Metamorphosis genes are expressed early during Molgula occulta and Molgula

oculata development

Paul Hausch®® and Billie J. Swalla®®

BEACON Research Fellowship 2011
Summer 2011

alFriday Harbor Laboratories, University of Washington, Friday Harbor, WA 98250
°Department of Biology, University of Washington, Seattle, WA 98195

‘Department of Biology, Ripon College, Ripon, WI 54971

Key Words: Molgula, metamorphosis, genes, Cornichon, Mannose-binding lectin,
Programmed cell death 2 protein, Programmed cell death 6 interacting protein, Selectin-
like protein 2, Tolloid

Contact Information: Paul Hausch
Ripon College
Ripon, WI 54971
Phone: (920) 748-8115
hauschp@ripon.edu

1 Hausch



Introduction

Ascidians and vertebrates share very similar chordate characteristics during their
developmental stages. Since both lineages have highly conserved genomes we are able to
make evolutionary comparisons between the two subphyla at the genome level (Dehal et
al, 2002). By further exploring metamorphosis in the ascidians, we may be able to
develop insight into the evolution of their unusual adult body plan.

Molgula oculata and Molgula occulta belong to the class Ascidiacea, or ascidians.
Ascidians (sea squirts) belong to the subphylum Tunicata (Urochordata) and are known
for their hard cellulose tunic that covers them. Ascidians are part of the clade Chordata,
however, they possess most of the chordate characteristics in the larval stage of
development. Ascidian larvae swim in the larval stage until they find a suitable substrate
to attach themselves. Then, metamorphosis transforms a larval tadpole into a juvenile.
Finally, a stationary juvenile ascidian has become a filter feeder invertebrate with two
siphons, an incurrent and excurrent one (Davidson and Swalla, 2002).

There are a number of genes associated with the process of metamorphosis in
other ascidians, specifically Boltenia villosa (Davidson and Swalla, 2002; Davidson et al,
2003). We found that Molgula oculata and Molgula occulta have very similar genes that
in Boltenia villosa are expressed during metamorphosis. By selecting various
metamorphosis genes in Boltenia villosa, we can observe how and where they are
expressed in the similarly sequenced Molgula oculata and Molgula occulta by using
whole-mount in sifu hybridizations for larvae and juveniles. This will reveal how similar

or different the process of metamorphosis is between the two species.
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The genes I chose are all known to be involved in various events in the
metamorphosis of Boltenia villosa. The first three are Cornichon (Bv-Cni), Programmed
cell death protein 2 (Bv-PCD2), and Programmed cell death 6 interacting protein (Bv-
Aip). The last three immune-related genes are Selectin-like protein 2 (Bv-Sccp?2),
Mannonse-binding lectin (MBL), and Tolloid protein (Ci-BMP1), most similar to the
Ciona intestinalis gene.

In the fly Drosophila melanogaster, the Cni gene along with gurken, determines
the dorsal/ventral and anterior/posterior position of the oocyte in development and may
also be involved in epidermal growth factor (EGF) signaling (Roth et al, 1995). In
Boltenia villosa, Cni 1s most active in the anterior region during larval metamorphosis
where the expression can be seen one hour into metamorphosis. The expression stayed in
the papillary (anterior) region about three days, then the Bv-Cni expression ceased
(Davidson and Swalla, 2001). Also Bv-Cni may help to promote Hemps, which induces
settlement of larvae (Eri et al. 1999; Davidson and Swalla, 2001). The gene sequence is
also very similar to a number of organisms including Homo sapiens.

Programmed cell death 2 or the similar Rp& in rats has been identified to be
involved in programmed cell death (Owens and Cohen, 1992).

Bv-Aip is known to partially regulate apoptosis, or programmed cell death (Vito et
al. 1999). AIP1 working with ALG-2 are found in the cytosol of cells and depend on
calcium to become active in apoptosis. A/P1 may control the expression of ALG-2 in
metamorphic apoptosis.

Sccp? is responsible for signaling lectin proteins to adhere and destroy indentified

pathogens in inflamed tissue (Ley, 2001).
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MBL aids in the protection from various microbial invaders and is responsible for
activating MBL-activated serine protease (MASP) by binding to pathogens. MASP then
sends signals to encode for immune-related proteins active in the lectin pathway
(Takahashi et al, 2008).

The Tolloid protein (Ci-BMP1) function is not well known in Ciona intestinalis.
In Drosophila melanogaster however, tolloid activates the Decapentaplegic (DPP)
complex. The DPP complex in Drosophila melanogaster helps regulate the growth of the
imaginal discs that form the limbs and organs (Finelli et al, 1994). Finelli and colleagues
also explain that the Drosophila fol/loid gene is simililar to the human gene bone
morphogenetic protein 1 (BMP-1), and may interact with DPP (BMP-2 in humans). This
similarity of genes and uses of them shows a high rate of homology and conservation
between organisms.

This study takes metamorphic genes from Boltenia villosa, and observes
expression in Molgula oculata and Molgula occulta, very close relatives with a similar
genome. By looking where and when these genes appear during development, we can
determine what role they play in this developmental stage for tailless ascidians. We will
discuss why these processes occur in ascidians and how these two species have such
different larval morphologies. We also will briefly take a look at what these genes do in
other organisms, specifically deuterostomes, and discuss why they have been conserved
in more specialized organisms over millions of years. Studying the genes of Molgula
oculata and Molgula occulta is important because we can potentially uncover genomic

homologies that will further our understanding about the origins of vertebrates.
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Methods

Molgula oculata and Molgula occulta samples from the Station Biologique in
Roscoff, France were used for sequencing. Genes known to be involved in Boltenia
villosa metamorphosis were selected for Molgula oculata and Molgula occulta testing
(Davidson and Swalla, 2001). Samples were collected in the Swalla lab for the
transcriptomes of the metamorphic genes in Molgula oculata, Molgula occulta, and
hybrids. Sequencing was done at Michigan State University in collaboration with C. Titus
Brown. We could find areas that were highly conserved and sequences for different
alleles by alignment of the gene sequences in Clustal W2 at www.ebi.ac.uk.

The most complete nucleotide sequences of genes were put through BLASTp, to
find the protein sequences. By searching ‘Multiple alignment’ with the protein sequence,
organisms with high conservation of the gene could be identified. These organisms could
be used to compare function of certain genes.

