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The adaptive immune response in jawed vertebrates is marked by the ability to diversify
somatically specific immune receptor genes. Somatic recombination and hypermutation
of gene segments are used to generate extensive repertoires of T and B cell receptors.
In contrast, jawless vertebrates utilize a distinct diversification system based on copy
choice to assemble their variable lymphocyte receptors. To date, very little evidence for
somatic immune gene diversification has been reported in invertebrate species. Here
we show that the SpTransformer (SpTrf; formerly Sp785/333) immune effector gene
family members from individual coelomocytes from purple sea urchins undergo somatic
diversification by means of gene deletions, duplications, and acquisitions of single
nucleotide polymorphisms. While sperm cells from an individual sea urchin have identical
SpTrf gene repertoires, single cells from two distinct coelomocyte subpopulations
from the same sea urchin exhibit significant variation in the SpTrf gene repertoires.
Moreover, the highly diverse gene sequences derived from single coelomocytes are
all in-frame, suggesting that an unknown mechanism(s) driving these somatic changes
involve stringent selection or correction processes for expression of productive SpTrf
transcripts. Together, our findings infer somatic immune gene diversification strategy
in an invertebrate.

Keywords: somatic gene diversification, SpTrf, Sp185/333, single cell,immune system evolution, sea urchin, whole
genome amplification (WGA), somatic recombination

INTRODUCTION

The Transformer (Trf, formerly known as 185/333) genes encode a family of highly diverse immune
effector proteins in sea urchins (1-3). All Trf genes consist of two exons with the first exon
encoding the leader and the second exon encoding the mature protein. The second exon has a
mosaic structure composed of blocks of conserved sequences termed elements, that are either
present or absent in different members of the gene family, creating defined element patterns
(Figure 1) that are the major source of diversity in gene sequence and size (4, 5). In a screen
of a genome library of the California purple sea urchin, Strongylocentrotus purpuratus, 15 SpTrf
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gene family members were identified in three clusters of
tightly linked genes, including duplicated genes with 2-6 almost
identical copies (6, 7). Previous estimates of the gene family
size suggested ~50 members (8). However, the number of genes
and their composition significantly varies in the sea urchin
population (9). Accordingly, different sea urchin genotypes
express different subsets of SpTrf transcripts (8, 10) and
protein repertoires (11). The SpTrf protein variants maintain
an overall conserved structure of a glycine-rich region with
a protein multimerization motif followed by a histidine-rich
region, and a C-terminal region (4, 10, 12). The protein sequences
have no predictable secondary structure (1, 3). In accordance,
a recombinant SpTrf protein, rSpTrf-El, is an intrinsically
disordered protein, which transforms to o helical upon binding
to different pathogens and cell membrane-associated motifs (12—
14). Native SpTrf proteins opsonize bacteria, which augments
phagocytosis and retards growth for some species of bacteria
(12, 15). The SpTrf immune effector arm is highly responsive
to immune challenge. Upon injection with pathogen associated
molecular patterns (PAMPs) (8, 10) or Vibrio diazotrophicus
(15), both SpTrf transcripts and SpTrf protein levels increase
dramatically (10, 11, 16, 17). At the same time, the concentration
of SpTrf-positive (SpTrf™) cells in the coelomic fluid (CF)
increase (18). The SpTrf transcript repertoire shows a broad
range of transcript sizes in coelomocytes prior to immune
challenge, which changes toward a single size in response
to immune challenge (10), suggesting functional specificity of
individual SpTrf variants to particular targets.

Analysis of the SpTrf gene repertoire in individual
coelomocytes from purple sea urchins shows that each cell
contains SpTrf transcripts of a single sequence, suggesting
expression of a single SpTrf gene per cell (19). As a follow-up
to this finding, we tested the hypothesis that this restricted
expression is the outcome of modifications in the genomic
structure and gene content of the SpTrf gene family in individual
coelomocytes. Our results suggest several types of SpTrf gene
diversification within subpopulations of sea urchin coelomocytes
including gene deletion, duplication, and single nucleotide
polymorphism. We hypothesize that this diversification strategy
is unique and beneficial for the survival of sea urchins because
it broadens the array of immune effector proteins that are
produced and bind a wider variety of pathogens and initiate
mechanisms of immune protection.

RESULTS

The Proportions of SpTrf* Cells Increase in

Response to Immune Challenge

We focused on two immune-relevant populations of sea urchin
coelomocytes, (i) cells that expressed SpTrf proteins on their
surface that likely consisted of small phagocytes (18). These
cells could be isolated by fluorescence activated cell sorting
(FACS) based on anti-SpTrf antibodies. (ii) SpTrf-negative
red spherule cells were isolated by FACS based on their far-
red auto-fluorescence. Red spherule cells contain the pigment
echinochrome A in cytoplasmic vesicles and shows antimicrobial

activity upon exocytosis (20). To test whether immune challenge
with heat-killed Vibrio diazotrophicus, a marine bacterial
pathogen (21), induces a cellular immune response, we measured
the relative concentrations of SpTrf™ coelomocytes and red
spherule cells in the CE before challenge as well as on days
1, 2, and 14 post-challenge (Figure 2). These time points were
chosen based on previous studies showing increase in the SpTrf
transcripts levels at 1-2 days post-challenge [e.g., Terwilliger et al.
(10)]. As expected, the percentages of SpTrft cells within the
coelomic fluid of the three tested sea urchins sharply increased
within the first day, with the highest value measured at 2 days post
challenge, followed by a decrease to the basal level after 14 days
(Figure 2E). This pattern was in agreement with results reported
previously (18, 19). Furthermore, at all time points there were
wide variations in the intensity of the SpTrf protein expression
among different SpTrft cells (Figures 2A-D, 4E). On the other
hand, the percentages of the red spherule cell population in the
CF in response to V. diazotriphicus showed no significant change
over the same time period (Figure 3). These results reflected a
typical immune response of sea urchins to the Vibrio pathogen
and provided an experimental basis for additional investigation.

Single Coelomocyte Genomes Contain
Different SpTrf Gene Repertoires

To determine whether individual sea urchin coelomocytes
undergo changes in the numbers of their respective SpTrf gene
family members, we employed FACS to sort and isolate single
small phagocytes and single red spherule cells, which were
confirmed by visual inspection (Figure 4). Cells from each cell
population from three sea urchins were sorted at three time
points relative to challenge (days 0, 1, and 2). Single sperm
were isolated from the same three sea urchins using limiting
dilution followed by visualization of sperm by live/dead staining
with Hoechst and propidium iodide (see materials and methods).
All single cells were processed directly for whole genome
amplification (WGA) by the multiple displacement amplification
method (22). Genomic DNA from 19 of 54 sorted coelomocytes
that included 10 small phagocytes and 9 red spherule cells
plus 30 of 36 isolated sperm cells were amplified successfully
based on the following parameters: (i) WGA products were
observed as smears of DNA fragments by gel electrophoresis
with a majority of amplified fragments of ~20kb (Figure S1),
(ii) The control gene, SP)GAPDH (genebank ref. XM_775023.4),
was amplified successfully by PCR from all single cell WGA
products (Figure 5B), and (iii) SpGAPDH amplicon sequences
originated from the same genotype were identical or differ in only
one nucleotide (Figure S2). The amplified genomes from single
cells were used to characterize the SpTrf gene repertoires using
degenerate primers (F2/R9; Table S1; Figure 5A). Because the
second exon is highly variable in sequence and size (8), a series
of different SpTrf gene amplicons was obtained for individual
cells (Figure 5B). Amplicons from individual sperm cells from
the three sea urchins consisted of six or seven bands and
appeared identical for all sperm cells collected from individual
animals, but differed slightly in number and length among
the animals (Figure 5B, bottom panels). This suggested distinct
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FIGURE 1 | The SpTif genes have a variety of element patterns. Element patterns identified for the genes amplified and sequenced in this study are shown. Elements
are presented as rectangles of different colors. Element 10, which has very diverse sequence among genes, defines the gene name (4). This figure is based on data
from Buckley and Smith (8).
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FIGURE 2 | The percentages of SpTrf* small phagocytes in the coelomic fluid increase in response to Vibrio challenge. Three adult sea urchins were injected with
heat-killed Vibrio diazotrophicus. Coelomic fluid (CF) was collected prior to injection (day 0) and after injection on days 1, 2, and 14. (A-D) Cells were incubated with a
mix of three anti-SpTrf (formerly anti-Sp185/333) primary antibodies followed by incubation with a secondary antibody labeled with Alexa Fluor 488 (AF-488) to
identified SpTrfT cells. Nuclear staining with propidium iodine was used to exclude dead cells. Results for sea urchin 1 are shown. Percentages of live SpTrit
coelomocytes from animal 1 at all time points are shown within the rectangular gate. SpTrft coelomocytes increase to the highest recorded level on day 2 post
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challenge and return to the basal level by day 14. (E) The mean of the percentages of SpTrft coelomocytes for the three individual animals at different time points are
shown. Differences in the percentages of SpTrfT cells over time for the individual animals were significant by Anova two factor analysis (o < 0.05). Additionally, the day

2 time point was analyzed compared to days 1 and 14 time points using Anova single factor (*indicates p < 0.05). Vertical bars indicate standard errors.

gene repertoires in different sea urchin genotypes, which was
in agreement with previous reports (4, 6, 8). In contrast, most
single coelomocytes exhibited diverse amplicon patterns when
compared within one animal or among animals (Figure 5B,
top panels).

The SpTrf amplicon patterns from single coelomocytes
differed from the patterns derived from the corresponding
sperm cells, both in number and relative intensity. Most single

coelomocyte samples were deficient for one or more amplicons
of specific sizes, suggesting the absence of SpTrf gene(s) of
specific sizes from their respective genomes. For example,
small phagocyte #4% from animal 3 had amplicons of ~0.7
and ~0.8 kb, whereas the sperm samples from animal 3 had
at least four additional amplicons of larger sizes (Figure 5B).
Amplification of genomic DNA isolated from ~10° coelomocytes
from each animal, resulted in a pattern which included all
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FIGURE 3 | The percentages of red spherule cells in the purple sea urchin coelomic fluid does not change in response to Vibrio challenge. Three adult sea urchins
were injected with the heat-killed marine bacterial species, Vibrio diazotrophicus. Coelomic fluid was collected before injection (day 0) and post injection at days 1, 2,
and 14. Cells were labeled with propidium iodine to exclude dead cells. Red spherule cells were gated by their far red auto-fluorescence (APC channel). (A-D)
Percentages of live red spherule cells from animal #1 at all time points (within the rectangular gate) in the coelomic fluid over 14 days post challenge. (E) Percentages
of red spherule cells in the total live coelomocyte population of the three animals tested. Differences in the red spherule cell percentages over time were not significant
by Anova two factor analysis. Standard deviation is indicated by vertical bars.

bands observed collectively in the individual coelomocytes
(Figure 5B, lanes labeled C). Variations in amplicons among
coelomocytes were observed for both red spherule cells and
in the small phagocytes at all time points before and after
the immunological challenge suggesting that both coelomocyte
populations contained modified SpTrf gene repertoires.

SpTrf Gene Sequences Vary Across
Genotypes and Between Germline and

Coelomocytes

To verify that the single cell amplicons were SpTrf gene
sequences and to compare sequences among coelomocytes
and sperm, amplicons from one sperm and one coelomocyte
from each of the three animals were cloned and sequenced.
The amplicon sequences were compared and categorized based
on published SpTrf gene sequence alignments and naming
convention (8, 10), according to their element patterns (Figure 1)
(8). Sequences were aligned automatically with subsequent
editing manually to achieve an optimal alignment (Figure 6).
Aligned amplicon sequences identified 12 different categories
that differed in lengths and element patterns. All amplicon sizes
that were observed by gel electrophoresis matched the lengths
of the amplicon sequences (i.e., for each band size we found at
least one matching sequence size). The element patterns from
the three sea urchins were further sub-categorized according
to variations in sequence that was based on single nucleotide
polymorphisms (SNPs) resulting in 54 unique sequences of which

48 were identified more than once (~86% redundancy). The
numbers of unique sequences were similar among animals (17-
19 per animal), however, the number of sequence variants per
element pattern ranged from 1 to 15 (Table S2). In accordance
with previous results (1, 8), no shared SpTrf gene sequences were
identified among animals (Figure 7A). When gene sequences
were compared among cells from individual animals, one to four
sequences were shared between the coelomocyte and sperm cell,
while 15 to 17 were unique to either the coelomocyte or the
sperm (Figure 7A). This included both unique element patterns
and unique sequences (or sub-categories) of the same element
pattern. Three to six unique element patterns identified in sperm
were not identified in the coelomocyte for individual animals
(Figure 7A, underlined).

To verify the SpTrf gene sequence diversity for the single
cell samples and to estimate the SpTrf gene copy ratios between
single coelomocytes and sperm, we performed qPCR on the
WGA samples. We used four to five primer pairs that were
specific for sequences of one or more SpTrf genes for a given
animal, as well as primer pairs that targeted all gene sequences
derived from each of the animals (Table S1). The gene amplicons
were normalized to the single copy gene SpGAPDH and then
gene copy ratios were calculated for single coelomocytes relative
to single sperm for each animal. Most (14 of 17) of the amplified
SpTrf gene amplicons were present at lower copy numbers
in coelomocytes compared to sperm. The three exceptions of
17 cases showed the opposite with ratios above 1 (Figure 7B,
red bars; Table S2). No amplification signal was detected for
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FIGURE 4 | Sorting and isolation of single cells from two coelomocyte sub-populations and from sperm for WGA. Small phagocytes that express SpTrf on their
surface and red spherule cells were sorted from animals 1-3 pre-challenge on day 0 as well as on days 1 and 2 post-challenge with Vibrio diazotrophicus. Sperm cells
were collected directly from the gonopores of the same sea urchins. (A) Coelomocytes were gated from debris based on forward scatter (FSC) and side scatter (SSC).
(B) Live cells were gated for propidium iodide (Pl) exclusion and for surface staining of anti-SpTrf and secondary antibody conjugated with Alexa Fluor 488 (AF-488).
(C) Live cells incubated with the secondary antibody alone did not show AF-488 staining. (D) Red spherule cells were gated based on their natural far-red
auto-fluorescence (allophycocyanin channel; APC). Single cells with high auto-fluorescence were sorted and observed post-sorting by light microscopy (inset). (E) Live
cells with high surface SpTrf protein levels were gated based on the AF-488 fluorescence of the secondary antibody. Single cells were sorted and observed
post-sorting by fluorescence microscopy (inset). (F) No cells were recorded in the same gate as in (E) for the sample incubated with the secondary antibody only. This
demonstrated that all cells within the gate in (E) had SpTrf on the surface and were likely small phagocytes. (G) Sperm cells were obtained by electric shock
stimulation (16-20 mA), diluted to 1 x10° cells/ml, stained with Hoechst 33342 and serially diluted to 0.25 cells/pl. (H) Single cells of each type were isolated either by
FACs or manually into 4 pl of 3.3X PBS in a 384-well plate, observed under epifluorescent microscope, and subjected to WGA using the multiple displacement
amplification with the REPLI-g single-cell kit (Qiagen). The scale bars in the insert figures in (D,E) are 10 pm.

coelomocyte gene variants G2-1 (animal 1), 0I-2 (animal 2),
and A4-1 and DI-9-12 (animal 3) (Figure 7B, indicated as
“X”). These missing gene variants in the coelomocyte samples
corresponded to missing bands in the SpTrf gene amplicon
results (Figure 5). Because the WGA procedure may cause
bias in gene representation, we used the same primers to
amplify the SpTrf genes from genomic DNA isolated from
multiple coelomocytes and multiple sperm (~10° cells) from
the same three animals, which was not processed for WGA
prior to qPCR. In general, the predicted SpTrf gene copy
number ratios for multiple coelomocytes compared to multiple
sperm cells did not match those calculated for single cells from
respective animals and was lower than 1 in all but two cases
(Figure 7B; blue bars). Taken together, these results suggested
modifications to the SpTrf gene family within individual

coelomocytes giving rise to distinct subsets of SpTrf genes in
individual cells.

SpTrf Genes Maintain Open Reading
Frames That Are Selected for

Diversification

In spite of the prediction for gene diversification and local
genomic instability in the SpTrf gene family, which has tightly
linked members that are associated with multiple types of repeats
(6,7,9), only a single pseudogene has been identified of 198 genes
that have been sequenced (6, 8). In accordance with published
SpTrf sequences, all single cell amplicon sequences from the
three animals had full-length ORFs encoding 224 to 440 amino
acids in the second exon without frameshifts or early stop codons
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FIGURE 5 | The SpTrf gene family profile is different among single coelomocytes. (A) The standard structure of an SpTrf gene shows the locations of F2 and R9
degenerate primers that were used to amplify most of the second exon. This figure is modified from (6). (B) SpTrf gene amplification profiles from single coelomocytes
and single sperm from three sea urchins that were processed for WGA. The upper panel shows the amplicon patterns from individual coelomocytes from three
animals. Both single red spherule cells (red numbers) and single small phagocytes (black numbers) show variable sizes of the SpTif gene amplicons. Circled lane
numbers indicate samples for which amplicons were sequenced and include one coelomocyte and one sperm from each animal. Superscript letters associated with
lane numbers indicate the time after immune challenge with Vibrio diazotrophicus: A4 day post challenge; B2 days post challenge. The controls (C) for each of the
three sea urchins show amplicons from ~1 (o coelomocytes that were not processed for WGA. The lower panel shows the amplicon patterns of 10 single sperm cells
from each animal. Sp GAPDH is a single copy gene that was employed as the positive control for all samples to verify that genomic DNA after the WGA process would

support PCR.

