVI NSTFVLLHLGAW'SGGCRI SFFVAQYKPRGESEWILI SNHVQPQTEAL LVPQL APGTWYNL L MIAHND
AGSTDAEFVFATYTETGGTK

RTVPPM/SVNSEDRRFYRHL

G WPVACSLVI VLMWALWCLLY

SRTCCRGRSRVI YETAGEDDRSRVEKTGSRDMDIWL L SKKLHSSYDETNAKSFYPSPPR

L HQQQQL M- QRAHQQL AT AQNGS QL NNEAQGFDDAGSDCDSVRSNGAGDAACQHRRHQHT
YDVPFHVRRVSVSL LRRRKSLRERVRRG

| s6 contig 682990

The start of this translation is located in Contig ABJB010031034. Nucl eoti des:
575.198-575. 955

gl

MFFL CLWSGASSEFRSPHFL HEPPQRVEFLNGT GAVVPCVAHGT PAPRVFWMTRAGHPVTEVPGL RHLRTDGSL VL PPFQ
AEDFKEDVHSVVYRCVATNSVGT| GSHDVRVKAGECI G HSLFRGRSQGLRNEL L

I g2

| RRRYDVKVYEEFVI KGNTAVLRCHI PEYVREFVTVTAWQVDEANL TVENDL FPTGELHI RKVDAADAMSRY QCQTQHRL
TGETVSSPSSRKLTVR

1 g3

ESFAMSPRI VDSRRQVRADKGL SAEL PCAAQGEPVPVYQWFRKVRGQAVPL L PGPRLL QLDGTLVAVTDAGL YTCFVNNT
SGSDTVDTELQV

I g4

ASL SVAVHPRNQKADVGRPASFNCSVT GHPVT SVEWYHNQKPL SRGSSHSPYSVTI PSVRREDRGVYQCYAYNEEESAQA
AAELSLA

I g5

DDPPI LRETFTERTLSPGPS| SLKCI AAGRPL PQVTWSL DGL PVPENGRFRMCEDYVTSDGSVVSFVNI SAVRAEDGGL YR
CSAGNDVGVSEHA

I g6

ARVNI HGPPFVRRMGNL SWAGEVL SI TCPVGGHPI DSI TVEREGL RLPYNHRQKAFPNGTLLVQDVERATDEGL YSCTA
RNKDGL SAQNSVSVRVL

I g7

VRPAI VPFSFPESL HQGORFNVLCTVSKGDSPI H AWKDDAPVATTGAAAVSVLNVTQFSSTLI FDKLVPEHRGNYTCE
ARNQAGLVRATSTWI H

1 g8

VPPRWRI EPSDSI VWKGGTAI | DCQADGFPVPRVRWIKSEGNEPGDYRAI SSSSRI HVFENGSL AVHNSDEKDAGFFL CQ
ASNG SPVLSKVVKLSVH

1 g9

VAAHFKSKFKAESVQRGHL VKL KCEAFCGDKPVI | TWIRDKQPFDPKEDPRYELNETLLSGG VSEI TI RGADRRDSALFT
CLARNSYGTDDTNMQ

FNII'1-1 inconplete

LI LQEPPDSPPGVKLLEYGSRHVKL SW/TPYSGNSPVVKYVLQYREDS

ESATPSLVI ESEGTPFYLE

LGVI LPASI SLI WLAVGE LVYW

LRKRYSSGSSNSGSSAYGSRKSHL QECLH

L SEVDKSL GKKSMSLEGRLDYYPTPYATTRVTDI DERKL SECSYKQAQDEPL[YATVKRTP

RPPRSDI HVYNYP

I s8 contig 825389

I gl uncertain

TLGDLLPGPGSSAPAFL REPPGQL VFPNAT GAVVSCSASGDPRPVL SWINESGSPL GSVPGL RRTRPDGAL EFFPFRGED
YRQDVHAAVYRCRASNTLGSI SSRNVHVKAV

(at 1212818)

( MNTGVLRCHVPNYVREYVI VTSWRSDGFI | SVQAI PDENSKYVAFSTGEL HVRRAGPEDSHHSFQCQTKDTLTGAVTS
SI TAGKLVI T)

I g2
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VQQQYEI RVYDDFVI RMNTGVL RCHVPNYVREYVI VTSW/RSDGFI | SNSKYVAFSTGEL HVRRAGPEDSHHSFQCQTKD
TLTGAVTSSI TAGKLVI T

1 g3

EPHSSI PAKVI HWERQVDGPQGSAVFI PCEAQGHPQPMYRWYRQY GGRL MPQL PMNEPRL VL VGGTLVLRRATVQDSGTY
VCVVSNGAGAEEKNEI QLLVT

| g4

EPLEVEMRPRVQEVRSGETVTLNCSVSG-PVRSVTWI KDSRPVSAGPAL RRLVLLNRYAL RI QAAQSQDSGL YQCFAGNE
RDSAQGHAYVRVK

I g5

SEPPVLVSHFEESVVRREEPVSLRCAATGTPLPQ TWSVYDVQVHDSGCQVRVGEDYVSRDGSVI SFVNFTKVRLEDGGTYR
CEAANEHGQDSYS

| g6

ARLNVAGPPTVQPMANRTVWAGRKL L LHCPYSGYPI SKVI VRKDGKSL PSSKRVMPYQNGTLAL ETVSRNDDEGRYSC! V
RNDQDAEATNQLNLRVL

I g7

VPPS| TPFSFPEKPQLGSRASVTCSVPEGDAPI RLSW.RDGVPI SSSSSPGVTLCGHVDDFI STLVFKSLREEHTAVYTCL
ASNEAALVNYSAPLWY

| g8

APPRWRL EPADATVTTGERVVL DCQADGT PEPRVRVWKKSAGVQSTEFRTVI SSSRMQALVNGSL VI QEI ETSDAGGYMCE
ASNGVGELPLYTVVQVSVH

1 g9

APAKVRQRFL SHMIGKGQTVNL RCDASGDEPI HFFWSKDSRPI KTFSNPRYTI KDSARPGSPSSDFTI LLAEKNDTGAI K
CEVSNAYGHDEQ THLSI Q

FNIIT-1

DRPDEPPRPEVLNVVSRSVTVLWKSPSDGNSPI | KYI VQYKRSVDSVEEKQL SEMVAEADQSQVTVQDLHPLTEYNFRI LA
ENAI G GPPSEVLTVI TDGE

FNIIT-2

VPATPPQSVKVSAVGSKKVEVAVKPPPLHLQYGDI QGYYVGYRVHGT TEPYVFKTVTRASGPTTQCI | DNLQRATAYAW
VQAYNEKGAGPL SDEI WQTHEH

FNIIIT-5

DPPPSPI VTWTRTPDAI ELAWTPQEENKDAI EGYVARFRLHEGVDWNEVSL GPDKRGYLFEGLVCGSAYYFSI LSYNRN
GRSEPGELLQVKTEGT

FNIIIT-6

VPQPPSHRTA VPNVTGLSLAL GAWVRDGCGCPI SHFFI QYKSRDDSEWTL L SSRVL PDRDSVAI GDLMPGTWYNI VVMAFN
SAGSTKAEYTTATLTLSG

NPLLEPDKMAETGRESI PRYRSL

I 1 VPI CCSI VWWLMAVTVAI WLL

CRKRTSGTPPSANMDT YGGVRMCEDL KMDSL I MSEL EKPGSGDVGGREYYPSPYASSKLPNI SRRESCDDGGGPRL DEHGR
VMBAGVSMSPYASSRWEHT YDVPQHPREGT GL GFFNT

I s9 contig 922315

gl

GRALTTPEHL TGPSFSVEPPTRVTFYNSTGAL VPCTAVGQPRPDVHW/RAAT GHPVRDVPGVLAARYDGT L VFSPFRAQD
YRQDVHAAT YRCLASNSAGTVGSRDVHVRASE

I g2

VTTSDVFVI RGNTAALRCEVPASVRDFI Hl VYWETDDGL TLHGDKYQ STDGDLVI DRVDVADARRKYRCI TRNALVGET
VSSSGNAQLLVT( MNFPGLKKNLP)

1 g3

DTSNYLPPRI RRLKQTVRL SAGDPL RLACVAQGYPAPSYRWRKDDSL VL PVATGGGGRVRVFRGFLLI QSTVRQDAGTY
VCAANNSAGEDRTQFEVWT

I g4

MSLKVSVSPGTVLTQEGKTVVFNCSVRG-PVSSVSWWKNQQL L VPSNRVRAVGITVLH SGVQRADRGWYQCVAHGHDSS
AQGAAQLVLE

I g5

ENPPDFLETFPDQLLKPGSAVSLKCSVTGNPLPQ SWFRYCGRLLSDRSGLRI GDFVDASGVVTSFVNVSSLATEHGGVYS
CRAENELASVEHTARLSVYG

I g6

PPFVHRVDNVTHVSGSDARMQCAASGYPI TLI SWKKDNEGLRPSSRLVSSDNGSLHI VHVSQSDQGWYECAVSNKKGNTA
VGSMFLRVI

I g7

AKPVI NPFL FVKNL QEGVRT TVVCSVL SGEPPVEI DW.KDSAPL SEVHPEAKI TRLGDFASSL TVDNVTRRHSGNYSCKA
TSA ATTNYTSRMDVS

| g8
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ASPRWWKQPSDQSSTRGQRT VFDCEADGNPL PVYHRWKKNEKL SEFRSVWSSPHVHVLENGSL VI VEVTPKDQGHYL CEAS
NGVGPALSVAAYLQVN

1 g9

VPPYFHEEFETKTVRSKEDVTI SCEVFCGETPLTVAWSKDRRYMFSVSRRFVLQEDTTAEQ VSKVFI PSVGREDSGVFVC
EATNSFGKK

FNITI-1

DRTI QLI VQGPPDI PRDI HVDQVT SRSATLFWIQPHTGNSPLLGYTVLYVPEADKVTSAPSSLRTGT SENRATVPGL VPG
TAYI LRWAENAVGKSGPSDEI RVWTEEEAPSGSPYE! R

FNITT-2

TATSSKTVHVRWKSPL QST YHGKL KGFHVGYRQLNSRETFQFQT'VNVEDDEAKKEPKDNEFEI RGLRRFTQYAVVWQAFN
NKGAGPLSEEATVQTLEF

FNI'TI-5

DPPSAPQLM TSKSSSTLELEWKFPEVTETPI TGYVVHYKSEYGEWQETQVNSKLHKHLLTNLI CGNRYQVTI TAFNAAG
RGVPSELVNAETTGR

FNI'TI-6

GPl PPQDKSWSVLMANSSSI SVNL DGASDGGCPI TFFVWQYKPHMQPDW/LL SNNI RVAQSPVTI PDLAPGTWYDVIWSA
YNDAGATEVEYRLATLTLSGATVAPLAAQSQESGSSFLRDP