We made half of the primers using the program primer3, and manually making
the other half by choosing from highly conserved sections of the transcriptome

sequences. These primers will be subcloned next and used to make probes for in situs.
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Results

Cornichon (Cni)
Hybrid.38411

In Figure 1, we show the protein alignment between the Molgula cornichon
sequence and other deuterostomes. The alignment shows that this gene is highly
conserved between hemichordates (Saccoglossus kowalevskii), ascidians (Ciona
intestinalis and Boltenia villosa), and mammals (Mus musculus and Homo sapiens). The
time of cornichon expression shows that there is early expression in Molgula oculata,
Mogula occulta, their hybrid, and Boltenia villosa. In B. villosa, cornichon expression is
turned on at the beginning of the embryonic stage, turns off at the end, and then turns
back on in the larval stage for metamorphosis (Table 1). Studies by Castro and colleagues
show that cornichon is involved in TGF-alpha trafficking within the cell and that it is not

involved in transmembrane operations (Figure 2, Castro et al, 2007).

Mannose-binding lectin-like protein (MBL)
M.oculata.3951 M-SL-LP.SOC

The Molgula gene transcriptome of Mannose-binding lectin-like protein,
protein alignment compares ascidians (Polyandrocarpa misakiensis), mammals
(Monodelphis domestica, Mus musculus, and Homo sapiens), and Aves (Meleagris
gallopavo) to the molgula gene sequence and shows that there is relatively high
conservation among the listed deuterostomes (Figure 5). The time of Mannose-binding
lectin-like protein expression shows that there is some late expression in the embryonic

stage for only in the hybrid of Molgula oculata, Molgula occulta. In Molgula oculata and
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Molgula occulta there is no expression seen in the embryonic stage from data we have at
this time (Table 4). The Endoplasmic reticulum Golgi intermediate compartment 53-kD
protein (ERGIC-53) is the homologous gene found in humans, to the molgulid MBL

gene. ERGIC-53 is a L-type lectin because it shares homology to leguminous lectins. It is
a mammalian type 1 membrane protein involved in the secretory pathway by exporting of

a subset of glycoproteins (Kamiya et al, 2008; Nyfeler et al, 2008).

Programmed cell death 2 protein (PDCD2)
oculata.11977 PCD2.SOC

Molgula gene transcriptome of Programmed cell death 2 protein, protein
alignment compares hemichordates (Saccoglossus kowalevskii), actinopterygii (Danio
rerio), ascidians (Ciona intestinalis), and mammals (Mus musculus and Homo sapiens),
to the molgula gene sequence. Excluding areas of insertions or deletions, it shows a
relatively high conservation of the transcriptome among the listed deuterostomes (Figure
7). The time of Programmed cell death 2 protein expression shows that there is some
early expression in Molgula oculata, and the hybrid in the embryonic stage. However, in
Molgula occulta there is no seen expression in the data we have at this time (Table 4). In
humans and other mammals, this gene is expressed in many tissues. It induces apoptosis

in human cells and may protect against lymphoma development (Baron et al, 2010).

Programmed cell death 6 interacting protein (PDCDO6IP)

hybrid.63042 PCD6IP.S
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Molgula gene transcriptome of Programmed cell death 6 interacting protein,
protein alignment shows a relatively high conservation of the transcriptome among
hemichordates (Saccoglossus kowalevskii), ascidians (Ciona intestinalis), reptilia (Anolis
carolinensis), and mammals (Mus musculus and Homo sapiens) (Figure 9). The time of
Programmed cell death 6 interacting protein expression shows that there is some early
expression in Molgula oculata, and the hybrid in the embryonic stage. However, in

Molgula occulta there is no seen expression in the data we have at this time (Table 4).

Selectin-like protein 2 (Sccp2)
hybrid.28816 SLP2.SOC

Molgula gene transcriptome of Selectin-like protein 2, protein alignment
compares ascidians (Ciona intestinalis), amphibians (Xenopus (Silurana) tropicalis), and
actinopterygii (Salmo salar), to the molgula gene sequence. This alignment is less
conserved among the listed deuterostomes (Figure 11). The time of Selectin-like protein 2
expression shows that there is early expression in Molgula oculata, Mogula occulta, and
their hybrid. However, in B. villosa, Selectin-like protein 2 expression is off in the
embryonic stage and only turns on in the larval stage for metamorphosis (Table 2). In
Ciona intestinalis, the Carbohydrate-binding domain in this gene has various functions

such as enzymatic activity, combating toxicity and signaling transduction (GenPept).

oculata.29132 SLP2.SOC

Tolloid

M.ocu.TolloidSOC
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Molgula gene transcriptome of Tolloid (TLD), protein alignment compares
ascidians (Ciona intestinalis), and mammals (Mus musculus and Homo sapiens), to the
molgula gene sequence. This alignment showed the highest level of homology compared
to the other alignments of the molgula metamorphosis genes (Figure 13). The time of
Tolloid expression shows that there is early expression in Molgula oculata, and the
hybrid. In Molgula occulta there is no early expression seen in the data we have so far,
and in B. villosa, Tolloid expression is off in the embryonic stage and only turns on in the
larval stage for metamorphosis (Table 3). In vertebrates, the 7LD-like metalloproteinases
are involved in making the extracellular matrix (ECM). They are important in the
forming the ECM and signaling by TGF-beta-like proteins in morphogenesis. Precursor
proteins are made into functional enzymes, structural proteins, and ECM mineralization
proteins in hard tissues. The vertebrate transforming growth factor-beta (TGF-beta) and
GDF11 (BMP11), can be activated by 7LD-like metalloproteinases as well (Ge and

Greenspan, 2006).
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Discussion

The early expression of metamorphosis genes in the ascidians Molgula occulta
and Molgula oculata is an unusual result compared to the ascidians Boltenia villosa and
Ciona intestinalis.

We see early expression of the metamorphosis gene cornichon in the
embryonic stage for the molgulids as well as Boltenia villosa (Table 1). In Boltenia
villosa, cornichon expression turns on at the beginning of the embryonic stage, turns off
at the end of the embryonic stage, and then turns back on in the larval stage when
metamorphosis begins (Table 1, Davidson et al, 2003). Cornichon is involved in
Epidermal growth factor (EGF) signaling, which lets larvae react to cues for
metamorphosis in Boltenia villosa (Davidson and Swalla, 2001). We may predict that it
has a similar function in other ascidians. Cornichon is involved in TGF-alpha trafficking
within the cell in vertebrates, but not in transmembrane operations (Figure 2, Castro et al,
2007). For this gene we also see high homology among deuterostomes, which may point
toward more similar function among them to be investigated in the future (Figure 2).