(Figure S3). The lack of pseudogenes in this family suggests the
existence of a regulatory mechanism for maintaining accurate
reading frames in gene sequences during diversification (6, 7).
A total of 2251 SNPs (varients) were identified of which 466
showed variation frequency above 0.25 (Figure $4). To elucidate
whether SpTrf nucleotide sequence diversification effected the
deduced SpTrf protein sequences within single coelomocytes,
sequence diversity (or entropy) was calculated for sequences of
the same length and element pattern from the single cells for each
of the three animals. We note that because most element pattern
sub-categories from the three genotypes contained only a few
sequences, or even a single sequence, traditional dN:dS analyses
could not be performed. The diversity ratios for different element
patterns were 1.21 to 2.1 (Table 1) suggesting an overall high ratio
of non-synonymous to synonymous nucleotide polymorphisms.
Specific positions under positive selection were identified using
the likelihood ratio test (LRT) based on the SpTrf sequence
alignment. The distribution of SNPs was spread across the
sequences with overall positive selection at 13 sites based on
significant LRT results (p < 0.1) (Figure S5). Results did not
indicate hypermutated regions in the sequences in accordance
with (8).

SpTrf Genes of Different Element Patterns

Cluster Into Separate Phylogenetic Clades

To determine the phylogenetic relationships and evolutionary
distances among the SpTrf genes from the single cells of
the three animals, unrooted phylogenetic trees with calculated
evolutionary distances were generated based on the SpTrf gene
alignment (Figure 8). All phylogenetic trees that were produced
using different phylogenetic approaches showed the same seven
distinct clades. While the relationships among the clades were
not always supported (i.e., had low bootstrap values), all clades
were composed of a single element pattern (i.e., E2, B3, C3) or
two very similar element patterns (i.e., 01/02, D1/D5, A/G). One
exception was the clade composed of both E2 and 01/02 element
patterns that included sequence C3-E2-14, which grouped within
the 01/02 clade. The E2 element pattern sequences were separated
into two distinct clades suggesting two E2 subtypes. One E2 clade
was paraphyletic to the D1/D5 clade and consisted of sequences
from a single genotype (animal #2), while the other clustered with
the 01/02 clade and contained sequences from all three genotypes.
A tendency toward sequence clustering according to genotype
was recorded within clades, however no clear segregation was
observed for sperm sequences (indicated with an S in the gene
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FIGURE 6 | The alignment of single cell derived SpTif gene amplicon sequences indicate different element patterns and SNPs. All sequences were aligned using
Bioedit software (46). The initial alignment was done with ClustalW on the deduced amino acid sequences, which was reverted to nucleotide sequences and
optimized manually. The sequence identity level (percent identity) for each position is indicated at the top. Horizontal gray rectangles show regions of matching
nucleotides in which SNPs are indicated as vertical black lines. Gaps are shown as black horizontal lines and indicate missing elements. Sequence names indicate
source based on sperm (S), coelomocytes (C), or both (M), followed by element pattern, and sequence version number. Detailed alignment is presented in Figure S4.

names) relative to those derived from coelomocytes (indicated
with a C).

The structure of the tree and organization of gene clades
indicated different genes in the basal vs. terminal clades
suggesting a theoretical estimate of the evolutionary history of
this family in the sea urchin population. It is noteworthy that the
A/G genes with the longest sequences, were positioned basally,
and the 0 genes of the shortest sequence, plus a subset of the E
genes were positioned in a terminal clade (Figures 1, 8). The C,
D, B, and a subset of the E genes, grouped in two sets of sister
clades (B and C, E, and D), that were of intermediate length and
positioned within central clades. Overall, the E pattern sequences
were spread across longer evolutionary distances (Figure 8),
suggesting higher diversification rates that may be relevant to the
E pattern genes and their elevated expression levels relative to
the other genes (10). Whether this organization suggests that the
long genes are more ancestral whereas the short genes are more
recently derived is speculative.

DISCUSSION

Over evolutionary time, immune systems in a wide range
of organisms have acquired different gene diversification
strategies to adapt to changing environments and to keep
pace with the rapidly evolving pathogens with which they
are associated. Invertebrates utilize a variety of molecular
mechanisms to diversify immune gene families such as extensive
alternative splicing of mRNAs encoding Down syndrome cell
adhesion molecules in arthropods (23, 24), expanded gene
families of variable domain-containing chitin-binding proteins
in cephalochordates (25, 26), Toll-like receptor genes in sea
urchins (27, 28), and somatic modifications of fibrinogen-related
protein genes in fresh water snails (29, 30). However, the
ability to rearrange, recombine, or assemble genomic segments
to create immune gene diversity is regarded as a fundamental
trait of adaptive immunity that is restricted to vertebrates
(31, 32). Jawed vertebrates rely on the V(D)J somatic gene
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TABLE 1 | Sequence diversity ratios indicate diversifying selection for the SpTrf
genes.

Element pattern  ORF length (bp) Diversity nt/aa diversity
ratio
2 (aa)®
A3 1,312 0.0026  0.0048 1.85
c2 982 0.0332  0.0403 1.21
D1 976 0.0204  0.0313 1.53
C3 906 0.0087  0.0149 1.71
D5 901 0.0184  0.0313 1.7
B3 880 0.0271  0.0513 1.89
E2 766 0.0315  0.0451 1.43
o1 676 0.0143  0.0216 1.51
02 673 0.0132  0.0277 2.1

aDijversity of nucleotide sequence as determined by the equation; diversity = —freq (nt)
x In[freq(nt)].
bDjversity of amino acid sequence as determined by the equation; diversity = —freq (aa)
x Inffreq(aa)].

recombination system to generate extensive repertoires of T and
B cell antigen receptors (33), which are further diversified by
induced somatic hypermutations (34, 35). Jawless vertebrates
employ an alternative somatic diversification system, which
is based on a copy choice mechanism, to assemble leucine
rich repeat modules into non-functional germline variable
lymphocyte receptor (VLR) gene to generate VLR proteins with

a wide capability of antigen binding (36, 37). Our results suggest
that similar to the vertebrate adaptive immunity genes, the SpTrf
immune genes are subjected to somatic modifications. In this
case, however, new combinations of complete SpTrf genes are
created in individual sea urchin cells. This is in contrast to the
recombination process in the vertebrates where gene segments
are recombined to form a single gene.

In agreement with earlier studies (6, 8, 9), complete SpTrf gene
sequences are not shared among animals, which is consistent with
an extremely rapid SpTrf diversification rate in the sea urchin
population. Here we found that SpTrf gene diversification is not
limited to the level of sea urchin populations but also occurs
among single somatic cells (coelomocytes) within individual
animals. Using single cell isolation, WGA and PCR-based
approaches, we show that while the SpTrf gene repertoire in sea
urchin sperm cells are identical within a genotype, individual
coelomocytes have altered SpTrf gene repertoires with missing
and duplicated gene amplicons as well as SNPs. It is noteworthy
that no correlation was found between the immune challenge
or between the coelomocyte subtypes (i.e., SpTrf" cells or red
spherule cells) and the variations in the SpTrf gene repertoires.
This suggests that the SpTrf gene diversification process is
initiated early in the differentiation of coelomocytes and may not
be induced by exposure to immune elicitors.

We are aware that the procedure of WGA that was used
to amplify single cell genomes in this study may be prone to
biases based on non-uniformity of amplification (38) and %GC-
bias (39). PCR biases may also be present, resulting in uneven
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FIGURE 8 | Single cell SpTrf gene sequences cluster according to element
patterns. The phylogenetic relationships of SpTrf amplicon sequences
containing most of the second exon were inferred using maximum parsimony,
neighbor joining (results not shown), and maximum likelihood, all of which gave
similar results. The tree shown here is based on the maximum likelihood
phylogeny with PhyML according to Jukes-Cantor model with 1,000 bootstrap
replicates. Bootstrap values for nodes present in >50% of trees are shown.
Sequences from sperm (S) or coelomocyte (C) are indicated accordingly and
accompanied with animal number (1, 2, or 3). The letter and number after the
first dash indicate the element pattern based on previously published
nomenclature (7, 8, 16). The last number after the second dash indicates the
sequence sub-categories based on SNP variations within an element pattern.
Colors indicate the gene element pattern according to Miller et al. (7) and
Buckley and Smith (8).

amplification of different SpTrf gene amplicons or unsuccessful
annealing of the primers to the genomic template. Therefore, it
may be theoretically possible that some missing amplicon sizes in
single coelomocytes as well as stronger amplification of others are
the outcome of these technical problems. While it is unlikely that
these biases would be restricted to coelomocytes and would not
apply to the sperm samples, we nonetheless performed several
controls to rule out this possibility. PCR-related biases were ruled
out using multiple gPCRs with genotype-specific primer sets (5-6
per genotype). Similar amplicon copy number proportions were
obtained between coelomocytes and their corresponding sperm
cells, in addition to no amplification of the same SpTrf genes
that were not amplified by the original F2/R9 primers. To rule
out biases due to WGA with multiple displacement amplification

(MDA), we performed qPCR with the same primers on
unamplified genomic DNA isolates from multiple coelomocytes
and multiple sperm of the same genotypes. Outcomes represent
the cumulative effects of SpTrf sequence modifications in single
cells of the same animal and demonstrate different SpTrf gene
copy numbers in multiple coelomocytes compared with multiple
sperm. Most gene copy number ratios (multiple coelomocytes vs.
multiple sperm) were less than one, which is consistent with gene
deletions from genomic DNA from coelomocytes.

We cannot be sure that we completely covered by cloning and
sequencing the full gene content of the SpTrf gene family for
each coelomocyte and sperm cell that was sampled. Nevertheless,
we assume that we have obtained a good coverage of the gene
family for the following reasons: (i) the total redundancy of
SpTrf sequences was 86% suggesting that many of the genes were
cloned and sequenced more than once, (ii) all amplicon sizes
that appeared in the gel were identified in the actual sequences,
and (iii) all SpTrf element patterns that were identified in a
single coelomocyte were also identified in the sperm of the
same genotype.

In addition to the differences in SpTrf gene copy numbers
among sea urchin coelomocytes, we observed multiple SNPs
in gene sequences derived from coelomocytes compared with
those of the corresponding sperm cells as deduced from the
SpTrf sequence alignment. SNPs are another basis for the high
sequence diversity in the SpTrf gene family for different sea
urchin genotypes. However, the above observations demonstrate
the occurrence of this type of variation in single cells of the
same genotype. Frequent SNPs caused by somatic single point
mutations in the SpTrf genes resemble the activation-induced
cytidine deaminase (AID) mutagenesis in the variable exon of
the vertebrate immunoglobulin genes. Recent work by Fugman
et al. (40) suggests five potential S. purpuratus AID homologs
with mutagenesis activity that may be functional in the sea urchin
immune system. While we cannot conclude at this stage that
there is any relationship between one or more of these AID genes
and the SNPs in the SpTrf sequences, this possibility should
be considered.

Frequent mutations in the SpTrf gene sequences, had they
occurred randomly, would have resulted in frameshifts and
early stop codons. Hence, the general lack of pseudogenes
in this family is highly unusual, especially for a gene family
with shared sequences among members that are organized in
tight clusters and are associated with a variety of repeats,
which may drive genomic instability (7, 9). In this study,
we obtained 54 unique SpTrf sequences of the second
exon from single sea urchin cells of which all encode
full length open reading frames. Therefore, we speculate
that both somatic and germline diversification processes are
highly regulated. While the mechanism(s) that regulate SpTrf
sequence diversification are unknown, we have suggested that
the GA short tandem repeats (STRs) surrounding all genes
and the GAT STRs that are associated with large segmental
duplications that include duplicated genes may be involved
in the gene deletion and duplication events (6, 7, 9). Taken
together, our findings suggest that the strategy of diversifying
immune gene repertoires beyond genome constraints and
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through somatic DNA changes evolved long before the
emergence of the vertebrate lineage. In light of our results,
we propose that sea urchins use such strategies to increase
the diversity of their Trf gene repertoires toward more potent
immune responses.

MATERIALS AND METHODS

Sea Urchins, Bacteria and Immune
Challenge

Adult purple sea urchins, Strongylocentrotus purpuratus, were
purchased from the Southern California Sea Urchin Co. (Corona
del Mar CA) and maintained in a closed sea water system
for 6-8 months to down-regulate their immune response
to achieve immunoquiescence (41, 42). Immunoquiescent sea
urchins were activated immunologically by one injection of 10°
heat-killed Vibrio diazotrophicus per ml of CF as described (19).
CF volume was estimated according to Smith et al. (43). V.
diazotrophicus (Gram negative marine bacteria; American Type
Culture Collection #33466) was cultured at room temperature
for 18 h in 5 ml of marine broth (3.44% marine broth, 0.3% yeast
extract, 0.5% proteose peptone; Difco). Bacteria were heat-killed
at 95°C for 15 min and washed with artificial CF [aCF; see (18)]
before use.

Coelomocyte Preparation

CF (500 pl) from adult sea urchins was withdrawn from the
coelomic cavity using a 1ml syringe with a 21 gauge needle
and expelled directly into Ca-, Mg-free artificial sea water with
70mM EDTA and 20mM HEPES pH 7.4 [CMFSW-EH, see
(44)] at a 1:1 ratio. Cells were filtered through gauze pads,
pelleted for 5min at 400 x g at 4°C and resuspended in
staining medium (3.3X PBS with 20mM HEPES pH = 7.4
and 1.5% fetal calf serum) according to Smith et al. (45).
Cells were incubated with a mix of three polyclonal rabbit
antibodies against the SpTrf proteins as described (18) at a
dilution of 1:100 in 100 wl staining medium for 30 min on
ice followed by centrifugation at 400 x g for 5min at 4°C
and resuspension in staining medium. Goat anti-rabbit antibody
conjugated to Alexa Fluor 488 (ThermoFisher Scientific) was
employed as the secondary antibody and added at a dilution of
1:250 in 30 pl in staining medium followed by centrifugation
at 400 x g for 5min at 4°C and resuspension in staining
medium. Negative controls omitted the primary antibodies to
identify non-specific background by the secondary antibody.
Cells were incubated with propidium iodide (PL 1pg/ml) to
identify dead cells.

Flow Cytometry

Coelomocytes were sorted on a FACSAria flow cytometer (BD
Biosciences) equipped with blue, red, and violet lasers as
described (45). Dead cell counts were gated out based on their
nuclear PI excitation at 488 nm and detection with a 585/42 nm
band pass (BP) filter. SpTrft small phagocytes were identified
by Alexa Fluor 488 excitation at 488 nm and detection with a
530/30 nm BP filter. Red spherule cells were identified based on
their natural auto-fluorescence in the far-red channel (660/20 nm

BP filter) when excited at 633 nm. Flow cytometry data was
analyzed with the FlowJo program Ver. 10 (FlowJo LLC).

Single Cell Sorting and Whole Genome
Amplification

SpTrft small phagocytes and red spherule cells were sorted as
single cells into a 384-well plate containing 7 ul CMFSW-EH
per well and observed by light and/or fluorescence microscopy to
verify the presence of a single cell of the expected type in a well.
After the verification of cell type per well, three SpTrf™ and three
red spherule cells from each animal before challenge on day 0 and
on days 1 and 2 after challenge were evaluated further. Cells were
sorted into 4 pl D2 lysis buffer plus 3 1 3.3X PBS of the REPLI-
g Single Cell kit (Qiagen) and stored at —80°C until processing
for WGA.

Sperm were collected from sea urchins after electric shock
with a current of 16-20mA for 1-2min to induce spawning.
Sperm (10°) cells were diluted into 1 ml of CMESW-EH and
stained with Hoechst 33342 (5pg/ml) and PI (1pg/ml) to
determine the live/dead cell ratio. Stained cells were washed
with the CMFSW-EH and diluted to a concentration of 0.25
cells/pl. Aliquots of 4 pl were placed in wells of a 384-well
plate to achieve a statistical concentration of 0.1 cell per well.
Wells with single Hoechst 33342%/PI™ sperm were identified by
fluorescence microscopy and 4 pl D2 lysis buffer of the REPLI-g
Single Cell kit (Qiagen) was added to each followed by WGA as
described below.