Al LVPVACAWWLVI CLVWGWLVL

RRRENTYDSCHTQHI STVAPLAAQSQESGSSFLRDPA

| LVPVACAWWLVI CLWGWLVL

RRRENTYDSCHTCQHI L SAGEMSSGSPSRHL QANVAADYAQSAAGT L QRNRYGNRVHL YDVPL RPKQVPEL L CSRT

Domains within the query sequence of 1461 residues

-0 06-60060-606-6eeH

s10 contig 922315

gl

EVSRPRFVQEPPSRVVFSNSTGAKVPCAVSGYPRPSVTW SHQGHAL AASVGGSDAGPSVVANGL RRVL PDGSL AFRAFS
EREYAPELHHATYRCSATNAVGTLVSRDVKVRAD

g2

MVEGVVL EEFEAHVHDDYVPRGNTAL FRCHVPSTLRQYLSVTSWITEDGLVI GRRETHLQ

1 g3

PSGKSAPRI LKAQASVETSPGEDAEVPCL ARGHPPPSTRWFRRSSRGL TPVASRPGT VHL PGLLVL RSAVESDQGRYTCL
ANNSVGEDRMDTEL LVRL

I g4 inconplete

NVSVTVSPEEARAEL TRPMTI FNCT ARGFRGGAL SFSW.HDGSVP

NNNNNN

I g5

ETAPEL KSVFTKKL VDL GERFSLRCVASGNPL PRVTWAL DGGVVGESHRVHYCGDFVSSAGDVVSYVNVTSSTRDDGGEL YR
CEASNEL GSAVWHDDRI DV

| g6

RGPPRVRPMGNL TVT SGT TLVYHCPFTGHPAPKVTWSRGGRDL PHNERQRTFDNGT | | VWDVTRESDEGVYTCKAATPKL
QAKEDLLVKI | KKT

I g7

VLNPFSFPKTLAEGMQWVI TCSVRSGDTPI KI WALKDGVPFSKTQLNI HEASL GDL GSNL VFNEVGRAHNGRYTCVAEND
GG TNHTAELVVF

| g8

VPPKWKI EPSDKSSI VGSRVTFDCQADGHPAPLI RWKI ALGEDPGKTFKSI | SNYHMQVIFENGSLI | NDVEPKDAGKYLC
EATNG GVALSTWRLSVH

1 g9

VAAHFKVSYQAL RVNKGEQARL VCEAFGERPL AMBWKKDNL | LDHRY! SSFTQEDTPTADGL TSSLRFAAAERSDSGLYT
CLTSNKFGKDETNI KLLV

FNIIT-1

QETPDSPDDI RVWWEASSRRI TLRANAPFNGNSDI | GYFI QAKEVAGSWKDARQL EVSAANTTAVLDDLQPI TSYHLRVL
SVNQLGRSDPSSM SVTTDEE

FNIIT-2

VPSKPPEELVWVPVTSQ LKASVKPPPNFSAHGRI RGYYVGYKPLGSGESFVYKTI DVLDGFVPEI SI GNLKRSTKYSVI

VQAFNGKGAG

FNIIT-5
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PPSPEVTAQT FEHGFVL YWKSESSEWSERGVDGAT T THTL EEL NCGTRYHF YVWAFNDVGRSEPSSSVSAT TSGGAP
FNIIT-6

LAPDKNEL VTSNSTAVSLHL RSWKDGGCPI RFFAVQYKL RGOREWTAVPETI DASLAEFYWTGL QSGSWYHLLVSASND
AGST

EAQFVFATLTLSGATI PPMTLHPEESTAFPR

VTLVI PI | CAFWAFVI GAVWY

MVCNRRTRAHDYSAASQASERACGCDIVKGDSI SMI'SVEKKVYETPRGDPL YFPSPYATTHI SVYSGDNDSPSGGPRGHQA
PASAGAGPGGGTPI SCRPEHT YDVPFPPKQEL LLETASYNPAETRYDRL|PRQRFSL YGOKTDQKAVASNERI SDEESNQ
DEAESRGFEGNTAPSENVEMSEAECDRDFQ YSKKGRNVSL VQYAKTRPVHSTSYVTYH

Is11l contig 704057 (swaping in fn 1-2)

gl

MEFSSESGAVL PCSARGQPTPRI TWERKDGSPAAPVDG. RSVRSDGSL VL SSFLASQYRQDVHSAT YRCVASNPLGTVKS
RLVHVQG

I g2

WLQKFTANVYDVYVI RGNSALLRCYVPPAVKDYVRVTSWRDDGVTVGTLGSTG EDRYLM.PTGELLI RDVQSPDTFR
GYRCQVRNVLTGVTDTSATAGKVI VT

g3

EPHT QT PPRVAEYRSVVQVEQGDQAFL PCL AQGNPPPTQTWYRLHGPASSSSSTGL GNPTKGLRRSSSPVWPSERL TLLE
GALVLHGART QDEGKYACVVNNSAGEDRADTDLWT

I g4

VPLSAHL EPSVQTVDVGRT ANL SCRVAGHPVHGVQAT LNGRPLAKGDPRFTL L SRDL L QVSSVORDDRGMYQCL AFNQRD
SAQGTAQLVI GE

I g5

DAPVL EQVFSEQEVRPGT SMSLKCSASGNPL PQVTWI LDGGAVPEVYHI RI GDYVSNERI VHSYVNL TSVRVEDGGRYAC
VARNGVGAAQHSARLNVLGRPL

| g6

VRPMGNVTALAGRPVTLHCPVAGHPI RSI AW.KDGRSLPQNHRQRTFPNGTLVI SDVQRSVDSGAY SCVAQDPDGNSAKR
QVALDVM

I g7

| PPVWWNPFAFPSDL TEGKRAGAAC! VSDGDLPI SVEWRKDGL PLAPAL RASVAEANDYTSFL SFAAVRQSHSGNYTCVAS
NPAASANFTAPM VQG

1 g8

VPPRWRQEPRDVSAVMGEQAVVFDCQADGFPVPVI RWKKAHGRGGRDFSVI | SNANVQ LENGSLSI READRKDGGQYMCQ
Al NGVGPG STWWRLDI HG L

I g9

AAVTERQL QEYVVDVKRHVEDL VVAAHFERKFQAL TVRRGESI AL TCSVVGEPPI TVTWIRDRHGFNPTLEPSCTRFASR
GLACLEAFLPLVP

FNITT-3-2

GVGEPE STWRLDI HA LFQPPTEEETHGTVHGYYVGYRVRESKESYAYKTL EASTAAAGHGFTASSSSLHECEL TDLRK
NTRYSVVWQAFNAKGAG PSSEEVLAQTLEI DPPNAPSLKLVSSTSSSVHL SWEAAKEQPVSEP

FNITI-3-1

PDKPRGLETTSTTSRAATLVWWAPPYSGNSPVLKYL L EYKTEPGSWDT DKHL VAVDSTDL SHVYVNAL KPKSTYEFRLRAEN
ALGVSDYSDSLVLTTDEED

FNI'T1-3-5

PPNAPSLKLVSSTSSSVHL SWEAAKEQPVSGYVL YQRAEATPGSSSL SSESAGEWSEI QVSADRSAYAFRGL DCGRRYAF
YALAFNAAGRGPQSNTVFAKTEGS

FNI'TT-3-6

APVAPEL QDLVSLNI TAVTLQL SSVWKSGGCPI AYFVWWLYKQQAAREWT PAAARL PAPAQQHP

PQSTTLVI GDLSPATWYDLLVTAHNEAGSTEAVYAFATLTLDGE

SPPRLTQAVDSQQRQ R

| | VPVWCVLFVLFWFAWCCW

SRRRL SMARRREDVEEPENTKAVDTVPVSVWEKPDQVACREQL YFPSPYAGSRVCAFVDGVPPPQHTW TTGRLRACGEHN
EASEEMDACHCQHT YDVPFLRRPPCTEQL

Is12 contig 704057

gl

KGGRGPSLVLEPPTAMEFSSETGAVL PCSARGQPAPRI TVEKKDGSPASAVPGAE. RSTRSDGSL VL SSFSSSQYRQDVHSA
TYRCVASNSVGVVKSRLVHVQG

I g2

VWWLLKFVANAYDVYVI RNNAAL LRCHVPPAVKDYVRVTSWRI ENRYLM_PTGELI | REVKTADTFRGYRCQVHNI LTGSS
DVMBATAGKVI | T
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g3

EPHT QT PPRVAEYRSVVQVEQGDQAVL PCL AQGNPPPTQTWYRLHGPASSSSSTA. GNPTKGALRRSSSPVVPSERL TLLE
GALVLHGARTQDGEKYACVVNNSAGEDRADTDLLVT

I g4

VPLSARL EPLVQTVDVGRTANL SCRVAGHPVHGVQAT LNGRPLAKGNPRL TL L SRDL L QVSPVOQREDRGWY QCLAYNQRD
SAQGTAQLVI G

I g5

EDAPVL EQVFSEQEVRPGT STSLKCSASGNPL PQVTWILDGAPVPEVYH! RI GDYVSNERC

| g6

LLFPVRPMANVTALAGRPVTLHCPVAGHPI QSI AW.KDGRSL PONHRQRTFPNGTL VI SDVQRSADSGAY SCVAQDPDGN
SAKGQLALDVM

I g7

| PPVWWNPFAFPSDL TEGKRAGAAC! VSDGDLPI SVEWRKDGL PLAPAL RASVAEANDYTSFL SFAAVRQSHSGNYTCVAS
NPAASANFTAPMWQ

| g8

GGDSGGRDFSVI | SNANVQ LENGSL SI READRKDGGQYMCQAI NGVGPA STVWRLDVH

I g9

VAAHFERKFQAL TVRRGESI ALTCRAVGEPPI TVTWI RDRHGFNPTLEPRYVWWEEKPGAEGLEYSVHI PTADRRDSSLFS
CYAENAYGRDDTNFQVWVQ

FNIIT-1
EPPDKPRSLETTSTTSRAATLVWAPPYSGNSPVLKYLLEYKTESGSWGNDGHL VAVESTEL SHLVNTLKPKTTYEFRLRA
ENVLGLSDYSDSLVLTTDEEA

FNIIT-2

PGGAPRDI KVTPTGSRSLRVAWWPPSESESQGTVQGYYVGYRVRDSKESYAYKTLEAAST SL GSSSSG.QECDL NDLRKN
TRYSVWQAFNGKGAG

FNIIT-5

PSSEEVFSQTLEI GKPRLACNAMPMGADRSAYAFRSL GCGRRYAFYAVAFNAAGRGPRSNTVHAKTDGST

FNIIT-6

PVAPEQQDL VTANMIAATL QL SSWKSGGCPI SFFVVL YKQQAAREWT PAAARVL PEMPQHQSRRQQOKQRSQPQQAHL P
ATTLVLGDLTPATWYDLLVTAHNEAGSTEKL DFYDNFRN

SALWCLI LVFLFLFLSA

KVYSKFONQRAQQSTL HPKASWFSTWSSSPEDMVEEPENT KAVDTVPMSVWEKPDQVACREQL YFPSPYAGSRVCAFVDGY
PPPQHTWI TTGRLRAGEHNEASEENMDAQHQHT YDVPFLRRPPCTEQLVSLS?