We see early expression of the immune-related gene Mannose-binding lectin-
like protein in the embryonic stage only for the hybrid of the two molgulids. In M.
oculata there is no expression seen, and for M. occulta we also do not see expression for
the data we have at this time (Table 4). Mannose-binding lectin-like protein binds to
pathogens, which activates MBL-activated serine protease (MASP) to send signals to
encode for immune-related proteins active in the lectin pathway (Takahashi et al, 2008).

We may predict that it has a similar function in other ascidians. For this gene we also see
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somewhat high homology among deuterostomes, which may point toward some similar
function among them to still be investigated (Figure 5).

We see early expression of the cell-death-related gene Programmed cell death
2 protein in the embryonic stage for M. oculata and the hybrid of the two molgulids. In
M. oculata there is expression seen near the end of the embryonic stage while expression
for the hybrid begins earlier near the middle of the embryonic stage. For M. occulta we
do not see expression in the data we have at this time (Table 4). Programmed cell death 2
protein is involved in human apoptosis and may protect against lymphoma development
(Baron et al, 2010). Since we see relatively high homology in this gene among
deuterostomes in Figure 7, this may point toward some similar function within
deuterostomes.

We see early expression of the cell-death-related gene Programmed cell death
6 interacting protein in the embryonic stage for M. oculata and the hybrid of the two
molgulids. In M. oculata there is expression seen near the end of the embryonic stage
while expression for the hybrid begins earlier near the middle of the embryonic stage. For
M. occulta we do not see expression for the data we have at this time (Table 4).
Programmed cell death 6 interacting protein partially regulates apoptosis in Boltenia
villosa (Davidson and Swalla, 2002). Again we see relatively high homology in this gene
among deuterostomes in Figure 9, which may point toward some similar function within
deuterostomes.

We see early expression of the immune-related gene Selectin-like protein 2, in
the embryonic stage for all the molgulids but not in Boltenia villosa, which is unusual

compared to other ascidians (Table 2). In Boltenia villosa, Selectin-like protein 2
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expression is off in the embryonic stage, but turns on in the larval stage for
metamorphosis (Table 2, Davidson and Swalla, 2002). Selectin-like protein 2 is involved
in fighting toxins, and is involved in transduction signaling in Ciona intestinalis
(GenPept). This function in C. intestinalis may be similar to the function in the molgulids
as well and other ascidians. For this gene we see a lower homology, compared to the
other metamorphosis genes in this study, among deuterostomes (Figure 11).

We see early expression of the immune-related gene Tolloid, in the embryonic
stage for M. oculata and the hybrid of the two molgulids. In M. oculata there is
expression seen near the beginning of devekpoment (3 hours after fetilization) and at six
hours after fertilization, while expression for the hybrid is seen throughout the embryonic
stage. For M. occulta we do not see expression in the data we have at this time (Table 3).
In Boltenia villosa, Tolloid expression is off in the embryonic stage, but turns on in the
larval stage for metamorphosis (Table 3, Davidson and Swalla, 2002). Tolloid activates
the Decapentaplegic (DPP) complex in Drosophila melanogaster, which is partaily
responsible for forming limbs and wings. Also this gene is similar to the human bone
morphogenetic protein (BMP). (Finelli et al, 1994). This gene has the highest homology,
compared to the other metamorphosis genes in this study, among deuterostomes leading
us to think that the function may be very well conserved among many deuterostomes
(Figure 13).

Early expression of metamorphosis of this gene could imply that the molgulid
ascidians are entering metamorphosis early. An early metamorphosis means the larval
stage would be cut short which could lead to many events including the loss of a tail.

With a shortened larval stage, there would be less time for a tail to develop or for gene
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expression of tail/notochord genes. Another idea on tail loss is that cell-death-related
genes that are being expressed early which means they are responsible for the death of

cells that normally form the tail.
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Future studies

There are a number of studies that should be done in the future to uncover more
evidence surrounding the question of tail loss in the molgulid ascidians. The first step in
future studies should be to get the correct size of PCR products. The sizes of the
fragments need to be much closer to the sequence sizes we are expecting to see. Next,
PCR fragments need to be subcloned and linearized to make probes that will be used for
in situs. Then finally get to in situ hybridizations, which will tell us the location of the
genes in the body at a specific time.

Another test to be done would be to inhibit cell-death-related genes in the
mogulids. If we inhibited the cell-death-related genes in the tailless molgulids, then we
could observe if the tail would develop. If the tail did not form then we could say that
these certain cell-death-related genes are not involved in tail loss of the molgulids.
However, if a tail formed then we could say that they are responsible because they are not
destroying the cells that normally form the tail.

We also need to collect the data for the molgulid metamorphosis gene expressions
for after the embryonic stage so we can compare it to gene expression in other ascidians.

Finally we need to collect gene expression data for the genes Programmed cell
death protein 2, Programmed cell death 6 interacting protein, and Mannose-binding

lectin in other ascidians so we can compare this data to the molgulid gene expressions.
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Figure Legends
Figure 1. Molgula gene transcriptome of Cornichon, protein alignment compares
hemichordates (Saccoglossus kowalevskii), ascidians (Ciona intestinalis and Boltenia
villosa), and mammals (Mus musculus and Homo sapiens), to the “unnamed protein”
which is the molgula gene sequence, seclected as the subject of the alignment. The list of
dueterostomes, are listed on the left hand side while their protein sequence is to the right
of them. Predicted transmembrane domains are underlined. The conserved Cornichon
domain is boxed in red.
Figure 2. Molgula gene transcriptome of Cornichon, protein alignment comparing
hemichordates (Saccoglossus kowalevskii), ascidians (Ciona intestinalis and Boltenia
villosa), and mammals (Mus musculus and Homo sapiens). Highlighted sections in green
show conserved motifs in the transcriptome among all the listed dueterostomes.
Figure 3. Drawing of Cornichon location in vertebrates. Cornichon is involved in
moving TGF-alpha proteins from the endoplasmic reticulum (ER) to the Golgi apparatus.
The cornichon product stays within the cell and is not involved in transmembrane
operations.
Figure 4. Molgula gene transcriptome of Mannose-binding lectin-like protein, protein
alignment compares ascidians (Polyandrocarpa misakiensis), mammals (Monodelphis
domestica, Mus musculus, and Homo sapiens), and Aves (Meleagris gallopavo), to the
“unnamed protein” which is the molgula gene sequence, seclected as the subject of the
alignment. The list of dueterostomes, are listed on the left hand side while their protein

sequence is to the right of them.
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Figure 5. Molgula gene transcriptome of Mannose-binding lectin-like protein, protein
alignment comparing ascidians (Polyandrocarpa misakiensis), mammals (Monodelphis
domestica, Mus musculus, and Homo sapiens), and Aves (Meleagris gallopavo).
Highlighted sections in green show conserved motifs in the transcriptome among all the
listed dueterostomes.

