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Abstract.
Resent advances in Next-Generation sequencing technology have completely changed our

understanding of a natural world. Phylogenetic studies involving complete mitochondrial and
nuclear genomes by using massive parallel sequencing have revealed previously unknown
interaction between species and populations.

Next Generation sequencing in cooperation with bioinformatics could be a powerful
combination, as the massive data generated using these methods are not possible to be
analyzed by hand.

In this study compete mitogenome from cold-water sea anemone Protanthea simplex has been
sequenced and annotated.

Results revealed unique mitogenome organization, completely different from what have been

seen before.



1.0 Introduction.
Cnidarians represent very ancient and diverse taxa with a 500 million years of evolutionary

history. According to the recent literature there are over 9000 cnidarian species that are grouped
in 5 classes: the Anthozoa, the Hydrozoa, the Cubozoa, the Scyphozoa, and the Staurozoa
(Osigus et al., 2013; Steele et al., 2011). Their life styles and strategies vary between the classes,
but they all have several common features: lack of bilateral symmetry, sack-like body, single
oral opening, only two tissue layers, simple nervous system, and the presence of specialized
stinging cells - cnidocytes (Moen et al., 2004).

Cnidarians have received much attention in recent years due to their role in the ecosystem,
ancient origins, and due to the recent discoveries of several bioactive compounds that can be
used for treating serious diseases like AIDS or cancer (Fedorov et al., 2010; Miller and Ball,
2008; Miller et al., 2005; Plaisance et al., 2011; Sarma et al., 2009; Sunagawa et al., 2010).

Most of these studies were possible only due to advances in the sequencing technologies.

1.1 Class Anthozoa.
Perhaps, one of the most notable members of the phylum are anthozoans. They occupy a wide

variety of marine habitats, from shallow waters to the ocean depths. Many of them are
considered a keystone, habitat-building species. Reef building corals can be used as example to
show anthozoan role in the ecosystem. Tropical reefs estimated to harbour from quarter to one
third of all marine species (Plaisance et al., 2011; Weis et al., 2008)

Class Anthozoa consists of two subclasses: subclass Hexacorallia and subclass Octocorallia.
The basis for division is the number of tentacles per individual animal, hence the names of the
subclasses. Octocorals have eight tentacles, and hexacorals have multiple tentacles grouped in
a cluster of 6.

Hexacorallia subclass divided into 6 orders: order Actinaria (sea anemones), order Zoanthidea
(colonial anemones), order Ceriantharia (tube anemones), order Scleractinia (reef-building
corals), order Corallimorpharia (mushroom corals), and order Antipatharia (black coralls)
(Berntson et al., 1999).

Sea anemones play important role in the energy transfer between water column and benthic
community. Sea anemones are also known for forming symbiotic relationships with other

marine organisms, like hermit crabs, or clown fish (Daly et al., 2008).



Figure 1. Protanthea simplex on Lophelia
pertusa reef. Photo by Ase Emblem.

P. simplex is a cold water sea anemone.
Commonly found in boreal areas, P. simplex
recently was located on the west coast of
Scotland. The usual habitat for P. simplex are
deep water (50 to 500 meters depth) Lophelia
reefs. But it can also be found at much shallower
waters, around 15 meters, attached to sea squirts
or polychaete tubes.

Itis a relatively small sea anemone, up to 20 mm
high (not including tentacles) with 10 mm pedal
disc. Body is salmon colored and has 24 distinct
vertical furrows. Number of tentacles varies and
can be up to 200. (Moen et.al, 2004).

U. eques is a very common cold water sea
anemone and can be found all along north-east
Atlantic coasts. Pedal disc serves as a powerful
sucker that attaches the animal to the solid
surface. Can be seen from up to the low water
line to 400 meters deep, but prefers deeper
waters. Body is usually larger in diameter that
in size, and is either white or pale orange in
color with red-orange color spots. Tentacles are
long and can be up to 300 mm. (Moen et.al,
2004)

Figure 2. Urticina eques. Photo by Steinar Johansen.




1.2 Mitochondrial genome of the hexacorals and its applications
Like most of the organisms, hexacorals have have circular mitogenome organisation. Typical

hexacoral mitogenome is 16-18 kb in length and include 13 or more protein coding genes, two
ribosomal RNAs (small and large subunits), as well as two transfer RNAs (fMet and Trp)
(Johansen et al., 2010).

Notable feature for all hexacorals, is that their mitogenomes contain group | introns that
interrupt reading frames of essential protein coding genes. Cold water sea anemone M. senile,
was the first animal described to have group I introns in mitochondrial DNA in 1996 by Beagly
et al.

Intron that interrupts ND5 gene reading frame is found in every hexacoral sequenced to date.
In contrast, intron that interrupts COI gene is considered optional in hexacorals, and found only
in several species (Johansen et al., 2010).

Among sea anemones genome organisation is conserved. Despite of 3’ heterogeneities in size
of 5 protein coding genes, overall gene sequences appear to be conserved. The exception from
this is Nematostella sp., which in phylogenetic studies positioned as the most basal of sea
anemones (Emblem et al., 2014).

Mitochondrial DNA proven to be a useful marker in the variety of studies(De Paepe, 2012;
Galtier et al., 2009; Sanders et al., 2014).

mtDNA gained popularity as a marker because it is easy to work with, it has reasonably
conserved arrangements of genes, high mutation rate, low to none recombination, and mostly
maternal inheritance. It is also a relatively cheap method to gather initial information about the
new species(Galtier et al., 2009).

Development of Next Generation Sequencing (NGS) allowed researchers to do more
comprehensive studies due to its relatively low cost, high coverage, high and consensus
accuracy (de Magalhaes et al., 2010). In 2010 there were 27 complete mitogenomes from five
of the six known hexacoral orders available publicly in the NCBI database (Johansen et al.,
2010). By now there are 63 complete hexacoral mitogenomes available and this number will

only continue to grow.



Overall aim of this study is to sequence and characterize mitogenome of cold water sea
anemone Protanthea simplex using various molecular biology tools NGS technology. The
specific objective of this study are: to compare P. simplex mitogenome to the rest of the sea

anemaones.



2.0 Materials and methods

2.1 Sampling effort

Protanthea simplex was collected from Lophelia pertusa reef outside Nord-Leksa,
Norway (63°36°N; 9°24°E) at 150-200 m depth, with a help of the research vessel «Gunnerus»
and the Remotely Operated Vehicle «Minerva» (NTNU). Epidermal tissue samples from body
wall and tentacles were immersed in absolute ethanol, frozen, and stored at minus 20 °C with
the intention to be used for further DNA isolation. In order to prevent RNA degradation, tissue
samples collected for RNA isolation were placed in RNAlater® RNA Stabilization Solution
(Life Technologies™), and kept at minus 20 °C until they were shipped to laboratory facility at
the University of Nordland.

Urticina eques was collected by scuba-diving at Mgrkvedbukta Research station
(67°16'N; 14°33'E), Bodg, Norway at 3-5 m depth. Animal specimens were placed in a plastic
container, submerged in seawater and transported to laboratory facility at University of
Nordland where they were immediately processed. Animals were alive until RNA extraction.
Total RNA isolation was immediately performed from epidermal tissue samples. Remaining

parts were preserved in ethanol and stored at minus 20 °C.

2.2 DNA isolation

Tissue samples (approximately 2-10 mg) were thawed and air-dried for 5 minutes to
evaporate remains of ethanol. Samples were then mechanically lysed in 2 ml MagNa Lyser
Green Beads tube (Roche™) with 300 pl lysis buffer on a Precellys 24 homogenizer (Bertin
technologies™) at 10,000 rpm until they were completely dissolved. Lysate was transferred to
a 1.5 ml microcentrifuge tube that contained 2 ul proteinase K (50 pg/ul) and then incubated
on a heat block at 55 °C for approximately 60 minutes with occasionally manual mixing of the
tubes. Purification of total DNA was performed according to a standard phenol/chloroform
protocol with ethanol precipitation. The DNA was diluted in 20 ul of water and stored in a
freezer at minus 20 °C.

After isolation of total DNA, one of the samples was split in two. Genomic DNA Clean

& Concentrator™ kit (Zymo research™) was applied to one half of the sample in order to



eliminate possible polysaccharide contamination. The remaining half was left untouched in the
event that purification procedures would affect DNA concentration in the sample.

Quantification and quality assessment of total DNA was performed on a Qubit® 2.0
Fluorometer (Invitrogen™) using Qubit® dsDNA BR Assay Kit (Invitrogen™), the Agilent
2200 TapeStation System (Agilent Technologies™) with Genomic DNA Screen tape and
NanoDrop® ND-1000 (Thermo Fisher Scientific™) according to manufacturer’s
specifications.

Blank sample with ultrapure water was used as a negative control in all measurements.
Qubit® 2.0 Fluorometer provides a fast and accurate measurement of the nucleic acid
concentration, and the Agilent 2200 TapeStation System gives a visual picture of the nucleic
acid size distribution in the sample. The NanoDrop® ND-1000 (Thermo Fisher Scientific™)

gives easy and fast measurements, indicates the purity of the sample, but is not very accurate.

2.3 RNA isolation

Tissue samples were placed in a MagNa Lyser Green Beads tubes (Roche), suspended
in 500 pl of TRIzol and lysed mechanically on a Precellys 24 homogenizer (Bertin
technologies™) at 10,000 rpm. Total RNA precipitation and purification was done according
to the standard TRIzol protocol (Chomczynski and Sacchi, 1987). All reactions were performed
on ice and under the fume hood. In order to remove RNases from working surfaces RNaseZap®
Solution (Life Technologies™) was used.

Quantitative and quality assessment of total RNA was performed on a Qubit® 2.0
Fluorometer (Invitrogen™) using Qubit® RNA HS Assay Kit (InvitrogenTM) and Agilent
2200 TapeStation System (Agilent Technologies™) with High Sensitivity RNA ScreenTape
and Reagents and NanoDrop® ND-1000 (Thermo Fisher Scientific™) according to
manufacturer’s specifications.

In order to remove most of the ribosomal RNA, Low Input RiboMinus™ Eukaryote
System v2 kit (AmbionTM) was applied to P. simplex total RNA sample.
MicroPoly(A)Purist™ Kit (Ambion™) was used with U. eques RNA to remove all but poly-
adenylated RNA.



2.4 Primer walking approach

In order to isolate and amplify the mitochondrial genome of P. simplex from total DNA,
a primer walking approach was used. Primers that were used in this method were designed
based on the published U. eques mitochondrial DNA (Emblem et al. 2014).

The core strategy is to use different combinations of primers in order to PCR amplify
overlapping mitochondrial DNA fragments of various length. Primer combinations were
applied such that the whole mitochondrial genome was covered by overlapping fragments. PCR

amplifications were confirmed by gel electrophoresis.

2.5 PCR and gel electrophoresis
The TaKaRa PCR Amplification Kit with TaKaRa LaTaq (Takara Bio Company™)

polymerase was used for amplification of mitochondrial DNA. All reactions were performed
on ice.
The thermocycler was programmed for following conditions:
« Initial denaturation — 94 °C (5 min.); 25 cycles:
Denaturation — 94 °C (30 sec.)
Annealing — 55 °C (30 sec.)
Elongation — 72 °C (4 min.)
Final elongation - 72 °C (4 min.); Hold at 4 °C.

Annealing temperatures were determined according to the primer melt temperatures

(Tm). To confirm the amplification, PCR products (5 ul product and 1 ul Bromophenol Blue
loading buffer of each lane, with 1 lane per reaction) were run on a ~1% standard agarose gel
with SYBR® Safe (Invitrogen™) nucleic acid stain to visualize dsSDNA, and with 1 Kb Plus
DNA Ladder (Invitrogen™) to determine size of amplicons. Gel Logic 200 Imaging system

(Kodak™) and Safe Imager™ (Life Technologies™) was used for visualization.



2.6 Total DNA and RNA sequencing using lon PGM™ System (Life Technologies™)

All library preparation and template preparation steps were performed according to the
standard protocols. In short, total DNA library was fragmented chemically with lon Shear™
Plus Reagents (Life Technologies™). Reaction volumes were scaled for 50-100 ng DNA input
and were performed according to the protocol.

The whole transcriptome library was constructed by reverse transcription of fragmented total
RNA with a reverse transcriptase mix (10X SuperScript® 111 Enzyme Mix).

When working with RNA, all safety procedures were considered. Working surfaces were
treated with RNaseZap® Solution (Life Technologies™) and all reactions were performed on
ice.

As recommended, the E-Gel® electrophoresis system with E-Gel® SizeSelect™
Agarose Gels (2%) (Life Technologies™) was used for size selection of DNA and RNA
libraries.

Quality controls for both DNA and RNA libraries were performed on the Agilent 2200

TapeStation System (Agilent Technologies™) with High Sensitivity RNA and DNA
ScreenTapes using appropriate reagents.
Prior to template preparation procedure, precise library concentrations were measured with
quantitative real-time PCR (gPCR) using lon Library Quantitation Kit and The StepOnePlus
Real-Time PCR System (Life Technologies™). Template preparation was completed on lon
OneTouch™ 2 System with lon PGM™ Template OT2 400 Kit (Life Technologies™).

Quality control of unenriched and enriched templates was performed on Qubit® 2.0
Fluorometer with lon Sphere™ Quality Control Kit (Life Technologies™). Final preparation
and sequencing were done by the use of lon PGM™ Sequencing 400 Kit and according to the
protocol. 316 v.2 chip was loaded using Simplified lon PGM™ Chip Loading protocol with the
lon PGM™ Weighted Chip Bucket (Life Technologies™).