EAEYVFATLTLTGDDL DEPENTKAVDTVPMSVWEKPDQVASREQL YYPSPYAGSRASVYADGAQRPQDTWAPTGRLRAGP
L DEGDVQEDEQQADL QT QHT YDVPFLRRPPSSQTQLSSHDGLI SSTELLSNHI YSKPAVVYL PPENGKSL RHQHHGSSHL
PVSI | EGYPSGNVSYVYSRPKKKHWSQQDSPYAERKL HKL NSRRYSDEMKQGDIWSRESGL DFAVEAYEL SEAECDMPSR
HFPVQR

I s13 contig 973132 (EST ref XM 002400252. 1)
gl
MDHGDNI AL GVPTL ADVSASVRRGPFFTL EPPHW/EFSNTSGGEVRCEADGDPPPQLLW TVDGSPVTSVAGLRAL SEDG
ALTFPAFAADAYRQDI HAAVYRCLASNEVGAVASRDVHVS
I g2
AVWWDYKYEPRVYDGFVI RGNTAVLKCHVPSY! RQYTLVDAW RDDGFTI NASGNKEDRYSLLETGEL LVHKTTSEDADRS
YRCRTRHRLTGHL TASSVAGRVTVT
g3
DAHAMTHVKMAL NFPEL KT TVGSHVDL PCVAQGYPPPHYTGRRL SVWESDRMQSSNGVL S| RAVNVHDGGRYVCI ARNTV
GEQKI ETLLSVA
| g4
VLLSAEVSPAFQTVAMGL PAVFNCSVEGQPVHSI TWRKDGSPLVPDGRI QWSQSQLRI QTVRRDDAGWQCVAQNDRDS
CQAAAQLRLDD
I g5
DI SPTLVETFAPQVWKRGDPVSLLCRARGSPAPEL TWAI DGDFL YPSHRLKI TADRGSLEVRSLLNI SEARHEDSGEYSC
MARNDI ATEAHSARLEVYG
I g6
PPFVRPLRNVTVVSGTELAL RCPYGGFPVDSL TWQK
1 g7
VAPVI DDHFFPDVI KVEEGTRSRLMCSVSKGDPPLRFRALKNGL TI GSHGDRSI EATDDSS! | KFARVRFVDRGSYVCFV
SNDAASVNRTVQLVVH
1 g8
VSPRWKTEPQNASAVL GASVFL HCASDGFPSPAI TWKKGEGNAPRNFSY! HYNFRKHHFI NGSL L VREVEESDQGFYLCE
AQNGI GPG SKLVFLKVH
I g9
VPPRFEVKHRSFL L KKGEDFRPQCL AAGDSPL L YSWEKNQNPLDAER* YRVKEEQKQRGVFQSDLLI SQATREDSGVFSC
KAl NTYGEDTTHFQVI VQ
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FNITI-3-1
EPPDAPTGVEVMNFTSRSATL QANAPYNGNSQ TKYVLQHKLQK
ESWBGPVSQLWWTSSDTTATVRGLQPVTKYALRI VAENAL GPGTPSNESLVTTKEEV
EARAGNSEENLREGLLLRNTYLTNLRRLTKYG WQAFNAAGTGLAS

DEVI ATTLETEYVLHYGTEASDW.QLPLNATKQSFVL DGLKCGTL YRLYMIASNSL GTGE
PGAEVSVRTKGAA

Pl SPTTDKFI TTNSTTATLHLNAWSTGGCPVTRFAI QYRLKFHPTW.
SLADSVNPRRRQYQLTDLVPSRQYQVNVI AHSEAGAT QADFEFQTPGAVGGRRWNGYAFR
AL KPLHDW/RSESTTKKY

Expressed, see EST reference bellow

EST ref XM 002400252. 1
Identities = 126/ 126 (100%

Query 1 Pl SPTTDKFI TTNSTTATLHLNAWSTGGCPVTRFAI QYRLKFHPTW.SLADSVNPRRRQY 60
Pl SPTTDKFI TTNSTTATLHLNAWSTGGCPVTRFAI QYRLKFHPTW. SL ADSVNPRRRQY
Sbjct 391 PI SPTTDKFI TTNSTTATLHLNAWSTGGCPVTRFAI QYRLKFHPTW.SLADSVNPRRRQY 570

Query 61 QLTDLVPSRQYQVNVI AHSEAGAT QADFEFQT PGAVGGRRWNGYAFRAL I KPLHDW/RSE 120
QLTDLVPSRQYQVNVI AHSEAGAT QADFEFQT PGAVGGRRWNGYAFRAL I KPL HDW/RSE
Shjct 571 QLTDLVPSRQYQVNVI AHSEAGATQADFEFQTPGAVGGRRWNGYAFRALI KPLHDW/RSE 750

Query 121 STTKKY 126
STTKKY
Shbjct 751 STTKKY 768

I s1l4 contig 843075

gl

MSQGL YRPCEASPQRL GPRFTAPFPAEYRFSNSTGGW. HCVSQGQPQPRVTW. L ADGREAQPL GGL RRAL PNGT L HFPPF
RAAQFSQDVHGASYRCRATNLFGTVWSTEVRVRG

I g2

VVEQYYEVQVYDEFTI AGNTAVLRCHVPSFVKEDVWVWWSWEHKLAQKTEVI TTGCRMSVFPSCEL HVRRVOQPSDASADFR
CRTWHRLTGETKLSSYGRLWT

g3

DLKVNVPPRI TNVRSTVVARDCDT VEL PCAAQGYPPPKYLWERL PTSDSL SSRRSVLAGSSRFEPSDGSL | | RKVEPEDA
GKYLCLVSNGVGEERATVTLDVQ

I g4

APLRVSL SPEVL TAHVGHPAVFRCAVSCRPAAEVRWAKDG PLVI DRARI QLLDERQALRI GSVDTRDGGMYQCAASNAH
ESAQGTAQLI LG

I g5

DTVPVLLESFGDSSVRAGDSVHLKCEATASPAPKI TWIL DGTRVHPVRSCGRVDL SEATRGEGHLVSYVNI SRVKTEDGGL
WQCTASNSAGSVTASAR

VGVYGPPAVRPFPGNRTAVATETLSLHCRLLSYPI DSVHVWEKAY

I s15 contig 922315

gl
ERRGPTFSSTPPSRVEFLNSTETAI PCEVQGTPSPEI WAMARVGAPGPMPDI PGL RHVRQDGAL VFSPFRAEDFRQDI HAA
VYRCGAKNPVGAI VSGDVHVRAG
I g2
QHFDVQVYDEFVI KGNTGVLRCQ PSFVKEYVTVTSW RDDGALVI hadsdf VFPSGEL HVRKVDPGT DSHRKYYCQAKHR
LTGKVYRSSTVARLI | | GDGLLSGLAAWFPI SQSR
1 g3
DTHVNT SPRL TDRRPVVRARRCDT VKVPCAAQGFPVPSY SVWHRVEGGWVTL ESGRVSQADGT L VL RHVAVADAGKYVCV
VNNSI GEDRVETQLQVT
I g4
PLSATVRPRRTVAVEGSSATFNCST SGHPVSAVL W KNGQAVSSRVKM_TRETLHI ASVL RDDKGVYQCFALNDYDAAQA
TAELTLGASAPCFQSSFGRMC
I g5
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VPPPPSDRRTVQCTRHARSRDPEL VRCARKL RVPESSL EFFRL L GDAKL PQSKRQSVFPNGT L SVLKVERSGDEGSYRCV
ANGPRGDSASGELFVNV

NNNN

I g7

VAPVWGPFSFPANLKEGVRAI VTCSVLECGDSPVRI RW.KDRG

| g8

PPRVWKVAPKEKSAVVGENVVVDCQAEGFPPPRI WAEKSSGSRPSEYKVI | SNSHI HAL ENppqGSL MREAERNDTGFYL
CQASNGVGSG SKVI ELKVH

1 g9

VSAHFKNAFNSKTLRKGDTAHI KCEVVCGEKPLTI AWSKNGQPFSSTI DQRYDI KSTESEESL LSQLEI HAVDRRDSALFS
CLGTNKYGQDETRTQLI VQ

FNIITT-1

EPPGAPFNVRTSG TSRSMSVSWDOQPYTGNSPI SAYKVQVKTGPPVKWKEDI QENVWQGTLTTLTLRGLRPVTTYI VRI R
AENSLGPGEFSQEl QVTTDEEA

FNIIT-2

PEGPPLNVQATAVSSSSVKVTW. APKRDQONGL LKGYYVGYRQHGSSDSYTYKTLEI AGNFK
EEALLTSLARSTKYTVLVQAFNDKGS

FNIIT-5

GPPSEEI SLETFESGYYI YI KEQFGTVEEEHQ SAHQTSHTFQDL QCGSSYQFYVASYNKMGEKGEPSEVI SVKTQGS
FNIIT-6

APVPPKRDALVSVNATRL SVHLNSWSAAGCPI KSFL VQYRL HDEADW/L VSNAVPPDQKVVWWEDL APGKWY | LQVTAHS
EAGSTEQEFTFSTLTRTG

AAl PPLNSLEGQKPAFYRSM

G LVPLVCWAI LVPI VA

VBFI VSRRRRQAAPNHFRDSCSEDKNL EAMVSL SI VKQTGSGLESASPSKDQ YYPSPYAL GGREPVL HRQGPSES
DSVHTLKRNRREHI YEVPYPRWSEEEGPYSHI TGSAI SPTANI YQTPRKSGWKI VL$

I s17 contig 615387

gl

RGPYFTLEPPALVEFTNSSGAEVRCQADGSPKPSVRWET ASGVRASQDGT L TVRPFSAESYRQGVQAAF YRCVAANVVGS
VASRLVHVLG

I g2

L L DERL QARAQDDVVI RGSSAVLRCKVGRSQAPYSAFDAW RDDGYSI SRPTYKERYSVLQTGELLI HRTNVADTERTYR
CRVRHT

g3

| GESASPRVSLFRNVWRVSVGRTVDMPCVVTGFPPANVTNRFLLNFRWFRHQSRKL QT VDTGGVRQVNGVL TFEEVKQQ
HEGTYI CVASNELGElI RAEAGLFVK

I g4

ETVSLALMPNYQVWWEPGVSAKLNCTTTTGSVDL SEVTWKDGRPLKTDVLRVRLETMANL VI RPVEKRDAGMYQCFVGGN
LELAQASAEI AVA

I g5

ETAPSLTQTFYQRSAKPGESI SLQCQSKGRPLPTFSWERDQELLLSDRRVRI TSVHI SNQVI SVLNI TRVYAEDSGLYGC
RATNEAGSVAHWAR

| g6

VGVHGKVFVHQGL SNVTAVPGQDVRI QCRYGGFPVDSVSWYKDDVL L PRNVRHSL DNDGNL RI RDFMGSVDAGDYTCVVK
SRDQEVRATTQLVLV

I g7

VPPVI DDHFFPET! TVDEGSRSRL L CSVSKGDGPL RFQAFKDGQL L SSVPDGSVQYSDDSAM KFRKVRFRDRGKYTCFA
TNDAAGDNRTTDVVVN

1 g8 inconmplete

VSPRI KVAPONSTTSVGGQVM. DCVAEGFPTPVWTWKF

1 g9

EPPQFKERFKVL YVRRGETFQAHCSTSSGDAPI AFTVEKNYRPLNCSRCVTRNNSDGSDL TLLGTI RSDSAVYAC! ARNG
VGEDVTFLQVWWVQ

FNITT-1

ESPDAPWGELMLTNHSSRTASLLLHAPYDGNSDI LKYKVQYKLEQGKYGFGREI WPAGETTATLTNLHPVSTYEI RVWAE
NAFGASAPSNVTWTTKEE

FNITT-2

APSGPPVSVSL YTTGSQSLKVTWRPPSRDOHHGVI L GYHVGYRVADGAEPGAPSVKQVDSRGANSSHGLETTYLTNLRRL
TKYAVTVQAYNGAGRG

FNI'T1-5
PSSEEVYATTLETEYVLHYGGDDGDVKSHQL AAHERQFL L ONL RCGSQYRL YVTASNSL GMGEPGEEAVVRTRGSP
FNI'TI-6

VAPSKEGL| VANKT SAL L RL GRWEDGGCPVDRFVL QYRQKL EPAVWAAVAQTVAPPPQGEHL L TAL APCKVYEL SVWAHND
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AGATP