Figure 6. Molgula gene transcriptome of Programmed cell death 2 protein, protein
alignment compares hemichordates (Saccoglossus kowalevskii), actinopterygii (Danio
rerio), ascidians (Ciona intestinalis), and mammals (Mus musculus and Homo sapiens),
to the “unnamed protein” which is the molgula gene sequence, seclected as the subject of
the alignment. The list of dueterostomes, are listed on the left hand side while their
protein sequence is to the right of them.

Figure 7. Figure 2. Molgula gene transcriptome of Programmed cell death 2 protein,
protein alignment comparing hemichordates (Saccoglossus kowalevskii), actinopterygii
(Danio rerio), ascidians (Ciona intestinalis), and mammals (Mus musculus and Homo
sapiens). Highlighted sections in green show conserved motifs in the transcriptome
among all the listed

Figure 8. Molgula gene transcriptome of Programmed cell death 6 interacting protein,
protein alignment compares hemichordates (Saccoglossus kowalevskii), ascidians (Ciona
intestinalis), reptilia (Anolis carolinensis), and mammals (Mus musculus and Homo
sapiens), to the “unnamed protein” which is the molgula gene sequence, seclected as the
subject of the alignment. The list of dueterostomes, are listed on the left hand side while

their protein sequence is to the right of them.
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Figure 9. Molgula gene transcriptome of Programmed cell death 6 interacting protein,
protein alignment comparing hemichordates (Saccoglossus kowalevskii), ascidians
(Ciona intestinalis), reptilia (Anolis carolinensis), and mammals (Mus musculus and
Homo sapiens). Highlighted sections in green show conserved motifs in the transcriptome
among all the listed dueterostomes.

Figure 10. Molgula gene transcriptome of Selectin-like protein 2, protein alignment
compares ascidians (Ciona intestinalis), amphibians (Xenopus (Silurana) tropicalis), and
actinopterygii (Salmo salar), to the “unnamed protein” which is the molgula gene
sequence, seclected as the subject of the alignment. The list of dueterostomes, are listed
on the left hand side while their protein sequence is to the right of them.

Figure 11. Molgula gene transcriptome of Selectin-like protein 2, protein alignment
comparing ascidians (Ciona intestinalis), amphibians (Xenopus (Silurana) tropicalis),
and actinopterygii (Sa/mo salar). Highlighted sections in green show conserved motifs in
the transcriptome among all the listed dueterostomes.

Figure 12. Molgula gene transcriptome of 7o/loid, protein alignment compares ascidians
(Ciona intestinalis), and mammals (Mus musculus and Homo sapiens), to the “unnamed
protein” which is the molgula gene sequence, seclected as the subject of the alignment.
The list of dueterostomes, are listed on the left hand side while their protein sequence is
to the right of them.

Figure 13. Molgula gene transcriptome of 7olloid, protein alignment comparing
ascidians (Ciona intestinalis), and mammals (Mus musculus and Homo sapiens).
Highlighted sections in green show conserved motifs in the transcriptome among all the

listed dueterostomes.

22 Hausch



Table 1. Chart comparing cornichon expression in the molgulids to Boltenia villosa. The
Y-axis lists the names of ascidians being compared. The X-axis shows the hours during
development, and is also split into three stages, embryonic, larval, and juvenile. “F+#”
stands for the number of hours past fertilization. “L+#” stands for the number of hours
into the larval stage. “J+#” stands for the number of hours into the juvenile stage. There
are also two events that occur “hatching”, between the embryonic and larval stages, and
“metamorphosis” between the larval and juvenile stages. The green checks mean
expression is found at a certain time. The red dash mean no hits were found when the
gene was being transcribed, more tests need to be completed to be sure that there is
actually no expression at a certain time. That red X means that there is no expression
found at a certain time. The darker circled question marks represent areas where data is
expected to come soon to be added to the chart, and the lighter un-circled question marks
represent a future area of study.

Table 2. Chart comparing Selectin-like protein 2 expression in the molgulids to Boltenia
villosa. The Y-axis lists the names of ascidians being compared. The X-axis shows the
hours during development, and is also split into three stages, embryonic, larval, and
juvenile. “F+#” stands for the number of hours past fertilization. “L+#" stands for the
number of hours into the larval stage. “J+#” stands for the number of hours into the
juvenile stage. There are also two events that occur “hatching”, between the embryonic
and larval stages, and “metamorphosis” between the larval and juvenile stages. The green
checks mean expression is found at a certain time. The red dash mean no hits were found
when the gene was being transcribed, more tests need to be completed to be sure that

there is actually no expression at a certain time. That red X means that there is no
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expression found at a certain time. The darker circled question marks represent areas
where data is expected to come soon to be added to the chart, and the lighter un-circled
question marks represent a future area of study.

Table 3. Chart comparing Tolloid expression in the molgulids to Boltenia villosa. The Y-
axis lists the names of ascidians being compared. The X-axis shows the hours during
development, and is also split into three stages, embryonic, larval, and juvenile. “F+#”
stands for the number of hours past fertilization. “L+#” stands for the number of hours
into the larval stage. “J+#” stands for the number of hours into the juvenile stage. There
are also two events that occur “hatching”, between the embryonic and larval stages, and
“metamorphosis” between the larval and juvenile stages. The green checks mean
expression is found at a certain time. The red dash mean no hits were found when the
gene was being transcribed, more tests need to be completed to be sure that there is
actually no expression at a certain time. That red X means that there is no expression
found at a certain time. The darker circled question marks represent areas where data is
expected to come soon to be added to the chart, and the lighter un-circled question marks
represent a future area of study.