2.7 Bioinformatics and data analyses

Most of the data analyses were performed using the CLC Genomics Workbench
(Qiagen™). These include: De novo assembly of P. simplex mitogenome, gene annotation,
multiple sequence (both nucleic acid and protein) alignments, gene mapping, and transcriptome
analyses of P. simplex and U. eques.



Basic Local Alignment Search Tool (BLAST) was also used for mitogenome annotation. For
comparative purposes, mitogenomes of six sea anemones (Emblem et al. 2014) were acquired
from National Center for Biotechnology Information (NCBI) genome database.

For assembly and annotation verification, MITObim script and MITOS web tool were
used. MITObim (MITOchondrial Baiting and Iterative Mapping) is a Perl script that uses the
MIRA assembler to reconstruct mitochondrial genomes of non-model organisms without the
need for a reference genome.

Reconstruction of P. simplex mitogenome was completed using direct reconstruction
without prior mapping with the “--quick” option and reconstruction mitogenomes from
mitochondrial barcode seeds. As a seed for building mitogenome P. simplex COIlIl gene
acquired from NCBI genomic database was used. MITOS is a web tool designed to help with
de novo Metazoan mitochondrial genome annotation. MEGA v6 software was used to make

concatenated gene sequences and build phylogenetic trees.

2.8 Amplicon sequencing and molecular cloning

To confirm the preliminary mitogenome assembly, to obtain better resolutions on
sequenced regions, and to investigate problematic genome regions, re-sequencing attempt of
the whole mitogenome was made. ND5 gene region, because of its unusual features, was cloned
and send for Sanger sequencing to UiT/UNN. Primers that were used in this stage were designed
based on lon PGM sequencing results. Amplification of the mitochondrial DNA was done
according to PCR conditions described previously.

Both the mitochondrial genome and the ND5 region were amplified with PCR and
visualized on a ~1% standard agarose gel. To separate primers from amplicons, the entire
sample was run on the same ~1% standard agarose gel and visualized on a Safe Imager™ (Life
Technologies™). Bands that contained amplicons were cut out and collected in a Eppendorf
LoBind® tubes (Eppendorf™).

To isolate amplified DNA from an agarose gel, the QIAEX Il Gel Extraction Kit
(Qiagen™) was used. All reactions were performed according to a manufacturer’s agarose gel
extraction protocol.

Molecular cloning of ND5 gene region was performed using TOPO® TA Cloning® Kit
with One Shot® TOP10 Competent Cells (Life Technologies™). All reactions were performed
according to the manufacturer’s protocol.

To find the most optimal conditions for transformation, reaction pool was split in two
groups: 2 pl of PCR product was added to group one, 4 pl of PCR product was added to group
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two. For blue/white colony screening, LB agar plates were covered with 40 ul of IPTG
(100mM) and 40 pl X-Gal were then germinated with three different concentrations of
transformation culture for each group (2 pl and 4 pl groups): 50 pl, 100 pl and 150 pl. For each
concentration separate plate was used. Kanamycin (50 mg/ml) was used as an antibiotic agent

for both groups. For negative control plates, ampicillin was used as an antibiotic agent.

Selected single white colonies from each plate were transferred to 2 ml of LB medium
with kanamycin using a pipet tip. Mixture was incubated overnight in a Multitron Standard
Incubation Shaker (Infors HT™) at 150 rpm in 37 °C. Overnight cultures were transferred
to Eppendorf LoBind® tubes. To purify plasmids from a bacterial culture, PureLink® Quick
Plasmid Miniprep Kit (Invitrogen™) was used. All procedures were performed according to
the manufacturer’s protocol.

Purified plasmid DNA was prepared for Sanger sequencing. Reaction mixture was
prepared: 2 pl of purified plasmid DNA, 1 pl of BigDye 5 x Sequencing Buffer (Applied
Biosystems™), 1 ul of BigDye 3.1 enzyme and nucleotide mix (Applied Biosystems™), 3 ul
of primer, 3 pl of nuclease-free water. Reaction tubes were placed in a thermocycler. Cycler
was programed for a following conditions: initial denaturation — 96°C for 5 minutes; 25 cycles:
96 °C for 10 seconds, 50 °C for 5 seconds and 60 °C for 4 minutes; hold at 4 °C. Afterwards, 10
ul of RNase-free water was added to each sample, so the total reaction volume was equal to 20
pl. Samples were sent to the Sanger sequencing facility at UiT/UNN. Final preparation of the
sequences and the actual sequencing was performed by the laboratory technician responsible
for the sequencer platform. Sequencing was performed on the 3130xl Genetic Analyzer
(Applied Biosystems™).

2.9 Confirming presence of COII gene in a total DNA sample

To test if COIl gene is present in a mitochondrial genome of P. simplex (which may
support a hypothesis that COII is localized at a mitochondrial mini-chromosome) an attempt
was made to use specific PCR primers, amplify target sequence and visualize products on a gel.
Six COII gene sequences from sea anemones were aligned in CLC Genomic Workbench
(Qiagen™) to search for conserved regions. Four primers were then designed with intention not
only to amplify not only whole COII gene but also mini chromosome that COIl might be
localized. Amplification was then confirmed on a ~1 % standard agarose gel.

PCR reactions and gel preparations were done according to the conditions described previously.

6



3.0 Results

3.1 Mitochondrial DNA and RNA isolation and sequencing results

Prior to template and library preparation, quality and quantity of total DNA and RNA
were measured. Measurements showed 63 ng/pl of DNA in the sample. Possibly due to small
amounts of RNA in the samples, the Agilent 2200 TapeStation (Agilent Technologies™) and
Qubit® 2.0 Fluorometer (Invitrogen™) gave inconclusive measurements. Therefore only
approximate concentrations were measured on NanoDrop® ND-1000 (Thermo Fisher
Scientific™).

Attempts to isolate mitochondrial genome of P. simplex using the primer walking approach
were apparently not successful. It seems that none of the primers were able to successfully bind
to P. simplex mitochondrial DNA. Further, Genomic DNA Clean & Concentrator™ kit (Zymo
research™) was applied to purify DNA as polysaccharide contaminants may affect the primer
binding. Cleanup procedure resulted in significant loss of DNA in the sample and did not affect
primer binding. Decision was made to proceed with sequencing of total DNA and RNA, and
to mine out mitochondrial genome and transcriptome sequences from the data pool using
bioinformatics approaches.
Total DNA was sequenced using 316 v2 chip. According to a final report:

e ISP loading was 82 %

e Total amount of reads was 3,114,365 bp and 60 % out of them were usable

e 33 % polyclonality was observed

e Mean read length size - was 349 bp
Total RNA was sequenced using 316 v2 chip. According to a final report:

e ISP loading for P. simplex run was 57 %, for U. eques 81 %

« Total amount of reads for P. simplex run was 982,890 and 31% out of them were usable.

For U. eques total reads count was 3,963,997 with 77% usable reads

e Mean read length for P. simplex was 60 bp, for U. eques - 276 bp



e U. eques ISPs were 14 % polyclonal, P. simplex - 37 %

CLC genomic workbench De novo assembly tool was used in order to isolate
mitochondrial reads from total read pool. The program looks for overlapping read pairs and
attempts to create the longest scaffold possible. Out of 61,461 contigs, top 5 in length and in
coverage were considered.

To find an approximate location and order of the genes BLAST search against NCBI
genomic database was performed. The search revealed high match with mitochondrial genes of
sea anemones.

In order to verify assembly, several methods were used: by hand assembly using COllI
and ND5 genes as starting points, MITObim script with direct reconstruction without prior
mapping using the “--quick” option and reconstruction from mitochondrial barcode seeds with
COIll (KJ482993) as a barcode seed. Although genomes constructed with MITObim were
similar to CLC assembled genome in size, gene content and organization, gene redundancies
and errors in scaffolds showed that MITObim was ineffective at reconstructing P. simplex

mitogenome.

3.2 Genome assembly verification.

Assembly revealed several interesting features that needed verification:
1. Unusual size of ND5-717 intron
2. Apparent lack of COIlI gene in the lon PGM data pool

To get better resolution for ND5, primers covering this genome region were designed.
PCR amplified products would then be sent for sequencing.

Despite 144x coverage of the genome, and high number of usable reads gathered from
lon PGM run, mapping of total reads pool on COII genes from other sea anemones gave no
result. Primers based on the assembled genome were designed in order to verify length of the
mitogenome, and confirm the absence of COII in the mitogenome. The goal was to PCR
amplify overlapping fragments of 6-7kb length, covering the whole mitogenome, confirm
amplification on an agarose gel and perform re-sequencing. Deviations from 6-7 kb length
would be visible on a gel and could serve as an indication that genome assembly may be wrong.
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Depending on the length of the fragments, it would have been possible to deduce if COIl was

present in the mitogenome. However, there was no deviation from intended length of the

fragments when visualized on a gel (Figure 3).

Figure 3. Agarose gel visualization. L, - 1kb+ ladder; lanes 1-8, amplified ND5 gene region; lanes 9-13,

amplified genome fragments; lane 14, primer dimer

Fragments from 1 to 8, covering ND5 gene region, were selected. DNA from these
fragments was isolated for subsequent molecular cloning experiments and Sanger sequencing
(Figure 3).

As illustrated in Figure 1, genome fragments presented in lanes 9 to 13 were around 6-7 kb in
length, which supports the assembly and possess the question about apparent lack of COll gene
in the mitogenome.

To exclude the possibility that library preparation
has introduced bias in the data pool, and to detect the
COII gene, primers based on aligned COII sequences
from available sea anemone genomes were designed.
Figure 4 presents distinct amplified fragments of
approximately 5kb length in lanes 3-4, which might be

the COII gene incorporated into a mini-chromosome.

=]
-
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This issue will be addressed further in the Results
section and in the Discussion. Due to time limitations

Figure 4. Agarose gel visualization. of this thesis it has not been possible to provide a

L. — 1 kb+ ladder: lanes 1-2, failed sequencing results that give a definite answer to these

primers; lanes 3-4, fragments that
possibly contain COII (these have not
yet been sequenced).

questions.




3.3 Protanthea simplex mitochondrial genome.
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Figure 5. Protanthea simplex mitochondrial genome. Circular view. Red - Complex | genes, - Complex 111 genes,
purple - Complex IV genes, blue - Complex V genes, - RNA genes. Genes that are located on a different DNA

strands are placed on outer or inner circle. P. simplex photo (Ase Emblem).

P. simplex mitogenome has circular organization and is approximately 17,123 bp in
length. The mitogenome contained all mitochondrial genes common for sea anemones with the
exception of COII: 12 protein coding genes: 7 ND genes, 3 CO genes, 2 ATPase genes, 2 genes
coding for small (SSU) and large (LSU) ribosomal RNA subunits, and 2 tRNA genes (tRNA-
Trp and tRNA-fMet). The average coverage was 141.47 times. Functional genes constitute
approximately 85 % of the mitogenome and IGRs 15 %. The P. simplex mitogenome was
compared to mitogenomes of other sea anemones that have been sequenced previously. All

genomes were acquired from NCBI genomic database (Table 1).
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Gene order in sea anemones.
Protanthea simplex Urticina eques Metridium senile | Hormathia digitata | Aiptasia pulchella| Bolocera tuediae | Nematostella vectensis
ND5 Exon 1 NDS5 Exon I NDS5 Exon I ND5 ExonI ND5 Exonl ND5 Exon1 NDS5 Exon I
ND6 ND1 ND1 ND1 ND1 ND1 ND1
COIII ND3 ND3 ND3 ND3 ND3 ND3
Atp8 NDS5 Exon II NDS5 Exon II NDS5 Exon II ND5 Exon II ND5 Exon I1 NDS5 Exon I1
ND2 (negative str.) tRNA-Trp tRNA-Trp tRNA-Tmp tRNA-Trp tRNA-Trp tRNA-Trp
Atp6 ND2 ND2 ND2 ND2 ND2 ND2
ND4 SSU rRNA SSU tRNA SSU rRNA SSU rRNA SSU rRNA SSU rRNA
SSU rRNA (negative str.), coll col coll coll col COIL
NDA4L (negative str.) ND4 ND4 ND4 ND4 ND4 ND4
ND1 ND6 ND6 ND6 NDé6 NDé6 ND6
tRNA-Trp CytB CytB CytB CytB CytB CytB
ND3 tRNA-Met tRNA-Met tRNA-Met tRNA-Met tRNA-Met tRNA-Met
CytB LSU rRNA LSU rRNA LSU rRNA LSU rRNA LSU rRNA LSU rRNA
tRNA-Met (negative str.) COIlI coul coul cotI cour Cor
LSU rRNA COI Exon 1 COI Exon I COI Exon I COI ExonI COILExonl
HEG HEG HEG HEG HEG COI
COI COI Exon II COI Exon IT COI Exon 11 COI Exon I1 COI Exon 11
ND4L ND4L ND4L ND4L ND4L ND4L
ND5 Exon IT Atp8 Atp8 Atp8 Atp8 Atp8 Atp8
Atpb Atpb Atpb Atpb Atpb Atpb

Table 1. Summary of gene order features among completely sequenced sea anemones. The ND5-717 group | intron is

obligatory to all sea anemones. The ND5 exons | and Il are marked in red. The COI-884 group I intron is optional among sea

anemones. The COI exons | and Il are marked in purple. References of published sea anemones mitogenomes are: Medina et
al. 2006; Emblem et al. 20014.