Amplification, Cloning, and Sequencing
SpTrf Genes

WGA was carried out according to the manufacturer instructions
(Qiagen) and products of the single cell samples were diluted
1:100 in water and employed as the template in PCR
amplification with ExTaq™ DNA polymerase (Takara) using F2
and R9 degenerate primers (Table S1) according to Buckley and
Smith (8) with a cycling program of 94°C for 3 min, 30 cycles
of 94°C for 30s, 55°C for 30s, 72°C for 90s, plus 72°C for
10 min. SpGAPDH (Genebank: XP_780116) was used as the gene
amplification control with specific primers (Table S1) with the
same cycling program. Amplicons were cloned into the pCR4-
TOPO® TA vector (Invitrogen) and transformed into chemically
competent TOP10® E. coli (Invitrogen). Bacteria were plated on
Luria Burtani (LB) plates containing 100 pug/ml ampicillin and
incubated at 37°C for 18 h. Colonies were picked, evaluated for
relevant inserts (SpTrf or SpGAPDH) using specific primers, and
grown in LB medium containing 100 jLg/ml ampicillin at 37°C
for 18 h. Plasmids were isolated with the QiaPrep® spin miniprep
kit (Qiagen) and sequenced from both ends of the insert using
T7 or T3 universal primers (for SpTrf) or from one end using
T7 primer (for S)GAPDH). Two SpGAPDH clones from a single
coelomocyte (C1) and two from a sperm cell (S1) of the same
genotype (animal #1) were sequenced. Only a single variation
was identified among the sequences in one of the CI clones
(Figure S2). This variation may represent a PCR-induced error
or a genuine allelic polymorphism.
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SpTrf Sequence Processing

Sequence processing was performed using Bioedit software
(46) (http://www.mbio.ncsu.edu/bioedit/bioedit.html).
Complementary sequences obtained from universal T7 and
T3 sequencing primers were assembled by pairwise alignments
and base calling mistakes were corrected upon inspection of
the chromatograms to generate a consensus sequence and
the vector sequences were trimmed. The element pattern in
the second exon was identified by aligning the sequences
manually with the set of SpTrf genes reported previously
(8). Sequences were categorized first according to element
patterns of the second exon and next according to sequence
variants of these categories. Sequences were named based on
animal number, element pattern, and sequence variant number
(Table S2).

SpTrf Sequence Diversity

The consensus insert sequences for all samples based on
reads obtained from T3 and T7 sequencing primers were first
translated to amino acid sequences and used in a multiple
global alignment (ClustalW) performed in Bioedit software (46)
using standard parameters. The amino acid alignment from
ClustalW was optimized manually and reverted to nucleotides
for subsequent analysis. Diversity (entropy) was calculated
for each nucleotide/amino acid position using the equation:
diversity = —freq x In(freq). The episodic diversifying selection
for the SpTrf sequences derived from single cells was conducted
using MEME (https://www.datamonkey.org/meme) (47).

Quantitative PCR

qPCR (10 1) was performed using 1 pl of 1:100 dilution of WGA
single cell genomic DNA or 1-5 ng of purified genomic DNA
from ~10° coelomocytes. SpTrf gene copy number analysis for
single cells was performed with the A ACT method relative to the
SpGAPDH control gene and normalized against the sperm values
for the same animal. All experiments were performed using the
CFX96 Real-Time PCR System and the iTaq Universal SYBR
Green Supermix (BioRad). The BioRad CFX Manager software
was employed for all analyses. All primers were validated prior to
use (Table S1). All gPCR amplicons were sequenced and verified
as SpTrf sequences.
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Figure S1. Products of whole genome amplification of single coelomocytes. The major
amplification signal is > 20 kb with a smear of smaller sizes. M indicates the DNA size marker.
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Figure S2. SpGAPDH amplicon sequence alignment. The top sequence is the relevant part of
SpGAPDH genebank sequence (ref. number: XM _775023.4). Two clones of each C1 and Sl
amplicons were sequenced (A and B). While amplified sequences showed mild sequence
difference (in 12 nt positions) compared with genebank sequence, only one nucleotide mismatch
was identified among them (position 424 of C1B amplicon). This single missmatch may
represent a real SNP in a second allele of C1 genome or it may be an error caused by the
polymerase used in the PCR reaction.
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Figure S3. Amino acid sequence of the Sp7rf ORFs from single cells. All sequences were
translated into complete protein sequences with no missense or early stop codons. Different
SpTrfsequence lengths are correlated to the element patterns identified.
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FARGAGAATGHC ABAGAGAGAG AT AAGETEGUTTTGGAGGARGGUC TG GTEGAATGCAGATGEET
AARGAGAATGGC AGAGAGAGAGGAC AAGETRGCTTTEGAGGAAGGLUCTEGTEGAATGE AGANGGET
AARGAGAATGHC AAG AGAGAGGAL AAGE TG TTTEEAG GAAGGO U TEGTE GAATGC AGATEGET
AARGAGAATEGC AGAGAGAGAG AT AAGETEGCTTTGGEAGGARAGGOC TR GTGCAATGC AGAMGEGT
AAGGAGAATGEC AMAGAGAGAGGAC ARGETEGCTTTEGAG GAAGEOC TEGTEGAATGL AGATGEGET
ARG AGAAT GG AGAGAGAGAGGAL ARGETEGUTTTEGAGGAAGGUU TEGTE GAATGE AGARGEET
AARGAGAATGGCAGAGAGAGAGGAC AAGGTEGCTTTCLAGGAAGGLCTEGTEGAATGE AG GeT
AARGAGAAT GG AGAGAGAGAGGAC ARGETEGUTTTEGAG GAAGGCC TEGTEGAATGE AGAMGGET
AARGAGAATE G AGAGAGAGAG AL AAGETREGCTTTCRAGGAAGGLCTECTECAATCGCAGANGLET
AARGAGAATGGCAGAGAGAGAGGAC AAGGTREGCTTTCGAGGAAGGLCTGGTEGAATGC AGA
AAGGAGAATGGCAGAGAGAGAGGAC AAGETHEGCTTTGRAGGAAGGLCTGGTEEAATGEC A
ARG AGAAT GG A A AGAGAGGAC AAGETEGOTTTEGAG GARGGOC TEGTE GAATGC AGAMGGET
AARGAGAATGHC AMAGAGAGAGGAC AAGETEGCTTTGGAGGAAGGCC TG GTGGAATEGC AGATGGET
ARGGAGAATGHEC ABAGAGAGAGGAC ARGGTRGUTTTRGAGGAAGGLU U TEGTEGAATGL AGATEGET
ARG AGAATGHC ANAG A AGAG AL AAGE TGO TTTEGAG GARGGOC TEGTECAATGC AGATEGET
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CCTGENTETGET GO CC CRC ARA TG ETGEAC CTAGECAANA TG G TEGAC CAATGGGTE CAAGMAGG T TCGATGCAC CTHGAT TTGETECCU CACCGATGEGTEEAC CAAGGLAR
CCTGEETET G TGO OB ARATECETECAC CTAGGCAAMATE GTECAC CAATGEGTG GAA GETTCGATEGAC CTHGATTTGG TGO CACCGATGGGETEEAC CARGGUAR
CCTHCET TG GT GO CC O R ARATGE G TG AC CTAGGCAANA TG G TGEAC CAATGEG TG GAAGMAGGTTC AT GAC CTHGATTTGG TR OO CECCGATGG G THEAC CAAGGLAR
CCTHERTET G 6T GO CCCRC ARATEE B TEEAC CTAGGCAANATG G TEGAC CAATGGGTo GCAAGMAGG T TCGATGFAC CTG AT TTGE TG CCCCRICGATGEGTEGAC CAAGGLAA
SCCTAGGCAANATHGTCGAC CAATGGE TG CEAGCHAGGT TCGATCGAC CTGEATTTGETEOCCCRCCGATGEGTERAC CAAGGLAA
GHACEEAGHEC GATGGTGGAL CAATGGEG TG GAAGGAGETTCGATEGACCTEGATTTGETECCC CECHGATCCETFAC GEAGECAR
—EEACCBAGGCAAGATG GIGGHC CRATGGETE A GG AGET TCG ARG GAC CTGGATTTGETRCCCCRCCEATGEGTHRGAC CAAGGOAA
O TGAC T TG GO AT ARATEC AT AL A GMC ARG AT G TEGAC CAR TG TE CARAGGAGGT TCGATG GAC CTEGATTTGETGOCCCE--
CCTGACTC TGGT GO CAC ARATEGATGEAC ERAGHCARG AT G TECAC CAATGGGETE GAAGGAGGTTCGATC GACCTGGATTTGETECOCC CR-—
CCTGACTCTGETGCCCCAC ARATEEATHEAL GRAGHCAAG AT G TEEAC CAATGEGE TG GAAGGAGGTTCGATGCACCTGGATTTGETGCCCCE--
CCTGACTCTEETGCCCCAL TeEATEEAC GEACHC ARG AT G TEGCAC CAA TG TE CAAGGAGGTTCGATCCAC CTGEATTTGETECOOU CE-—
GATGGETGGAC CAATGGETGGAAGRAGETTC AT GAC CTRETHTGCTECCOC A~
GATGGTGGACCAATEGETGGAAGGAGGTTCGATGGACCTGGATTTGGTEGCCCCE--
OO TGAC T TG e GOl AT ARATEC AT A CEA GO ARG AT G TEGAL CAA TG TE CAAGGAGGT TCGATCGACCTGEAT TTGETGOOC DE--
CCTGACTO TG TG OO CAC AAATGEATGGACBEAGECAAGATG G TEEAC CAATGEE TG GAAGGAGETTCGATEGACCTGGATTTGETECOC CR-—
CCTGACTCTGETG OO CACAAATEGATHEAL GEAGNCARAG AT G TEEAC CAATGGGTEFAAGGAGGT TCEATG GACCTEGATTTGETGOCC CE--
TR T T e TGO Ol A ARATEG AT A A G ARG AT G TEG A CAA TG TE CAAGGAGGT TCGATC CACCTCGATTTGETROCUCR--
CCTGACTC TG GT GO OO C AL AABTEE AT GG AL GEAGMCAAGATG G TGEAC CAATGEE TG GAAGGAGETTCGATEGACCTEGATTTGETECCC CE--

R AT 3 ST A e A A

GEACEEACHCAAGATGGTGEAL CAATEGETFGAAGGAGGTTCG AT GAL CTGG.‘.TTTGGTGCCCCG--
S A GACNC ARG AT G TEC A CAA TG TECAAGGAGGT IO AT CACCTGEATTTCETROCC OR--
—GEACGGAGECARGATGGTEEAC CAATGGEGE TG GAAGGAGGTTCGATGGAC CTEGATTTGETGOCC CE-—
—GGAMC TAGGCAAGATE G TEEAC CAATGGG T GAAGGAGGTTCGATGGACCTGGATTTGETECCUCA--
-—GATGG'-LG!'\G.CJ\QG\TGGTGG.!C CAATGGETEGAAGGAGGTTCGATEGACCTEGATTTGGTECCCCA-~
=== ----—GGATTTGGTGCCCCE--
GATGGTGGACCAATEGETEFAAGEAGGTTCGATEFACCTGGATTTGGTECCCCA-~-
GATGGTGGACCAATEGETECAAGGAGGTTCGATEGACCTEGATTTGGTECCCCA-~
GEAMC TAGGCAAGATGGTEGAL CAATGGEETEGAAGGAGGETTCGATG GACCTEGATTTGG TGO CA--
WGEC CTAGGCAAGATGGTGEAC CAATGGGTGGAAMGAGGTTCGATEGAC CTENATETGETECCCCA--
—GE A EEAGHC ARG AT G TECAC CAA TG TECAAGGAGGT IO GATCCACCTEGATTTGETGOOC CA--
GEACERAGNC ARG AT TEGEAL CAATGEGE TG GAAGGAGGTTCGATG GACCTEGATTTGETGCCC CA--
—GEARCTAGGECAAGATE GTEGAC CAATGGGTE GAAGGAGGTTCGATGGACCTG AT TTGETHOCCCA--

GEACERAGCHMCAAGATGGTGEAC CAATEGE TG GAAGEAGGTTCGATFGAC CTEFATTTRGTECCD CH-~
GEACCTAGGCAAGATG G TR AL CAATGEETCCAAGGAGGTTCEATCCACCTEGATTTEE TGO OG-
—GGACCTAGGCAAGATGGTEGAC CAATGEE TG GAAGGAGGTTCGATEGAC CTERATHTGGTGCCC CA--
—GEEC CTAGGCARG AT GTEEAC CAATGGGTEFAAGEAGGTTCGATGGAC CTCNATETGETGOCC CA--
Gl CTAGG ARG AT ETEE AL CAATE GG T CAAGEAGGTTCE AT GAC CTCNATHTCCTE O CA--
—GEACEGAGHCAAGATG G TEGAC CAATGEETE GAAGGAGGTTCGATE GACCTEGATTTGETGCCC CE-—
—GGEC CTAGECAAG AT G TEGAC CAATGGG TG GAAGGAGMT TCGATCFAC CTCNATET GG TECCCCA--
Bl CTAGGCAAGATE G TECAC CAATCGETECAAMGACGTTCGATCCAC CTENATETCETECCCCA--
12 CTAGGCABGATGGTGGACCAATCGETCGAAGGAGGTTCGATEGGACCT TETGGTECCCCA--
GElC CTAGGCARGATGGTGEAL CAATEGETFGAAGHAGNT TR AT GAC CTEMATHT G TEOCC CA--
—GGC U TAGG ARG AT G TECAC CAATGGETECAAGGAGGT TCCATCCAC CTCRNATETCETCOCCCA--
~EGE CTAGGCRAGATE G TEEAC CAAT GG T CAAMGAGGTTCHATG CANCTCNATETGETECCCCA--
GEMC CTAGGECAAGATC G THGAC CAATE GG T GAAGCAGNT TCG AT GAC CT-MATHTGETECCCCA--
~ECEC CTAGGCAAGATE GTCGAC CAATGGCETCCAAMGAGGTTCGATCGACCT
-~ CTAGGCAAG AT CTRFACCAATGGETCCAAGGACMT TCGATGGA
WeEC CTAGGCAAGATEGTGEAC CAATHGG TG GAAMGAGGTTCGATCGAC CTENATETGETECCCCA--
BelC CTAGGECAAGATGCTEGAC CAATIGGETE GA EETTCGATEEACCT TETGETCOCCCA--
Wl CTAGGLAAGATG G TGEAL CAATGGETEGAAMGAGGTICF AT GAC LT MATHTGETECCCCA--
~EGEC CTAGGCAAGATE G TEEAC CAATGGGTErAAMGAGGTTCGATCFAC CTCNATETGETGOCCCA--
—EGEC CTAGGCARGATE GTECAC CARATGGGTECAAMGAGGTTCCATC CAC CTCNATETGETGOCCCA--
WelC CTAGECAAGATEETEEAC CAATEEE T GAAMGAGGTTCG AT GAC CTENATITGETGCCCCA--
CTAGGCAAGATEGTEGAC CAATGEGTG CAAMGAGGTTCGATCCAC CTCNATETGETGOCCCA--
—GGEC CTAG GO ARG AT G TR AC CAA TG TE CAAGGAGGTTUGATCCACCTGGATTTGETEC DU CE-
GElC CTAGGCAAGATG G T AC CAATEGE T GAAGEAGNT TC AT GAC CTCNATITGETECCCCA-
GEEC CTAGGCAAGATGCTNGAC CAATECETGCAAGEACMT TCG AT GAC CTCMATHTCGTECCOCA-
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-01- = TEGATGEACGLAG =2
_01- - TEEATGEACGEA =5
-01- = s
-01- = 7
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_02_1 - == AATGGCGETCCGATGGGTGETAGE A A TTCGACGGACCTGGATTTGGTEGC TCCA C
_ﬂ3_1 - AT GGG Tl GATG G E T TAGEAGATTCGACGGACC TG GATTTGG TGO TCCAGADT
_A3_1 - AT GGG Tl GATG GG TG TAGFAGATTCGACGGACC TG GATTTG TGO TCCAGACT
'A4'1 = A TGl ETCCGATGE G TG TAGEAGATTCGACGGACCTGGATTTGGTGGCTCD ACCAGATGGTGC TG GAGGAAGA
_AS_‘] - = AATGGCEETCCGATG G G TG TAGGAGATTC AL GGAC C TG AT TTG G TGO TCCAGACCAGATGGTGC THGAGGRAAGA

02 -
| -2 = —AATGGEUGGTUCGATEG G TEETAGEAGATTCEACG A CTHGAT TTG G TGGMT CCAGACCAGATEGTEC TEGAGGAAGA
-D1-1 S AATGGOGGTCCGATEGGTGEMAGGEAGATTCGACGGACCTGEATTTEGTGECTCCAGACC AGATGGTECTGGAGGAAGA
D11 -AATGGLGETCCGATEGETCEMAGGAGATTCGACGEAC CTEGATTTEGTEECTE C