RAEYDFVTL SPKATKTKTEPMSGSSGGFRFPL QENL

VFI VPALLSALVWVLLVLVFLYFYW

RKQAPVADTASEKEL PGRKVYAEESFI | SEL PRKAERSSQDPQGVGGSI FDPRAKRNYHI YTTNQSESTVL SLPAI KHSV
P

I s21 contig 632703

lgl

GAHWSL AHSL RVSRRRRXXXXXXXTLKSSNM LG-SQTYGQPPASI GARPVAL GSPL EGGGAMVL QVHGQGSI GDPLADV
VGVRRLLPNGTL VL EPFSAQKARFHSGVFQCVASNEVGT| VSRDVHLRG

NNNNN

I g2

ARYSVLSPTCGELLVRNVSSSDDAE SYRCQTRHRLTGKAKI SDTAGRVI i nconpl et e

1 g3

VNRESLPWRNGTSTRSLSFLI RLAQSI ELVALFSGTHCHCL TSKRRWYKL SGGTNESREPL HQGGRFSVSGGTLSI RHAA
VADSGRYLCVANNSLASEPFTVTLTVM

I g4

APLSAVVVPDEQT VDL GGSATFSCVPSGHPVTSLVW.KDGRTLRQGDPRI QVPLEDSGWYQCL VKNDQDSAQGAARLKLG
I g5

FSAPTFL SVFSEQSAEPGRGVSLQCSATGSPVPRI TWEL DGT SL AADPRVRSCGDRVAAPNHVTSFVNI SAARTEDGGL YA
CAASNGAGSVEHA

I g6

ARLNVAGPL RVRPMWPVRAVAGGPL RLDCHYAGHPVDRI SWIRGGVHL PSSKRQEVLRNGSL VI SEVRQYEDNGT YTCHV
SGPLGQSTSGTVTVNVR

I g7

VRPTI APFSFPGGLQAGVRARL GCTVI SGDPPFEFDWRKDGRPL SPEL GVRAQT DAFSSDL TFASL GPRHNGNYSCVVSN
AAASASHSASLWQ

1 g8

VRPLW/I EPGDASVL L GRDARVDCRADGYPVPTI TVWERENL YGSSGYSVI TSGSDYEI FANGSLLVKNTREQSAGRYLCQ
ATNG GSALSKLVHLKVH

1 g9

VGPNFDI KFRSEAVQRGGPARL RCEAQGDPPVTL TWAKDGQSL GPPATDQRYTFREDPTSSPRRAI S| LEI SSVERRDAA
LFTCRASNAYGGDDLNI KLI VQ

FNIlTI-1

GLVTQGRGAKPL SMKTTLLWSGEL ETDSKAT SFHFSFNSKT L QRPSANVEVGGGNVWAAVRPL RPAVAYRCQVRAENEVG
| GEPSEAAQVTTA E

FNIII-2

VPGGPPLEVKATAVDSQTVRVTWKPPERDLWHGEL KGYYVGYRL DQRGDPYL YKTLQLGSGQEGPHI PEEVLLSPLRKFS
PYWLVQAFNAAGPGPRSDEVSVSTMDD

FNIII-3

VPSQAPQEVQCAAL SSESI RVTWOPPPKDAI HGYL QGYRI WAQL PASRGEWGCREEKAVTGQETTLVDLRKYANYFI QV
AAFTQRGLGTESEPVFCRTL

FNIlI-4

EDVPDSPEDVKVLI VSATSLLVAVWKPPVHRNGLI TMYSI YAKTLDKRVRTELPFI PLLLSHTPLEYNLTLVPRNARVEVW
VTASSRVGEG

I g10

MDFDEVVRVAPGEDVHL ACRFL GTAPVHWDWKHGY AQPPSGDGAVQVRPDEL GADGSLAL RRI EAADAGNYTCNVRNKLA
TDRRHVALI VRGQHR

NNNN room for FNIII-5

FNIlI-6

APVAPNKEDL VHVLNGT HVKVTPSAVWRSGGCPL TRL SAEQRL QSL TDWI SVWNHT SSSSGAL PQDL PDVL L GPL QPETWY
VVRLMAANAAGVTW/KHDLVTLGAQX

| s23 contig 672165

gl

MAI RECASL FQQDRRGPTFL YEPPRRVSFSNATGATI PCSAVGT PDPRVTWI SADGAPVDDVRGLRYARPNGSL VFPPFR
AEDYRQDVHATVYRCAAANAVGS| VSRDVAVRAGESS

I g2 not found

I g3 second part?

M_AGSSKYHTFPEGEL Yl RDVDKSL SYRSYRCQTKDKLTGESTRSSLPCRLI | TGESPHSN

| g4

VPPRVAHSRQRVTATI GDTATLPCAAQGSPPPQYRWYRDDGSPVFL DQRT SQVDGVL WRKATL RDAGKFTCVANNSAGD
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DRASSELVI T

I g5

EPLTATI QPPRQQVHVGQTAI | KCAVSGHPVAAI VWRFNQRPLPI SDRVSVPSADTVH RSVKKEDKGWYQCFVHNEVDA
VQAGFEL SLAGKL

I g6

DLPEFQDTFRPETVHPGTRFSLKCSASGNPLPQ TWSL DESAVPETHRVRFGDYVTQAGVVVSYLNFSVWQVEDGGEDYRC
TANNGVGTVLHTARI NVP

I g7

VKPTI EPFSYPSSLREGQRSSVMCTVI SGDLPI NI TWFKDDQPI TASNPGTAG LVNTVSDYSSTLLFKSLRLDYRGNYT
CVAANEAGTVSHSAWM | H

I g8

VPPQW | EPSETSVVKGRSAVI DCEADG-PMPRI RIWTKAEGDAARDFKPVVSSAHVQVFENGSL Al NDAKEEDAGFFLCQ
ASNG GQAELSKVVK

I g9

FAHFKSKFSAEM RKGONTRLKCDATGDKPIVRI AWWKDKL VVNPKQDPRYELVETI QTTGVTSEI LI RQTDRRDSALFTC
VATNNFGHDDTNI QLI VQ

FNIl1I-1 first exon not conserved

GLFDTGRSSDQSDRYEEM.EAGRSDL DLVATSSSDDDEI VTDEL TVWRTPSHVYAGNKRKTQGAKWHAKM NLSTSATET
SGTVRGLKPALVYHFRVYAENRI GRSDASHSVKVTTSEEA

FNIII-2

PGGPPTKVRAQPTSSRSLKI TWNAPNKELHFGVI QGYYI GYRVAATSEPY! YKTLESEMDAGEGCVLTGLSRFTQYSVI V
QAYNKKGAGPPSDEVWQTLDS

FNI'lII-5

PPSAPYLHAEATSFTSVSI KWERQSSDQNPVAGYVVRHKESGGSGDWHETRVQGDONAL TI GDLKCGSAYQFTVRGYNAA
GAGDTSDVLTVKTSGA

FNIII-6

APVPPDRQSL LHYNATRAVWQL STWHSGGCPI QOFTVKYRRQKDL EWI TLQTGLLRDKRLEI RDL SPGTWYTLQVTAHNS
AGVT EAEYAFATLSKI—@Q\/T PRTEVHRETSSVVSDAT

WI PVYWVSI LWI ALLVW

CMVWRKKHSSGSSQSGT YANGSSL YGT RKNGMQEAMOMT DL EGKVGKECSTSAFFPAP

YATTHLGT RGPEKRADHQDEPLKRTPRPPSTTI SEPHYRTFREVL PLLVLG

VL CDGEEAKEPKI EPVEDNNVMTLAEL AHI AENFDDL DAFKDRW/L SEATKDAAADSVAK
YDGNWQVEAAAL NHL RGDVGL VLKI QCFSAQDQGAPPRHRR

| s25 conti g 634467

I g?

MRTI | SNPPRLRQAI PGPPLAFSQPCRL SSPTDSSECVRT GCVGPCRTSRARGAGRRVRRSL L PDAESFGDSSGQATASS
ASEEFAYPP

I g?

VKSVRVRDVSSVTALKGKSVSL VCPL YVAAWASVYSVEKGT | SSNPPRLRQAI PGPPFAFSQPCRL SSPTDSSECVRTGCV
GPCRTSRARGWGRRVRRSL L PDAESFGDSSGQATASSASEEFAY

I g6

PPVKSVRVRDVSSVTALKGKSVSL VCPL YVAAVWASYSVWEKGSSKI PFNHRORVQPDGSL SI SNVQQVSDDGSYVCRFTDS
RNQKHTGNVLLKVI

I g7

EPPVI SHYEFRQDMQVGVRI KVFCTVVRGDAPFL FTW. KDGVPVDPAAGYQAGL SVQNOQRDYSM.SADSL QLEHSGNYTC
VVKNQAATTTYSAMLRVN

| g8

EPPKWEVEPENAAVVQGRNVQL QCSANGT PQPTI TWM ASDSTREEFLPLYNSHKYGLFPNGTLSI HQLEPEESGYYLCK
ASNGFGEDL SKLVFLTVK

1 g9

RPPKFDVKFRAHAVKRGEKAKLACTATGDLPI AVSWSKNNDRVPDKSKVSTVANQSVSSVTSTLWSTETVEDSG YSCM
AKNHYGSDETSMRLLVQ

FNITI-1

EVPGAPVNVTVANATGNSL LL SWAEPFRGNSAI TRYLVQFREAGSDDEAALRNLTTNTSLTLASI GSLRPARVFSLRVKA
ENGVGWERFSGWTANTEED

FNITT-2

SPASPPVNI TARPTGPNSI KI SWEPPKEEDWNGHLKGYY! SYRPVGSSDQYYHKTVDVHNPHQRQE! HLTNLRLSMSYSV
TI QAFTSKGAGPMSQEVLVKTLDD

FNI'T1-5

VPPSPPTLEVVSVTTSSVTLGASLKTSFGNPVTEYVLHQRKDSDHWOQETPI STVQPLHTVRDLECGT TYQFYMIAHNSLG
RSEPSDVI RAKTDGAA

FNI'T1-6
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PLSPSKEEFI QAAQRHATL SLRSWKSGGCEL L DFSVRL RQGGPPQAVANL AEGL PANQSQFL LRNL TPGAT YHVHVWVAKS
TAGATEAQYEFATLNGIT

HVASVEATSTQPKRSTLPSMID

LEI | VPI LVSSFWLWVI | VG&CI LC

SRESL CAERDNCARPEL RSNY SEEVVAMKEL ANAAECVARCEDGVHAPQVIGSPFPTAQSI YAQRPCKSL TRTKPRERPYE
SLMNWNPYPADGI T

TSTLSRKEHEDVQV

I s26 contig 780014

gl

MGTL GRSEAI EGPRW/TEPPARLL FSNW GATVRCSAEGEPRPEVWWTSSDGANVT TLPAARAQL VSANDEQL SFAPFR
DHQFKADVHRAAFRCKAHSARGTI LSTI VQVTA