Table 4. Chart comparing Programmed cell death 2 protein, Programmed cell death 6
interacting protein, and Mannose-binding lectin-like protein expression to each otherin
the molgulids. The Y-axis lists the names of ascidians. The X-axis shows the hours
during development in the embryonic stage. “F+#” stands for the number of hours past
fertilization, and hatching occurs at the end of the embryonic stage. The green checks
mean expression is found at a certain time. The red dash mean no hits were found when

the gene was being transcribed, more tests need to be completed to be sure that there is
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actually no expression at a certain time. That red X means that there is no expression
found at a certain time. The circled question marks represent areas where data is expected

to come soon to be added to the chart.
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Figures

unnamed protein e e el SIILNLP 7
Ciona intestinalis 1 MAFTFAAFCYILALVLTAFLIFFAIWQIIAFDELKTDYKNPIDQCNSLNPLVLPEYAIHVFYNLLFLWAFEWLTVLLNLP 80
Boltenia villosa 1 MAFTFAAFCYIAAIILTAFLIFFAIWQIIAFDELKTDYKNPIDQCNSLNPLVLPEYAIHIFFTLLFLWGGEWVTVALNMP 80
Saccoglossus kowalevskii 1 MAFTFVAFCYLLAMILSAVLIFFAIYHIIAFDELKTDYKNPIDQCNSLNPLVLPEYGLHMFFTILFLLAGQFGTVALNMP 80
Mus musculus 1 MAFTFAAFCYMLALLITAALIFFAIWHIIAFDELKTDYKNPIDQCNTLNPLVLPEYLIHAFFCVMFLCAAEWLTLGLNMP 80
Homo sapiens 1, MAFTFAAFCYMLALLLTAALIFFAIWHIIAFDELKTDYKNPIDQCNTLNPLVLPEYLIHAFFCVMFLCAAEWLTLGLNMP 80
unnamed protein 8 LIIYHIYRYANRPVMSTPGLYDPTTVLNADILSYCMKEGWGKLAFYILSFFYYLYRMIYVLVT--- 70
Ciona intestinalis 81 LIAYNVYRYSKRPVMSGPGLYDPTTIMNADILSYCMKEGWGKLAFYLLSFFYYLYRMIYVLVTY-- 144
Boltenia villosa 81 LIGYNVWRYLHRPVMSAPGLYDPTTVMNADVLTYCMREGWCKLAFYLISFFYYLYRMIYVLVTY-- 144
Saccoglossus kowalevskii 81 VIGYNIYRYANRPVMSQPGLYDPTTIMNADVLSRCMKEGWMKLGFFLLSFFYYLYSMIYVLVSSSA 146
Mus musculus 81 LLAYHIWRYMSRPVMSGPGLYDPTTIMNADILAYCQKEGWCKLAFYLLAFFYYLYGMIYVLVSS-- 144
Homo sapiens 81  LLAYHIWRYMSRPVMSGPGLYDPTTIMNADILAYCQKEGWCKLAFYLLAFFYYLYGMIYVLVSS-- 144
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Mo = VRDLV--LKCLLLLFLAAVL--=-—=——— PANENAI----——=——— RRRFEYKHSFKGPHLIQEDLTVPF 50
MAGSRRGGPRAGTRAGPGPLLCVLLLSLSRFSSAQGAGGDPAAGGGAPAATPVPQPHRRFEYKYSFKGPHLVQSDGTVPF 80
MAVSRRRVPQAGAR----SFFCALLLSFSQFTGSDGTGGDAAAPGAA--GTQAELPHRRFEYKYSFKGPHLVQSDGTVPF 74
MAGSRQRGLRARVR----PLFCALLLSLGRFVRGDGVGGDPAVA--=-==-——=—— LPHRRFEYKYSFKGPHLVQSDGTVPF 66
WTLLGDTVAGDDQIRLVPSIRDKKGLAQSHYPFPHQNWEVEVHIRVEGRGKVGADGLAIWYTSAPPELGSVFGSNNHWTG 130
WAHAGNAIPSSDQIRIAPSLKSQKGSVWTKTKAAFENWEVEVTFRVTGRGRIGADGLAIWYTEGQGLEGPVFGSADNWNG 160
—————— AIPSADQIRITTSLKSQKGSVWTKNKSIFEYWEVEVTFRVTGRGRIGADGLAIWFTEEQGMEGPVFGAADKWNG 74
WAHAGNAIPSADQIRIAPSLKSQRGSVWTKAKAAFENWEVEVTFRVTGRGRIGADGLAIWYTENQGLDGPVFGSADTWNG 154
WAHAGNAIPSSDQIRVAPSLKSQRGSVWTKTKAAFENWEVEVTFRVTGRGRIGADGLAIWYAENQGLEGPVFGSADLWNG 146
LGVLLDSFDNDSKLDNPLISVVYNDGTMEFQHGNDGINQYSGSCRFDFRNKPYPVRIKLTYYQEVLTVSYTSGNLPG-DD 209
VGIFFDSFDNDGKKNNPAVVIIGNNGQIQYDHQNDGANQALSSCQRDFRNKPYPVRAKITYYQKTLTVMINNGFTPDKED 240
VGIFFDSFDNDGKX XXX XX XXX —mmm e e e e e e e e - KITYYQKTLTVLINNGFTPDKED 119
VGIFFDSFDNDGKKNNPAIVVIGNNGQINYDHQNDGATQALASCQRDFRNKPYPVRAKITYYQKTLTVMINNGFTPDKND 234
VGIFFDSFDNDGKKNNPAIVIIGNNGQIHYDHQNDGASQALASCHRDFRNKPYPVRAKITYYQNTLTVMINNGFTPDKND 226
————————————————————— AATGAVADDHDVLSFVTWSILD----VQPEDAGLSPEENQQ-QEEYNKNVEEFNKMHED 54
FVTCTTVENIVIPPNYYFGVSAATGGLADDHDVLKFLTWSISD--KNMTEESEGLQEDQRQELMDDYEKNLEDYNRMQDE 287
YELCAKVENMVIPAQGHFGISAATGGLADDHDVLSFLTFQLIEPGKETPAPDKEIPQKDKEKYQEEFEHFQQELDKKKEA 320
YEFCAKVEDMVLPSQGYFGISAATGGLADDHDVLSFLTFQLTEPGKEVPTSDAEIPEKDKEKYQEEFEHFQQELDKKKEE 199
YEFCAKVENMVIPTQGHFGISAATGGLADDHDVLSFLTFQLTEPGKEPPTAEKDISEKEKEKYQEEFEHFQQELDKKKEE 314
YEFCAKVENMIIPAQGHFGISAATGGLADDHDVLSFLTFQLTEPGKEPPTPDKEISEKEKEKYQEEFEHFQQELDKKKEE 306
YKEQHPDQG----IRQPLLEEISGPELQAIFDIQSNVHTDVRSIH-SLMLSLQQQQQTVTNLLQQMDARSSTTTQQQQVP 129
YKSENPDSYQEQRSPEDLYGGAATQELRSVFEIQSAIKKEIRNLAEVVGHMLNQQNNLYEKLDN--ANIGATADGQ---P 362
FQKDHPDI--QGQPAEEIFESVSDRELRQIFEGQNRIHLEIKQLNRQLDMILDEQRRYVSALTEELSKRGPGSPAQ~---L 395
FQKEHPDV QGQPADDPFETVSDRELRQIFEGQNRIHLEIKQLNRQLDMILDEQRRYVSAVTEEIAKRGAAVSGQ Q 274
FQKGHPDL QGQPADDIFESIGDRELRQVFEGQNRIHLEIKQLNRQLDMILDEQRRYVSSLTEEISRRGAGTPGQ P 389
FQKGHPDL--QGQPAEEIFESVGDRELRQVFEGQNRIHLEIKQLNRQLDMILDEQRRYVSSLTEEISKRGAGMPGQ---H 381
PSGGDDNAKNYHIENVMNLQREVIDSLNVLRSTMDTVQSSIIAVSQQVSSSKGTGQQQATGGAGDQYAMQQ~-~---VQROL 205
PAGADDNAKKYHIDNVLNMQRETYDQVKGMRETLGRFEQIMNNMAVQLQQRPKIEGGSNTGTQNS-YEVVQQQQAVNEKL 441
----- GQTPPQELDTVVKTQQEVLRQVNEMKNSMGETLRL---========-~--VSGSQHTGTAGSVYETTQHFNDIKEHL 457
————— GQVSQREIDTVVKTQEEVIKQVNEMKNAMADTLRL-------—--—--—--ISGAQHPGSAVGVYETTQHFNDIKEHL 336
----- GQVSQQELDTVVKSQQEILRQVNEVKNSMSETVRL-=-=========-~--VSGIQHPGSAG-VYETTQHFMDIKEHL 450
————— GQITQQELDTVVKTQHEILRQVNEMKNSMSETVRL-=-=-=-======-~---VSGMQHPGSAGGVYETTQHFIDIKEHL 443
TAVQGDLQALANKKQPT-PQLRCPE-PEMPNCSSIPAVVLIAIVQIIILVIYHQIKSSRENAAKKFF 270