-D1-2 ATEECEETOCGATEG G ToCMAGGAMATTC CACGEAC CTEGATTTGGTEECTCCAGALD

- -3 A TEGOG T GATEG G TEEMAGE AGATTCGACGEAC CTGGATTTE G TGO TOCAGACCAGATCGTCCMGGAGGA
-D1-4 ARATGGCGGTCCMATEEETEETAGEAGATTCGACGGAC CTEGATTTEGTEECTCMAGACCAGATEGTEC TG A Gl
_D1-5 -AATGGLGETCCGATEGETCEMAGGEAGATTCGACGEACTEGATTTEGTGECTCCAG

_D1- TEECEETCCEATECETEEMAGGEAGATTOGACGEAC CTEEATTTEETEECTOCA

L, -7 - ARATGECGGTOCGATE GG TG MAGEAGATTC GACGGA C TG AT TTG G TGGC TCCAGACCAGATE TGO TEGAGGRAAGA
-01-8 S AATEECEETCCGATEGGTECMAGGAGATTCEALGEACCTGGATTTGGTEGCTCCAGACCARATEGTETEGAGGAAGA
-D1-4 -AATGGCGETCCGATEGETCEMAGGAGATTCGACGEAL CTEGATTTEGTEECTC GATGGTEC TEEARGAAGA
-D1-10 ATEECEETOCGATEG G ToCMAGGAGATTCCACGEAC CTEGATTTGGTEEOTOCAG ATGGTGOTGGAGGAAGA
o -11 “—AATGGLGETCCGATG GG TG TAGGAGATTCGACGEACCTEGATTTC G TCEC TCCAGACCAGATCEGTCGCTEGAGGAAGA
-D1-12 - ATEECEETCCGATEG G TECMAGEAGATTCGALGEACCTGGATTTGGTRGOTC

31 - - AATGGCHEETCCGATEGGTRGTAGGAGATTC GACGGACCTGGATTTGGTRGETCCA AGATGGTEC TEGAGGAAGA
032 - - TEECEETCCEATEEETEETAGGAGATTCGACGEAC CTEEATTTEETEECTCCAGACCAGATECTEC TEEARGAALA
-C3-3 = ---ARATGGCGGTICGATG GG TEETAGGAGATTCACGGACCTGGATTTGGTEGCTCCAGACCAGATGCTECTEGAGGAAGA
-C3-4 - AATGGCGGTCCGATEGGTEETAGGAGATTCGACGGACCTEGATTTRGTGGCTCCAGACCAGATEGTEC TEGAGGAAGA
_DE&-1 ~AATGGCGGTCCRATRGETEETAGEAMATTCGACGGAC CTRGATTTRGTGECTE GATGGTHC TEEARGAAGA

A TGO ETCCGATEEE TG TAGEAGATTCGACGEACCTEGATTTGGTEECTCCAG
—-AATGECEGTCCGATEG G TGEMAGEAGATTCGACGGAC CTEGATHTGGTGGCTCCAGA
AT e Tl GATE e e TE e TAGEAGATTCGACGRACCTEGATTTG G TRECTE
A TG GCEETCCGATEEE TR TAGGAGATTCGACGEACCTEGATTTGGTEEFCTCCA
TeelGETCCEATEEETEETAGGAGATTCFACGCACCTEGATTTEGTEECTCCA
—AATGGECGETCCGATG GG TCETAGGAGATTCGACGEACCTGGATTTGGTGGCTCCAG
TG Tl GATE e e T TAGGAGATTCGACGRACCTEGATTTGGTEECTCCAG
TEGCEETCCFATEG TG TAGGAGATTCFACGGACCTERATTTGGTEEC TCLA
A TG GO ETCCGATEEETEETAGEAGATTCGACGEACCTEGATTTGGTEECTCCAG
~—AATGGLGETCCGATG GG TG TAGGAGATTCGACGGACCTECETTTCGTCCCTCCAGA
AT e Tl GATE e e TE e TAGEAGATTCGACGFACCTEGATTTIGGTRECTE
A TG GCEETCCGATEEE TR TAGGAGATTCGACGEACCTEGATTTGGTEEFCTCCA
—AATGELGGTOCGATEGE G TEETAGEAGATTCCACGGACCTEGATTTGGTECCTCCAL
—AATGGECGETCCGATG GG TCETAGGAGATTCGACGEACCTGCATTTGGTGGCTCCAG
TG ECEE T GATE GG TEETAGEAGATTCFACGGAC CTRIGATT TG G TEECTUCAG
THGLEGTOCGATEEGTEETAGGAGATTCGACGFAC C THFATTTG G TGED TOCA
A TG GO GG Tl GATE GG TEETAGEAGATTCGACGGAC C TG GATT TG GTECMTCCAG
—-AATGGECGEGTCCGATEGGTGETAGFAGATTCGACGGAC CTHGATTTGGTEGCTCCAGA
A TGO ETCCEATE GG TEETAGEAGATTCGACGGAL CTIGATTTE G TECMTC
A TGECGETCCEATEG G TEETAGRAGATTC GACGGAC C THGATTTE G TEGC T CA
—AATGECGGTOCGATEGE G TEETAGCAGATTCCACGGAC CTHGATTTCGTECCTOCAL
—AATGGUGGTUCGATEG G THETAGEAGATTCGACGHAC CTHGATTTGGTGGCTOCAG

ATGGTGOTEGAGGAAGA

AGATGGTGCTCGAGGRAAGA

ACCAGATGGTECTEGAGGAAGA
ATGGTGCTCGAGGRAAGA

ACCAGATEGTGCTEGAGGEAGA
ACCAGATGGTECTEGAGGHAGA
ATGGTGCTEGAG GA

=
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ACCAGATEGTGCTEGAGGAAGA
ACCAGATGGTECTCGAGGAAGA
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e 12 A TG TCCGATG GG TG TAGGAGATTCGACGGACCTGEETTTCGTCGECTCCAGA

-E2-13 ~—AATGGLEETCCGATGGE TG TAGGAGATTCFACGFAC CTHGATTTGGTERCTCCA

-E2-15 - A TG GCG Tl GATE GG TEETAGEAGATTOGACGGAC CTHCATT TG GTEECTCCAG

= 14 - ~ARATGGCGGTCCGATEGGTEGTAG ATTCGACGGAC CTHGATTTG GTRGCTC

-01- = ATGGCEETCCGATG G T TAGGAGATTCGACGGACCTHGATTTGGTGGC TCCA

-01- = A TG GG ETCCGATE GG TR TAGFAGATTCGACGGAC CTRIGATT TG GTEGEC T CA ‘G‘TG&TGL'.GG‘GG‘
-01- - —AATGELGGTOCGATGE G TEETAGGAGATTCCACGGACCTEGATTTG G TEGC TCCAGACCAGATECTECTEGAGGAAGA
-01- —ARATGGCEGTOCGATEG G TG TAGGAGATTCGACGGAC CTHGAT TTGGTEGC TOCAGACCAGATEGTEC TR GAGGEAGA
-01- A TG GO Tl GATEEGTGETAGEAGATTCGACGGAC CTHGATTTG G TGGC T CAGACCAGATG G TGO THGAGGAAGA
-02- - AATGGLEETCCGATGG G TG TAGGAGATTCGACGGAC CTHGATTTIGGTEECTCCAG " AGATGGTGL TG GAGGAAGA
-02- e A TGECG T GATE GG TEETAGEAGATTC GACGGAC CTHCATTTC GTEECTCCA EETECTEGARE

-02- L ~ARATGGCGGTCCGATEGGTEGTAG ATTCGACGGAC CTHGATTTG GTEGCTC GATGGTGCTEGAGGA
-02- = ATGGCEETCCGATG GG T TAGGAGATTCGACGGACCTRGATTTGGTGGC TCCA GATGGTGCTGGAGGA
-02- = A TGECGETCCGATEG G TEETAGFAGATTC AL GGAC CTHGATTTE GTEECTOD AGATGGTGCTEGAGGA
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(‘CTTTLTTCGGLG}.AGGAGG.AGGL‘LvTGLvTGATGLv.%GAAGA.‘,GAA.\CTG.\TGCTG(‘LLG.\CAA}.TTGGTG.\TGGTCT&GGAGGGLC.GGTCGGTTTG&TGGTCCTGG-‘AC!TG&T
COTTTCTTCGGC EAAGGAGGHAGGC GTEETCATG GAGAAGA A ACTGATGCTGC CCEACARATTGGTGATEGTC TAGGAG GG CCMGE TCRGTTTEATEETCC TEGACMTCET
COTTTCTTC GG EAAGGAGGIAGGL G TG THATG GAGAAGRAAGARAC TCATGC THCCCEACARATTGETGATEGTC TAGGAGGGD GG TCECTTTEATCETCCTCGACNTGET
CCTTTCTTCGGC EAAGGAGGAGGL G TEGTGATEFAGAAG AACTGATGCTGCCCHEACAAATTGGE - CCElGETCEGTTTGATEETCC TEGACMTGET
COTTTUTTC G0 BAACGAGGIAGG TG TCATGHAGAAGRAAGARACTEATGC TGO U CEAC ARATTGER- WEGTCRETTTGATGGTCC TEGACMTGET
CCTTTCTTCGGC CAAGGAGGCAGGL G TEE TEATCGAGAAGRAAGAAACTEATECTGCCCAAD TEETEATEGTE TAG GAG GCE CCMTCMETTTGCATGGTOC THGAC GTEGT
CCTTTCTTC GO ARG GACGMAGMC G TEC TCATGEAGRAGAAGAAACTGATGC TGCCCAAD ATTGETGATEGTC TAGGAG GG CGMTCEGTTTGATEETCC THGAC GTGEET
CCTTTCTTCGGC CAAGGAGGLAGGL G TEE TEATEFAGAAGAAGAAAL TEATG L TECCCAAC ARATTGETGATEG T TAGFAGFGCCCGETCAGTTTGATEETCC TEGAC GTHET
COTTTCTTCGGU CAAGGAGGLAGGL G TEE TEATG G AGAAG ARG ARAC TEATG L TGO U CARC ARATTCETGATEG T TAGGAG GG CGETCAGTTTGATEGETOD TEGAD G THET
COTTTCTTCGGC ARG GAG GO A G TEE TEATE G AGAAGAAG ARAAC TE AT O TGl CCAAC AAATTCETCATEG T TAGGAGGGCCCGETCAGTTTCATEETCOL TEGAD G THET
COTTTCTTC GGC CAAGGAGGCAGGL G TG THATG GAGAAGRAAGARAC TEATGC THUCCAAC ARATTGGTGATGGTC TAGGAGGGUOCCGGTCAGTTTGATGETOC THGAC GTHET
CCTTTCTTCGGL CAAGGAGGLAGGL FTEETFATEFAG AACTGATGU TR CAACARAT TG GT GATEGTC TAGGAGGRCECG G TCAGTTTGATC G TCNTEGACGTEET
CCTTTCTTCGGCCAARGAGGLCAGGL G TEE TEATEHA FA AAGAAACTGATGCTGCCCAACA TEETEATEGTC TAGGAGGGOCCEETCAGTTTGATEGTCC TEGAD G THET
CCTTTCTTCGGC CAAGGAGGCAGGL G TG TCATCGAGAAGRAAGAAACTEATECTGCCCAAD TEGTEATEGTC TAGGAGGGCC GG TCAGTTTEATGETCC TEEAC G THET
CCTTTCTTCGGL CAAGGAGGLCAGGC G TG TCATCCAGAAGAAGAAACTGATGCTGCCCAAC ATTGGETGATEGTC TAGGAGGGUCCGGTCAGTTTGATEGTCC TEGAD G THET
CCOTTTCTTC GG CAAGGAGGLAGG G TG TEATGGAGAAGRAAGAAAC TEATGC TGHICCAAC ARATTGETGATEGTE TAGGAGG GGG TCAGTTTGATGGTOC THGAC GTHEET
CCTTTCTTC GG CAAGGAGGLAGGL G TEFTEATEGGAGAAGAAGAAAC TG ATG L TECCCAACAAATTGETRATGGTC TAGFAGGGCCCGETCAGTTTGATEETCOC TEGAC G THET
COTTTCTTCGGC C ARG GAG GO AGGL G TEE TEATCGAGAAG ARG ARAC TEATG O TGL CCARC ARATTGETGATEG T TAGGAG GGCCCGETCAGTTTCATEETCL TEGAC - THCM
CCTTTCTTC GO CAAG G AG G AGGL G TEE TCATCCAGAAGAAGARAL TCATE O TRU CCAACARAT TG GTCATE G T TAGGAGGGCUCGETCAGTTTCATGETCC TEGACGTHET
CCTTTCTTCGGU CAAGGAGGCAGGC G TEETCATEGAG. AACTGATGCTGLCC CRAATTGGTGATEGTC TAGGAGGGICCGGTCAGTTTGATGETCC THGAC GTHET
CCTTTCTTCGGL CAAGGAGGLAGGL G TEE TEATEFA GA AAGAAACTGATGCTGCCCAACA TEETEATEGTC TAGGAG CEI CoMTCRG TTTCATEGTCC THGAC G TECE
CCTTTCTTCGGCCAARGAGGCAGGL G TG TEATCGAGAAGRAAGAAACTGATEC TGCCCAAD TEETEATEGTC TAG GAGGGE CGNTCEGTTTEATEETOD ACGTEET
CCTTTCTTCGGL CAAGGAGGCAGGL G TG TCATCCAGAAGRAAGAAACTGATGCTGCCCAAD ATTEETGATEGTC TAGGCAG GG CGMTC B TTTCATEETCC THGAC G TEET
CCTTTCTTC GGECAAGGAGGEAGE G TEG TCATGHAGAAGAAGAAAC TEATGC TGO C AAC ARATTGGTGATEGTC TAGGAGGGCCC GETCEGTTTEATGETCC THGAC GTEET
CCOTTTCTTC GG CAAGGAG GNAGHEC GTEG TEATGGAGAAGAAGAAAC TG ATG O THLCCAAC ARATTGETGATGGTC TAGGAGGGUCCGGTCAGTTTGATGGTCC THGAC GTHET
CCTTTCTTCGGE CAAGGAGGCAGG G TG TEATGFAGAAGAAGARAL TEATG L TGL CCAACAAATTGETGATGGTC TAGGAGGGCCCGETCAGTTTGATEGTCL TEGAL G THET
CCTTTCTTCGGC ARG A GO AGG G TEE TEATC G AGAAG ARG ARAL TEATG U TGO CC AR ARATTEETCATEG T TAGGAG GG UGG TCAGTTTCATEETCOC THGAD G THET
COTTTCTTCGGC CAAGGAGECAGGL G TEETEATEGAG AACTGATGU TG CC AR ARATTGGT CATGCGTO TAGGAG GG CCMTC BE TTTGEATGGTCC THGAC GTEET
COTTTCTTC GG CAAGGAG GEAGEC G TEE TEATGGAGAAGRAAGARAC TEATG O TGCCCAAC ARATTGETGATGGTC TAGGAGGGURC GG TCAGTTTGATGGTCHTGGAC GTHEET
CCTTTCTTCGGC CAAGGAG GINAGEL G TEETEATCGAGAAGAAGAAAC TEATG L TECCCAACAAATTGETATEGTC TAGFAGGGCECGETCAGTTTEATEETCHTEGAC G THET
CCTTTCTTCGGL CAAGGAGGLAGGL G TEE TCATCLAGAAGAAGAAACTGATGCTGCCCAAD ATTGETGATEGTC TAGGAG GG CGMTC R TTTCATEETCC THGACGTGET
CCTTTCTTC GGC C ARG AG G AL e T AT G ACAAG ARG AAAN TEATG TGO U CAAC ARAATTCETCATEGTC TAGGAGE G CCHTCECTTTCATEETOC THGAC G TGET
COTTTCTTC GG CAAGGAGGCAGGL G TG TEATGGAGAAGAAGAAAC TG ATG O TGO CCAAC ARATTGETGATGGTC TAGGAG GG CGMTCEG TTTGATGETCOC THGAC GTEET
CCTTTCTTCEGC CAAGGAG CINAGEC CTEE TEATCFAGAAGAAFARAL TE AT C TG CCAACAAATTGETEATECTC TAGGAG GGCRCGETCAGTTTCATEETCRT AL CTHET
COTTTCTTCGHC CAAGGAG GRAGE G TErTEATGGAGAAGRAGAAAC TEATG U TGCCCAAC ARATTGETGATEGTC TAGGAG GGHC CGHTCEGTTTGATEETOC THGAD G TGET
COTTTC TTHGGC CAAGGAGGCAGGL G TEETCATE AR, CAAATTGGTGATEG T TAGGAGGGUECGETCAGTTTGATEETCHTGGAC GTGHET
CCTTTC TTHEGE CAAGGAGGLAGGL G TEG TCGATGGA GA 2 ArACHGAT- GCCCAACARATTGGETGATGEGTC TAGGAGGGCRCGETCAGTTTGATGGTCHTGGACGTGET
CCTTTC TTHGGC CAAGGAGGCAGGL G TG THATGGAGAAGRAAGAAACIGAT- - -G CCAAC ARATTGETGATGGTC TAGGAGGGCRC GG TCAGTTTGATGGTCETGGACGTEET
CCTTTC TTHGEGE CAAGGAGGCAGGL GTEE TEATCGAGAAGAAGAAACGAT- - -GCCCAALD ATTGGETGATEGTC TAGFAGGGCRCGETCAGTTTGATGGTCRTGGAC GTEET
COTTTCTTC GOlC ARG GAGGLAGG G TEE TEATC G AGAAG RAAGARAL TEATG U TGO U C AR ARATTGET AT TCMAG GAGCGCEC GG TCAGTTTCATCETCNT G GAD G TCCHE
COTTTCTTC GOl ARG GAGGECAGG G TEGTEATEGAGAAGAAGAAAC TG ATGC TGO CCAACARATTGETCATEGT GEAGGGCECGETCAGTTTCATEETCRTCGAC CTCCE
COTTTCTTC GHMIC AAGGAGGNAGEC G TEE TEATG GAGAAGARGARAC TG AT THU CCAAC ARATTGETGATGGTC TAGGAGGGCRCGETCRG TTTGATGETOC THGAC G THGHM
CCTTTCTTCGGD AGGAGGLAGEL G TEE TEATGGAGAAGAAGAAAL TEAT U TECCCAAC ARAAT TG T CATEGTC TAGGAGGGLECE G TCAGTTTEATEETCC TH GTEET
COTTTCTTC GG CAAGGAGGMAGEC G TEETCATEHAGRA AAACTGATGU TGO CARCARATTGETGATEGTC TAGFAGGGUECGETCRGTTTGATEETCC THGAD & T 60 M
COTTTUTTC CClIC ARG AR GLAGG ETEE TEATC G AGAAG ARG ARAC TEATG O TGO U C AR ARAATTCETCATEG TOMAG GAG GG R G TCAGTTTGATECTCHTCGAD G TCCH
CCTTTCTTC GG CAAGGAGGLAGGL G TG TCATGFAGAAGAAGRAAAC TEATGC THRCOCCAACAAATTGGTGATEGTC TAGGAGGGCEC GG TCAGTTTGATGGTCHTGGAC G TG
CCOTTTCTTCGGO CAAGGAGGEAGHC G TG TEATGFAGAAGRAAGAAACTGATGC THC CCAAD ATTGGETGATGEGTC TAGGAGGG ORI GG TCAGTTTGATGET CHTGGAC GTHGH
CCTTTCTTCGGC CAAGGAG GINAGHEC G TEE TEATCGFAGAAGAAGAAAL TEATG L TGCCCAACAAATTGETGATEGTC TAGGAGFGCRCGETCAGTTTEATEETOC THGAC CHGER
COTTTCTTCGGU CAAGGAG GO AGH CTCE TCATG GAGAAG ARG ARAC TG ATG U TGO CCAAC ARATTGETGATGG T TAGGAGGGORCGETCAGTTTGATEGETCD GACGTEET
COTTTCTTCGGC CAAGGAGGCAGE G TEE TEATGGAGAAGAAGRAAAC TG ATG C TGO CCAACAAATTGGTGATEGTC TAGGAG GGCRCGETCAGTTTGATEETCE THGAC G THET
COTTTCTTC GGC C ARG GAGGCAGGL G TG THATG GAGAAGRAAGAAAC TEATGC THUCCAAC ARATTGGTGATGGTC TAGGAGGGUEC GG TCAGTTTGATGGTOC THGAC GTGET
CCTTTCTTCGGL CAAGGAGGCAGGL G TEr TEATEFAGAAGAAGARAL TEATG U TECCCAACARATTGETGATEGTC TAGFAGGGCCMGE TCEGTTTGATEETCC TEGAC - THET
CCTTTCTTCGGCCAAGGAGGLCAGGL G TEE TCATCHA GA ARACTGATGCTGCCCAACA TGETEATEGTC TAGGAG GGOCMEE TCRGTTTGATGGTOC THGAD G THET
CCTTTCTTCGGC CAAGGAGGCAGGL G TEE TEATCGAGAAGRAAGAAACTCATECTGCLCAAD TEETEATGEGTC TAGGAGGGCC CMGETC AGTTTGATGGTOC TEGAC GTHET
CCTTTCTTCGGL ARG GAGGLAGGL G TENTGATGGAGRAGRAAGAAACTGATGC TGCCCAAD ATTGGTGATGGTC TAGGAGGGUCCGETCAGTTTCATEGGTCCTEGACGTHGT
CCTTTCTTCGGC C ARG AGGLAGGL FTEr TEATE G AGAAGAAGAAA TE AT U TG CCAACAAATTEETEATEG T TAGGAGEGCLCGETCAGTTTCATEETCCTECAC CTHET
COTTTCTTCGGU CAAGGAGGLAGGL G TG TEATGGAGAAGAAGARAC TG ATG L TGO CCARC ARATTGETRATEG T TAGGAGGGCCCGETCAGTTTEATEGETOD THGAD ¢ THET
COTTTCTTCGGC C ARG GAG GO AL G TEE TEATCGAGAAGAAG ARAL TE AT O TGO CCARC ARAATTGETCATEG T TAGGAG GG CGETCAGTTTGATEETCL TEGAD G THET
CCTTTCTTC GG CAAGGAGGLAGEL G TG TCATGFAGAAGAAGAAAC TEATGC TROCCAACAAATTGGTGATEGTC TAGGAGGGOCCGGETCAGTTTGATGETCC TEGAC GTHET
CCOTTTCTTC GG CAAGGAGGCAGHC G TEE TEATG FAGAAGRAAGARAC TEATG U THUCCAAC ARAATTGGTGATEGTC TAGGAGGGUICGGTCAGTTTGATGETCC THGAC GTHET
CCTTTUTTCGGC CAAGGAGGLAGGL G TG TEATEGFAGAAGAAGARAC TEATG L TGCCCAAC AAATTGETGATGGTC TAGGAGGGCLCGETCAGTTTGATEETCC TEGAD G THET
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CATHATGETCAC ATC AAGGTGCAGG ARG ACC TTTC TTC GG CAATCC T CTC C TTTTAACCC AGAACAGGAACCGU GO AACGAT
EATGETCAMCATC AAGGTECAGGAAGACC TTTC TTCGGCAATCC RO CTCC TTTTAACCC AGAACAGGAACCGC LA A
CAMBATGETCAMC ATC AAGETGC AGGAAGACC TTTC TTC GG CAATCC RO CTO CTTTTAACCC AGRACAGGAACC GO GUAAD-
CAGGAACCGCGCAAC-