No Ig 2

g3

SQTPSVTFHSGHVTVDKGSSADL VCL AQGSPPPKFKRWKRQGQRL L PVATTPST SASPTQVDGVL HWEGSVQL DDAGQY
VCVASNNFGEARASLQ.SVH

| g4

ELSAALRPI LVRAEACGDSVAFQCNT SSSL PDNDVSL DWILNGSPL PL GFERL ERGFVRVSSVARHQGGWL QCFVSSRDGR
RSAQATAELWG

I g5

ERAPRL EQTFETPGAVSPKSSASL GCRVSGDPPPSVSWIL DSAWPI VSGGPRLRLWSTSDGVTGDVI SFLNWISVEAGDS
GQYVCRATNAAGRVQHAFRLNVR

| g6

APLFVRPAYNETALVGATTRL QCPFGGYPFDRVWWYKDGSEL PVNQRQSVFPNGT L L L ETVDKAKDQGEYTCSVDSGT GT
TVQATVRVI VRT

I g7

GPQ TPFRW.DEL QEGVRAGL SCFVHSGDAPI SL EW.KDGL PL RHAHVHSPQGG-MSAL SLASL TPQDDGNYTCRASNAW
ASASYSAVLR

1 g8

VKVAPTWRT EPKDVWAVTGHSVVWDCQAHGEPPPHI RAKTVEPGPYRAMVSSSRVHI LVNGSLSVRSI ETRDAGLYLCEA
SNGVGAEL SKVVRI TVR

1 g9

MRQHRRL PMPHPPPL L SHRQNRTGDSMT LLWRYPDT TFL DAVNAPFGDASHL RENKARL FFTCAENGSEL PYNQRQSVFP
NGTLLLETVDKAKDQGEYTCSVDSGTGTTVQQTVRVI VRSKDGATSLPFSTLRI VQTK

FNII'l-1parti al

NVPDVPADVEVGEASSRYVRL SW EPFGGNLPI TQYLLRWINKEGSVEEDSVSVSGTETKVTPDVPADVEVGEASSRYVRL
SW EPFGGN\LPI TQYL L RWINKEGGHKRRAKRCRL ESYRKNGVSL DEGPKGRNL HGGTKEL GHRNSL I LVSGAEL ANRNR
GHVPVTAMLG | VGFFQPDFQAQATGVI KEVGTNI DSAEI YEKGKYAGL L VVASSWEDSVSVSGTETKVTVRG.EPSTSY
LFQLRAENRLGAG

FNIIT-2

RNAPTNVQLTAVDSRTFEVKFED

DVSGAGRVDGYYVAYRRDGSPEPL RYQTLHERVGVVSG.DRDTL YEVQVQAYNAKGPGPPSRTHAVRTL VA

FNII'1-5 partial

AYY! LMRVDGAAEEQWREQSVGSDRNGFAL SGLACGT RHQL RVMRAASDVGRGPEGHLLTASTEGG

FNIIIT-6

RPVL QQPDRL VEANSTAAW. RL DAWANGGCPI SHFAVHYRSAASGDADWI L VSSHVPTRL DEPVVL VDL TPGSWYVLLMW
AHNDAGTTRSQVNFATLTPSG

DVPSQKSHL LNSKVASFYRHL

TVTLPI GSSVLVLVWLAVLWCVLH

RHAEDAAARGT PQGKM

I x27 1x28 1x29 three genes on the sanme contig 650268

| s27

lg7.1
QQTGRTFRLQPFSFPTDAI EGNKVSTVCATVTGGE SSGVEFTWFKDGRKL VQDDRI RVRSFPDVSTL VWDSL RQGDSGNY
TCVGKLRNHKDSHTETLRVL

1g8.1

VPAKW HEPADVSLKETGNSTVI CEATGVPRPTI KWTKEG ALSTQSPSLVFLKATKSDAGNYRCTADNGLQNPLTKQ Q
VTVF

1g7.2
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VEFRLQPFHFPTDAVECGKTVTVTCTTTTAVSGVEYRW. KNNKRVSESAKVRLRTFPELSSLI VGPLEASDSGNYTCQATY
NGKKDSFSDTLNVLGK

1g8.2

VLPSW QEPEDI KLMEGSNLTLPCRAKGKPQPNVVI TKEGNYARATSKEL DAAAL SDTLDI SKSTKHHSGT YVCKADNGL
GHPLLK

1g7.3

VLRLQPFYFPSASKWWEGT TVTVTCTTTSA TNVHFRW.KDGREVVDKAKVKI | QHSLLSTLVI GQVDRGDSGNYTCVGN
| GEKLDSHSEVLS

1g8.3

VLAPPEWWVEPEDI KLHQGGNGT! TCEATGNPTPTVKWRVRSQNGAAKET SASGRNL LQL PNASKSDAGT YECSAVNGVP
EDI YKRV

1g7.4

NALWKVQPFSFPNDL L EGSRVSVTCSL RKVSSDARFRW. KDGKAL DGNRYRRL SVRTEADFSMWTI EPTRQEDSGNYTC
MVTSKGRSDSYTAALVVF

1g8.4 (broken in two, mght not be coding)

ASPEWTESPQDVLVTEGGNASI TCKARGNPAPDVTI RKASGAQPSL VQGEKSAGT LQL TKTSKHDAGNYSCTATNG-GTAI

EKTFLVKV

1g7.5

VQVAPFYFPEKTWGCDTI Kl | CYTNTEQTPLSFAWKDSKPLRVGDTVRI KTQPDQSAI TLGPATASHSGNYTCRASTAK
SSSAYSAQLNVF

1g8.5

APPAW QEPSDRRVVKGANL SLPCAASGHPEPKLTWYRI TRPTG FFLFRKNSDGSI FFVRVQKESQGWRCSAANG GA
PLNKTVKVTVTD

1g7.6

VPEI QPMIFPSNLKEGARFRATCSVI TGSPPFTFRW.KNNKDLQEDGAVTI ENVIKDYSNLAI TKLAKSHAANYTCI ATNA
AGSDRYTNGLVVN

10g8.6

APPRW.L EPHDAWLMSEGTVRI GCQSVGYPSPVI TVEKYGASGGVTVGEGTVNGSLEI YNASKRDGGT YGCRASNNHGEL |

EKRVTVKVI

I g9

VPARFEEKFKVQTVRRGEGATLQCTALCGDTPLElI SWSQEKKPLAFAPVTRYEKFESTTEQGVSSELLI PTTDRSDAALYT
CVAKNEYGSDERNI KLLVHHSSYPAENKLL

FNIIT-1

PKAKKVPAQPLDLRI LEVAWNRKVNVMASEPY SGNSPVTNYVVHYWRDKGESPL VL CESQGPHRLHEETVSSTQT SAVI AE
LHPGTSYSMT| TAENEVGQGPPSDPI RFQTSEEEP

FNIIT-2

GGSPTDVWAAAKGPTSVAVSWKPPPRDTWNGELKGYYI GYRSAESNQPYSFKTVETVTNDTQEVTLVA.SKSSRYSVI VR
AYNAI GKG

FNIIT-5

VQDKVGPRKSNRSSNHRVTL SLFQGYTLHYKKGSGPVWHHI PVVASDDTSYTL TDL DGGAT YRVYL TASNQYGRGSGSEAI

|1 NTVGQG

SDKPW/FYKDPSLLVPVASF

LVALLWI GVWSVCI

KKTKAHKNL ERSAL EAEKRQSYAGDAQQRY! DVQEKRAYL SAI PTHEKTI VWSVSVPTGESQKNRRCRI RSNCVL RRERP
ATWPTQKQRLVAPLRQRRI TCDRGCLAAQGW EGAHI SSDYI SGAAI RGSTAGVKT SPAVVNATAGYPRCHVI HASWPR
KRKLGGHTQLSI GSPNTRLLTPI C

Domains within the query seq of 1896 resid

'K%t) (C) (l{w) (\{:2) ‘I{c’) {\do) 1\{::) ‘mjcz) |\§) {E) ‘\GEE) (l{w) (E«) (IGZ!) = Ym I
| s28
1g7.1

VRPQDAI SPRVREPCSSKGGFVSNCYEDEVEVLRAYVHNFAAL S| LEEL RNLL RW.KNGRRL TDEKKSVTVTDNADFSVL
KLPSLSLESSGNYTCl VSNLFGSASHSATLR

1g8.1

VHASPHWQEPRDVVWVT SGERVHVPCQASGYPEPTI LWIRKQPGRSEEL ASSENGSL VI TWARKEHEDL YTCKASNG GQ
RLEKTVQVAVKFS

lg.7.2

PKI TPFSFASKLVSGQRATVTCSTFEGDRPL TFAW.KDGSTL SKHNNVEVWNEEKGYSTLNI SPL SLQDSGNYTCVVSNSA
GSDSLSSSLV

| g8. 2 daphni a
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VHAPPRW QAPTNQWTVGDTAMWCSASG-PLPTI RWENRGHPL REDNARVRQVWHNGTLVI ART TKDDGGRYRCQAGNA
FCGDI LEEEV

I g7.3 daphnia

VPPKVLPFVI PKLLVCERI SI TCTAASGSKPL TFMALKNDSAL RGGSAVHI ADSSDYSM_HI DNL KNDHAGNYTCVVSNA
GGTVSYSDTLHV

1 g8.3)