In comparison to the six other completely sequenced sea anemones mitogenomes, P.

simplex has several notable features:

The gene order is significantly different

Most genes were of different length when compared to the other sea anemones

The ND5-717 intron that has been found in all sea anemones to this moment, has an

unusual large size and harbors all the mitochondrial genes (except ND5 and COIl)

between its 5’ and 3’ splice sites

The lack of COI-884 intron that is present in most of the sea anemones, except the

Nematostella sp.
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o P.simplex mitogenome does not contain a homing endonuclease gene (HEG) like most
of the sea anemones, and thus appears similar to the mitogenome of Nematostella sp.

« Despite the high coverage and numbers of reads acquired, the COIl gene was apparently
missing from mitogenome assembly and from total DNA reads pool

« All other hexacoral mitogenomes sequenced to date encode all the mitochondrial genes
from the same strand. The genes coding for SSU rRNA, ND2, ND4L and tRNA-fMet

were all located on the opposite strands

The following parts of the Results section will focus on the P. simplex mitogenome in
more detail. Here, genes have been divided into 5 groups according to their mitochondrial
function:

Protein coding genes:
e Complex | — 7ND genes
e Complex Il — CytB gene
e« Complex IV -COland COIII genes
o Complex V — Atp6 and Atp8 genes
RNA genes
e« RNA genes — SSU and LSU ribosomal RNA genes, and two tRNA genes

The P. simplex mitochondrial genome and corresponding proteome will be compared to
the other sea anemones. Most of the genes show high heterogeneity both in length and in DNA
sequence. Thus, in order to illustrate the difference between species, protein alignments will be
used to high-light the mutations that affect protein sequences only. All protein and some nucleic

acid alignments are presented in the appendix.
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3.4.1 DNA and amino acid conservation in P. simplex Complex | genes

In general, ND genes in P. simplex display high heterogeneity in size, in codon usage
and protein sequence throughout reading frame. Several internal deleterious mutations, as well
as deletions in the 5” and 3’ ends appear to be the main cause of size variations among ND
genes. Some of the genes are more conserved in size than others (Table 2). Differences in amino
acid sequences for all genes can be studied in the appendix.

The longest gene is ND5 - 1839 bp (612 AA) and is also the most variable - 58 changes
in the amino acid sequence. Two deletions and seven insertions resulted in the size deviations
at the protein level in P. simplex. The ND5 protein sequence in P. simplex is longer than most
sea anemones by 3 amino acids (Figure 8).

The shortest gene is ND4L - 300 bp (99 AA) and it is the most conserved one - 11
changes in amino acid sequence and no size variation (Figure 6).

Overall the ND4L, ND3, and ND1 appear to be the most conserved genes in size and in protein
sequence among Complex | group.

To exclude the possibility of reading frame-shifts being the cause for 3 end size variation in
protein coding genes, protein sequences were studied. As an example the ND3 size variation is
illustrated in Figure 7. ND3 is longer by 4 amino acids in P.simplex. Frame-shift would have
resulted in dramatic changes in sequence, which cannot be observed in the protein alignment.

3.4.2 Codon usage in ND genes
All ND genes except NDA4L in P. simplex start with an ATG codon. NDAL is the only
gene that starts with a GTG codon. However there are variations in stop codon usage. As can
be seen from Table 2, ND2, ND3, ND4, and ND5 have variations in stop codons between
species. Stop codons vary between TAA and TAG.
X in Table 2 indicates that it was not possible to identify reading frames for those genes.
Another unusual feature found in P. simplex mitogenome is that some of the genes,
including ND2 and NDA4L, are located on a different strand compared to the other ND genes.

This has not been observed in sea anemones before.
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3.4.3 ND5 gene

Ps_ND5
Ue_NDS
Ms_NDS
Hd_MDS
Ap_NDS
BEt_MD5
Nv_MNDS
Conservation

Ps_NDS
Ue_NDS
Ms_NDS
Hd_ND5
Ap_NDS
Et_MDS
Nv_NDS
Conservation

Ps_NDS
Ue ND5
Ms_NDS
Hd_ND5
Ap_NDS
Et_MNDS
Mv_ND5

Conservation

Ps_NDS
Ue_MDS
Ms_NDS
Hd_ND5
Ap_NDS

Bt_NDS
Mv_ND5
Conservation

Ps_NDS
Ue_MNDS
Ms_NDS
Hd_nDS
Ap_ND5

Bt_NDS
Nv_ND5
Conservation

Ps_NDS
Ue_NDS
Ms_MNDS
Hd_NDS
Ap_MD5

Bt_NDS
hwv_NDS

Conservation

Ps_NDS
Ue_MND5
Ms MNDS
Hd_MD5
Ap_MND5
Bt_ND5
Nv_NDS
Conservation

Ps_NDS
Ue_MND5
Ms_ND5
Hd_MD5
Ap_NDS
Bt_NDS
Nw_NDS
Conservation

MY LVLTAP LLGALGAGWFGRK I GERGAGIFTSSCLI ISLSWSLLIFYESTLNSSTTY | KLWRWLDSDLYVTAY FGLOFDALTATMLLYYTSMSTLYHIFS 100
MY LVLTAPLLGALTSGLFGRKIGERGAGIFTSSCLI ISLSWSLLIFYETTLNSSTTY | KLWRWLDSDLYVTACFGLOQFDALTATMLLYYTAISTLVHIFS 100
MY I LVLTVPLLGALVMSGL FGRK I GEKGAGI FTSGCL I ISLSWSLLIFYETTLNESTTY | KLWRWLDSDLYVTAY FGLQFDSLTAVMLIVYTSISTLVHIFS 100
MY LVLTVPLLGALASGLFGRK I GERGAGIFTSSCLI ISLSWSLLIFYETTLNSSTTY | KLWRWLDSDLYVTAYFGLOQFDSLTATMLLYYTSVSTLVHIFS 100
MY I LILLFPFLGSSLSLITGRTLGKLGARILTSSCLIVSLSLSVLIFYETTLNESTTY | KLWRWLDSDLYVTADFGLOQFDPLTATMLLYYTSVSTLVHIFS 100
MY I LVLTVPLLGALISGLFGRKIGERGAGIFTSSCLIISLSWSLLIFYETTLNSSTAY | KLWRWLDSDLYVTYWFGLOFDALTATMLLYYTAISALVHIFS 100
MYWMLWVLLVPLLGALASGLFGRKLGEKGAGILTSGGL I ISLSLSFRICYETILNASTTY | KLWRWLDSDLYVTAYFGLOQFDALTATMLEVYTSISTVVHIFS 100

TAYMODGDPHVPRFMSYLSLFTFFMI LLVTSDNFPOLFIGWEGYVGLCSY LLINFWVTR IEANRAATI KAMLYNRVGDMGLY LAMLT IWDOQFGCLGFASLFENT 200
TAYMDGDPHVPRFMSYLSLFTFFMI LLVTSDNFPOQLFIGWEGYGLCSYLLINFWLTR IEANKAAT KAMLYVNRYGD | GFVLAMLA IWDQFGCLDFASTFNT 200
TAYMDGDPHVPRFMSYLSLFTFFMI LLVTSDNYPOQLFIGWEGYGLCSYLLINFWLTR IEANKAATKAMLYNRYGD | GFVLAMLA IWDQFGCLDFASVFN 1 200
TAYMDGDPHVPRFMSYLSLFTFFMI LLVTSDNY PQLFIGWEGYGLCSYLLINFWLTR I EANKAAI KAMLYNRVGD | GFYVLAMLAIWDQFGCLDFASYFEN | 200
TAYMEGDPHVPRFMSYLSLFTFFMI LLVTSDNYPOQLFIGWEGYGLCSYLLINFWLTR IEANRAAI KAMLYVNRYGD | GFVLAMLA IWDQFGCLDFVSLFN | 200
TAYMDGDPHVPRFMSYLSLFTFFMI I LVTSDNLPOLFIGWEGYVGLCSYLLINFWLTR IEANKAATI KAMLYNRVGD I GFVLAMLAIWDQFGCLDFASIFNT 200
TAYMEGDPHVPRFMSYLSLFTFFMI LLVTSDNYPOQLFIGWEGYVGLCSYLLINFWITR IEANKAATKAMLYNRYGD | GFVLAMFA IWDQFGCLDFATTFN I 200

L

VGELSSGNSIILICLFLFIGAVGKSAQLGLHTWLPDAMEGPTPYVSAL IHAATMVTAGYFLLIRSSPLLEQAPTALMYVT IVGSLTAFMAATYGLAQNDLKK 300
VALSPSNNTTLICLFLFIGAVGKSAQLGLHTWLPDAMEGPTPYVSAL IHAATMYVTAGYFLLIRSSPLLEQAPMALMYVT IVGSLTAFMAATYGLVONDLEEK 300
VALAPSDNTTLICLFLFIGAVGKSAQLGLHTWLPDAMEGPTPYVSAL IHAATMVTAGYFLLIRSSPLLEQAPMALMYVT IVGSLTAFMAAT IGLVONDLEEK 300
WALTPSDNTTLICLFLFIGAVGKSAQLGLHTWLPDAMEGPTPYVSAL IHAATMYVTAGYFLLIRSSPLLEQAPTALMVVT IVGSLTAFVAATYGLVONDLKEK 300
VGLSPSDSITLICLFLFIGAVGKSAQLGLHTWLPDAMEGPTPYVSAL IHAATMVTAGYFLLIRSSPLLEQAPMALMYYT IVGSLTAFMAATYGLVONDLKEK 300
WALFPSMNTTLICLFLFIGAVGKSAQLGLHTWLPDAMEGPTPYVSAL IHAATMYVTAGYFLLIRSSPLLEQAPMALMVVT IVGSLTAFMAATYGLVONDLKK 300
VALYPSDSLTLICLFLFIGAVGKSAQLGLHTWLPDAMEGPTPYVSAL IHAATMYVTAGYFLLIRSSPLLEQAPVALMYVT I IVGSLTYVFMAATYGLVONDLEEK 300

T

VIAYSTCSQLGYMVMACGLSOYS | SLFHLMNHAFFKALLFLSAGSY IHALADEQDMRKMGGLI RS IPFTYTMMI | GSLSLMGFPYLTGFYSKDLILELAY 400
VIAYSTCSQLGYMYMACGISHYS | SLFHLMNHAFFKALLFLSAGSY IHALADEQDMRKMGGLI RSIPFTYTMIV I GSLSLMGFPYLTGFYSKDLILELAY 400
VIAYSTCSQLGYMVMACGLSOYS | SLFHLMNHAFFKALLFLSAGSY IHALADEQDMRKMGGLI RS IPFTYTMIY I GSLSLMGFPYLTGFYSKDLILELAY 400
VIAYSTCSQLGYMYMACGLSOYS | SLFHLMNHAFFKALLFLSAGSY IHALADEQDMRKMGGLI KSIPFTYTMMI | GSLSLMGFPYLTGFYSKDLILELAY 400
VIAYSTCSQLGYMVMACGLSOYS | SLFHLMNHAFFKALLFLSAGSY IHALADEQDMRKMGGLI KS IPFSYTMYY | GSLSLMGFPYLTGFYSKDLILELAY 400
VIAYSTCSQLGYMVMACGISHYS | SLFHLMNHAFFKALLFLSAGSY IHALADEQDMRKMGGLI RS IPFTYTMIYV I GSLSLMGFPYLTGFYSKDLILELAY 400
VIAYSTCSQLGYMYVMACGISHYS | SLFHLMNHAFFKALLFLSAGSY IHALADEQDMRKMGGLI KSIPFTYTMI LI GSLSLMGFPYLTGFYSKDLILELAY 400

DOYYLAFAHWLGYFSALLTAAYSLRLVYLTFILNTNAKKEYVFSHAHEGSWNLTWPLILLALGS IFVGYLSKEI IWSFQITISPIIPTS IKLMPIGFSLLG 500
DOYYLAFAHWLGYFSALLTAAYSLRLVYLTFISNTNSKKEVFSHAHEGSWNLTLPLILLALGS IFVGYLTKE I IWSFQITLRPIIPTSIKLMPYVIFSLFG 500
DOYYLAFAHWLGYFSALLTAAYSLRLIYLTFISNTNAKKEVFSQAHEGSWNLTLPLILLALGS IFVGYLTKEI IWSFQITLSPIIPTS IKLMPVIFSLFG 500
DOYY IAFAHWLGYFSALLTAAYSLRLIYLTFISNTNSKKEVFSHAHEGSWNLTLPLILLALGS IFVGYLTKEIMWSFQITLSPIIPTS IKLMPVIFSLFG 500
DOYYLAFAHWLGYFSALLTAAYSLRLVYLTFISNTNTKKEIFSDAHEGSWNLTLPLILLALGS IFVGYLTKEI IWSFQITFESPIIPTS IKLMPVIFSLFG 500
DOYYLAFAHWLGYFSALLTAAYSLRLVYLTFISNTNSKKEVFSHAHEGSWNLSLP LVFLALGS IFVGYLTKEI IWSFQITLPPIIPTS IKLMPVIFSLFG 500
DOHYLAFAHWLAVFSALLTAAYSLRLVYLTFVANTNSKKEYVFSHAHEGSWNLTLP LV ILALGS IFVGYLTKEY IWSFOQTTLRLV IPTSVKLMPVVFSLFG 500

AGAAVYLYHYSSRIFIAPTSPVGLAGY TFLYSAWQFNY | INHFLVONVWRMGHL ITFRAIDKGAIELVGPKGASQFLIRFTQEISNLQPGRVYNYALYVIL 600
AGAATYVLYHYSSRI FSAPYVSPVGLASY TRLY SAWQFNY I MNQFLVONYVWRLGHL ITFRTFOKGVLELIGPKGI SOFVIKLTQELSNLOSGLVENYALYVML &00
AGTAVYVLYHYSSRI FNAPTSPVGLAGY TFLYSAWQFNY | INHFLVONVWRLGHL ITFRVLOKGVLELIGPKGISQFMIRLTQEISNLOSGLVYNYALMI L 600
AGTAVYLYHYSSRI FNAPTSPVGLAGY TFLYSAWQFNYL INHFLVONVWRLGHL ITFRVLOKGYVLELIGPKGI SQFMIRLTQEISNLOSGLVYNYALMI L 600
AGAAVYLYHYSSRI FNAPTSPVGLAGY TFLYSAWQFNY | INHFLVONYWRLGHL ITYRALDKGIVELIGPQEISKFVITLTOGLSKIQSGLITTYALGERE 600
AGSAIVLYHYSSRI FSAPYSSVGLASY TFLY SAWQFNY | MNQFLYVONVWRLGHL ITFRTFOKGYVLELIGPKGITOFVIKLTQELSNLOSGLVENYALYVML 600
AVTAITLYHYSSRMFSAPTSPLALATY TRFAYSAWOQFNY | MNQFLVENYWRLGHEVT FETLOKGYVLELIGPKGI SQFVIRLTOQGVSNLOSGLYVENYALYVML &00

3 | T 1 T 1
Y I e I 506
Y L T 506
IALVLLCGSVMLASEAEDVLI AALEESIASQNPPOVYTLONHLGLAYYLEHTVTLHGFD IMDYFSWPPASEETYDKVCLG IDWAVENDVSLVDMEGLLE 700
I < EEeTT————————————————————————————————————_——— 506
] R 605

--1% 811
--Q% 511
- -0k 811
TAGVIPTGFGSSSEDEAVDLLWO* 724
----------------- IVL--1% 811
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Il 1l

Figure 8. Protein alignment of the ND5 genes of 7 sea anemones. Amino acids deviating from majority are

marked in red.