AGGAACCGCGC CGAC-

CATHATGGETCAMC ATC AAGGTGCAGGARAGACC TTTC TTC GGCAATCCTCCTCC TTTTAACT
CATCATGGTC AL
CATCATEGTC
CATCATGGTCAL
CATCATGGETCAC
CATCATGEGTCAL -
CATCATGGTC AL
CATCATGGTCAC
CATCATGGTC
CATCATGGTC
CATCATGGTC
CATCATGGTCAC
CATCATGGTCAL
CATCATGGTCACCAT---
CATCATHGTC AR
CATCATHGTC AN
CATGETE
CATCATGGTC
CATCATGGTC
CATCATGGTCAC
CABCATGGTCAL
CATCATGGTCAC-
CATCATGGTCAC
CATCATGGTCAL -
“ATCATGETE
CATCATGGTC
CATCATGGTCAC
CATCATGGTCAC
CATCATGGTCAL
CATCATGGTCAC
CATCATGGTCAC
CATCATGGTHAC
ATCATGGTH.
CATCATGGTH.
CATCATGGTHAL
CATCATGGTCAC
CATCATGGTCAL
CATCATGGTCAL -
CATCATGGTCAD -
CATCATGGTCAC
CATCATGGTCAL
CATCATGGTLC
CATCATGGTCAL
CATCATGGTCAC
CATCATGGTCAC
CATCATGGTCAC
CATCATGGTC AN
CATCATGGT-
CATCATGGT-
CATCATGGT-
CATCATGGT---
CATCATGGT---
CATCATGGT-
CATCATGGT---
CATCATGGT---
CATCATGGT-
CATCATGGT---

CETCAAGGTCHTCCTCAGGAC CMARCAGAG
CGTCAAGGT CCTCAGGAC CMAGCAGAG
CETCAAGGTCHTCCTCAGGACCMAGCAGAG
GTCAAGGTCNTCCTCAGFAC CMARCAGAG
CETCAAGGERCCNCC TOAGGAMO GAC CAGAG
GTCAAGGTCHTCCTCAGGAC CMARCAGAG
AAGGTCHTCCTCAGGAC CHAGC AGAG
CETCAAGGTCHTCCTCAGGAC CNAGC AGAG
CETCARMGGTCHTCCTCAGGAC CMARCAGAG
CETCAAGGTCETCCTOAGGAC CARCAGAG
TCCTCAGGACCGAGCAGAG
TCCTCAGGAC CMABCAGAG
CETCAAGGETCHTCCTCAGGAC CIRARCAGAG
CETCAAGGTCCTOC TCAGGAC CGEC CAGAG
CGTCAAGGTCCTOCTCAGGAC CGHEC CAGAG
CGTCAAGGTCCTCCTCAGGACT CAGAG
CETCAAMGETCHTCCTCAGGAC CGHC CAGAG
CETCAAGGTCETCCTOAGGAL CARCAGAG
TCCTCAGEAC CMAECAGAG
GTCAAGGTCHTCCTCAGGAC CMABCAGAG
CETCAAGGTCCMCCTCAGGAC CGAC CAGAG
CETCAAMGGTCCMCC TCAGGAC CGAC CAGAG

AAGGTCCECCTCAGGACCGAC CAGAG
CTCAGGACCGACCAGAG

CETCAAGGTOCMCC TOAGGAC CGAD CAGAG
GTCAAGGTCCRHC CTCAGGAC CGAC CAGAG
CETCAAGGTCCRCCTCAGGAMC GACCAGAG
CETCAAGGTCCMCCTCAGGANIC GAC CAGAG
CETCAAGETCORCC TCAGGAMC GAC CAGAG
CETCAAGGTCOMCC TOAGGANC GAC CAGAG
CeT GETCCTCCTCAGGACCGACCAGAG
CETCAAGGTCCTCCTCAGGACCGACCAGAG
CETRAAGGTCCTCCTCAGGACCGACCAGAG
CETCAAGGTCCTCCTCAGGACCGACCAGAG
GTEAAGGTCCTCCTCAGGACCGACCAGAG
CETCAAGGTCCTCCTCAGGACCGACCAGAG
CETCAAGGTCCTCCTCAGGACCGACCAGAG
CETCAAGGTCCTCCTCAGGACCGACCAGAG
CeTC GETCCTCCTCAGGACCGACCAGAG
CGTCAAGGTCCTCCTCAGGACCGACCAGAG
CETCAAGGTCCTCCTCAGGACCGACCAGAG
GTCAAGGTCCTCCTCAGGACCGACCAGAG
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ARACCGTTCGGTCAGCGC AR
CCETTCGEETCARCGL
AACCGTTEMGGTC AGCGT
CCGTTRGGTC AGC GE
ACCGTTEGETC AGCGE
AACCGTTHGETC AGCGC
CCETTCGGETCAGL G
COGTTMGEGTC AGEGE ARD
CoGTTGGTCAGEGE ARCE
COETTHGEGTC AGC G
ARCCGTTEGGTC AGC G
CoGTTMGETC AGDGD
ACCGTTEGETC AGC GO

inEioto
T

GATGGCCGTCMTCACCETC
AGCAGCFAGGAGGATEGC CGMC CTCACCC T
AGCAGCEAGGAGGATCGC CCMUCTCACCUTE A
AGCAGCGAGGAGGATGGCCETCCTCACCCTC
GATEGCCGTCCTCACCCTC
AGCGAGGAGGATEGCCGTCCTCACCCTC A

CATEGCCACC A
ATCGCCAC

AGHGAGGAGGATEGCCGTOCTCACCOTE
AGUGAGGAGGATEECCGTCCTCACCC TCACCACCATCGCCACCATEEC CALE
AGHGAGGAGGATEGCCGTCCTCACCOTCAD ATCGCCACCA
AGCGAGGAGRGATEECCETCCTCACCCTC A

GUGAGEAGGATCCC CGMOCTCACDO T
AGCGAGGAGGATGGCCGTCCTCACCCTC A
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L'L'CTL
GATGECCGECCTCACCOTE
CCGTTCGGTCAGE GC AACHSA AGCGAGGAGGATEGCCGMCCTCACCDTC
L'L'GTTL'GGTL' 5GL‘GL L E AGUGAGGAGGATGEGC OGO CTC AT OO T Al
AGCGAGGAGGATEGCCGMCCTCACCO T Al

CCETTHGEGTC .‘.GC GC
ACCGTTEGETC AGCGE
AACCGTTEGETC AGCGE
CCETTCGGETCAGL G
CCETTCGETCAGC G
CCGTTCGGTC AGCED
CCGTTCGETCAGCED
AACCETTCGGTCAGCGD
CCGETTCGETC AR GD
ACCGTTCGGTCAGCGC
AACCGHTCGETC AGCGE
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Ll bl i minadara

CCAC
ACC

GATEGECCGTCCTCACCCTE
GATGGCCGTCCTCACCOTC
é.’;f_‘fLG‘GG‘GG.‘.TGGE‘L'GTLE'TC.‘_L'LL'TL..
‘k.:v.‘..!.sE'.‘.ﬂ[‘G?_GGP.GEv.‘.TGGE'CGTL'LT['.!.Lf.L'TL..
G A ARG ANCGAGGAGGATEGOOGTOCTCACCO TE
BcAAEGC A SCG_‘.GG.‘_GG}.TGGLL'GTLCTL.‘_L'E'LTL.‘.L'C.
AREGAANGC ANCGAGGAGGATEGD
COGTTCGGTE AGEGE A AMG AGCAGCEAGGAGGATEGCCGTCCTE
CCGTTCGGTCAGCGT AAMG A ARG CAGCGAGGAGGATFGC CGTCCTCACCC TC ABC ACCATCGCCACCATGGCCE
AACCGETTCRGTCAGCGL AAMGAAAGC AGCGAGGAGGATEECCETCCTCACCCTCANCACCATCGCCACCATGGOLE & & &
CCETTCRETCARCGL TCGC
CCETTCGETCAGCED ¥ > ACCCTCECCACCATEGCCEC .
CCETTCGGETCAGD GC AGCGANGAGGATEGCCETCCTCACCOTCRCCACCATRGCCROC AN C 2
ACCGTTCGETC ARCEC .‘.G(‘G_‘..G.‘_GG.‘.TGGCL'GTCCTE.‘_L'L'CTL'GL'C.‘.L ATHGDCECT AN