MNATAL YACSRHSTLRKGFHI VNDSCL L NANGHSL REDNARVRQADNGTLLI ARTTKEDAGRY! CQAGNTFGDMLEEEVL
LT

1g7.4

S| PPKVLPLVI PKNLLVCGERMSI TCAVASGSKPL TFVW.RNDSAL RGGTSVHI ADSSDYSTLH ENLKI EHAGNYTCWS
NAGGTVSYSDTLHVKGK

1g8.4

APPSWI TEPKDVTVTAGDAVMLECTGTGFPKPTI SWTKVGKNETSTNTADGL FKI ATATKENEGHYRCDI TNG GGSLTK
TVSVA

1g7.5

VQTKI LPFAFPKSLLI GERVSI | CTTTAGAKPLSFTW.KGGKPLTKGGEDVNI ANSPEFSTLSI ENLKLTDAGNYTCTVSS
SAETVSYTDTLQ

1g8.5

VKAPPVWALTEPKDT YVI AGHQVTI PCKGEG-PPPSTAWIKLGKEI TRLDGSTI Tl SSAVKSDEGAYRCRI DNG GTALEK
TVHLAV

1g7.6

G LI AVPPKI QPFAFPKTGTVGERSSVTCTTI AGDKPFKFVWL.KDGL TLRQEGNVKI VSSSEFSVFNI EKLSLENAGNYT
CVVSNAGGTVSYASTLEI K

1g8.6

APPTWKTEPRDVSVTAGKVSI TCDGNGHPQPSVRWI KEGDRGSSDYRTKTI ELPSASKQDQGSYTCEI ANG GEAI RKT
| TI LVK

lg7.7

PPSI PPFQFPKNLQVGQRI SVTCTI SVGDTPI QFAW.KDGAALSTASPNI Rl VDNAEFSTLNI APLTLDSAGNYTCSVSN
KAGYTSYTAPLV

1g8.7 inconplete

ATVWNGRFVLFDTVPAYPI TSNI Y1 KYVI CLSAPPRWINEPQDI TATAGSN

NNNN

1g7.8

PKLQPFHFPQGRTRVGESASAL CAL VAGSPVVRFKWFKENVAI DGKL PNVNVKNDKRVSVLTI ESVTLSSAGNYTCI ADN
DYGSDANSAALVWEG

1g8.9

APPGAKKEPRDL SVSAGQAL QLECSATGYPL PKVTWKKDGENPKNEQT LI ASQDGSATLSVTESTKETEGRYFCEADNGY
GAALKTALFI KVKR

1g7.9

LNDFSEAPKI QPFTFNDKVRI GGRAVGSCI VWTAAAPLTFTW KDGVQLRDKTGLSI QNNRLVSLLI | ETADLSSHGNYT
CRASNVVGTDAYTAELK

198.9

VEAPPTWKHEPQDVSAI VGTNI TVECRANGSPI PQ TWTKSKSGVPMXKDNLI | QNI QDTDAGSYTCKAENGVGPSLHKT
I RI SI RA

I g7. 10

AEl PKVHPFSFLKTL SEGQSALVTCTVTEGSKPVQLQALKDGNEVRSTGTVKI TRQETFVALAI EPVQ EDSGNYTCVAK
NRFGYDRYTSLLEVH

| g8. 10

APPKWI QEPVDVTLTSGETAVL YCGATGHPTPAI KWSKL GADLKGTAKEEL QVLANGTLLL SSSAPEDT GQYSCQASNG

GSPLTKTI SLI V

lg7.11

EAPKI QPFQLPSRVKAGEKI SATCNLVSGTPPVTFEW.KDGSDVTCGLSKDVSYDGNLI SVLAI TSASLEAQGNYTCRARN
HFGSDSHTVQLKY

| g8. 11

EAPPVWIKEPEDTVGT I GGVLNLTCSASGSPEPAVAVKKL SVVSL FPLAEVHRGT YRCEANNG GGTLSKTI TVSVR

| g7.12

DAPVI QPFVPPTDVWTGLATKI FCSVQKGSRPLTFSWWKDGRVI RNGVTSLEDYSTL TVDPVTAQSAGNYTCVVSNSAGT
DRYTSTLEVK

| g8. 12

VPAKFAEKHSVVTARRGENARL VCDAQCDQPL TVTWEKGATKI DRAGSTRGNATKGT EGAHGARDGEKENPADQYYYACA
SGSLSRSLSFSLLPFYSLFPRNG | g8. 12

I g9 parti al

MIESGLRSELFI SSTERSDGAVYTCRADNEFGRDERTSKLLV

FNITT-1

EVPGOPCDVKVSETWI RSASVTWEPPYSGNSPVAKYVI QFVWKDSGAAHRL QEVAVPGSQT SALVGDLHPGSTYQLNI LAE
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NSVGVGQASTPVKLHTGEE

FNITI-2

EPSAPPTDFHVEARGPSTARVSVKPPPPDEVWNGDL L GYY! GYKPTSSGQPYSFRTSEFKPNT SHEFFLTGLQRGTEYSW
VKAYNAAGSGVASHEL HVKTL DGDVPPPPKVFVSGT SHSSI TVTWHQQF

FNITI-5

TGVRGFVLHYRAEDGL QDWKEVNVDART SSYTVPRLESGVL YQL YVSTTNEYGMGDPSE! | TVRTHKNGSEGPSFTVRGS
REPPPFQPSSAKKRQHGRGTVBVWG RFVMVPDMOSPI FGDASTP

LYLNLFI M PVLASLVTI VLWI V

TCVCLQRI KRRPNQPPGPPPGTVDRRSKQYAAANVEGQPQSKRCSSVFSL SWC! QRPAS! LARRSNYERRFEEL VL DRAQC
LPKTRHVDW LYVI FLDRANTPI LSFH RSRRSRRY

STLRGLQKLAVTSDFRESKRSRFL KVIVHGRSSKLI AVI YTRGKVLKVCTQRRL SLYRHLKDGRVPKHI FMLVI CRARSI N
CRNGLFRSL CKQKVDVL NFFREQVHWIVSI PATPAAGWHLENKPNI SLSCESSAVT STTARHAEKAQQAGEYTGLSQRYV
EVQPPPL PADHPCAL YPAPCATL PMT EEL EAKMARHNVNQEMKTFLAQL SPRTHAFCNAI RNVRSRVERCAPKL ANAARD
GTTPKLDSRSNRKRGLSTTNERQ NNLDDSKASSHG RSLVDI El GGLYAYSAETKLTEKKFSVLSVRVBCNC Rl KTVG
G AGRL

{E) 1\@ ‘I@ (\@ ‘I@ (\c@ ‘I@ (\@ ‘I@ (@ {E) (\@ 1\@ 1\@ ‘\@ (E) (\) ‘I@ ‘\@ ‘I@ ‘E)(E) \‘I(EZ) m e = I-
{E) {\@ ‘l@ (\@ (l@ (\DD (l@ ‘\@ (l@ (\DD ‘E) ‘\@ ‘\GZD ‘\GZD (\@ ‘E) (\) (l@ (\@ (l@ 1E>(E> \‘I(%) i = = I-
| s29
1g7.1

AEPPKLNPFSFFKRWIT GEKT SVTCWTSGT PPL KFVWWKDGKEL SEQSSNL RVKHEPGYSMLFI EPVELLSGGNYTCW
KNRAGLDSYTTFLD

1g8.1

VEAPPKWKTI GDGKI AYGSEAKL QCQASGSPVPTVRWIRFDEASQTWATVNVAGESLVI PRVTLNETGRYKCSADNGVS
PSLEHTLTVAVYERCRSFVI Y

1g7.2

EPPKLNPFSFFKRWQTGEKTSVI CVAT SGT PPLKFVWWKDGKEL SEQSSNL RMKHEPGYSMLFI EPVEL L SGGNYTCVVK
NRAGLDSYTTFLDVE

1 g8.2

VEAPPTWKSVPKNVDVVEGEPL VWSCHAHGSPT PKVTWWFKKEGDDRWGHFADAGASTRTL DNGT L VL SGTQESQT GSFK
CVADNG GTSI AHHFSI KI R

1g7.3

VEAPKI QPFSFPHRLKVQSKTSVTCI ATDGT PPFAFSW.KDGVEVTNVKNI RREKKENDYSVLI | EPVEATNAGNYTC V
KNKAGFDSHTTYLE

1g7.4

AVSPKI | AFHFRKTI KPGENART TCL VEAGDAPMI FSW.RNGVAASL TRNVQ QSHADYSI LNVNPVDATSAGNFTCI VK
NKAGFDSFTAYLDVE

1g7.5

VAPKVQPFQFRKTTKPGET VKT TCFAEACDPPLTFSW.RNGLDVSSLKNVQ KSHAEVSLLTI SPVDASSAGNFTCI VKN
RAGFDSFTSLLE

1 g8.3

VEAPPEVWKREPADKTGVLGSNVDI DOWGT GSPAPKI TWHHVKAHNERPI DEI FQSRAVT YLNGTLRLHELQVGDSGSYTC
TADNGVPPVLKKTV

1g7.6

VNSAKVTPKLHPFSFPGTAKPGNNART TCFLAEGDTPVTFSW.RDGVDAST L KNVHVQSQTDFSVL SI NPVDARSSGNFT
Cl AKNRAGFDSFTAYLD

NNN

1g7.7

VPKVQPFVFPPAVKPGSRVSAVCSTTSGESQVTLSW. KDGQDI GSTKNVFVDTKRGASI | | VEPVEI SNAGNYTCI AKNR
AGFDSFTAPLDV

1g8.4

APPSVWKVKPEDKRVNI GDRAVI ECLATGSPTPKI KWKKL RKTSEKDI QAEWADVESSSFVKI HONGT FVLEEVSTADAGQ
YACDADNGVAPSATLVFSVAVN

1g7.8

VPKLQPFI FPPTVKPGSRVSAMCSTTSGGSQVTFSW.KDGREI ANAKNVLVDTKRGASFI | VEPVEI SNAGNYTCI AKNR
AGFDSFTAYLDVQGV

NNN

198.5

APPLWKKRPEDVRVNI GHRAI | ECLATGSPTPKI KWRKQOKEGKKARI AYPWPL AWPHL KMHDNGT LI LEEVSAADGEQY
SCEADNG APSATLAFSV 1g7.9
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VRAGVPKLQPFI FPTNVKPGSRVSTMCSTTSGGSQVTLSW.KDGKDI ANVKNVLVDTKRGTSVI | VEPVEVSNAGNYTCI

AKNREGFDSFTVSLI ¢g8. 6

APSWKKKAEDVRVNSGAKARI ECLATGSPTPRI KWRKQAKKSGAADLESSNLI KPYENGTLVI EDVSTAEGGQYSCEADN
GVAPSATL

I g7. 10

VPKVQPFMFPPTVKPGSRVSAVCSTTSGGSQVTL SW.KDGKDI GNTRNVVWDTKRVLSNI LI EPVEI SNAGNYTCI AKNR
AGFDSFTAFLD

1g8.7

APPSWKTKVEDVRVNI GDRAVI ECl ATGSPAPRI RWKKRDI EARW DLI SSGAVRANDNGTLI LEDVTTTDAGQYLCEAD
NGVAPTATLTFSI SVNV

lg7.11

VSAEVPRLQPFTFPSDVKPGSRI STHCLTSSGGSEVAL SW.KDGRDVGDTKNVFVETNKGLSTI Rl DPVDI SNAGNYTC

AKNRAGFDSFTAI LD

NNNNNN

1g7.12

VAPKLQPFHFRKTTKPGDI VKTTCVAEAGDPPLTFSW.RNGLDI SSLKNI QVKTHGDVSLLTI TPVDAASAGNFTCI VKN
RAG-DSFTSLLEVE

1g8.8 (two exons)

| APPFFKKTSPDTDVVQGNSVTLTCHATGSPQPRI EWIRTI GDSDKPEDVRRSHRAQSLPNGTLI | EDVADEDEGKYTCM
ANNG GTVSHSLFVHVRG

1g7.13

VAPS| Q FASSEVKAGDKVTATCVLKTGSQPL VFLW.KDGKEVSSL PNVKVKSAEDFSFLI | NPADVHSSGQYTCVVKNA
DGTDSRTVQ D

1g8.9

APPQNIRVAGDTEVGELGATKSFECI ALGSPKPRVTWSKRTESPNGASPL HGL SRVSVEGDRMTL VDI EASDSGSYSCEAS
NG GNPLRSI FRL

lg7. 14

RPI | TPFSFPTDLSEGVSVQVLCAI SKGTLPVYFTW.KDGKTLRETRAKI TTADKFSVWQ DAVAPVDVGNYTCFAKNLQ
GIDSHSAMLE

I g9

VPARFEEKAAVVTARRTEVTRVKCQATCGDQPL S| SWAKGSVKLDKRTSARRCRGKTFLTHARRYEVFETLTTDGLLSELV
| RDTDRSDGAL YTCNAENKYGKDDRKVKLI VQ

FNITI-3

EVPGPPQDVRI RDVWSRSASVSWEASYNGNSPI SKYI VQYWRDHAAWSSAL FCGE RKLRARSKI RYRNLRQSCHGNGTFY
QSYREKKVNVAY

MVRELLPGTAYVLNLVAENAI GRG

FNITI-3

ESSRTVWFHTGEEESTNCRPQRTFPKFG VNFVPONDAL STLKKYWEAPPREHWNGNL QGYY! GYRPRDDADSPFSFRRV
EASSNVSHEYL L GGL QRGTEYALVL RAYNSAGSGPASQEKTVKTLDGG

YESTAMENQDSDDGVPL YL DVA

LI | PAAAI CLAVLVI LI SAC

| CVRKMKSTPRPVPEI [LRYDPSSLNTETMVBQRYVENMEKMSDNDVWMVARYDGS TVRNGT EL RGT SDRQEMKT YVPKPS

TLNHQKSQLKPVQGEDRARTESDAI LL SCTPKTNL GEVVEQGRGERDEMVRNVRMATPL SSGLRNEGGGMLLRG RVLRA
RGVPSLESGGGCCRSKMADVQGE AEKREPRFTARVNDLSI GCRKLKI RENVT

Domains within the query sequence of 2945 residues

0060000000000 000600000000 1

s32 contig 26264

1 g9

PARFEQKFSVESVRRGDTAI LRCEAVGEDSPMGVTWHRNDDPL PL DSPRL QVFESVTDRGT ASEL HVQGAERSDNGL FSCL
AKNGFGSDRRSI KLWWL

FNITT-1

EVPASPL DVKVDQSWSRSANVRWNAPYSGNSPVSKY! VQYWKDHGERATLEEASVTAPQTSTLLRDLQPGTSYI VRALAE
NTVGRGSPSESQKFQTKEE

FNIIT-2

EPGGVPTDVAAEPRGPSSL Rl KWKPPPKEQWNGQL L GFYI GYRPKSSEDPYSYQSAPMIDQAEEEHL LAGLKRATEYAI V
VKAFNAAGSG

PGSQDI VARTADSDY!| LSYREETGPWREL TVPQADNSKYSLTGLREATRYQ YLQAAGEGSTSAPSEI | TVLTEGGALSD
ASMPAPQGSQSRELPVYFRLS

WAPAAASL TI WLVI AGACLFV

SHERRKYQNVAVPPL KPL KTGT COVBGPGSL GRPSGQRYVDVIDQRFGPPQPRTPRHT DGVDRGGARPL L AL RQHHRGGGG
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DSPL RHRGL TKSEGDL NSAMKL SEKVGKNEMVDDI TDQVTEEAKRACDRECRPGGPPGLEL NSAVYKADDPAVADPNSSQ
PNNVAVAFEL NL

I s35 contig 682990

1 g1?