As mentioned previously, the ND5 is the longest and the most variable gene within the

Complex | group. ND5 possesses high variability all across the reading frame in all sea

anemones. 227 changes in P. simplex nucleotide sequence, resulted in the 58 amino acid

substitutions. There is a notable variation at the C-terminal end of the protein with A. pulchella

being 113 AA longer than most of the sea anemones, and Nematostella sp. 6 AA shorter. P.

simplex is only 2 AA longer at the C-terminal end (Figure 8).
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3.4.4 ND5-717 group | catalytic intron

Most splicing in eukaryotic cells occurs with the aid of the spliceosome complex.
However, some of the introns are able to splice without the enzymatic aid by the spliceosome
and they are considered to be self-splicing. Group I introns belong to this category. They have
little conservation at the primary sequence level, but their secondary and tertiary structures
appear highly conserved (Nielsen and Johansen, 2009).

All members of the Hexacorallia subclass studied to date have a group | intron in the
mitochondrial ND5 gene. Furthermore, this ND5 intron harbors various mitochondrial genes,
but the genes incorporated in the intron vary between orders (Emblem et al., 2014). The ND5-
717 group | intron in P. simplex has the same location (nucleotide position 717 in ND5) as in
other sea anemones, but it is considerably larger in size. The intron was found to be 15,251 bp,
carrying all other mitochondrial genes. For comparison, the studied sea anemones have introns
of approximately 1600 - 2000 bp, harboring only the ND1 and ND3 genes (Emblem et al.,
2014).
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Figure 9.
A.

Secondary RNA structure of P. simplex ND5-717 intron. P1 - P10, functional paired RNA segments.
Orange dots indicate differences compared to conserved positions in the intron sequence of other sea
anemones.

Consensus secondary structure of ND5-717 intron. Structure is based on intron sequences from: U.
eques, M. senile, H. digitata, A. pulchella, B. tuediae, Nematostella sp. N, highly conserved
positions; n, moderately conserved; red dot, varying positions.

Figure 8B is from Emblem et al., 2014.
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As illustrated in Figure 9, the ND5-717 intron in P. simplex contains nucleotide changes
at the positions that are 100% conserved in other sea anemones. There are no changes in the
conserved positions of P7, P3 and P8 of the intron catalytic domain. P7 stem is a binding site
for free guanosine (guanosine co-factor) so conserved secondary structure in this region is

expected.

3.5 Complex 111 genes

Complex III genes in sea anemones
CytB
Sea anemones Size (bp.) Start/Stop
codons
Protanthea simplex 1155 ATG/TAA
Urticina eques 1185 ATG/TAG
Metridium senile 1146 ATG/TAA
Hormathia digitata 1182 ATG/TAA
Alptasia pulchella 1191 ATG/TAG
Bolocera tuediae 1152 ATG/TAG
Nematostella vectensis 1179 ATT/TAA

Table 3. Summary of sizes and codon usage in Complex Il genes among 7 sea
anemones.

The CytB gene in sea anemones shows considerable variations in size, nucleotide, amino
acid sequence and in stop codon usage. (Table 3, Figure 10). As can be seen from Figure 10,
most of the size variations are due to changes at the 5’ and 3’ ends of the sequence (N and C-
terminal ends, respectively, in proteins). At the nucleotide level, when compared to other sea
anemones, P. simplex has 128 substitutions, 28 deletions and 9 insertions. These changes are
reflected at the protein level. P. simplex has 42 substitutions and 9 deletions in amino acid

sequence. All deletions are located at the N-terminal end of the CytB protein sequence.
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P

. simplex CytB gene is one of the shortest among sea anemones - 1155 bp (384 AA)

with only M. senile and B. tuediae being shorter. Start codons are mostly ATG with

Nematostella sp. being an exception and use ATT as a start codon. Stop codons vary between
TAA and TAG, with TAA being a majority.

Ps_CytB
Ue_CvtB
Ms_CytB
Hd_CvtB
Ap_CVtB

Bt CwtB MV

hv_CwtB
Conservation
Ps_CwitB
Ue_CwtB
Ms_CytB
Hd_CwtB
Ap_CWtE
Bt_CutB
hy_CytB
Conservation

Ps CviB
Ue_CvtB
Ms_CytB
Hd_CytB
Ap_CWiB
Bt_CutB
hv_CytB

Conservation
Ps_CytB
Ue_CytB
Ms_CytB
Hd_CytB
Ap_CviB
Bt_CywtB
hv_CytB

Conservation

BEBoRREQNPILS IBNG 1 1 IDLP APANLSYBWNFGSLLGVCLIMG I TG FLAMHY CADVSLAFASYVDHIMRDVNYGFLLRY FHANGASM
RPMVOLRKQNPVLS VNG| I DLP APANLSYMWNFGSLLGVCLY IQIATGI FLAMHYCADVSLAFASYVDHIMRDVNYGFLLRY FHANGASM
EEEQFRKENPVLS VNG| | IDLPAPANLSYMWNFGSLLGYCLVEOMATG I FLAMHY CBDVSLAFASYDHIMRDVNYGFLLRY FHANGASM
PMVQERKONPVLS IVNG | | IDLP APANLSYMWNFGSLLGVCLYIQIATGI FLAMHYCADVSLAFASVDHIMRDVNYGFLLRY FHANGESM
BPMVOLRKQNPILS IVNG I | IDLP APANLSYMWNFGSLLGVCLVEQIATGI FLAMHY CADVSLAFASYVDHIMRDVNYGFLLRY FHANGASM
EEEQLRKQNPIILS IVNGE | IDLP APANLSYMWNFGSLLGYCLY IQIATGI FLAMHYCADVSLAFASVDHIMRDVNYGFLLRY FHANGASM
ME - - -SKEWEPMVOLRKQNPYLS IBNGE | IDLP APANLSYMWNFGSLLGECLYIQIATGI FLAMHY CADVSLAFASYDHIMRDVNYGFLLRYEHANGASM

] ] ] T
FFLCLYEHI GRGEYYGSYSKINEVWNYGVIRE LTMATAF | GYVLPWGQMSFWGATY I TNLLSA I PYGTD | VOWVWGGFSVSNATLNRFFSLHYLFRPFLL
FFLCLYWHI GRGLYYGSYSKVEVWNVGYYVLEI LTMATAF | GYVLPWGOMSFWGATY I TNLLSA I PYVGTDMVOWYWGGFSYSNATLNRFFSLHYLFPFLL
FFLCLYFHWGRGHYYGSYEKVEVWNYVGVVLFI LTMATAFEGYVLPWGQMSFWGATY I TNLLSA I PYVGTD | VOWVWGGFSVSNATLNRFFSLHYLER FEL
FFLCLYWHI GRGLYYGSYSKMEVWNVGVVLFI LTMATAF | GYVLPWGOMSFWGATV I THNLLSA I PYlGTOMVOWVWGEGEFSVSNATLNRFFSLHYLFPFIL
FFLCLYEHI GRGEYYGSYSKMEVWNVGVVIIFI LTMATAF I GYVLPWGOMSFWGATV I THLLSA IPYIGTD | VQWVWGGFSYSNATLNRFFSLHYLFPFLL
FFLCLYWHI GRGLYYGSYSKVEVWNVGYVLEI LTMATAF I GYVLPWGOMSFWGATY I TNLLSAIPYVGTD | VQWYWGGFSYVSNATLNRFFSLHYLFPFLL
FFECLYBHI GRGLYYGSYSKVEVWNVGVILFI LTMATAF I GYVLPWGOMSFWGATV I THLLSA IPYVGTD | VOWVWGEGEFSVSNATLNRFFSLHYLFPFL

] 1 | I | 1 |
AALBVVHLICLHVDGSNNP IGVESDLDKVP FHEIYETSKDWEG I VAEVEFFCSLVELAPNLLGDPENFIBANPLYTPYHIQPEWYFLFAYAILRS IPNKLG
AALEVVHLICLHVDGSNNP IGVRSDLDKVEFHY YYTSKDWYG I VAFBVFFCSLVYLAPNLLGDPENFIQANPLYTPYHIQPEWYFLFAYAILRS IPNKLG
AALBVVHLICLHVEBGSNNP IGVRSDLDKVP FHEYYTSKDWYG I VAFVEFFCSLVYLAPNLLGDPENFIQANPLYTPHIQPEWYFLFAYAILRS IPNKLG
AALBVVHLICLHVDGSNNP IGVRSDLDKVP FHY YYISKDWYG | BAFEVFFCSLVYLAPNLLGDPENFIQANPLYTPVHIQPEWYFLFAYAILRS IPNKLG
AALBVVHLICLHVDGSNNP IGVRSDLDKVP FHV YYTSKDWYGMVAFVEFFCSLVYLAPNLLGDPENFIQANPLVTPVHIQPEWYFLFAYAILRS IPNKLG
AALEVVHLICLHVDGSNNP IGVRSDLDKVEFHY YYTSKDWYG | VANBYVFFCSLVYLAPNLLGDPENFIQANPLYTPVHIQPEWYFLFAYAILRS IPNKLG
AALEBNHLI CLHVDGSNNP IGVESDLDKVEFHY YYTSKDWYG I VAFEVFFCHLVYLAPNLLGDPENFIQANPLVTPVHIQPEWYFLFAYAILRS IPNKLG

. 1 1

GVVAMFBSLLVLFLLPWEHTSRLRGLTFRP LARBAFWFLVADFLLLTWIGSQPVEEPFILYVGOLASHFYFAYFLVLEPLLGYLENHLLFE
GVVAMFASLLVL FELPWLHESRERGLTFRP LBRIAFWFLIADFLLLTWIGSQPVEEPF I LVGOLASHFYFEYFLILSPLLGYNENRLLFE
GVVAMFASLLMLFLLPWEHTSRLRGLTFRP LARMAFWFMVED FELLTWIGEQPVEEPF IVGOLASMFEFAYFLVLSPLLGYLENELLFPK
GVIAMFASLLIL FLPWLHTSRLRGLTFRP LARMAFWFLVADFLLLTWIGEQPVEEPFILVGOLASEFYFEYFLVLSPLLGYLENRLLFPK 394
GVVAMFBSLLIL FLPWEHTSRLRGLTFRP LARFAFWFLVADFLLLTWIGSOPVEEPF I LVGOLASFYFAYFLVLSPLLGYLENELLFPKGEKENE 397
GVVAMFASLLYVLFLLPWLHESRERGLTFRP LERMAFWFLIADFLLLTWIGSOPVEEPFILVGQLASMFYFEYFLILEP LLGYWENRLLFPKGEWE - - 334
GV AMFASLLYVLFLLPELHTSRLRGLTFRP LBRMAFWFEVANFLLLTWIGSOPVEEPF I LIGONASMFY FAYFLVIBP LLGYLENRLLFPEGANENN 392

i i ] Bl | g ¥ T i |

# 205
- 395
- 3@z

in red.

Figure 10. Protein alignment of CytB genes of 7 sea anemones. Amino acids deviating from the majority are marked
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100
aa
100
100
39
96

158
200
158
200
200
189
156

2388
300
2388
300
300
239
296



3.6 Complex IV genes

Complex IV genes in sea anemones

sire 0p) | Stodone’ | Se®p) | Sqdone? | Size®p) | Siioner

Protanthea simplex 1581 ATG/TAG X X 768 ATG/TAA
Urticina eques 1572 ATG/TAG 741 ATG/TAA 789 ATG/TAG
Metridium senile 1593 ATG/TAA 747 ATG/TAA 789 ATG/TAG
Hormathia digitata 1593 ATG/TAA 741 ATG/TAA 789 ATG/TAG
Aiptasia pulchella 1626 ATG/TAG 747 ATG/TAA 789 ATG/TAG
Bolocera tuediae 1572 ATG/TAA 747 ATG/TAA 789 ATG/TAA
Nematostella vectensis 1587 ATG/TAA 744 ATG/TAA 789 ATG/TAG

Table 4. Summary of sizes and codon usage in CO genes among 7 sea anemones.