AACCETTUGGTCAGUGE 1Gt'GalG.l.tv
CCGTTCGETCAGCGD

—o

L'L'GTTL'GGTL'.‘.GL'GL
CCETTCGGTC AGC GC
CCETTCGETC AGLGE hGC A G}TGGCCGTCL‘T["CCL‘TL‘fCCJLL TRGCCE A -
ACCGTTCGGTCAGCGC nGCAGHEG ABGAGGATEEC CGTCCTCACCCTC BCCAC CATRGC CRCC A
AACCGTTUGGTCAGCGC AACGAAAGCAGHGANGAGGATGECCETCCTCACCCTCRCCAC CATEG CECC AN 2
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G241 GATCATGACAGACCGATGTTITEAGATGAGECCCTTCCGETT CCCTTGGET GCCTTTCGEAGACCATCCCTTOGEC
-A3-1 GATCATGA GACCGATGTTTGAGATGAGGCCCTTCCGGTT “CCCTTGGGT GCCTTTCGGAGACCATCCCTTCGGD
-A3-1 FACCGATGTTTGAGATGAGGCCC TTCC GG TTCAACCCC TTGG G TAGAAAGCCTTTCGGAGALCCATCCCTTCGEC
-Ad-1 - GECCCTTCCGETT COTTGGGTAGMAAGCCTTTCGGAGACCATCCC TTCGED
-AB-1 GCCCTTCCGGTT CCTTEGET AMAGCCTTTCGGAGACCATCCCTTCGEC
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(60T, CAACCACTTCGzAU AN CCTTTCAGACCTOCCTTOGOCAGACT Crrk e AU T AV AR AU AU AZR AU A T
CHEGTHCAACCEC TTCGG TAGAAAGU L TTTCGGAGACCHTCCCTTCGGCAGAC G AACCACAC AGAAGGTCACCAGGGETCATAATGAGACGGGAGATCACCCCCACCGTCATCAL
CGGTHECAACCHEC TTCGG TAGARAGCC TTTCGGAGACCHMTCCCTTCGGCAGACGCARACCACAC AGAAGGTCACCAGGGTCATAATGAGACGEGGAGATCACCCCCACCGTCATCAL
CeGTHRCAACCHC TTCGG TAGAAAGL C TTTCGGAGACCHTCCCTTUGGCAGACG L AAC CACAC AGAAGGTCACCAGGGTCATAATGAGACGGGAGATCACCCCCACCGTCATCAD
CeEGTHCAACCECTTCGG TAGAAAGC C TTTCGGAGACCHTCC CTTCGGCAGAC G AACCACAC AGAAGGTCACCAGGGTCATAATGAGACGGGAGATCACCCCCACCGTCATCAL
CiaE AACCHECTTCGGTAGAAAGCC TTTCGGAGACCETCCCTTC GG CAGACGC AACCACAC AGAAGGTCACCAGGGTCATAATGAGAC GGGAGATCACCCCCACCGTCATCAC
CEGTECAACCACTTOGG TAGAAAGC O TTTCGGAGACCG TOC U T TOGL L AGAC GO AAC CAMAC AGAAGGTCACCAGGGTCATAATGAGAL GEGAGATCACCCCCACCGTCATCALD
CGGTHCAACCACTTCGG TAGEAAGCC TTTCGGAGEC G TCCCTTCGGCAGAC G AACCACAC AGAAGGTCACCAGGGTCATAATGAGACGGGAGATCACCCCCACCGTCATCAL
AACCACTTCGG TAGARAGCC TTTCGGAGACCGTCCCTTC GG CAGACGCAACCARAC AGAAGGTCACCAGGGTCATAATGAGAL GGG AGA] CCCCCAMCGTCATCAD
CHEGTEC AACCACTTCGGTAGAAAGC CTTITC GG AGACCETCC CTTC GG CAGAC GC AAL CAMAC AGAAGGTCACCAGGETCATAATGAGAC GEGAGABC ACCCCCARC GTCATCAL
CeGTHEAACCAC TT GG TAGARAGCC TTTC GG AGACCG TCC CT T GHCAGAC G AACCANAC AGAAGETC ACCHGGGTCATAATGAGAL GEGAGABC ACCCCCAMC GTC ATCALD
CEG AACCACTTCGGTAGARAGCC TTTCGGAGACCGTCCCTTCGECAGACGC AACC CAGAAGGTCACCAGGGTCATAATGAGACGGFAGA ACCCCCAMCGTCATCAD
CEGTHCAACCACTTCGG TAGAAAGCC TTTCGGAGACCETCCCTTCGGCAGACGCAACCA CAGAAGGTCACCAGGGTCATAATGAGACGGGAGAMCACCCCCANCGTCATCAC
CEETECAACCACTTCGG TAGRAAGCC TTTC GG AGACCGTCC CTTCGH L AGACGC AACC AAC AGAAGGTCACCAGGGTCATAATGAGAC GGGAGABC ACCCCCAMC GTC ATCALD
e TEC AACCAC TT oG TAGAAAGC CTTTC GG AGAC G TOC U T T GGt AGAC GO AAL CAMAC AGAAGG T ACCAGGETCATAATGAGAL GEGAGABC AT CCCAMC GTCATOAD
CGGTECAACCACTTCGG TAGAAAGC L TTTC GG AGACCG TCC CTTCGGCAGAC G AACCANAC AGAAGGTCACCAGGGTCATAATGAGACGGGAGAMCACCC CCANCGTCATCALD
CGEGTMCAACCACTTCGG TAGARAGCC TTTCGEAGACCGETCCCTTCGECAGACGLAACT CAGAAGGTCACCAGGGTCATAATGAGACGGGRAG, ACCCCCAMCGTCATCAC
CGGTMCAACCACTTCGG TAGAAAGLUC TTTCGGAGACCETCCCTTC GG CAGACGC AACCANAC AGAAGGTCACCAGGGTCATAATGAGAC GGGAGA| ACCCCCAMCGTCATCAC
CGGTHCAAC CAC T TOGE TAGARAGC U TTTC GG AGAC G TC OO T T GGMAGAC G AACCANAC AGAAGG T ACCAGGGTCATAATGAGACGEGAGANCACCCCCABCGTOATCAD
CeG AACCACTTCGGTAGAAAGUC TTTCGGAGACCGTCCMTTCGGCAGACGCAACC CAGAAGGTCACCAGGGTCATAATGAGACGGFAGA ACCCCCANCGTCATCAC
CEGTHCAACCACTTCGG TAGRAAAGC C TTTC GG AGACCG TCCMT TOGG L AGACGC AACCANAC AGRAAGGTCACCAGGGETCATAATGAGAC GEGAGABMC ACCCCCAMC GTC ATCALD
CGGTHMCAACCACTTCGG TAGEHAAGCC TTTCGGAGECCGTCCCTTCGGCAGAC G AACCACAC AGAAGGTCACCAGGGTCATAATGAGACGEGAGATCACCCCCACCGTCATCAL
CGGTEC AAC CAC T TOGG TAGEAAGC O TTTC GG AG RO G TOC U T TG O AGAC GO AAC C AT AL AGAAGGTCACCAGGGTCATAATGAGACGGGAGATCACCCCCACCGTCATOAD
CGGTHECAACCACTTCGG TAGRAAGC L TTTCGGAGRCCG TCC CTTC GG CAGAC G ARACCAC AT AGAAGGTCACCAGGGTCATAATGAGACGGGAGATCACCCCCACCGTCATCALD
CoE AACCACTTCGE TAGEAAGCC TTTCGGAGEC LG TCCCTTC GG CAGACGCAACCACAC AGAAGGTCACCAGGGTCATAATGAGAC GGEAGATCACCCCCACCGTCATCALD
CGETECAACC AL TTCGG TAGAAAGU C TTTC GG AGACCGE TCC CTTOGLCAGAC G AAL CAMAC AGAAGGTCACCAGGETCETAATGAGAC GEGAGABCACCCCCANMC GTC ATCALD
CEETRCAACCACTTCEG TAGARAGCC TTTC GG AGACCGETCC CTTOGHCAGACGC AACCAMAC AGAAGGTCACCAGGGTCATAATGAGAC GEGAGABCACCCCCABCGTC ATCAD
CEG AACCACTTCGGTAGAAAGUC TTTCGGAGACCGTCCCTTO GG CAGACGCAACCARAC AGAAGGTCACCAGGGTCATAATGAGAC GEGAGAMCACCCCCARNCGTCATCAC
CEGTECAACCACTTCGEAGANGE-- ACCACACAGAAGGTCACCAGGGTCATAATGAGAC GGFAGATCACCCCCACCGTCATCAC
CGGTHECAACCACTTCCGCMAGANGE-- AACCACACAGAAGGTCACCAGGGTCATAATGAGAC GGGAGATCACCCCCANMCGTCATCALD
[l =1 AACCACTTCGG (= B AAMICACACAGAAGGTCACCAGGGTCATAATGAGACGGGAGATCACCCCCAMCGTCATCAD
CEETHECAACCACTTCGGMAGARNGE- - AACCACACAGAAGGTCACCAGGGTCATAATGAGACGGFAGATCACCCCCACCETCATCAC
CeEGTECAACCACTTCGCMAGANGE-- AACCACACAGAAGGTCACCAGGGTCATAATGAGAC GGFAGATCACCCCCACCGTCATCAC
CeGTHCAACCACTTOGCEAG T AR AL AL AGAAGGTCACCAGGGTCATAATGAGAC GG CAGATCACCCCCACCGTOATCAC
CeGTECAACCACTTCGG ACCACACAGAAGGTCACCAGGGTCATAATGAGAC GGGAGATCACCCCCAMCGTCATCAC
CEGTECAACCACTTCGG AAUCACACAGAAGGTCACCAGGGTCATAATGAGAC GEFAGATCACCCCCANMCGTCATCAC
o ACCACACAGAAGGTCACCANGGTCATAATGAGACGGGAGATCACCCCCACCGTCATCAL
AACCACACAGAAGGTCACCANGGTCATAATGAGAC GGGAGATCACCCCCACCOGTCATCAD
AACCACACAGAAGGTCACCANGGTCATAATGAGAC GGHAGATCACCCCCACCGTCATCAD
AACCACACAGAAGGTCACCANGGTCATAATGAGAC GGFAGATCACCCCCACCGTCATCAD
ARCCECACAGAAGGTCAMC ANGGTC AMAATGAGACHGGAGATCACCCCCACCGTCATCAD
AACCECACAGAAGGTC AN ARG GCTCABAATGAGACRGEAGATCACCCCCACCGTCATCAC
ACCACACAGAAGGTCACCANGGTCAMAATGAGACNGGAGATCACCCCCACCGTCATCAL
AACCACACAGAAGGTCACCANGGTCABAATGAGR GAGATCACCCCCACCGTCATCAC
ACCACACAGAAGGTCACCANGGTCANAATGAGACNGGAGATCACCCCCACCGTCATCAD
AACCACACAGAAGGTC AN ANGGTCANMAATGAGACMGGAGATCACCCCCACCGTCATCAD
AACCACACAGAAGGTCACCANGGTCHREAATGAGA GAGATCACCCCCACCGTCATCAC
AACCACACAGAAGGTCACCANGGTC ABAATGAGA GErAGATCACCCCCACCGTCATCAC
CCACACAGAAGGTCACCANGGTCANAATGAGACNGGAGATCACCOCCACCGTCATCAD
AACCACACAGAAGGTCACCANGGTCANAATGAGA GANATCACCCCCACCGTCATCAC
ACCACACAGAAGGTCACCANGGTCANAATGAGACNGGAMATCACCCCCACCGTCATCAL
AACCACACAGAAGGTCACCAGGGECATAATGAGAC GGFAGAMCACCCCCANMCGTCATCAD
AGAAAGCC TTTC GG AGACCG T CTTCGGCAGACG L AACCANAC AGAAGGTCACCAGGGTCATAATGAGACGEGAGANCACCCCCABMCGTCATCAD
AGAAAGUCTTTCGGAGACCGTOCCTTO GG AGAC G AAC CABAC AGAAGGTCACCAGGGTCATAATGAGAC GG GAGANCACCCCCACGTCATCALD
AGAAAGCCTTTCGRAGACCGTCCCTTCGECAGACGCRACT CAGAAGGTCACCAGGGETCATAATGAGACGGHAG, ACCCCCAMCGTCATCAC
AGAAAGCC TTTCGGAGACCGTCCCTTCGGCAGACGCAACCANAC AGAAGGTCACCAGGGTCATAATGAGACGGGAGANCACCCCCABMCGTCATCAC
AGAAAGUCTTTCGEAGACCETCOCCTTUGGCAGACGD CCARAC AGAAGGTCACCAGGGCETAATGAGACRGCANATCACCOCCACCGTCATOAD
AGARAGUC TTTCGGAGACCGTCCCTTCGGCAGACGC AACC CAGAAGGTCACCAGGHECATAATGAGACGGCAGABCACCCCCAMCGTCATCAC
AGARAGCC TTTCGGAGACCGETCCCTTCGGCAGACG L AACCANAC AGAAGGTCACCAGGGMC ATAATGAGACGGGAGANCACCCCCAMCGTCATCAL
AGAAAGUC TTTCGGAGACCGTCCCTTCGGCAGACGCAACCANAC AGAAGGTCACCAGGGCATAATGAGACGGGAGANCACCCCCANCGTCATCAC
AGAAAGCCTTTCGGAGACCGTOCOTTOGGCAGACGCAACTA CAGAAGGTCACCAGGGECATAATGAGACGGCAGANCACCCCCANCGTCATCAC
AGAAAGUCTTTCGGAGACCGTCC CTTCGGCAGAC G AACCAAC AGAAGGTCACCAGGGlC ATAATGAGACGGGAGAMCACCCCCACGTCATCAL
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AGC?_?_G.\CCGG?_GATGG}.GRTCAGGRCAG.‘.CCAATGTT.GAGEIGRGGCCCTTC.GGGTC.\ACCCCTTCGGTAG}.&BGCCTTTCGGRG.‘:CCGTCCCTTCG.CAGRCGC}. CGEA
AGUAAGACCGGAGATGGAGATCAGGACAGACC AATGTTHGAGAMGAGGCCC TTCMGGETCAACCCC TTC GG TAGARAGC L TTTCGGAGACCGTCCCTTCGMC AGACGC AACGRA
ABCAAGACCGGAGATGGAGATCAGGAC AGACC AATGT GAGANMGAGGCCCTTC GETCAACCCCTTC GG TAGARAGCC TTTCGGAGACCGTCCCTTC AGACGUAACGGA
AGCARG.‘.CCGGAGATGGRG&TCRGGACRGACCQ.HTGTT.GRG.‘..GAGGCCCTTC.GGGTCARCCCCTTCGGTAGlALGCCTTTCGGAGLCCGTCCCTTCG.CAGRCGCA&CGGR
AGCAAGACCGGAGATEGAGATCAGGACAGACCAATGTTHGAGAT GAGGC UL TTCCGGTTCAACCCC TTC GG TAGARAGC C TTTCGEAGACCGTCCCTTCGGCAGACGC AACGEA
AACAAGACCGGAGATEGAGATCAGFACAGACC AATGTTCGAGEMGAGGCCC THCCEGTTCAACCCCTTC GG TAGARAGC C TTTCGEMGACCETCCCTTCGNC AGACGC AAC GRA
AACAAGACCGGAGATGGAGATCAGGACAGACC AATGTTCGAGEMGAGGCCC TTCCGGTTCAACCC CTTC GG TAGAAAGC L TTTCGHAGACCGTCMC TTCGGCAGACGCAACGGA
AKC.‘.RGECC.GAG.\TGGAG&TCAGG&C.\GSCCA.\TGTTCGAG.\TG?.GGCCCTTCCGGTTCA&CCCCTTCGGT.\G.\_‘..‘_GCCTTTCGGAGGCCGTCCCTTCG.C}.G.\CGCABCGG.\
AACAAGACCNGAGATEGAGATCAGGACAGACC AATGTTCGAGAT GAGGCCCTTCCG G TTCAACCCCTTC GG TAGARAGC C TTTCGEAGRCCGTCCCTTCGMC AGACGC AACGRA
AACAAGACCHNGAGATGGAGATCAGFACAGACCAATGTTCGAGATGAGGC CETTCCEETTCAACCC C TTHGG TAGARAGC L TTTCGEAGRCCGTCCCTTCGNC AGACGC AACGRA
AACAAGACD AGATG G AGAT CAGG AL AG AL AAT G TT CGAGAT GAG GOl TTO G G TTC AAC O O TTC GG TAGARAGCC TTTCGEAGECCGTCCCTTC AGACGUAACGGA
AACAAGACCNGAGATGGAGATCAGEACAGACC AATG TTHGAGATGAGGCCC TTCCG G TTC AACCCC TTU GG TAGARAGCC TTTO GG AGECCGTCCC TTCGMC AGACGLAACGEA
AACAAGACCNGAGATEGAGATCAGGACAGACCAATGTTCGAGATGAGG LU TTCCG G TTCAACCCC TTC GG TAGARAGC C TTTCGEAGRCCGTCCCTTCGMC AGACGC AACGRA
AACAAGALD AGATGGAGATCAGGACAGACC AATGTTCGAGATGAGGCCCTTCCGGTTCAACCCCTTGG TAGAAAGCC TTTCGEAGECCETCCCTTC AGACGCAACGGA
AACAAGACCMGAGATGGAGATC AGGACAGAC C AAT G TTUGAGAT GAGG L L TToCG G T T AAC T CTTC GG TAGARAAGC O TTT GG AGRCCGTOCCTTOGNC AGACGCAACGEA
AKC.‘.RGECC.GAG.\TGGAG&TCAGG&C.\GSCCA.\TGTTCGKGATGE.GGCCCTTCCGGTTCA&CCCCTTCGGT.\G.\‘.‘_GCCTTTCGGAGGCCGTCCCTTCG.C}.G.\CGCABCGG.\
AACAAGAC AGATGGAGATCAGGACAGACC AATG TTHGAGATGAGGCCCTTCCGGTTCAACCCCTTC GG TAGARAGCC TTTCGEAGRCCGTCCCTTC AFACGCAACGRA
AACAAGACCHMGAGATGGAGATCAGGACAGACCAATGTTCGAGATGAGGCCCTTCCGGTTCAACCCCTTC GG TAGARAGCC TTTCGGAGRECCGTCCCTTCGMC AGACGCAACGGA
AACAAGACCGAGATG G AGATCAGGAC AGAL C AATG TTHGAGAT GAGGC OO TToCGG T T AAC U CTTC GG TAGARAGC O TTTCGLAGACCGTOCCTTOGNC AGACGCAACGGA
ARCARG.‘.CC.GAGATGGRG&TCRGGACRGACCQ.HTGTT.G.\G.\TGAGGCCCTTCCGGTTCARCCCCTTCGGTAGlALGCCTTTCGGAGLCCGTCCCTTCG.CAGRCGCA&CGGR
AACAAGACCGGAGATEGAGATCAGGACAGACCAATGTTCGAGHMGAGGCCC TTCCGGTTCAACCCC TTC GG TAGARAGC C TTTCGGAGACCGTCEC TTCRIGC AGACGC AACGRA
AACAAGACCGGAGABGGAGATCAGGACAGACC AATGTTCGAGEMGAGGCCC TTCCGGTTCAACCCC TTC GG TAGAAAGCC TTTCGGAGACCGT "TTCGECAGACGL AACGEA
R}.C.\AG.\CCGG.\GATGGAGKTC.‘.GGRCP_G}.CC.‘.ATGTTCGRG-GAGGCCCTTCCGGTTCR.‘.CCCCTTCGGT.‘.GAR}_GCCTTTCGGlG}_CCGT .CTTCGGC.‘.GLCGCRLCGG.‘.
AKC.‘.RGECCGGAG.\TGGAG&TC.\.}.\C.\GSCCA.\TGTTCGKG-GE.GGCCCTTCCGGTTCAACCCCTTCGGT.\G.\_‘..‘_GCCTTTCGGAGSCCGTC.CTT.GGC}.G.\CGCABCGG.\
GAGATGGAGATC AGGACAGACC AATGTTCGAGATAGGCCCTTCCG G TTCAACCCCTTC GG TAGARAGC C TTTCGHAGRCCGTCCCTTC CAGACGC AACGEA
AACAAGACCMGAGATGGAGATCAGGACAGACC AATGTTCGAGATGAGGC CC THCCGG T TCAACCC C TTC GG TAGAAAGC L TTTCGGAGERCCGTCCCTTCGMC AGACGCAACGGA
.\AC.\AGACC.GRG.\TGGRG.‘.TC?_GGACAGACCA.\TGTTCGAG.\TGAGGCCCTTCCGGTTCALCCCCTTCGGTAGAS?_GCCTTTCGGAGGCCGTCCCTTCG.C.‘.G.\CGCK&CGGR
AACAAGACCGGAGATEGAGATCAGGACAGACCAAT G TTHGAGATGAGGCCC TRCMG GG TCAACCCCTTC GG TAGARAGC C TTTCGFAGACCGTCCCTTCGGLAGACGC AACGEA
AACAAGACCGGAGATEGAGATCAGGACAGACCAATGTTHGAGATGAGGCCC TTCMEGETC AACCCCTTC GG TAGARAGC C TTTCGEAGACCGTCCCTTIGHC AGACGC AACGEA
AACAAGACCGGAGATGGAGATCANGACAGACCAATGT G AGATGAG GO TTC GG T T AAC O C T T GG TAGARAAGC L TTTCGEAGACCGTOC CTTCGGCAGACGC AACGLA
AACAAGACCGGAGATEGAGATCAGEACAGACC AATG TTHGAGATGAGGC CC TRCMG G ETC AACCCC TTU GG TAGARAGCC TTTCGEAGACCGTOCC TTUGGC AGACGLAACGGA
AACAAGACCGGAGATEGAGATCAGGACAGACCAATGTTHGAGATGAGGC CC TRCMG G ETCAACCC O TTC GG TAGARAGL C TTTCGRAGACCETCCCTTCGGCAGACGC AACGRA
AACAAGACCGGAGATGGAGATCAGGAC AGACC AATGT GAGATGAGGCCC TH GETCAACCC TG TAGARAGCC TTTCGRAGACCGTCCCTTCGGC AGAC G AACGR A
AACAAGAL CGGAGATG G AGATCAGGACAGAC CAATCTTHGAGAT GAGG L OO TTOMG G TCAAC OO CTTC GG TAGAAAGC O TTTC GGG ACCGTOC O TTUGGCAGACGCAACGEA
AACAAGACCGGAGATGGAGATCAGEACAGACC AATG TTHGAGATGAGGCCC TRICHMG GETC AACCCC TTC GG TAGARAGC C TTRHCEMAGACCGTCCC TTCGGCAGAC G AACGGA
AACAAGACCHNGAGATGGAGAMC AGGACAGACC AATGTTCGAGATGAGGCCC TTCCGGTTCAACCCCTTC GG TAGARAGC C TTTCGGAGHECCGTCCCTTCGMC AGACGC AACGRA
AACAAGACCHNGAGATGGAGAMCAGGACAGACCAATGTTCGAGATGAGGCCC TTCCGGTTCAACCCC TTC GG TAGARAGC C TTTCGGAGRCCGTCCCTTCGMC AGACGCAACGGA
AACAAGACCNGAGATGGAGAC AGGAC AGAC C AAT G TT O GAGATGAGG O OO TToOG G T T AAC OO CTTC GG TAGARAGC O TTTCGGAGECCGTOC O TTOGMC AGACGCAACGGA
R}.C.\AG.\CC.G.\GATGGAG“C.‘.GGKCP_G}.CC.‘.ATGTTCG}.GATGAGGCCCTTCCGGTTCR.‘.CCCCTTCGGT.‘.GAI}_GCCTTTCGGRGGCCGTCCCTTCG.C.‘.GRCGCRLCGG.‘.
AACAAGACCGGAGATGGAGATC ANGACAGACC AATG TTHGAGATGAGGC CC TTCCGGTTCAACCCC TTC GG TAGARAGL C TTTCGEAGACCGTCCCTTCGGCAGACGC AACGRA
AACAAGACCGGAGATGGAGATCANGACAGACCAATGT G AGATGAGGCCC TTCCG G TTCAACCC T GG TAGARAGC C TTTCGEAGACCGTOCCTTCGGCAGACGL AACGLA
.\ACAAGP_CCGG.‘.G.\TGG.\GATC.\GG}.CAG?_CC.\ATGTT.GRG.\TG}.GGCCCTTCCGGTTCA.\CCCCTTCGGT.\GLALGE'CTTTCGGAG?_CCGTCCCTTCGGCAG.\CGC_‘.SCGG.\
.\AC.\AGACCGGRG.\TGGRG.‘.TC?_GGACAGACCA.\TGTTCGAG.\TGAGGCCCTTCCGGTTCALCCCCTTCGGTAGAS?_GCCTTTCGGAGLCCGTCCCTTCG.C.‘.G.\CGCK&CGGR
AACAAGACCGGAGATEGAGATCAGFACAGACC AATG TTHGAGATGAGGCCC TTCCEETTCAACCCCTTC GG TAGARAGC C TTTCGGAGACCGTCCCTTCGGEC AGACGC AAC GEA
AACAAGACCGGAGATGGAGATC ARNGACAGACCAATGTTHGAGATGAGGC UL TTCCGGTTCAACCC O TTC GG TAGARAGC C TTTCGGAGACCGTCCC TTOGGCAGACGCAACGGA
A.\C.\RG.\CCGG}.GP_TGGRG.\TCRGG?_CAG}.CC.\ATGTT.GAGRTG&GGCCCTTCCGGTTCA.\CCCCTTCGGTSGAR&GCCTTTCGGAG.‘_CCGTCCCTTCGGC_\G}.CGC_\BCGG&
AACAAGACCGGAGATEGAGATCAGGACAGACC AATG TTIGAGATGAGGCCC TTCCG G TTC AAMCC CTTC GG TAGARAGC L TTTCGFAGACCETCCCTTCGGCAGACGCAACGERA
AACAAGACCGGAGATGGAGATCAGGACAGACC AATE TTHGAGATGAGGC CCTTCCEGTTCAACCCCTTC GG TAGARAGL C TTTCGEAGACCETCCCTTCGHC AGACGC AAC GRA
AACAAGACCGGAGATGGAGATCAGGAC AGACC AATGT G AGATGAGGCCC TT OO GG T T AAC T T GG TAGARAAGC L TTTC G AGACCGTOC CTTCGGLAGACGL AACGLA
AACAAGACCGGAGATGGAGATCAGEACAGACC AATG TTHGAGATGAGGC CC TTOCG G TTC AACCCC TTC GG TAGARAGC C TTTCGEAGACCGTOCC TTUGGCAGACGLAACGGA
AACAAGACCHNGAGATEGAGAR---GACAGACCRATGTTCGAGATGAGGCCC TTIMCG G TTCAACCC CTTC GG TAGARAGCC TTTCGFAGACCETCCCTTCGGCAGACGCAACGRA
AACAAGAC AGATGGAGATCAGGACAGACCAATGTTCFAGATGAGGCCCTT GETTCAACCCCTTC G TAGARAGC C TTTCGHAGACCGTCCC TTCGGCAGACGCRAACGRA
AACAAGACCNGAGATG G AGAT O AGGACAGAC CAAT G TT U GAGAT GAGG O U TTICG G T TC AAC OO O TTC GG TAGARAGC C TTTU GG AGACCGTCCC TTOGGCAGACGCAACGGA
AACAAGACCNGAGATGGAGATCAGGACAGAC CAATG TTCGAGATGAGGCCC TTHCG G TTC AACCCC TTU GG TAGARAGLCC TTTCGEAGACCGTOCC TTCGGCAGAC G AAC GG A
AACAAGACCHMGAGATGGAGATCAGEACAGACC AATGTTCGAGATGAGGCCC TTMCG G TTCAACCC CTTC GG TAGARAGC L TTTCGEAGACCGTCCCTTCGGEC AGACGCAACGRA
AACAAGACCGGAGATGGAGATCAGGACAGACCAATGTTHGAGATGAGGCCCTTCCGGTTCAACCCC TTCGG TAGARAAGCC TTTCGGAGACCGTCCCTTCGGCAGACGCAACGGRA
AACAAGACCNGAGATGGAGAE---GACAGACC BAT G TTCGAGATGAGGCCC TTICG G T TC AAC O O T TC GG TAGARAGC O TTTC GG AGACCGTOCCTTOGGUAGACGLAACGEA
AACAAGALD GAGATGGAGAR G}.CAG?_CCGRTGTTCGAG.\TG}.GGCCCTT.CGGTTC.‘.\CCCCTTCGGT.\GLALGE'CTTTCGG.\G?_CCGTCCCTTCGGCAG.\CGC_‘.SCGG.\
AACAAGACCHNGAGATGGAGAR GACAGACCBATGTTUGAGATGAGGCCC TTMCGGTTCAACCC CTTC GG TAGARAGCC TTTUGEAGACCGTCCCTTCGGCAGACGCAACGGA
AACAAGAC AGATGGAGAR GACAGACCEATGTTCGAGATGAGGCCCTT GETTCAACCC C TTC G TAGARAAGC C TTTCGHAGACCGTCCC TTCGGCAGACGCAACGGA
A}.C.‘?_GACC.G.‘.G.‘.TGG.‘.G}.G———GAL'P_G.‘.CCGATGTTCG}.G.\TG}.GGCL'CTT.CGGTTCP.ACCCCTTCGGTAGAAAGE'CTTTCGG?_G.‘_CCGTCCCTTCGGChG.‘.CGCRhCGGﬁ