KYSVLPTGELYI RNAGPSDRLGSYHCKTKHRLTGEVATSASSGRLI | Q

I g2

APQGAVAPRMI DTHPWLAVEGQDI VELACAAQGFPVPSYRWYREL DGRL SDL TRDPRTAQVEGSL FL SGLEVKDSGKYF
CLVNNTVGEEQVQTTLSVT

1 g3

APLKAEVHPAVQKADVGRPATFNCTAAGHPVRSVSWKDQTRLGSTSRLTLLASGHVLRI DSVL REDAGWYQCYLHNEAD
SAQASAELLLGD

g4 ? inconplete

VAPFLSSSFAEQTL SPGATL SLRCAAVGSPI PQVTVKL DGGPVPDLARFRVAEDFVTSDSVWV

I g5

VSFVNVTEI RVEDGGEYACSASNVVGDVWVHAARI DVHGP

| g6

PTVRSMGNI TWAGTLLRI | CPVSGYPI HGVGWKGEQSYPCL RARFSMIHATL TVQNVQRASDEGEYACVARSCGNL SAQ
GNTFVHVQ

I g7

VPPVI DSQSL PDVL TANQGVNVKM. CSVWQGDPPI SL RWFRGGNVVSRSASVSL QSLEDSSVLTLKGYWNMRDSGNYTCVA
SNRAQAVNKSVTLVVN

I g8 inconplete

AEPRNFDLVSSSYRVQ LSNGSLVI QDTELGDGGYYLCEAHNG GVALSRVI ALSVN

1 g9

VPPSFSTKFSSHNVKRGQEAVL RCEAKGDPDLEI TWEKDKHPVDLTTEKRYSLTEDTSRNRMSSSLTI LLTERRDGALYS
Cl ARNPFGSDETNI QLLVQ

FNIIT-3-1

EAPSAPAEVRI SKVASRTLEI SWEPSYNGNNPI RKYHVHFTNSTSSWDSTSSRLQLSVPGTETKATI HKLHPVTTYRI RV
TAENMPTYVTL

FNIIT-3-2

CPLQPPRKDLHHGKVQGYY! GYKEVEKEEAEFQYKNVEAL DVTSGARL HQVEH
LTNLKRKTSYVWKVQAYNSEGAGPMSDDVRATTLEA

FNI'II-3-5

DYVLHYQVKGEDWQQKAL STNSNKYTVEGLKCGSVYSLYMIATNSLGTAEPRDI | YARTKGADDPL SKCRGSVDNMGVAE
FCAM

KQRL QQQQL RHKEEEAYSKGT SFYASPARKPVPVSSDPRM

| s53 contig 645963

lg 7.1

VALTVRI QPFVFPEKAVWGTKVSVMCTTVEEI PTVQFRWYKNGSPLVTSESNSRVRLRTFPDVSNLVI GPLEEGDSGNYT
CTGTTKSRSDSHTEVL SVL

1g8.1

VPPKW HEPQDANL REGQNL SVRCEAKGHPTPTVQAKL KGNRNVAMANDSRGGL LTI SKATKDVAGT YVCTADNGL PDKL
SREI RI NI FGENSP

1g7.2

RLQPFSLPTDAI EGNKVTATCAPVTGGE SSG EFSWFKDGRKL VQDCRVRVRSFPDVSTLVWDTLKQEDSGNYTCVGKLR
NQKDSHTEVLRVL

1 g8.2

VPVKW. REPADVFL RETENATL SCEATGVPKPTVKWDKEETESKHSFYAG AL SAQSSSLM.FKATKGDAGNYRCTADNG
LRNRLTKRI RV

1g7.3

RLQPFHFPTDAVEGKTVTVLCTTTTAI TGVEYRW.KNNKRVTENSKI RLRTFPELSSL| VGPLEAFDSGNYTCQGL YNGK
KDSFSDTLNVL

NNNNNNN

1g7.4

AGALHLQPFTFPSKVVEGTTVTVLCTTTSG ANVNFRW.KDGREI ATSAKVKI | HHSLLSSLVI GPVNRGDSGNYTCVGN
| GEKLNSHSEVLSVL

1 g8.3

APPEW VEPEDI KVHQGGNVTI ACEAAGNPTPTVKWIQRYQLTTESL SKYLNLYVTNWRSL TGPAKETSASGRNLLTLAN
ASKSDAATYECRAVNGVPEDI YKRV
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1g7.5

ALWKVQPFSFPNDLLEGSRVSVACSL RKVSSDARFKW. KDGKAL DGNRYRRL SVRTEADFSMVTI DPARQEDSGNYTCT
VTSKGRSDSYTAALW

NNNN

1g7.6

VPPKI HPFAFSKVLVWWGERSSVTCTTI AGCDKPFKFI W.KDGSTL RQEGNVKI VSSSEFSMFNI ERL SLENAGNYTCVVSN
AGGTVSYASTLEI

g8. 4

APPTWKTEPRDMVSVTAGKVSI TCDGNGHPQPSVRWIKEGTLL CGSDGGSSEYRTKTI ELASASKPDQGSYTCEI ANG G
EAI RKTI TI LI g7. 7

| PPFQFPKNLQVDQRI SVI CT1 SVGDTPI QFAW.KDGSAL SNSSPNVRI VDSAEFSTLHI APLTLNSAGNYTCSVSNKAG
YTSYTAPLW

198.5

APPRW KEPQDVTATAGSNVTMACSADGFPKPSVNWRKLESDSESPTPVI EPHLDHKGTSTI Al VSVGKLHQGRYSCLVS
NG GLDLSKTVSLRI

1g7.8

APKI QPFTFPTTLNAGERTATI CVWTACDKPLTFSWFKDGKTLETEDNVKI TSNAEFSNLNFGSL TVKHSGNYTCSVKNN
VGSASFTAAFLAV 48898

NNNNNN

1g8.6

AAPPEVKTEPRDL SVSAGQAL L VECSAT GYPL PKVTWKKDGPKNEQT L VASQDGSATL SVTESTKETEGRYFCEADNGVG
AALKTALFI KNNNNNN

1g7.9

LNDFSEAPKI QPFTFNDKVRI GGRAVGSCl VWTAAAPLTFTW KDGVQLRDKTGLSI QNNRLVSLLI | ETADVFSHGNYT
CRASNAMGTDAYTAELKVE

1g8.7

APPTWSHEPQDVSAI VGTNVTVECRATGSPI PQ TWIKSKGKFL HQSVWKRTASKNI HPDVLCl TDGT STRLLMHKDVLLI

QNI QDVDAGSYTCKAENGVGPTLHKTVRV

1 g7.10

PKVLPFNFLKTLSEGQSALVTCTVSEGSKPVQL QAL KDGHEVRASSTVKI KRDETFWWLAI EPVQVEDSGNYTCVAKNKY
GYDRYTSLLEVH

1 g8.8

KYGAFVFVLLAPPKW.HEPSDVAL TSGEAAM. HCKAAGHPTPSI KWSRSGTEGSSRVLENGTFI | SKSAPEDTGQYSCQA
SNG GNi nconpl ete due to NN

Domains within the query sequence of 3194 residues

Due to overiapping domalns, there are 4 representations of the protein

0600066600600 O
06-000€0060600000@ OO
06-00-0060000000C 0
0600066060660 06
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Figure S6Hemocytes withdrawn fror8 maritima and stained with Giemsa.
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Figure S7 Alternative splicing ofSm35 cytoplasmic tail fromStrigamia maritima. The
number on the right od&m35 refers to transcripts analyzed. In red are reptegeexons
alternatively spliced; in total, three different taglasmic tails were found to be

expressed.

SnB85_8934- 4
SnB85_8934- 6
Sn85_7383- 2

SnB85_8934- 4
SnB85_8934- 6
SnB85_7383-2

SnB85_8934- 4
SnB85_8934- 6
Sn85_7383- 2

SnB85_8934- 4
SnB85_8934- 6
SnB85_7383-2

SnB85_8934- 4
SnB85_8934- 6
SnB85_7383- 2

SnB85_8934- 4
SnB85_8934- 6
SnB85_7383-2

GRI | NG VKSSSKFSSSSSTVKNYSVDSFGNGQRSTESI ARRYPSI SDKLVKEI VCSWAL
GRI | NG VKSSSKFSSSSSTVKNYSVDSFGNGORSTESI ARRYPSI SDKLVK- - - - - - - -
GRI | NG VKSSSKFSSSSSTVKNYSVDSFGNGORSTESI ARRYPSI SDKLVK- - - - - - - -

GLFVSKSQDCKMKYCTWEVCFFLI LSRI MBRTKKAI LLDSFI | HRDSPRSRSAPGSSDE
------------------------------------------------------ GSSDE!