Cytochrome oxidase (CO) subunits possess the least variations among protein coding
genes. They show considerably low variations in amino acid sequence, length and start/stop
codon usage.

3.6.1 COIll gene

At the DNA level the P. simplex COIIl gene has 102 substitutions, 21 deletions when compared
to the majority of the sea anemones. Deviations in the protein sequence (Figure 11) are mainly
located at the internal sites, with 25 substitutions and 7 deletions (one at the N-terminal end of
the protein and 6 at the internal sequence). There are small changes in the protein sequence
throughout the reading frame. Among the sea anemones, Nematostella sp. shows highest
heterogeneity throughout the reading frame.
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Ps_Coll
Ue_Colll
Ms_COlll
Ap_COll
Bt_COll
Hd_coll
MNv_COoll
Conservation

Ps_Coll
Ue_Colll
Ms_COlll
Ap_COolll
Bt_COll
Hd_coil
MNv_COoll
Conservation

Ps_Coll
Ue_Colll
Ms_COlll
Ap_COolll
Bt_CONl
Hd_coll
MNv_COoll
Conservation

MKA-VYHPYHLWVDPSPWPYVGACGALLLTVGSVAYFHYSQTWVLLMGA IMLSLTM IVWWRDY | REMAFQGLHT I IVKQGLKYGMLLFILSE
MKSTVYHPYHLWVDPSPWPY I GACGALF I TWGESWYVYFHYSQSWVLLMGA I TLGL TMLVWWRDY | REATFQGLHTVVY KQGLKYGMLLFILSE
MKSTVYHPYHLWVDPSPWPYVGACGALF I TVGESWYVYFHYSQTWVLLMGA I TLSLTM IVWWRDY | REATFQGLHTMVY KQGLKYGMLLFILSE
MESTVYHPYHLVDPSPWPYVGACGARF I TVGESVVYFHYSQTWYVLSEMGA I TLSL TM IVWWRDW IREATFQGLHT IVVEKQGLKYGMLLFILSE
MKSTVYHPYHLWVDPSPWPY I GACGALF I TVGESWVYFHYSQSWVLLMGA I TLGL TMLVWWRDY | REATFQGLHTMVY KQGLKYGMLLFILSE
MKSTVYHP YHLWVDPSPWPYVGACGALF I TVGESWVYFHYS QSWVLNMMGA I TLILTM IVWWRDY IREATFQGLHT I IVKQGLKYGMLLFILSE
MKSTVYHP YHLWVDPSPWP YMGACGALFTTLGSYVYFHYSOQPWILIFGLLVLGLTM IVWWRDY | REASFQGLHTVVYV KQGLKYGMLLFILSE

VLFFFEREEERE LSSSLAPSIELGVCWPPQGINPLMPFSVPLVWNTAVLLSSGATYVTWAHHAL | SGKKTEARNGLAATY ILGV | FTGLQAMEY
VLFFFSFFWAFFHSSLAPAVELGAVWPPQGINPLMNPFSYPLLNTAVLLSSGATY TWAHHAL ISGKKTEAINGLTATY ILGLIFTGLQAMEY
VLFFFSFFWAFFHSS TAPNIELGAVWPPOQGINPLMPFSVPLLNTAVLLSSGATYTWAHHAL ISGKKTEAINGLTITYVWLGLIFTGLQAMEY
VLFFFSFFWAFFHSS TAPNIELGAVWPPQGIDPLMNPFSYPLLNTAVLLSSGATY TWAHHAL ISGEKTEAINGLTATY ILGW I FTGLQAMEY
VLFFFSFFWAFFHSSLAPTVELGAVWPPQGINPLMPFSYPLLNTAVLLSSGATY TWAHHAL ISGKKTEAINGLTATY ILGLIFTGLQAMEY
VLFFFSFFWAFFHSSWVAPAVELGAVWPPQGINPLMNPFSYPLLNTAVLLSSGATY TWAHHAL ISGKKTEAINGLTWTWVLLGL I FTGLQGMEY
VLIFFLSFFWAFFHSSLAPTVELGAVWPPQGIHPLMNPFSYPLLNTAILLSSGATYVTWAHHAL ISGRKTEAVRGLVATYVGLGWWVFTALQALEY

YEAPFAISDSVYGSTFRVATGFHGIHV I IGTTFLAVCLNRLVYHQLSRHHHLGFEAASWYWHRVDWVVWLFLYWMC | YWWGES * 256
YEAPFAISDSVYGSTFRVATGFHGLHY I IGTTFLAVCLARLVYHQFTRHHHLGFEAASWYWHRVDWVVWLELY | C1YWWGES* 263
YEAPFAISDSVYGSTFFRVATGFHGMHY | IGTTFLAVCLARLVYHQFTRHHHLGFEAASWYWHRVDWVVWLELY | C1YWWGES* 263
YEAPFAISDSVYGSTFRVATGFHGLHY I IGTTFLTVCLARLVYHQFTRHHHLGFEAASWYWHRVDWVVWLELY | C1YWWGES* 263
YEAPFAISDSVYGSTFRVATGFHGLHY I IGTTFLAVCLARLVYHQFTRHHHLGFEAASWYWHRVDWVVWLELY | CMYWWGES * 263
YEAPFAISDSVYGSTFRVATGFHGIHV I IGTTFLAVCLVRLVYHQFTRHHHLGFEAASWYWHRVDWVVWLELY | C 1 YWWGES* 263
YEAPFTISDSVYGSTFRFVATGFHGLHVL IGTTFLAVCLGRLISHQFTRHHHLGFEAASWYWHRVDWVVWLFLYWC | YWWGES * 263

Figure 11. Protein alignment of COIlII in 7 sea anemones. Amino acids deviating from the majority are marked in red.

3.6.2 COlI gene

All sea anemones, except Nematostella sp. and now P. simplex, that have been sequenced, have

a group | intron with an internal HEG that interrupts the mitochondrial COI reading frame

(Table 1). For comparative purposes, HEGs were removed from the protein alignment, and COI

exon | and 1l were combined into a continuous reading frame.

Ps_COl MTSPFLTRWWFSTMHKD IGTLYLVFG| GSGMIGTALSML IRLELSAPGSMLGEDHLYNY IVTAHAFIMIFFLYMPYVMIGGFGNWLYP LY | GAPDMAFPRL 100
Ue_COl MGMNQFLTRWYFSTMNHKD IGTLYLVFGI GSGMIGTALSML IRLELSAPGTMLGDDHLYMNY IVTAHAFIMIFFLYMPYMIGGFGNWLYPLY | GAPDMAFPRL 100
Ms_COl MDMKFLTRWWFSTMHKD IGTLYLIFG| GSGMIGTALSML IRLELSAPGTMLGDDHLYMNY IVTAHAFIMIFFLYMPWVMIGGFGNWLYPLY |GAPDMAFPRL 100
Hd_COl MDMKFLTRWWYFSTNHKD IGTLYLVFGMGSGMIGTALSML IRLELSAPGTMLGDDHLYNY IVTAHAFYMI FFLVMPVMIGGFGNWLVPLY |GAPDMAFPRL 100

Ap

COl MDMNKFLTRWWFSTMNHKD IGTLYLVFGI GSGMIGTALSML IRLELSAPGTMLGDDHLYNY IVTAHAFIMIFFLVMPVMIGGFGNWLVP LY IGAPDMAFPRL 100

Bt_COl MENKFLTRWVFSTNHKD I GTLYLVFG| GSGMIGTALSML IRLELSAPGTMLGDDHLYNY I VTAHAF IMIFFLVMPWVMIGGFGNWLVPLY | GAPDMAFPRL 99
Mv_COl MNNKFLTRWVFSTNHKD IGTLYLIFGI GSCMIGTALSML IRLELSAPGTMLGDDHLY NV I VTAHAFLM | FFLVMP VMMGG FOGNWEVP LY | GAPDOMAFPRL 100
Conservation

Ps_COl MMISFWLLPPALILLLGSAFVEQGYGTGWTWYPPLSSIQTHSGGAVDMA I FSLHLAGASS |

Ue_COl MMNISFWLLPPALILLLGSAFVEQGYGTGWTWYPPLSGIQTHSGGAVDMA I FSLHLAGASS |

Ms_COl MMISFWLLPPALILLLGSAFVEQGYGTGWTVYPPLSAIQAHSGGAVDMA I FSLHLAGASS |

Hd_COl MMISFWLLPPALILLLGSAFVEQGYGTGWTVYPPLSSIQTHSGGAVDMA | FSLHLAGASS | LGAMNFITTIFNMRAPGLTMDRLPLFVWS |
|
|
|

Ap

COl MMISFWLLPPALWLLLGSAFYVEQGYVGTGWTYYPPLSSIQTHSGGAVDMA | FSLHLAGASS
Bt_COl MMISFWLLPPALILLLGSAFVEQGYGTGWTVYYPPLSGIQTHSGGAVDMA | FSLHLAGASS
Mv_ COl MMISFWLLPPALILLLGSAFVEQGYVGTGWTMYPPLASIQTHSGGAVDMA | FSLHLAGASS

LGAMMFITTIFNMRAPGMTMDORLPLFYWS I LI TAFLLLL 200
LGAMMFITTIFNMRAPGLTMDRLPLFYWS I LI TAFLLLL 200
LGAMMFITTIFNMMRAPGMTMDRLPLFYWS I LI TAFLLLL 200

LITAFLLLL 200
LGAMMFITT IFNMMRAPGMTMDRLPLFYWS I LI TAFLLLL 200
LGAMMFITTIFNMMRAPGLTMDRLPLFYWS I LI TAFLLLL 129
LGSMMFITTYMFMNMRAPGMTMDRLPLFYWSMLI TAFLLLL 200

Conservation |

Ps_COl SLPVLAGAI|ITMLLTDRNFNTTFFDQAGGGDP I LFQHLFWFFGHRPEVY |
Ue COl SLPYVLAGGI TMLLTDRNMFNTTFFDPAGGGDP | LFQHLFWFFGHRPEVY I
Ms_COl SLPVLAGA | TMLLTDRMFNTTFFDPAGGGDP I LFQHLFWFFGHPE WY |

Ap_COl SLPWVLAGAI TMLLTDRMFNTTFFDPAGGGDP | LFQHLFWFFGHRPEVY |
Bt COl SLPWVLAGG|I TMLLTDRMFNTTFFDPAGGGDP I LFQHLFWFFGHPEWVY |

LPGFGMISQI IPTFSAKSQ | FGYLGMVYAMLA
LPGFGMYSQI IPTFSAKNQ | FGYLGMVTYAMLS
LPGFGMVSQI IPTFSAKNQ | FGY LGMVYAMLS

LGF IVWAHHMFTY -G 2989
LGF IVWAHHMFTVSG 300
LGF IVWAHHMFTY -G 299

LPGFGMISQI IPTFSAKNQ | FGY LGMVYAMLS
LPGFGMVSQI IPTFSAKNQ | FGYLGMVYAMLS

LGF IVWAHHMFTY -G 235
LGF IVWAHHMFTY -G 298

[} IGI
[} 1G1
[} IGI
Hd_COl SLPVLAGA| TMLLTDRNFNTTFFDPAGGGDP | LFQHLFWFFGHPEVY ILILPGFGMVSQI IPTFSAKNQIFGYLGMVYYAMLS IGILGF IVWAHHMFTY -G 299
[N} 1GI
[} 1GI
[y} 1GI

Mv_COl SLPVLAGGI TMLLTDRMFNTTFFDPAGGGDP | LFOQHLFWFFGHPEVY |

LPGFGMIISQI IPTFSAKNQ | FGY LGMVYAMIS LGF IVWAHHMFTY -G 233

Conservation [ ] [ 1 | B
Ps_COl MDVDTRAYFTAATMI |AVPTG I KVFSWLATIYGGRYRLDTPMLWA IGFVFLFTIGGLTGVWMLANSS LDVVLHDTY YVVAHFHYVLSMGAWV FA I FGGFY FW 359
Ue_COl MDVDTRAYFTAATMI IAVPTG I KVFSWLATIYGGAVRLDTPMLWA IGFVFLFTIGGLTGY I LANSS LDV VLHDTY YVVAHFHYWVLSMGAY FA I FGGFY¥W 400
Ms_COl MDVDTRAYFTAATMI IAVPTG I KVFSWLATIYGGAVRLDTPMLWA IGFVFLFTIGGLTGY I LANSSLDEVLHDTYYVVAHFHYVLSMGAL FAI FAGFY FW 399
Hd_ €Ol MDWDTRAYFTAATMI |AVPTG I KVFSWLATIYGGAVRLDTPMLWA IGFVFLFTIGGLTGY I LANSS LDVVLHDTYYVVAHFHYVLSMGAVFAI FGGFY FW 399
Ap_COl MDVDTRAYFTAATMI IAVPTG I KVFSWLATIYGGAVRLDTPMLWA IGFVFLFTIGGLTGY I LANSSLDVVLHDTYYVVAHFHYVLSMGAVFAI FGGFYFW 393
Bt COl MDVDTRAYFTAATMI |AVPTGS I KVFSWLATIYGGAIRLDTPMLWA IGFVFLFTIGGLTGY I LANSS LDVWVLHDTY YVVAHFHYVLSMGAVFA I FGGFYYW 398
Mv_COl MDVDTRAYFTAATMI |AVPTG I KVFSWLATLYGGAIRLDTPMLWA IGFVFLFTIGGLTGV I LANSS LDVVMHDTY YVVAHFHYWVLSMGAV FA | FAGFY FW 359