1.370 1,380 1,300 1.400 15 4IIJ 1 420 1 43D 1 460 1 450 1.470 1.480

2] I . 1 ,

e g | mu' i ﬂffmﬂm I {Jlut[rfz Tl 'J ﬂJUﬂ [, U " J' AU AL
ol WAL  IMAIVVCTUIEUW Ul Ul LUV LIV Al
.62.1 ACCGJ\&GJ\HGG}TCTCCC\GGCGTG}TGGCCAICITC-LCC %TGGTA\CCGIGGLLGTTG&G&TGBG;\}TG‘.PMGTG\GGAGP\GGJ\GCATCC;\PCG‘:C&GAR\GLGT&.\
_Aa_‘] ACCGAAGAAGGATC TCCCAGGUGTEATGECC GACGTTGG G TEAGAATGAAAGTGAGGAGAAGGAGC ATCCAACGACGGAAAGCGTAA
-.ﬂi3'1 .\.CCG.\AGAAGGLTCTCCLAGGCGTGATGGCLAICITC-CCCIATGGT.\ACCGIGGACGTTGGGGTG&G.\.\TGA.\.\GTGAGGAGA}.GGAGC.\TCCLACGACGG;\A.\GCGTA.\
414-1 ACCGAAGAAGGATC TUCCAGGCGTFATGGC T ARCET CREC C CEATGETAAC CGEGEAC GTTGGRETEAGAATGARAGTGAGGAGAAGGAGC ATCCAACGAUGGARAGL GTAA
-,ﬂ5-1 Al GARGAAGGATC TCCCAGEL G TEATGE L L AAC G TCG GO U CTATGE TAACC G AGRACGT TG TEAGAATC AR AGTGAGGAGAAGGAGCATCCAACGACGGAAAGCGTAA