HRIQNDLTVMMQRQPPT-PKLVCPE-PEMPNCISIGVFVAVAVVQVIILIIYHSTRTSREDAAKKFF 506

HVVKRDIEHLIQRNVPSNERPKCPELPPFPSCLSTTHFLIFVAVQTMLFIGYIMYRTQQEAAAKKFF 524

HVVKRDIEHLVQRNMPSNEKPKCPDLPPFPSCLSTMHFFIFVAVQTVLFVAYIMYRSQQEAAAKKFF 403

HVVKRDIDSLAQRSMPSNEKPKCPDLPPFPSCLSTIHFVIFVVVQTVLFVGYIMYRTQQEAAAKKFF 517

HIVKRDIDNLVQRNMPSNEKPKCPELPPFPSCLSTVHFIIFVVVQTVLFIGYIMYRSQQEAAAKKFF 510
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MAANTLKESNTHSDVVLGFLEEAES-WQLLSDQFPSKVGGRPAWLSQSDLPAVSELQCEECKLPAVFLLQVYAPVTEYDR 79
—————————————— MELGFVEEPENTWRLLRCYFPSKVGGKPAWLDPEHLPSVDDMECGCCHKPLVFLLQLYSPNDDKLD 66
MAS-=-=-PI----DTELGFVEKVDC-WRLNSKFFPSKVGGKPSWLRLKNLPAENLLQCHNCKKQCVFLLQVYAPVTEKES 71
MAAAGARP--=-—-~-— VELGFAESAPA-WRLRSEQFPSKVGGRPAWLGAAGLPGPQALACELCGRPLSFLLQVYAPLPGRPD 73
MAAAAPGP---—--— VELGFAEEAPA-WRLRSEQFPSKVGGRPAWLGLAELPGPGALACARCGRPLAFLLQVYAPLPGRDD 73
AFHRTIFIFCCKTDSCYKN-SAGVPVKVFRCQLSKKNNFYPEDAPKYDDKNYISTIKTT----SLKLCDVCGCRGPNHCS 143
CFHRTLFVFCCKTPACYTR-NDSKCFKVFRSQLPRKNEFYPFNPPPDEKPEQPVHDAQV-LGSGLKLCRLCGCLGQKACS 157
SFHRTIFVFCCTNGTCYSSENDAFPFKVFRSMLPKENDYYPADPPDYDEPNAIRECSQF--—-~-— TNLCGLCGNHGVKKCS 141
CFHRTVFIFCCRNPQCYSS-SNSPPIVVFRCQLPRINEFYDFEPPEEKENGGLLSPDDF----GQKLCVVCGCAGPKQCG 146
AFHRCIFLFCCREQPCCAG-=-=-=-~-~ LRVFRNQLPRKNDFYSYEPPSENPPPETGESVCLQLKSGAHLCRVCGCLGPKTCS 147
AFHRSLFLFCCREPPCCAG--=-—-~-— LRVFRNQLPRNNAFYSYEPPSETEALGT-ECVCLQLKSGAHLCRVCGCLAPMTCS 146
RCKKVNYCSKLHQTLHWK-QHKKVCSEISSSEAE-NDLNGLNFATFEIVMEPEIKINEAESKR - 205
RCHSVTYCCKEHQTTDWKQRHKKECLAEASQVSG--ELNSFLFPEWELVTEP--EVIPA-~-- KDELQESPSLDQ 224
RCREVQYCSKDHQVFHWKLLHKYQCSKPKDENNEVEMEKSILFSEKELVIEPEPTAPKKENTE -SEFEN 209
KCHKVTYCSRDHQTVDWRDGHKINCGNQGCEMNV----SKLLFPEYEIVTEAEEYEEPEENEKCEADKMKEYAEFMESEE 222
RCHKAYYCSKEHQTLDWRLGHKQAC-AQPDHLDHIIPDHNFLFPEFEIVIETEDEIMPE-=-=-====== VVEKE-=--=-- DY 212
RCKQAHYCSKEHQTLDWRLGHKQAC-TQSDKIDHMVPDHNFLFPEFEIVTETEDEILPE-=======— VVEME=-=---- DY 211
DELPNNSASLSAADLEQFANAGNKADKYFIEFKEKLNGNHEQVLRYHKSGEPLWCACDGKLKTEDVPLCGSCGGSRIFEF 285
ENIASLNSGLEDSELESMALHETLDSKVFQKFKQRIANEPQQVLRYCRGGSPLWVTAEHVPREEEVPEC-TCGAKRLFEF 303
LKNHIQSGDYTEEELND-AVANVKSDKAFEKFQKQIAVEPEQVIRYQREGSVLWCSSENIPSK--IPSC-ECGAQRQFEF 285