Conservation
Ps_COl FGKITGYGBYMNELYGK IHFWIMF IGYVNLTFFPQHFLGLAGFPRRYSDFVDGLAGWNLYVSSLGST ISIVGVLWFVYMVYDAYARGI KFMGWVEDTGSS ==L 496
Ue_COl FGKITGYCYMNELYGK IHFWELMF IGVNLTFFPQHFLGLAGFPRRYSDFVDGFAGWNLVSSLGST ISIVGVLWFVY IVYDAYVREIKFISWVENTGSSWASL 500
Ms_COl FGKITGYCYNELYGK IHFWIMF IGYNLTFFPQHFLGLAGFPRRYSDFVDAFAGWNLYSSLGSTISIVGVIWFVEIVYDAYVREIKFI GWVENTGASWSSL 4935
Hd_COl FGKITGYCYMELYGK IHFWLMF IGYVNLTFFPOQHFLGLAGFPRRYSDFVDGFAGWNLYSSLGST ISIVGYIIWFVEI VYDAYVREIKFISWVYENTGSSWASL 499

ap

COl FGKITGYCYMELYGK IHFWIMF IGYNLTFFPOHFLGLAGFPRRYSDFIDGFAGWNLYSSLGST ISIVGYIWFYY | VYDAYVREIKFI GWVENTGASWSSL 459

Bt COl FGKITGYCYMNELYGK IHFWLMF IGYNLTFFPOQHFLGLAGFPRRYSDFVDGFAGWNLYSSLGST ISIVGYLWFYY IVYDAYVREIKFINWYENTGSSWASL 493
Mv COl FGKITGYCYMELYGK IHFWIMF IGVNITFFPQHFLGLAGFPRRYSDFADGY AGWNLVCSFGST ISMVGVMWFI FMVYDAYVREVWKFI GWVENTGSSWPSL 4599

Conservation [ I I I I
Ps_COl EWVOQPSPPMSHTYNELPFSYGRWAT -5--=2F------ HLRSK® 527
Ue_COl EWVQPSPPLSHTYMELPFVYGSY=k -|- - - EE------------ 524
Ms_COl EWVQPSPPMSHTYNELPFVYGSYSALRPRNSE - - - - - - - - - - 531
Hd_COl EWVQPSPPMSHTYMNELPFVYGSYSALRPRNS® - - - - - — - - — - - 531
Ap_

COl EWVQPSPPMSHTYMNMELPFYYSCFPLRRGGNTLIPTHYSEIKV*® 542
Bt_COl EWVQPSPPLSHTYMELPFVYGRY:==-I=- - RS*

MNv_COl EWVQQSPPALHTYMNELPFVYGSYSTAKVO*® - - - --- ------ - 529
Conservation | 1

90
91
91
91
91
91
91

175
182
132
182
182
182
182

Figure 12. Protein alignment of COI in 7 sea anemones. Amino acids deviating from the majority are marked in red.
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The COI amino acid sequence (Figure 12) is highly conserved in comparison to other
protein coding genes. 194 nucleotide changes resulted in 33 substitutions in the protein
sequence. Size variation is caused mainly by changes in a 3’ end, corresponding to a 3 AA

internal gap in P. simplex.

3.6.3 COll gene

As mentioned previously, an attempt was made to identify the P. simplex COIIl gene
with PCR using primers designed for conserved regions within COIl gene (see primer key
features in the appendix). As a result fragments around 5 kb were amplified. This correlates
with a study made in lice (Shao et al. 2012; Jiang et al. 2013) that investigated mini-
chromosomes in lice mitogenome. Researchers used a similar approach based on inverted PCR
to characterize fragmented mitochondrial genomes and to identify circular mini-chromosomes,

which was confirmed with an agarose gel run and subsequent sequencing.

Amplified fragments were from 3-5 kb in size, which correlates with our findings. The
possibility of a mini-chromosome, it’s structure, and role in the mitochondria will be discussed

in the next section.
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3.7 Complex V genes

Protanthea simplex
Urticina eques
Metridium senile
Hormathia digitata
Alptasia pulchella

Bolocera tuediae

Nematostella vectensis

Size (bp.)

Complex V genes in sea anemones

Star/Stop
codons

Size (bp.)

Start/Stop
codons

618
690
690
690
690
690
699

ATG/TAA
ATG/TAA
ATG/TAA
ATG/TAA
ATG/TAA
ATG/TAA
ATG/TAA

204
216
216
216
216
216
231

ATG/TAA
ATG/TAA
ATG/TAA
ATG/TAA
ATG/TAA
ATG/TAA
ATG/TAG

Table 5. Summary of sizes and codon usage in ATPase genes among 7 sea anemones.

ATPase genes show moderate variation in protein sequence and in size (Table 5).

P. simplex and Nematostella sp. are the most variable species in this genome region among sea

anemones. For other sea anemones, the sizes are relatively conserved and amino acid sequences

possess little variation.

marked in red.

Figure 13. Protein alignment of Atp6 in 7 sea anemones. Amino acids deviating from the majority are
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40 &0
I |

20

100
1

Ps_Atpe MEEERSEEESEEESEEEEEEEEEE WLILYYVVALYLLRANQL I PNRGQAATES | YDHFGGLVKDN - - -SGPOQYFPFYLTLFIFIGLLNILGLFPYVFTVTAH 76
Ue_Atpe MGAAYFDQFKVVDLIAVMTNSSMMMMLAVAVALILLKGNRLIPNRWQAIMES | YDHFHGLVKDN - - -SGTQYFPFVLSLFIFIVFLNILGLFPYVFTYTVH 57
Ms_Atpe MGAAYFDQFKVVDLIAITNSSMMMMLAVAVALILLKGNRL I PNRWQAVMES | YDHFHGLVEKDN - - - SGRQYFRFYFTLFIFIVFLNI LGLFPYVFTYTVH &7
Hd_Atpé MGAAYFDQFKYYDLIAITNSSMMMMLAVAVALILLKGNRL I PNRWQAVMES | YDHFHGLVKDN - - -AGTQYFPFVFTLFIFIVFLNILGLFRYVFTYTYH 97
Ap_Atpe MSAAYFDQFKVVDLIAITNSSMMMMEAVAVALILLKGNRLIPNRWOTYMES | YDHFHGLWVKDN - - - SGAQYFPFYFTLFIFIVFLNILGLFPYVFTYTVH &7
Bt Atpe MGAAYFDQFKVVDLIAVTNSSMMMMLAVAVALILLKGDRLIPNRWQAIMES | YDHFHGLVKDN - - -SGTQYFRFYFSLFIFIVFLNILGLFRPYVFTVTVH 87
Nv_Atps MSAAYFDOFEVVDLIAITNSSMMMLLAVAVALMLLEGNRL I PNRWOTIMES | YDHFLGAVKDNLGPEGTKYFPFIISLFIFIVFLNVLGLFPYVFTATYH 100
Conservation 1 ] 3}
120 110 160 130 200
| 1
Ps_Atpg VVWTLGLSFS I IMGY TMGGLWKFKWNFLS | LMP AGAP LA LAPLLVL IETVSYISRI ISLGVRLAAN LSAGHLLFAI LAGFGFNM -ALVLIIFPYLIMY 173
Ue_Atps VVVTLGLSFSIVIGYTLAGLWKFEWNY LS | LMPAGAPLGLAPLLYVIIETVSY ISRAISLGYVRLAANLSAGHLLFAILAGFGFNMLTTAGYLNI FPVLIMY 157
Ms_Atpe IVVTLGLSFSIVIGVTLGGLWKFKWNFLS | LMPAGAPLALAPLLVLIETYSY ISRAISLGYVRLAANLSAGHLLFAILAGFGFNMLTTAGYENI FPVLIMY 1597
Hd_Atpe VYVTLGLSFSIVIGVTLAGLWRFKWNYLS | LMPAGAPLALAPLLYLIETYSY ISRAISLGVRLAANLSAGHLLFA I LAGFGFNMLTTAGYLNI FPVLIMY 197
Ap_Atps VVVTLGLSFSIVVGYTLGGLWKFKWNFLS | LMPAGAPLALAPLLYLIETVSY ISRAISLGYRLAANLSAGHLLFAILAGFGFNMLTTAGVENI FPVLIMY 197
Bt Atpe VVVTLGLSFSIVIGYVTLAGLWKFKWNFLS | LMPAGAPLGLAPLLVIIETYSY ISRAISLGYRLAANLSAGHLLFAILAGFGFNMLTTAGYLNIFPVLIMY 1597
Nv_Atpg IVVTLGLSFSIVIGYVTLAGLWRFQWNFLS | LMPAGAPLALAPLLYVLIETASFVFRAVSLGVRLAANLSAGHLLFA I LAGFGFNMITTAGYVENI FPVVIMY 200
Conservation
220
|
Ps_Atpg FISLLEAAVAVIQAYWFSLLTSIYLADTQVLH® 206
Ue Atpe FISLLEAAVAVIQAYVFSLLTTIYLADTIVLH® 230
Ms_Atps FISLLEAAVAVIQAYWFSLLTTIYLADTIVLH® 230
Hd_Atpe FISLLEAAVAVIQAYVFSLLTTIYLADTIVLH® 230
Ap_Atpe FISLLEAAVAVIQAYWVFSLLTTIYLADTIVLH® 230
Bt Atpe FISLLEAAVAVIQAYVFSLLTTIYLADTIVLH® 230
N Atpg FISLLEAAVAIIQAYWFSLLTTIYLADTIALH¥® 233
Conservation 1
Size variations of Atp6 protein sequences in P. simplex and Nematostella sp. are caused
by internal changes and changes in 5’ end region (N-terminal end of protein). 85 substitutions,
72 deletions - 63 nucleotide gap at the 5* end and 9 nucleotide internal gap closer to the 3’ end.
As a result P. simplex has 27 AA substitutions and lacks 24 AA in it’s sequence and
Nematostella sp. has 27 AA substitutions and 3 additional amino acids. Other than size variation
in 2 species, protein sequence is relatively conserved (Figure 13).
20 40 60
1 1
Ps_Atpg MPQLEKTTTYLMQYRWTL IALFLLFSSLIILVLPVIKTNFLIRRSMGPL---APQTSDENKKLWSLWS - - - - - - SPL* &8
Ue Atpg8 MPOLEAATYLTQYRWTLVWALFLLFSFLWVVSWLPWIKTNFLIRRSVGYSWTGAPKTSDLNKGPASLWSQ:- - - - - DEI*® 72
Ms_AtpE2 MPOQLETATYLTOYRWTLIALFLLFSFLWWVEWLPAVETNFL IRRS I GAGWTGAPKTSDLMNKGPAS LWEW- - - - - DKI*® 72
Hd_stpg MPQLETATYLTOYRWTLIALFFLFSFLVVSYLPAVKTNFLIRRS I GAGWTGAPKTSDLNKGPASLWSW- - - - - DKI#® 72
Ap Atpg MPQLETWMTYLTQYTWTLIALFLLFSFLWVVSYWLPAIKTNFLIRRS I GAGWTGAPPTSDLNKGPASLWSW- - - - - DKI* 72
Bt_AtpS8 MPQLETATYLTOQYRWTLIALFLLFSFLVISWVLPVIKTNFLIRRSVGWSWTGAPKTSDLNKGPASLWSQ- - - - - DKI* 72
My Atpg MPQLETATYLTQYRWTLIALFLLFSFMWWVSWLPTIKTNFLIRRSYWMGALAESPKISDLSKGPALLWNQALSHYGK I * 77
Conservation L e ] BB

Figure 14. Protein alignment of Atp8 in 7 sea anemones. Amino acids deviating from the majority are marked in red.

As in Atp6, size variations in Atp8 are only found in P. simplex and Nematostella sp.
These variations are caused by internal changes and changes in 3’ region (C-terminal end of
protein). While P. simplex lacks 4 AA, Nematostella sp. has 5 AA in addition. Like Atp6, the
protein sequence of Atp8 is moderately conserved among sea anemones. P. simplex has 19

substitutions and 4 deletions in its amino acid sequence (Figure 14).
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3.8 RNA genes

RNA genes in sea anemones
Protanthea simplex 1093 2188 70 70
Urticina eques 1057 2214 70 71
Metridium senile 1082 2188 70 71
Hormathia digitata 1082 2189 70 71
Alptasia pulchella 1066 2178 70 71
Bolocera tuediae 1082 2209 70 71
Nematostella vectensis 693 602 70 71

Table 6. Size variation in RNA genes among sea anemones.
Size of the rRNA  genes

was defined by, first aligning ribosomal subunits genes and second, by using transcriptomic
data to define more precise borders of rRNA genes.

As illustrated in Table 6, sizes of ribosomal RNA subunits (SSU and LSU rRNAS) varies
between species but within reasonable range with Nematostella sp. deviating from common
picture (strongly suggesting that the Nematostella data need to be re-analysed).