A GAAGAAGGATC TCC CAGG O G TEATGGC CABC G TG G0 C CTATEG TAAL (G AR AL CT T e TEAG AATGAAAGCT ARG AGAAGGAGCATCCAACGAC GEARAGOGTAL
ACCGARGAAGGATCTCCCAGGCGTEATEECC GTCGGLCCTATGE TAACCCAGEACGT TG TEAGAATCAAAGCTCAGLAGAAGGAGC ATCCAACGACGLARAGCGTAA
ACCGAAGAAGGATC TCCCAGGCGTFATEGC CAMCG TCGGC CCTATGG TAAC CGAGHAC TG GGG TEAG AATEAAAGTGAGGAGAAGFAGL ATCCAAC GAC GEAAAGC GTAA
ACCGAAGAAGGATC TCCCAGE LG T AT CABC G TUGG U CCTATGE TAACCGAGEACGNT GG EE TEAGAATCARAGTCAGGAGAAGGAGCATCCAACGACGRAAAGLGTAA
ACCGAAGAAGGATCTCCCAGGCGTGATGECD GGG CTATEG TAAD LG AGGAL CT TR TEAG AATCARAGCTGAGGAGAAGEAGC ATCCAACGAC GEAAAGD GTAA
A GAAGAAGGATC TCCCAGG G T AT CAMC G TCG G O CTAT GG TAAC CRAGEAC GHTGEEETEAG AATCAAAGTGAGEAGAAGGAGC ATCCAACGACGEARAGOGTAA
ACCGAAGAAGGATC TOC L AGGCGTFATEEC CAMCG TCEGC CCTATGE TAACCGAGEAC GNTG GGG TEAGAATCAAAGTGAGGAGAAGEAGC ATCCAACGAUGGAAAGO GTAA
A G AAGAAGGATC TO O CAGG O G TEATEGC CAMC G TG GO O TAT GG TAA (oA AL Gl TG G o T A AATCAAAGTCAGEAGAAGGAGCATCCAAC GACGRARAGO GTAA
A GAAGAAGGATC IO CAGGCGTEATGGC CAMCG TOG G0 O CTATGG TAAC (G AGEAC GHTGCEGETEAG AATGAAAGTCAGGAGAAGGAGL AT AACGAC GRARAGOGTAR
ACCGAAGAAGGATCTCCCAGGCGTEATERCC ETCGGLCCTATGETAACCGAGGACGNTGE G TEARAATCAAAGTGAGGAGAAGGAGC ATCCAACGACGFARAGCGTAA
ACCGAAGAAGGATC TCCCAGE UG TEATGGEC CAMC G TCGG U CCTATGE TAACCGAGRACGHTGEGETEAGAATEARAGTGAGGAGAAGGAGC ATCCAACGACGGARAAGLGTAA
A G AAGAAGGATC TOC CAGG O G TEATECC CARC G TG G C U TAT GG TAAC (G AGE AL CHT G oG T A AATCAAAGCTCAGEAGRAAGGAGCATUCAAC GACGEAAAGU GTAA
A GAAGAAGGATC TOCCAGGLGTEATGEC CAMC G TCGGL CCTATGG TAAC LG AGEAL T GEGTEAG AATCAARAGCTGAGGAGARAGGAGCATCCAAC GAC GEAAAGD GTRA
ACCGAAGAAGGATC TCCLAGGCGTRATEEC ARG TCG G CCTATGG TAAC CRAGRACFTTGGGETEAGAATCGAAAGTGAGGAGAAGEAGC ATCCAACGACGGARAGOGTAA
ACCGAAGAAGGATCTCCCAGGCGTCGATGECD GTCGGCCCTATGE TAACCGAGGACETTIGG G TCAGAATCAAAGTGAGGAGAAGGAGCATCCAACGACGGAAAGIGTAA
A GARGAAGGATC TOC CAGGLGTEATGGC CABC G TUG GO O U TAT GG TAAC (G AR AL ET TG e TR A AATEAAAGCTGAGEAGAAGGAGC AT AAC GACGLAAAGOGTAA
ACCGAREAAGGATC TCCCAGGCGTFATGGEC CABC G TOG G CCTATEG TAAC CGAGRAC T TR GG THAG AATGAAAGTFAGEAGAAGGAGC ATCCAACGAC GRARAGE G TAN
A LG ARGAAGGATC TCCCAGG LG TEATEEC CANCE TCE G CCTATEE TAAC LR AGFACGT TG EEE TR AR AATCAAAGTGAGGAGAAGFAGCATCCAACGACGEARAGUGTAA
A G ARGAAGGATC TOC CAGG O G TEATGGC CAMC G TG G OO TAT GG TAAD (G AR AL ETTE G e TEAG AATCAAAGCTCAGE AGAAGGAGUATCCAAC GAC GEAAAGO GTAA
ACCGAAGAAGGATCTCCCAGGCGTEATGECC GTUGGECC CTATEG TAAC CGAGEAL CRTGGEETEAG AATCAAAGCTGAGEAGAAGGAGC ATUCAAC GACGEARAGU GTAA
ACCGAAGAAGGATC TCCCAGGLGTFATEGC CAMCG TCGGC CCTATEG TAACCGAGHAL GHTG GGG TEAGAATCAAAGTGAGGAGAAMNGAGC ATCCAAC GACGEAARGC GTAA
ACCGAAGAAGGATC TCCCAGECGTEATGEC LAl G TCGG U CCTATGE TAACCGAGGACGNTGEGE TR AGAATEAAAGTGAGGAGAAGGAGC ATCCAACGACGGARAGCGTAR
A GAAGAAGGATC TOC CAGGOGTEATEGC CARCG TCNMC O CTATGG TAAC UG AGEAD GT TG e TEAG AATCGAAAGTGAGEAGARGEAGC ATCC AACGAUGGAAAGO GTAA
ACCGARGAAGGATC TCCCAGGLGTEATEGC CARCGTCGGC CCTATEG TAAC CGAGRAC GTTGGGG TG AATGAAAGTGAGEAGAAGGAGC ATCCAAC GACGRARAGOMTAA
ACCGAAGAAGGATC TCCCAGGCGTEATGEC CAACGTCGGCCCTATGG TAACCGAGGACGTTGGGETEAGAATGAAAGTGAGGAGAAGGAGCATCCAACGACGGARAAGCGTAA
A GAAGAAGGATCO TOC CAGG LG TEATGGC CARCG TONMC C CTAT GG TAAC (G AGEAC GT TG e T A AATCAAACTCAGEAGAAGGAGU ATCOAAC AL GEARAGO GTAA
A GARGAAGGATC TOC CAGG O G TEATGGC ARG TCGGC CCTATGG TAAC (G AGEAC GTTEGEGETERG AATCAAAGTCAGE AGAAGGAGCATCCAAC GAC GEAAAGONTAA
ACCGAAGAAGGATC TCCCAGGCGTEATEEC CABCG TCNMC C CTATGG TAAC CRAGRAC GTTRGEGTEAR AATGAAAGTGAGEAGAAGGAGC ATCCAAC GAC GRAAAGU GTAA
AL GAAGAAGGATC TCCCAGG LG TEATGEC CAAC G TCE L CCTATGE TAACCGAGRACGTTG R R TEAGAATCAAAGTGAGGAGAAGRAGCATCCAACGACGGAAAGCGTAA
A AAGAAGGATO TO O AGG O T ATGGC CARC G TG G O CTAT GG TAAC CoAGRAC GT T oG TEAG AATGAAAGCTCAGEAGAAGGAGC ATCCAACGACGGARAGOGTAA
AU GAAGAAGGATC TCCMAGGCGRGATGGC CARCG TCNC C ClATCCMAAC UG AGEAL GHTGEGETEAG AATCGAAAGTCAGGAGARGLAGC ATCC AACGAUGGARAGE GTAN
ACCGAAGAAGGATC TCCMAGGCGRFATEEC CANCG TCONMC C CHATGCEAAC CGAGEAC GNTGEEG TR AR AATCAAAGTGAGGAGAAGGAGL ATCCAACGACGRFAAAGC GTAN
ACCGAAGAAGGATC TCCHAGGCGEGATGEC CABCG ToNMc c cHATGEEAAC Co AGGAC GRTGG GG THAGAATEAAAGTGAGGAGAAGGAGE ATCCAACGACGGARAGC GTAR
A GAAGAAGGATC TOCMAGGOGRGATGEC CARCG TONMC C A TCCMAAC CCAGE AL GHTGCEETEAG AATCGARAAGTRAGEAGAAGGAGU ATCCAACGACGEARAGE G TAN
ACCGARGAAGGATC TCCCAGGCGTEATGEFCCAACGTCG G CCMATGG TAACCGAGRACGTTGGEETEAGAATGAAAGTGAGGAGAAGGAGCATCCAACGACGGAAAGLGTAA
ACCGARGAAGGATC TCCCAGE G T AT C CAACE TeG G L CCMA TG TAACCRAGRACGTTG R TEAG AATCARAGTGAGGAGAAGGAGCATCCAACGACGRAAAGCGTAA
A GARGAAGGATC TOC CAGG LG TEATEGC CARC G TCG G L OO TAT GG TAAC (G AGEAL GT TG oG T A AATCAAAGCTCAGEAGAAGGAGCATCCAACGAC GEAAAGO GTAA
ACCGARGAAGGATO TCC L AGGCETE ATGGC CARC G TOG G O CTATEG TAAC CRAGEAC TG EEETEAG AATCAAAGTGAGEAGAAGGAGC ATCCAACGACGEARAGOGTAA
AL GARGAAGGATC TOC L AGGCGTFATEEC CAMCG TCEGC CCTATGE TAAC CGAGEAC GTTGEEGTEAGAATEAAAGTGAGGAGAAGGAGC ATCCAACGAUGGAAAGO GTAA
ACCGARGAAGGATC T CCAGGCGTEATGEC CAACGTOGEC COMAT GG TAAC CGAGGAC GTTGG GG TEAGAATFAAAGTGAGGAGAAGGAGE ATCCAAC GACGHAAAGO GTAA
ACCGABGAAGGATC TCCCAGECGTEATEEC CAAC G TCGE L CCTATGE TAACCGAGEACGTTG GG TEAGAATCAAAGTCAGGAGAAGGAGCATCCAACGACGGARAGCGTAA
ACCGAGGAAGGATC TCCMAGGC G TR AT CARCG TG GL CCTATEG TAAC (R AGRAC GTTRGEGTEAR AATGAAAGTGAGEAGAAGGAGC ATCOAAC GAC GEARAGD GTAA
ACCGARGAAGGATC TCCCAGGCGTEATGEC CAGBCGTCG G CCTATGE TAACCGAGGACGTTGG G TEAGAATGAAAGTGAGGAGAAGGAGCATCCAACGACGGAAAGCGTAA
ACCGARGAAGGATC TCC L AGG G TEATEEC CAAC G TOG Ll U TAT G TAAC CGAGEALGTTG GG TEAGAATCALAAGTCAGGAGAAGGAGLATCCAACGACGGAAAGUGTAA
ACCGARGAAGGATC TCCCAGGLGTCATGEC CAACGTCGELCCTATGE TAACCGAGFACGTTGEETCAGAATCAAAGTGAGGAGAAGGAGCATCCAACGACGGAAAGCGTAA
ACCGARGAAGGATC TCCCAGGC G TR ATEEC CARCG TG GE O ClATEG TAAC CRAGRAC GHTG GGG TEAG AATGAAAGTGAGEAGAAGGAGC ATCCAACGAC GRARAGO GTAA
AL GARGAAGGATC TUCCAGECGTEATGEC CAACGTCEGC CC A TeE TAACCGAGEACGTTGGEGE TR AGAATCARAGTGAGGAGAAGGAGC ATCCAACGALGGAAAGCGTAA
ACCGABGAAGGATC TCCCAGGCGTEATEEC CAACGTCGGC CCMATCE TAACCGAGEACGTTGGEETEAGAATCAAAGTCAGGAGAAGGAGCATCCAACGACGGAAAGOGTAA
A GARGAAGGATC TCC CAGGCGTEATGGHC CARCG TCGGC C CA TG TAAC (G AGEAC CT TR GEGETEAG AATGAAAGTCAGGAGARGGAGLATCCAAC GAC GLARAGO GTAR
ACCGARGAAGGATC TCCCAGGLGTFATEEC CAACG TCEGC CCMATEG TAAC CGAGRACGTTREEETEAG AATGAAAGTGAGGAGAAGGAGC ATCCAACGAC GEARAGOGTAA
ACCGARGAAGGATC TCCC AGE G TEATEEC CAAC G TOG G CCTAT G TAAC CCAGEACGTTG GG TEAGAATCAAAGTCAGGAGAAGGAGUATCCAACGACGGAAAGCGTAA
A GARGAAGGATC IO L AGG LG TEATEGC ARG TOGGC O ClA TG TAAC (G AGE AL CHT G G EG TEAG AATCARAGCTCAGEAGRAAGCGAGC AT AAC GACGEAAAGU GTAA
ACCGARGAAGGATC TCCCAGGLGTGATGRCCAACETCGEC CCMATGG TAACCGAGFACGRTGEEETEAGAATCAAAGTGAGGAGAAGGAGCATCCAACGACGGAAAGCGTAA
AL GARGAAGGATC TCC L AGGLE TR ATEEC CAACG TCE G CCMATEG TAACCRAGRACGHTGEEE TR AR AATGAAAGTGAGGAGAAGFAGCATCCAACGACGRARAGDGTAA
A G ARGAAGGAT O TO O L AGG O G TEATEGC ARG TCEGC O (AT G TAAC (G AGEAC CHT G CoGe TEAG AATCAAAGCTCAGEAGARGEAGC ATCC AACGAUGEAAAGO GTAA
ACCGARGAAGGATC TOC CAGGLGTEATEEC CARCG TUGGC O CMATGE TAAC CoAGEAC GCHTGGEE TEAG AATCAAAGCTGAGGAGAAGGAGC ATCCAAC GACGLARAGO GTAA
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Figure S4. Detailed alignment of SpTrf sequences from individual sea urchin coelomocytes. Sequence logo is
presented on top. SNPs are highlighted, gaps are marked with ‘-
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Figure S5. Positions identified for positive selection for diversification of SpTrf genes from single cells are
spread throughout the amplicon. Likelihood ratio test (LRT) for episodic diversification in the SpTrf amplicon
sequence alignment is shown for each nucleotide position. The X axis indicates the amino acid positions. Thirteen
positions (indicated by black stars) are likely positively diversified with p value < 0.1.
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Table S1. Primers used for sequencing and qPCR

Primer type Primer set Source tissue | Sequence
Degenerate F2 All F AAGMGATTWCAATGAACKRCGAG
SpTrfprimers | R9 R CTTHARGTGGTGAARATGTCG
SpGAPD SpGAPDH- All F GATCGATGGCAACTGCTGTTCC
control long R TTTCCGCGTTATCGACCTCATC
gPCR primers SpGAPDH All F GTGTATTCACAACCATCGACAAG
R CCTCGTTGACACCCATAACA
Animal 1 -all S1-2,C1-2 F GATCTCCCAGGCGTGATG
R GATGCTCCTTCTCCTCACTTT
G2-1 S1-2 F GACAAATTGGTGATGGTCTAGGA
R AGGAGGATTGCCGAAGAAAG
Di1-1 S1-2,C1-2 F CACCACCACCGTCATCATAA
R GTACTGGAAGGGCCTTGTATC
B3-1-7 S1-2,C1-2 F CACCACCACCGTCATCATAA
R GGAAGGGCCTCGTATCATTT
E2-1-5 S1-2,C1-2 F GGACCGACCAGAGGAACAA
R TGGTGGCGAGGGTGAG
01-1 S1-2,C1-2 F GGTGATGGAGAAGAAGAAACTGATG
R TACCATGATGACGACGTCCAG
Animal 2 -all S2-2,C2-2 F GCTCCAGACCAGATGGT
R CCTCCTAGACCATCACCAAT
A3-1 S2-2, C2-2 F CAAGGTGCAGGAAGACCTTT
R GTGGCGATCGTGGTGAC
D1-5-8 S2-2, C2-2 F CCCGGAGATGGATGGAC
R AGCACCATCTGGTCTGG
C3-1-3 S2-2,C2-2 F TCGCTACCACCATCATCATAAC
R CCGGAAGGGTCTTGTATCAAT
E2 6-11 S2-2,C2-2 F GGATCGACCAGAGGAACAAC
R TGGTTACGATGATGGTGGTG
01-2 S2-2 F GTCGTCATCATGGTAGAAAGCC
R GGTGGTCTCCCGTCTCATTA
Animal 3 -all S3-3,C3-4 F GATGGTGCTGGAGGAAGAC
R GGGCAGCATCAGTTTCTTCT
A4-1 S3-3 F CAAGGTGCAGGAAGACCTTT
R GTGGCGATCGTGGTGAC
D1-9-12 S3-3 F AGGTTCGATGGACCTGACT
R GAACCTCCTTCCACCCATTG
E2 12-15 S3-3,C3-4 F GACCGACCAGAGGAACAA
R GATGATGATGCTGGTGGTG
02-1-4 S3-3,C3-4 F CAACCATACAGAAGGTCACCAG

R ATCGGTCTGTCCTCTCCATC




Table S2. Cloned and sequenced SpTrf gene amplicons from sea urchins 1-3.

Accession |Gene Tissue/animal | Amplicon # of Gene copy
number variant |[number-cell® |length (nt)® |clones® |ratio; C vs. S¢
Animal 1

KY774859 |G2-1 S1-2 1364 1 0
KY774863 |A5-1 S1-2 1262 2 -
KY774866 |DI-1 S1-2, C1-2 1022 53

KY774867 |D1-2 S1-2 1022 2 0.1
KY774868 |DI1-3 S1-2 1022 2 '
KY774869 |DIi-4 S1-2 1022 1

KY774883 |D5-1 S1-2 947 2 -
KY774886 |B3-1 S1-2, C1-2 1926 3,4

KY774887 |B3-2 S1-2 926 2

KY774888 |B3-3 S1-2 926 1 0.17
KY774889 |B3-4 S1-2 926 2 '
KY774890 |B3-5 S1-2 926 2

KY774892 |B3-6 C1-2 926 3

KY774894 |E2-1 S1-2, C1-2  |812 5,4

KY774896 |E2-2 S1-2 812 2

KY774897 |E2-3 S1-2 812 1 0.41
KY774898 |E2-4 C1-2 812 10

KY774899 |E2-5 C1-2 812 4

KY774910 |01-1 S1-2, C1-2 |722 7,9 0.12
Animal 2

KY774860 |A43-1 S2-2, C2-2 1358 3,1 0.44
KY774864 |C2-1 S2-2 1028 3 -
KY774871 |DI-5 S2-2 1022 2

KY774872 |DI-6 S2-2 1022 3 0.46
KY774873 |DI-7 C2-2 1022 2 '
KY774874 |DI-8 C2-2 1022 1

KY774879 |C3-1 S2-2 953 6

KY774880 |C3-2 C2-2 953 6 2.35
KY774881 |C3-3 C2-2 953 11

KY774884 |D5-2 S2-2 947 3 -
KY774893 |B3-7 S2-2 926 3 -
KY774900 |E2-6 S2-2 812 3

KY774901 |E2-7 S2-2 812 3

KY774902 |E2-8 S2-2 812 2 0.66
KY774903 |E2-9 C2-2 812 2 '
KY774904 |E2-10 |C2-2 812 1

KY774905 |E2-11 |C2-2 812 6

KY774912 [01-2 S2-2 722 3 0




Animal 3

KY774862 |A4-1 S3-3 1343 3 0
KY774865 |C2-2 S3-3 1028 4 -
KY774875 |DI-9 S3-3 1022 4

KY774876 |DI1-10 |S3-3 1022 4 0
KY774877 |DI-11 |S3-3 1022 2

KY774878 |DI1-12 |S3-3 1022 2

KY774882 |C3-4 S3-3 953 3 -
KY774885 |D5-3 S3-3 947 3 -
KY774906 |E2-12 S3-3 812 3

KY774907 |E2-13 C3-4 812 16 5.06
KY774908 |E2-14 |C3-4 812 2 ’
KY774909 |E2-15 C3-4 812 2

KY774913 |01-3 S3-3 722 5 -
KY774915 |02-1 S3-3, C3-4 719 3,23

KY774917 |02-2 S3-3 719 1 147
KY774918 |02-3 S3-3 719 2 '
KY774919 |02-4 S3-3 719 2

*Tissue is coelomocytes (C) or sperm (S). Animals are 1-3 as in figure 4b in the main paper. Cell numbers
are 1-4, which are circled in figure 4b in the main paper.

"The amplicon length in nucleotides includes primers.

°The number of transformed E. coli colonies that were picked randomly and processed for sequencing the
SpTrfinsert of the TOPO-TA4 vector (Thermo Fisher).

49PCR was carried out using the WGA products from the single cells with primers designed to amplify
specifically one or more genes of the selected element patterns and normalized to SpGAPDH (Table S1).
Results were used to estimate gene copy in coelomocytes relative to sperm. Genes that were not tested

with qPCR are marked with “-*,
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