TPYATTQLPNFHYGEMKTFCGERKSGASPFSGGGGSDNEENL I QNTNTQKRVKKQSCGEQ A
TPYATTQLPNFHYGEMKTFGERKSGASPFSGGGGSDNEENL I QNTNTOQKRVKKQSGEQ A
TPYATTQLPNFHYGEMKTFGERKSGASPFSGGGGSDNEENL I ONTNTQKRVKK- - - - - - -

RPKSDGAVVAAAYPRPEPDGKAAVWAT GOPERGFSSQT GFPVGQSRSAARL PDSSMIRANS
RPKSDGAVVAAAYPRPEPDGKAAVWAT GOPERGFSSQT GFPVGQSRSAARL PDSSMTIRANS

GGPSPRQQASPGDTKWRI VORNLGNI SKAKVHGVGSSSGTQETTFI FPRTPDEVGVTPTM
GGPSPRQQASPGDTKWRI VORNLGNI SKAKVHGVGSSSGTQETTFI FPRTPDEVGVTPTM

MSSDPTERYDEPI LPPSAFONKGKTDQTQADPTEGSKLLKRSLVSCK
MSSDPTERYDEPI LPPSAFONKGKTDQTQADPTEGSKLLKRSLVSCK
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Figure S8 Maximum Likelihood topology depicting the phylogéce relationship
between Ig7 coding exons (n=178) for different Msdeom different species. Bootstrap
values only significantly (>60%) for the branchesed. Paralogous exons within species

were collapsed for simplicity
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Figure S9 Representation of the amino acid conservation ahgexcoding for 1g7 of

Dscam-hv of 6 pancrustacea species and of all @keam homologues in the remaining
species (Table S1). Hallmark amino acid positiongdf domains are marked (*) and
numbered.The size of the letter is proportionathi® frequencies of each amino acid in
each position. The colors represent the chemiaglgsties of amino acids; polar (green),
basic (blue), acidic (red) and hydrophobic (bladk)is figure was created with WebLogo

(http://weblogo.berkeley.edu/logo.cgi).
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Table S3Summary of the cytoplasmic tail motifs found iceastructed Dscam
homologues of several species.x stands for any@aatid; () indicates motifs that are
not canonical® Internalization motifs® n° of cysteines

™

SH2

H 1
Species/Dscan Leon gth Association | Binding Yk ITIM | ITAM Othe_r_
member (n°aa) Sy . Yxxl peculiarities
possibility sites
Smb54.1 165 (1)
Sm 54.2 72 3C 1
Sm 24 204 3C 6 1YxxQ (STAT3
phosphorylation)
Sm 34 151 1C 1 (1)
Sm 52 89 1C 1
Sm166 60 4C
Smb54 84 1C (1)
Sm82 56 1C
Sm29 186 3C 3 1 1YxxQ
Sm32 2 YxxG
211 1C 1 (endocytosis);
Polyprolin
Sml7 12 Ys;
213 1C 1 2YxxF
(trafficking)
Sm16 339 1C 1 1
Sml4 60 1C 1 1 YxxG
Is3 2 1C
Is4 148 2C 4
Is8 117 3C 2 (2)
Is10 218 1C 6 (1) (1) 1YxxY (STAT3)
Is15 131 1C 3
Is17 81
Is23 219 3 1 YxxF
Is26 16 1C
Is32 171 1C 2
Is27 to 1s28 443 4 1 1(1 1 YXXG
Is20 43 1C
Is6 101 5 1 YxxG
Is22 274 1C 1 1 YxxG
Is25 160 2C 1 (1)
DSCAM 264 short 1YxxF: polyprolin
(human) 304 long 1C 4 1 1
Nematostella 1 458 5 1 2 YxxG_,
polyprolin
Nematostella 2 384 2 1 1 1 YxxQ
Nematostella 3 448 5 Polyprolin
Nematostella 4 371 13
Sp (sea urchin) 354 3 1 1 YxxF

145




CHAPTER 5

OUTLOOK

Despite the fact that many functional aspects
of the Dscam gene are still unknown, its role in
the nervous system has been elucidated over the
last decade in great detail; essential functions
have been described, the role of isoform diversity
in creating binding specificities is understood,
the molecular structures underlying the
specificity of binding have been discovered.
These are few out of a much larger list of
achievements made by several groups and
different lines of work.

Contrastingly, much remains to be done to
understand the function of Dscam in immunity.
Several fundamental questions remain unknown
and untested. For instance, how do the different
isoforms act in the context of an immune
function? Is the repertoire of certain isoforms
amplified under infection? Is that due to up-
regulation of the gene or does cell proliferation
play a role? An important question that needs to
be investigated is whether there is specific
proliferation of hemocytes after infection. In this
respect, some differences between crustaceans
and insects might be expected based in what is
known about hematopoiesis in representatives of
both groups. In Drosophila melanogaster, al
circulating adult hemocytes are of larval origin
and a certain part of the larva produced
hemoytes is stored and released under parasite
challenge (Wood and Jacinto 2007). This aspect

Outlook

of Drosophila hematopoeisis invalidates to a
certain extant models proposed for the action of
Dscam as an immune receptor (Boehm 2007)
given that clona amplification of cells
expressing a certain Dscam repertoire has not
been demonstrated. The situation in crustaceans
might be different, given that at least de novo
proliferation of hemocytes in the hematopoeietic
tissue of the cray fish Pacifastacus leniusculus
and of the shrimp Penaeus japonicus has been
suggested (Sequeira, Tavares, and AralaChaves
1996; Soderhall et a. 2003). However, there is
gtill no convincing demonstration of specific
hemocyte proliferation, i.e. production of
hemocytes with properties enhanced by a certain
elicitor.

The observations that there is no generd up-
regulation of the Dscam gene under infection, if
they hold true, are aso puzzling because that
would imply that the total amount of expressed
Dscam does not increase under infection and
perhaps only qualitative changes on the
repertoires of exons transcribed take place.
Could an amplification of certain Dscam
repertoires happen at the level of the soluble
forms produced by hemocytes and/or by the
hematopoietic organs, by maintaining Dscam
expression constant and regulating splicing of
the aternative exons? More experiments are
needed to understand this fundamental aspect of
the immunaobiology of Dscam, namely testing
whether specific proliferation of hemocytes can
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occur, and investigating whether regulation of
dterative splicing during an immune response
takes place. The former could be done by
comparing molecular markers of Dscam or other
genes in new populations of proliferating
hemocytes in control and challenged individuals.
A large crustacean would be possibly the most
suitable model for such experiments given that
hemocyte proliferation seems to occur in these
animals, and large amounts of hemolymph can
be withdrawn. Among insects, bigger species
and living longer than Drosophila or Anopheles
such as the bumblebees, might give additional
interesting insights.

The question of whether aternative splicing
is regulated during an immune response could be
approached by obtaining a robust representation
of all Dscam transcripts expressed in animals
under a parasite challenge compared with
controls. High throughput sequencing techniques
would alow analyzing several replicates which
would strongly enhance the significance of the
results. Daphnia magna would be an ideal model
system for carrying out such experiments given
that genetic and developmental differences
between individuals and replicates can be nearly
entirely controlled by replicating clond
individuals. The use of replicated clones could
further help elucidating whether expression in
brain and hemocytes of control and challenged
animals is arbitrary (replicates would express
different repertoires) or deterministic (replicates
would express similar repertoires). If the

expression of repertoires is arbitrary that would

Outlook

suggest that only Dscam diversity matters but not
the nature of its diversity. Contrarily, if
expression is deterministic it would be an
indication that the exact amino acid composition
of the variable regions is important. This would
have profound implications in our understanding
of the Dscam function in both the nervous and
immune systems.

The present and other studies provided
candidate exons and/or exon associations (Dong
et a. 2006; Brites et al. 2010), whose binding
affinities to different antigens could be tested by
binding in vitro Dscam constructs with a certain
exon composition to different parasites and
pathogens. The strength of binding could be
further assessed by blocking or modifying the
Dscam epitopes supposedly involved in parasite
recognition (Meijers et a. 2007), by using
antibodies and by site-directed mutagenesis,
respectively. Another aspect that needs more
investigation is the function of the Dscam
soluble isoforms. Despite the suggestive
evidences that they might be expressed in
crustaceans besides insects (Chou et al. 2009)
and in Ixodes scapularis and Srigamia maritima,
there is sill no confirmation for that at the
protein level. It also remains to be shown
whether Dscam soluble forms in the hemolymph
bind in vivo to the hemocyte surface Dscam
receptors and to antigens.

There is mounting evidence that at least
some groups of arthropods exhibit immune
phenomena such as specific memory thought to

be unique to vertebrates. Such phenomena could
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be explained by immune priming, a persistent
state of an immune function, specific or not, after
a first encounter with an antigen (Kurtz and
Franz 2003; Sadd and Schmid-Hempel 2006;
Roth and Kurtz 2009) In some cases, the
responses found revealed a high degree of
specificity, implying the  ability for
distinguishing between gram-positive and gram-
negative bacteria or even between strains of a
same parasite (Roth and Kurtz 2009). A
comprehensive view of the immune functions
underlying such responses is lacking but there
are evidences in different taxa for an
involvement of phagocytosis (Pham et a. 2007,
Roth and Kurtz 2009). Therefore Dscam, mainly
due to its extreme ability to generate diversity
and its reported strong effects on phagocytosis,
has been put forward as an exciting candidate for
mediating specific immune responses in
Arthropods (Kurtz and Armitage 2006).
Nevertheless we are still far from understanding
how that could happen. One hypothesis is that
the soluble forms of Dscam, after binding to
foreign epitopes, interact with the Dscam
membrane bound isoforms of hemocytes via
homophilic binding (Meijers et a. 2007). This
could trigger the formation of multiprotein
assemblies that lead to cellular uptake reactions
such as phagocytosis. The amplification of the
response could be a the level of these
multiprotein assemblies which could activate
cellular uptake in other hemocytes where Dscam
homophilic  binding between soluble and

membrane forms would not occur. The

Outlook

interaction of multiprotein assemblies with other
cell adhesion molecules such as hemolin has
been put forward as an important component of
arthropod cellular immune reactions (Schmidt et
al. 2010). Multiproteins assemblies have been
furthermore suggested, to be a possible mean of
generating  specific responses
(Schulenburg, Boehnisch, and Michiels 2007).

Such a scenario could explain how a certain level

immune

of specificity could happen in the absence of
clona expansion of Dscam isoforms elicited by a
pathogen challenge.

The genetic diversification of the Dscam
gene is exploited by the nervous system and
perhaps by the immune system. Immunoglobulin
domains are part of many cell adhesion
molecules of the nervous and immune systemsin
vertebrates and invertebrates (Brummendorf and
Lemmon 2001). But a common usage by both
systems of a high diversity of receptors encoded
by the same locus is a remarkable feature of
Dscam (Du Pasqguier 2005). How did this duality
evolved? Given the conserved role of Dscam in
the nervous system, perhaps the most
parssmonious hypothesis is that diversification
created by duplication and alternative splicing
was initially exploited by the nervous system.
The involvement in immunity might have
appeared later, profiting from expression of
Dscam diversity by hemocytes. That could have
been (could be) advantageous in the context of
cell migration during embryonic development,
and hemocyte circulation in the hemolymph of

adults. But given that in the ancestors of
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pancrustaceans a non variable Dscam was likely
dready used by the nervous system, another
attractive hypothesis is that hemocytes profited
initially from isoform diversity and that was
followed by the involvement in the nervous
system.

The study of Dscam in other basal arthropod
organisms, both by investigating Dscam
expression in different tissues and by inferring
functional constraints from molecular evolution
patterns between different Dscam family
members, will certainly bring interesting insights
into this issues.

Other aspects of Dscam to be further studied
are summarized in Table 1. Dissecting the
function and evolution of this gene will be a
challenging endeavor. However, that might be
rewarded by improving considerably our
understanding of the nervous and immune
systems of arthropods, and our understanding of
how evolution has built this extremely complex
solution to serve these two systems.
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Dscam feature Tobetested

Signalling: Signal transduction pathways
Roleof ITIM and ITAM
Cytoskel eton connections
Role of PDZ motifs

Transmembrane domains: Role of cyteines
Multiprotein associations
Receptor: Isoform specificity
Surface expression
Soluble forms
Cdlular localization
Role inimmunity: Effect of knockout
Binding to antigens and parasites
Kinetics of expression
Alternative splicing
Fat body vs hemocytes
Function in other animal models
Hemocyte circulation
Evolution: Dscam in other arthropods
Dscam in pre-bilateria members
Expression in different phyla
Relationship to other CAMs which form a

horse-shoe structure

Table 1 - Aspects of Dscam to be further investigated, suggested from this and other studies
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