AKSVMKDRGLTDHDLERMALHE--NDEQFTVFQKRINHEPEQVLRYNRGGKPLWVSSENIPKDEEIPAC-QCGAKRKFEF 299
SEIIGSMGEALEEELDSMAKHESREDKIFQKFKTQIALEPEQILRYGRGIAPIWISGENIPQEKDIPDC-PCGAKRILEF 291
SEVTGSMGGIPEEELDSMAKHESKEDHIFQKFKSKIALEPEQILRYGRGIKPIWISGENIPQEKDIPDC-PCGAKRIFEF 290
EIMPQLLNYLNIDQGF-TDGIDWGVITIYTCKNSCLIKSDGYTSEYAHVQNFS--——-— 337
QIMPQLLNHLKVDST--DASIDWGTVAIYTCAESCDQ-GNKYSPEFIWKQDFSGDQAE 358
QIMPQLLNHLKVDHSIEGPTIDWGTVAIYTCHDDCNI--SPYIKEYCWLQHFSKEAI- 340
QIMPQLLIHLNVDSI--GESLDWGTLGIYTCSDSCD-~-GISYHQEYVWKQDYSNGNK- 352
QVMPQLLNYLKADRL--GKSIDWGILAVFTCAESCSL-GTGYTEEFVWKQDVTDTP~-~- 344
QVMPQLLNHLKADRL--GRSIDWGVLAVFTCAESCSL-GSGYTEEFVWKQDVTDTP-- 343
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————————————————————— TGIRPSIGORTRLSEGDIAQAKKLYQCPK
ARNTFSKGMFLDTIRPMVDQETGMRPSIGORTQLSEGDVIQANKLYSCPT

LKakKkgkkkKk  gkkgkkg Kk KkKk  kk

CEETLODTTENFSAPGFPNGYPSYSHCVWRISVTPGEKIILNFTSMDLFK
CGETLODTTGNFSAPGFPNGYPSYSHCVWRISVTPGEKIVLNFTSMDLFK
CGRTLODTSGNITSPDWPETYPNYAHCEWRISVTPGEKIVLDETTMDIYL
CGSTMOSTTGNISSPNWPASYPAYSNCEWRISVTPGEKIVMDETSLNIFR

kKk kyk kakkggak, 3k Kk kgak Kkkkkkkkkkkgaaikkziaag:
SRLCWYDYVEIRDGYWRKAPLLGRFCGDKIPESLVSSDSRLWVEFRSSSS
SRLCWYDYVEVRDGYWRKAPLLGRFCGDKIPEPLVSTDSRLWVEFRSSSN
SRGCWYDFVEVRDGHWNDSPMIGRYCGTTLPAQITSSDSRLWIKEFRSTTN
SRGCWYDYIEIRDGHWERSPLIGRYCCGNNLPPQITSTDSRIWMKERSTSN
kh kkkkgakakkkgk, gkgakkgkk gk s kpkkkgkgakkkgg
SLEGKGFFAVYEAMCGGDITKDAGOIOSPNYPDDYRPSKECVWRITVPDGF
ILGKGFFAAYEATCGGDMNKDAGOIOSPNYPDDYRPSKECVWRIMVSEGF
HEGRGFALKYEAMCGGDIVKSSGOIOSPNYPDDYRPSKECVWRVVVPEGY
FNGSGFRLRYEAVCGGDIRRNSGOTOSPNYPDDYRPSKECIWTVVVDEGY

* Kk k kkk kkkkg g gkkkkkkkARAkhkkkkKkkk Rk 3 K gk
HVGLTFOSFEIERHDSCAYDYLEIRDGPTEDSTLIGHFCGYEKPEAVKSS
HVGLTFOAFEIERHDSCAYDYLEVRDGPTEESALIGHFCGYEKPEDVKSS
TVGLNFOVFEIERHDTCAYDYLEIRDGDSENDKLIGRFCGYEVPEKIQSK
QVGLSFOAFKVERHDTCSYDYLEVRDGPNATSELIGRFCGSDRPDDIKAT

Kokk Kk kgakkkkgkgkkkkkghkk kkkgkkk 3 kg

ANRLWVKFVSDGSINKAGFAANFFKEVDECSWPDHGGCEQRCVNTLGSYT
SNRLWMKFVSDGSINKAGFAANFFKEVDECSWPDHGGCEHRCVNTLGSYK
YNRLWIKFVSDGSVNKAGFAANFFKEIDECLGENE--CAQVCVNTLGSYK
TNTLWIKEFVSDASVNKAGFAASFFKERDECALESNGGCQQKCINTLGSFK