P. simplex SSU rRNA sequence possess 247 changes: 192 substitutions, 19 deletions, and 36
insertions. LSU rRNA has 464 changes compared to majority of the sea anemones: 341
substitutions, 64 deletions, and 59 insertions.

tRNA genes are conserved (10 substitutions in tRNA-fMet and 8 substitutions in tRNA-Trp)
among sea anemones with exception of P. simplex lacking in nucleotide in tRNA-fMet (Figure
15, Figure 16). Secondary structure is also conserved (Figurel7)

Ps_tRNA Met GGUAGAGUGGACUAAACG -AGGUCGCCAGGCUCAUCAUCUGGAGGUGCAGGGUCGAUUCCUGCCUCUACCA- 70

Ue_tRNA Met CGUAGAGUGGACUAAUGGUAAGUCACCAGACUCAUCAUCUGGAGAUGCAGGUUCAALUUCCUGCCUCUACAA- T1
Ms_tRNA Met -GUAGAGUGGACUAAUGGUAAGUCACCAGACUCAUCAUCUGGAGAUGCAGGUUCAAUUCCUGCCUCUACAAL 71

Hd:tRNA Met CGUAGAGUGGACUAACGGUAAGUCACCAGACUCAUCAUCUGGAGAUGCAGGUUCAAUUCCUGCCUCUACCA- 71

Ap_tRNA Met UGUAGGGUGGACUAACGGUAAGUCACCAGGCUCAUCAUCUGGAGAUGCAGGUUCAALUUCCUGCCUCUACAA- T1

Bt tRNA Met CGUAGAGUGGACUAAUGGUAAGUCACCAGACUCAUCAUCUGGAGAUGCAGGUUCAAUUCCUGCCUCUACAA- 71
Mwv_tRMNA Met CGCAGAGUGGACUAAUGGUAAGUCACCAGACUCAUCAUCUGGGEGGAUGCAGGUUCAAUUCCUGCCUCUGCAA- T1

Conservation | | ] |

Figure 15. Alignment of tRNA-fMet of 7 sea anemones. Nucleotides deviating from the majority are marked

in red.
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Ps_tRNA_Trp
Ue_tRNA_Trp
Ms_tRNA_Trp
Hd_tRNA_Trp
Ap_ tRMNA_Trp
Bt_tRNA_Trp
Mt_tRMNA_TTp
Conservation

AGGGGGUUAGGUUAAGGAAGACCAAUGGCC UUCAAAGCUAUUAGUGCGGGUUCGAGUCCCGCACCCCCUG
AGGGGGUUAGGUUAAGGAAGACCGUUAGCCUUCAAAGCUAAAAGUGUGGGUUCAAGUCCCGCCCCCCCUG
AGGAGGUUAGGUUAAGGAAGACCGUUAGCCUUCAAAGCUAAAAGUGCGGGUUCAAGUCCCGCCCCUCCUG
AGGAGGUUAGGUUAAGGAAGACCAUUAGCCUUCAAAGCUAAGAGUGCGGGUUCAAGUCCCGCACCUCCUG
GGEEGEEEUUAGGUUAAGGUAGACCGUUAGCC UUCAAAGCUAAGUGUGGGGGUUCAAGUCCULUCACCCCCCG
AGGGGEGEUUAGGUUAAGGUAGACCGUUAGCCUUC AAAGCUAAAAGUGUGGGUUCAAGUCCCGCCCCCCCUG
AGGAGGUUAGGUUAAGGUAGACCGUUAGCC UUCAAAGCUAAAAGLUGUGGGUUCAAGUCCUGCCCCUCCUG

T | T | | I 1

70
70
70
70
70
70

Figure 16. Alignment of tRNA-Trp of 7 sea anemones. Nucleotides deviating from the majority are marked

in red.

Prothanthea simplex Prothanthea simplex
tRNA f-Met tRNA Trp

(cca) 3° (cca) 3°
~ A ~ G
5G—C 5A—U
G—-C G—-C
U-—A ; G—-C
A—U Aminoacyl arm P
G-C G=C
Azl TyC arm c-¢
DHU arm u uY, G
A A G cGgucc A A cGgccce
A UCAG [ G c"Auuce R
c e 111 GCAGG, ¢ e 1 11 GCGGG
GAGGUC u u G, AGACC U u
G G A G
C—GAG ; A—UUA
-0 Variable loop U= A
. A—-U G—-U
Anticodonarm 5 _ ¢ G=0C
Ge U CeG
c A c A
u C u A
Anticodon Anticodon

Figure 17. tRNA Secondary structure.
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3.9 Total RNA sequencing data
Percentage of mapped reads for P. simplex mitogenome was 0.16 %, which indicates

that most of the sequenced RNA was genomic. When mapped, total RNA reads pool showed
highest coverage for LSU rRNA and CytB gene regions. In general, almost whole mitogenome
was covered. Even though coverage for the most of the regions was low, sequencing results
indicate that mitigenome was active.

It is important to mention that mapping total RNA seq. pool on COIIl genes from six sea

anemones gave no result (Figure 18).

P.simplex mitogenome

CONSENSUS fmmm == mme— — o — —— —_—
amn

Caoverage

Figur 18. Mapping of total RNA reads on P. simplex mitogenome. Coverage of certain regions is illustrated as a bar plot
with highest peak matching highest covered region. Genes are marked as blue boxes on the sequence.
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Mapping U. eques total RNA reads pool on the mitogenome (acquired from NCBI),
showed that only 0.06 % of all reads were mitochondrial. Compared to P. simplex, U. eques
mitotranscriptome shows considerably lower coverage for most of the genome regions. LSU

rRNA region, like in P. simplex, has the highest coverage, and SSU rRNA has the second
highest (Figure 19).

{tRMNA-Trp
NDS_exonl \ND5_exon2 col ORF_B NDG tRMA-Met COl_exonl ND4L

Urticina Eques

Consensus
Frrd

Coverage

Figure 19. Mapping of total RNA reads on U. eques mitogenome. Coverage of certain regions is illustrated as

a bar plot with highest peak matching highest covered region. Genes are marked as blue boxes on the sequence.
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4.0 Discussion
Past studies have reported that mitochondrial genomes of the subclass Hexacorallia show low

substitution rates in the mitochondrial protein coding genes despite an apparent high variation
in the nuclear genome (Hellberg, 2006; Shearer et al., 2002). More recent studies, however,
suggest that sea anemones mitogenomes might not be so inert as previously believed (Emblem
etal., 2014).

In the present study we used NGS technology to obtain mitochondrial genome sequences and
transcriptomic data of the cold-water sea anemone Protanthea simplex, as well as transcriptome
of a second sea anemone species, Urticina eques.

Our study revealed that P. simplex deviates significantly from current “sea anemones” picture.
The mitochondrial genome of P. simplex contains a novel genome organization and has a high
heterogeneity in protein coding genes compared to the other studied sea anemones. These
findings apparently support previous studies in hexacoral mitogenomics, suggesting that their
mitogenomes are dynamic in structure and that group | introns could be involved in structural
rearrangements (Emblem et al., 2012; Emblem et al., 2011; Emblem et al., 2014; Hedberg and
Johansen, 2013; Lin et al., 2014).

Other notable findings include:

e Like Nematostella sp., P. simplex lacks the COI1-884 group | intron.
e COlIl is missing from total DNA and total RNA data pools.

o Atypical size of ND5-717 group I intron, which is believed to be obligatory and essential
for members of Hexacorallia subclass (Johansen et al., 2010). P. simplex ND5 intron
includes all, except ND5 and COIlI, mitochondrial genes between it’s 5” and 3’ splice

sites.

« Both strands are used for gene coding, which is unique among hexacorals.

The COI-884 group I intron is considered to be optional for hexacorals. In sea anemones, the
COl intron harbors a gene coding for a homing endonucleases (HEGS) - a highly specific
endonuclease that, affects intron mobility through the process of homing (Emblem et al., 2014;
Haugen et al., 2005; Johansen et al., 2010). Goddard et al., 2006, suggested that slow
substitution rates advance HEG invasion into Cnidarian mitogenomes. However, P. simplex

lacks COI-884 group I intron and gene encoding for HE.
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One explanation could be that the loss of a COI group I intron is a relatively recent evolutionary
event in P. simplex.

It has been proposed that loss and gain of COI introns goes in cycles throughout evolutionary
history (Goddard et al., 2006). Our findings corresponds to the model proposed by Emblem et
al., that COI intron undergoes 5 stages from invasion into the host mitogenome, to complete
loss of the COl-intron and HEG, through degradation (Emblem et al., 2014). P. simplex could

be at the “loss stage” of this intron gain-and-loss cycle.

Despite  multiple reports about stability and sequence conservation of Hexacorallia
mitogenomes, P. simplex shows high heterogeneity in protein coding genes when compared to
the previously sequenced sea anemone mitogenomes. A plausible interpretation might be that
P. simplex represents a separate and distinct branch of hexacorals, and does not belong to the
sea anemones clade. Sequencing errors as a reason for heterogeneity are, of course, a possibility.
However, this explanation seems unlikely, when considering the high sequencing coverage.
Furthermore sequencing errors would likely have resulted in multiple reading frame shifts,
which cannot be observed when analyzing protein gene sequences.

The apparent lack of COII sequences in both, total DNA and the RNA data pools, raises a
question about if this important and essential gene is present or not. Though it has not been
possible to give a definite answer for this question due to the time limitations of this thesis, we
propose a novel explanation for this phenomenon based on mitochondrial mini-chromosomes.
This alternative will be discussed further below.

Finally it has not been possible to identify functional reading frames for ND2 and ND4 genes.
Preliminary sequencing errors are likely explanations for unconfirmed reading frames, and re-

sequencing of these regions have to be performed in order to eliminate errors.

4.1 Group I introns
Group | introns are self-catalytic genetic elements that interrupt functional genes. They have

been observed in the nuclei of protists, in eukaryotic viruses and bacteriophages, in bacteria, in
chloroplasts, and in mitochondria (Beagley et al., 1998; Haugen et al., 2005).

In sea anemones group | introns are found in mitochondria where they interrupt two essential
protein coding gene sequences: the obligatory and vertically inherited ND5 intron, and the

optional and mobile COI intron.
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The ND5-717 (named according to the conserved ND5 gene position; Emblem et al., 2011) in
sea anemones harbors two protein coding genes - ND1 and ND3 (Emblem 2014). P. simplex,
in comparison, contains as many as 15 gene inside the ND5-717 intron. Similar intron sizes
have been reported in Corallimorpharia (Medina et al., 2006) but our study reports the first
example in sea anemones.
In all hexacoral mitogenomes sequenced to date, group | intron that interrupts the ND5 reading
frame at position 717 position seems to be a highly conserved feature (Emblem et al, 2011).
COl group I introns, on the other hand, have been found to be optional in hexacorals (Emblem
etal., 2014; Goddard et al., 2006; Johansen et al., 2010). The genic position of COl introns vary
among hexacorals, with at least three different insertion sites representing a specific variant of
the ribozyme (Emblem et al., 2014; Goddard et al., 2006). However, all sea anemone COlI
introns are inserted after nucleotide position 884 in the COI gene (hence, the intron is named
COI-884 according to — Emblem et al. 2011).
Group | introns have an ability to integrate themselves into the host genome and occasionally
switch genic position. There are two mechanisms that assists integration and transposition of
group | introns (Birgisdottir and Johansen, 2005b; Hedberg and Johansen, 2013):

1. Insertion into the homologous site of an intron-less allele (intron homing), initiated by

a homing endonuclease that is encoded in some group | introns (like COI-884 group |

intron).

2. Transposition into the new site of the same or different gene at the RNA level via

mechanism called reverse splicing.

Reverse splicing depends on several complex processes: site specific recognition by internal
guide sequence (IGS) at the RNA level and ribozyme-assisted insertion into specific site of the
exon RNA, reverse transcription of the recombined RNA, and finally cDNA integration into
the genome. It appears, that reverse splicing is only moderately site specific and that variations
in the IGS may affect integration of the intron (Birgisdottir and Johansen, 2005a).

The role of ND5-717 introns in the mitogenome of hexacorals remain a mystery.

It has been shown that this intron has an origin within fungi mitogenomes and later became
trapped inside the hexacoral mitogenome, probably due to inclusion of essential mitochondrial
genes in its structure (Emblem et al., 2011). If ND5-717 has any biological role, or host

benefitting function, remains to be seen.
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4.2 The COIl mitochondrial mini-chromosome hypothesis
We have made several attempts to assemble P. simplex mitochondrial genome. In all cases,

genome scaffolds were lacking COIl sequences. COIl is the most conserved among the
mitochondrial encoded genes in metazoans, and it is an important gene involved in the
mitochondrial respiratory chain.

Our initial explanation for the absence of COIlI in the genome data was due to some kind of
error during mitogenome assembly. An alternative explanation for missing COIl sequences was
due to a bias introduced by library preparation, and that COIl have been unintentionally
removed from the data pool.

As we previously presented in the Results section, two experiments using specific primers,
PCR, and an agarose gel for visualization, were designed.

Gel visualization (Figure 3 and Figure 4) results supported the assembly, but also showed that
total DNA probably contains COll gene sequences. This suggests that COIl may have escaped
during the library preparation process. How could an entire gene fall out of the genome on a
stage of library preparation if the assembly was correct?

Several reports describing the mitochondrial genomes of blood-sucking mammalian lice,
provided evidence that mitogenomes of these animals are fragmented into many functional
mini-chromosomes (Jiang et al., 2013; Shao et al., 2012). Each mini-chromosome could contain
from one, and up to eight mitochondrial genes, depending on the species. These mini-
chromosomes were found to be 3-4 kb in size, organized as circular DNA and consisted of
coding and noncoding regions. Noncoding regions contained tandem repeats of various size
and copy number (12-75 bp repeats; 2-5 copies).

These studies provided new insight into what might have happened with COIl gene in P.
simplex.

Emblem et al., 2014, reported a “transposon-like” insertion element in the intergenic region
(IGR) in some sea anemone species, including U. eques. In U. eques, this IGR islocated
adjacent to COIlI gene and contained two open reading frames.