K okkgkkkkk Kgkkkkkkk Kkkk kkk .. * g kgkkkkkg
CACDPGYELAADKKTCEVACGGFITKLNGTITSPGWPKEYPTNKNCVWOV
CACDPGYELAADKKMCEVACGGFITKLNGTITSPGWPKEYPTNEKNCVWOV
CECNPGFELNSNGRTCDAACGGFLSNLDGYITSPNWPSEYPFNKQCTWOT
CACYPGYELSRDGMTCEAACGGYVTTPDGEITSPNWPREYPTNKQOCIWOT
* ok kk g kK : kg kkkkgga, 3k kkkk _kk kkk Kkgk kkg
VAPVOYRISLOQFEAFELEGNDVCKYDFVEVRSGLSPDAKLHGKFCGSETP
VAPAQYRISLQFEVFELEGNDVCKYDFVEVRSGLSPDAKLHGRFCGSETP
VAPLOHKISIKFEEFDVEGHDVCKYDYVEVRSGLEEDSPINGKYCGKTLP
VAPPOHRITIEFDKFELEGNEVCKYDYVEVRSGLTDESTFHGKFCGTELP

*kKk kg

saky KppkkgakkkkkghkkkkAk Rk s

EVITSQSNNMRVEFKSDNTVSKRGFRAHFFSDKDECAKDNGGCQQECVNT
EVITSQSNNMRVEFKSDNTVSKRGFRAHFFSDKDECAKDNGGCQHECVNT
PIITTSGNQMRITFKSDDTVAQRGFRIKYFSDMDECAADNGGCQQODCVNT
PVITSTINQMRIKENSDDTVAKRGFRIRFTSDRDECAVRNGGCMHVCVNT

sk kgkky kykkgkkgphkkkk g3 kk kkkk  kkkk 3 Kkk*k
FGSYLCRCRNGYRLHENGHDCKEAGCAYKISSAEGTLMSPNWPDKYPSRK
FGSYLCRCRNGYWLHENGHDCKEAGCAHKISSVEGTLASPNWPDKYPSRR
IGSYSCSCRNGFVIHEDGHGCKEAGCENEIVAAVGEITSPNWPNKYPSRR
VGSYMCSCRNGYVLHSNGHGCKEAGCEHDVTSYVGEITSPNWPNKYPSRK
LKKkK K kkkkgy gk gkk Kkkkkk ) kg kkkkkghkkkokg
ECTWNISSTAGHRVKITFSEFEIEQHQECAYDHLELYDGTDSLAPILGRF
ECTWNISSTAGHRVEKLTFNEFEIEQHQECAYDHLEMYDGPDSLAPILGRF
ECTWHLSTTPGHRVKVVENEFDVEFHDECTYDHLELYDGKNADNESLGKF
ECTWHISTIAGHRVKLVENEFELESHPDCAYDHLELYDGSNSTAPILGRY

Kkkkgaky _Kkkkkg Kk Kkgik Kk ghkgkkkkkghkk g *kg

CGSKKPDPVVATEGSSLFLRFYSDASVQRKGFQAVHSTECGGRLKAEVQTK
CGSKKPDPTVASGSSMFLRFYSDASVQRKGFQAVHSTECGGRLKAEVQTK
CGTKKPPTVVATGNEMFMKFFSDASVTKRGEFSATHATECGGELTAGVRMQ
CGSKKPSSVVASGIHMFVKEFSDASVQKRGFSASHTTIVCGGSLNASARTK
Kk g kKK | kkgk shgakpkkkkk gakk Kk Kkgk Kkk Kk Kk 3 3
ELYSHAQFGDNNYPSQARCDWVIVAEDGY--GVELIFRTFEVEEEADCGY
ELYSHAQFGDNNYPSEARCDWVIVAEDGY--GVELTFRTFEVEEEADCGY
KIYSHPOYGDNMYISGQDCDWVISSDEAYGVGIELDFALFEIEGEDDCSY
DLFSHPOYGDTIYVNGRECDWVITASNGY--GVELMFRAFEVEDETDCSY
Lrakk kakk | Kk KkkkKk 3 3.k Kakk k Kkkgk ok Kk K
DFMEAYDGYDSSAPRLGRFCGSGPLEEIYSAGDSLMIRFHTDDTINKKGE
DYMEAYDGYDSSAPRLGRFCGSGPLEEIYSAGDSLMIRFRTDDTINKKGE
DFVEVYDGDSDSASRMGRYCGSDSPPRLLSSGRSIMIRFHSDDTINKKGE
DFVEVFDGPTDSAVRFGRFCGYESPDTIFSSGDSLLVREFHSDDTVNKKGE

kpak, g kK Lk kgkkgkk s okgk kggakkgakkkghkkokkok

HARYTSTKFQDALHMRK---- 988

HARYTSTKFQDALHMKK---- 1078

EARYTTTQIEDVNSI-----— 692

QASYSSTVLQDTVSLVQVNAA 1215
* kgak g% .

36

323
413

546

373
463

596

423
513
129
646

473

179
696

573
663
2717
796

623

327
846

673
763
377
896

723
813
427
946

773
863
4717
996

823
913
527
1046

873
963
577
1096

921
1011
627
1144

971
1061
677
1194
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M. oculata

hybrid

M. occulta

B.villosa

Table 1.

M. oculata

hybrid

M. occulta

B. villosa

Table 2.

Cornichon Expression

o

?

I?

?

7

R R

v

?
?
2

?
?
=

K.
21?2
?17
viv

F+3

F+4

Embryonic

?
?
VX

L+11

Larval

?
?
v

J+96

J+192 | J+480

Juvenile

Hatching

t
Metamorphosis

Hours

(= Expression
=== No hits

— No
Expression

Selectin-like protein 2 Expression

v

v'|7?

f?

f?

f?

?

XKNKK

?
?
v

?
?
=

2 [ 2
21?2
?17?
vyiv

F+3

Embryonic

viv
X|X

?
?
v

L+11

Larval

?
?
v

J+96

J+192 J+480

Juvenile

Hatching

+
Metamorphosis

Hours
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(= Expression
=== No hits

— No
Expression
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Tolloid Expression

M. oculata ( ] ( ’? ? ? ? ? ’?
hybrid(((??????
M.occulta | ’? ? ? ’? ? ?
o | XXXV IV
F+3 F+4 F+6 L+2 L+11 J+1 J+96 J+192 J+480
Embryonic Larval Juvenile
Hatching Metamc;rphosis (: Expression
Hours :
=== No hits
_ No
Expression
Table 3.
Programmed cell Programmed cell Mannose-binding
death 2 Expression death 6 Expression lectin Expression

M. oculata I | I | I | N |

V==lv
o A4 | Y
O=00

M. occulta |

F+3 F+3 F+3 F+4 F+6
Embryonic Embryonic Embryonic
Hours ,
(= Expression
=== No hits

Table 4.
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