Sizes of the amplified fragments were around 5 kb in length, which is similar to what was found
in the lice. Considering the length of the “transposon-like” element that was found in U. eques
(2043 bp) and the size of COII gene in other sea anemones (around 740 bp) these 5 kb fragments
may very well represent our hypothetical mini-chromosome.

Presence of a COIl mini-chromosome could also explain how it escaped from the data pool.

During the shearing stage, mini-chromosome may have been more affected by the enzyme.
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Since shearing incubation time was calculated for large fragments of total DNA, considerably
small mini-chromosome should be sheared into very DNA fragments.

Then, on the size selection stage, small fragments containing COIl sequences could have been
discarded. The benefits of having mitochondrial mini-chromosome remain to be determined.
This is a very intriguing hypothesis that suggests truly novel observations. However, still just
little empirical evidence has been collected, and the results have to be verified by re-sequencing

and detailed feature analysis.

4.3 Heterogeneity of the protein coding genes
Many researchers agree that the rate of molecular evolution of the sea anemones mitochondrial

genome is unusually low (Daly et al., 2008; Hellberg, 2006; Miller and Ball, 2008; Shearer et
al., 2002).

Sequencing of the P. simplex mitogenome revealed high heterogeneity of protein coding
genes in size, and in DNA sequence when compared to the previously sequenced sea
anemones.

After close examination of the protein sequences, transcriptomic data, and initial DNA pool,
we concluded that sequencing errors could not have been a reason for gaps and deviations in
the coding sequence. Reasonably high coverage could also serve as an insurance that
sequencing errors are not responsible for the main heterogeneity in the mitogenome.
Considering that rate of molecular evolution is low, a likely explanation might be that P.
simplex could represent a separate branch of the sea anemones or, maybe, a separate branch of
hexacorals.

During our comparative analyses, we have noted that P. simplex is not the only sea anemone
that deviates from the rest. Nematostella sp., also possess considerably high heterogeneity in
protein coding as well as rRNA genes, and does not have a group | intron that interrupts the
COl reading frame.

Phylogenetic studies showed that Nematostella sp. appears as the most basal of the sea
anemones (Daly et al., 2008; Emblem et al., 2014).

We assume that it is possible to expect a similar picture when the same analyses are applied to

P. simplex mitogenome. However, it has not been possible to perform phylogenetic analysis
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based on the complete mitogenome, since we still are unable to identify reading frames for two
genes, and COII is missing from the assembly.

4.4 Transcriptomics data
In this study we generated mito-transcriptome data from two sea anemones species: U. eques

and P. simplex. When compared, these transcriptomes reveal somewhat different expression
levels in these species. Our results acquired from the Urticina transcriptome, compare well to
previous findings (Emblem et al., 2014) and suggest universal but low level of expression for
mitochondrial genes. The P. simplex mito-transcriptome, despite the low coverage, showed that
most of the genes were transcribed and supported that the mitogenome is transcriptionally
active.

For both species, rRNA genes showed the highest coverage, which was expected.

Transcriptomics data supports P. simplex mitogenome assembly.

4.5 Suggestions and perspectives
Our results showed that the P. simplex mitogenome is highly unusual and has several surprising

and true novel features. However, our results require further validation.

To validate the assembly and to remove any potential sequencing errors that could have been
introduced by lon Torrent, re-sequencing by a different technology platform should be
performed. One possibility is to PCR amplify mitochondrial DNA using primers based on the
acquired mitogenome, and Sanger sequence the amplicons. Another possibility is to use the
SOLID™ Next-Generation Sequencing System (Life Technologies™), or any other NGS
platform. High number of reads coupled with a reasonable error rate, would ensure high

coverage of the mitogenome and eliminate any uncertainties from previous assembly.

It is important to use physical shearing for the library preparation stage. Physical shearing
would give more consistent and reliable results than enzymatic shearing. All protocols must be

tested and optimized for coral tissue and DNA.

It could be useful to isolate pure mitochondria from coral tissues to ensure that obtained DNA
and RNA are from the mitochondria and not from other parts of the cell. This might be
especially beneficial for mitotranscriptome isolation. As we showed previously, different

species have different expression levels. Some have low transcription levels, and thus low
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amounts of extracted RNA in the sample. Mitochondria isolation should enrich samples with
more copies of the transcriptome.

Larger tissue samples are recommended for this procedure and any reliable protocol could be
used (Frezza et al., 2007). To remove the abundant rRNAs from the rest of the transcriptome
RiboMinus™ (Life Technologies™) kit could be used. However, it is important to request the
custom probes for rRNA depletion. Manufacturer recommends to include FASTA sequence
file with a request, so the custom probes could be made specifically for desired rRNAs.
Mito-transcriptome analysis can be used not only to monitor see what genes have been
transcribed, but it can also serve as a useful tool for assembly verification. Transcriptome data
can also be used for finding the exact borders of the genes, but high quality transcriptome data
are required for these applications.
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Appendix A.

P. simplex mitogenome sequence

ATGTACATTTTAGTTTTAACTGCCCCCCTTTTGGGGGCCTTAGGAGCAGGTTGGTT
TGGTAGAAAAATAGGGGAAAGGGGCGCTGGAATTTTTACTTCCAGTTGTTTAATT
ATAAGTTTATCGTGGTCCCTTTTAATTTTTTATGAAAGCACATTAAACTCTTCAAC
TACATATATAAAACTATGGCGATGGTTGGATTCAGATTTAGTTACTGCCTATTTTG
GCTTGCAATTTGATGCTCTTACGGCCACTATGTTACTTGTGGTTACTAGTGTCTCC
ACCCTGGTACATATTTTCTCTACAGCCTACATGGACGGGGACCCCCACGTGCCTC
GATTTATGTCTTATTTATCATTATTTACTTTTTTTATGATTTTATTAGTCACTAGTG
ATAACTTCCCCCAACTTTTTATTGGCTGGGAGGGGGTGGGGCTATGTTCTTATTTA
TTAATAAATTTTTGGGTAACCCGGATTGAGGCTAATAGGGCCGCCATAAAAGCTA
TGCTTGTAAATCGGGTGGGGGATATGGGGCTTGTTCTAGCCATGTTAACAATTTG
GGACCAATTTGGGTGTTTGGGGTTTGCCTCTTTATTTAATACAGTTGGCCTTTCCT
CTGGGAATAGTATTATCTTGATATGTTTATTTTTATTCATCGGAGCAGTTGGAAAG
TCTGCGCAATTGGGATTGCACACTTGGTTACCGGATGCCATGGAAGGTGGGGTTG
GGCCATCTTGCTCAAGTAATTAGCTTTGCTTTTAAATGTTCTATATGTAGGAAGAC
CGGGGGGGAAATCAGTCGGTAATAAAGCTGGGTGGAAAGGCCCCCTATAAGTGG
TTTGATGGGGTGGCGGCGGGCTATCTGGGGCCGTTAGTTCCTTAGAGACTTTATG
TATATCCACTGGGACTAGGGGGGCTAAGCCGATCACCGGGCCGGAACATGCTTA
AAAATTATAACAATACATAACATACCTGATCTAGTGTAGGATGATTACAGGTTTT
TACATCTTATCATTGGGGACTGTGGTTTCTGGAATAATGGTTATTTCTGCGCTTAA
TCCTGTTCATTCCGTTTTTTGGTTAGTGGTGGCCTTTATAAATTCAGCGGCCCTTTT
TATCTTATTGGGGGTTGATTTTATTGCCTTAATGTTGATAATAATTTATGTGGGTG
CTATAGCCATTTTATTTTTATTTGTAATAATGATGTTAAATTTAGCGGAGGGCGGG
GGAGAGTCCGACATGACAAATTATGCTCCAATTGGATTGGGGTTGGGCACCTTTT
TCTTGGGGGCTTTGGCCTCAAGGGGTGGGGGGCCCCCCACCCCLCLCTCCGGGGGEEE
ATGAAATCTGACCCGCCCCTGGGTTTTACAAAAATCCCACAATATTGAAGCAATA
GGGAGGATACTTTATTCTGATTGTTATTACCTTTTTATTTTAGTTAGCTTTATATTG
TTAGTAGCCATGATTGGGGCCATAGTGCTCACCCAAGAAATTAGGAGCGAAATCG
GCCACCCTCCAAAGAAGCAAGATATTTGGGCGCAAACAAGCCGCTACATTAGAC
GATAATTCAATGGCCATTTTGAGAACCTAATGAGAGAGGAGACAAATCCAATCA
ACCAGAGAGCCATTTTATAATGGATTGTACTCATGAAGGCGGTTTATCATCCATA
CCATTTAGTAGACCCCAGCCCTTGGCCCTACGTGGGAGCCTGCGGAGCTCTTTTGT
TAACAGTAGGAAGTGTCGCCTATTTTCACTATAGTCAAACTTGAGTTTTATTGATG
GGGGCAATAGTCCTTAGTTTAACCATGATAGTTTGGTGGAGAGATGTAATAAGAG
AAGTGGCTTTCCAAGGTCTCCACACCATCATTGTAAAACAGGGTTTAAAATATGG
AATGCTCCTATTTATTCTTTCTGAAGTTTTGTTTTTTTTTCTTTCTAGTAGCCTGGC
CCCCAGTATAGAGTTAGGCGTGTGTTGGCCGCCTCAGGGAATAAACCCATTAAAT
CCTTTTTCAGTACCTCTTGTAAACACGGCCGTCCTTTTAAGTTCGGGGGCGACAGT
TACATGGGCGCACCATGCTTTAATTAGCGGAAAAAAAACTGAGGCCCGTAACGG
GTTGGCTGCTACTGTCATTCTGGGTGTTATATTTACAGGACTACAGGCAATGGAG
TATTACGAAGCCCCTTTTGCTATTTCAGACTCGGTCTATGGTTCTACTTTCTTCGTA
GCCACCGGGTTCCACGGGATTCATGTCATTATAGGAACAACGTTTTTAGCAGTCT
GTTTAAACAGGTTAGTCTATCATCAGCTTTCTCGCCACCACCACCTCGGCTTTGAA
GCTGCTAGCTGATATTGGCATTTTGTCGACGTAGTGTGGTTATTTTTATATGTTTG
TATTTATTGATGAGGGAGTTAAAAAATGATCTAGTGAGCTACAAATGATGCCTCA
ATTGAAAACTACTACTTATTTAATGCAATATAGATGGACTTTAATTGCTTTATTTT
TACTATTTTCTTCTTTAATCATTTTAGTATTGCCCGTTATTAAAACTAATTTTTTAA
TCCGAAGATCCATGGGGCCCCTGGCCCCCCAAACATCCGATTTTAATAAGAAGCT
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GGTTTCGTTATGGAGTTCGCCCCTATAATCGGATATTAAATTCTTAATGATTTGAA
TCTGCGGAGCCTAGTGAGCAAGTCCCTAGGGGCCGCAGATAATTTAACAAAGCA
AACCCCGAAAAACAGAAAAGGGGGTGCACCTCTTTTATGTCCGCGAAAATTTAG
AACATCCCCACTGCGGATCCGTGGGCTAATTGAAATAATAGATTGGGGCAAATAA
TACCCAGCCCCAAAAGGTAAAAACAGGCCCCAATTAACAGGGCCCTCCCCAAAT
TAATTCTTTGGGGGCCCCTTAAAGCTTTTAGCCCCACCCCTCAAAAAGCATGAGTT
TGAAAAAATATGATTTTAACTAACCTAACATAATAAACCCCCGCAACTACCGAAC
AAACCACCGCGGTAATTGAAACTAAATAATATCCATAATTTATCCCGGCCAATAA
AATTCACCATTTCCCCAAAAAGCCCAATAAGGGAGGGACCCCCGCAATAGAAAA
AAAAGCTAACCCCAAAGTTATAGCCAAAATGGGCTCTTTTCTTGAAAGGCCCCCC
AATTCAACAATTAGATTTTGGCCCCCCCAAACCACCACTATAGCAAAGGCACAAA
TAGCCATAATAACATATAAGACCATATATATTAAACTGGCTTGAACACTTTCAAG
TGATCCCATTTCTATGCCCCAAAGAACAAAACCCATGTGAACTATCCCACTGTAG
GCCAAAAGCCGTTTAATTTTTATTTGGTTTAAAGCGCCCCCGGCACCTACCACTAA
GGAGAATAAAACGGCAATCAAAAGGGCTTGAGCCACGGGGCCAAGGGCAACCA
AAATGGAAAAAACTCCCACCTTGGGCACCGTGGCCAATAAAGCGGTTGTGGCAG
TGGGGGCCCCTTCGTAAACATCGGGAGCCCACATGTGGAAGGGGGCGGCGGATA
ATTTGAATAAAAGGGCCCCCGTTATTAAAAGGCCACCCCCCCCAGAAATTCCCCC
CCGGGAGACCCCAAGTTCTTCTCCCGGAAAACCGGGGCCTCCTGAGAATCCACAT
AAGAGGCCACAGCCAAATAAAAATAACCCCGAGCTAACGCCCCTAATACAAAAT
ATTTTAACCCCGCTTCGGCGCTTAACCCCGACCCCCCCTTTTGGGACACCAAAATA
AAAAGAGAAAGGTGGGCAATTCCATAGCCAAATAAAGAGATATATAATTACTTG
CCGAGACTAAAAGGGTGCTCCCCAAGGCCACTAATAAAACTAAAACGGGTGTGG
CCCCCCCCCTAGAGGGGCCAATCAAAATAAAAGGGGATAGGGCCCCAACAAGAA
TCACCATTTTGGTGCTTACAGCCCAACTATTAATTGTTAAAAACCCATTTTGCCAA
GGGAGGAGAACGTCAAGCCACGCTCAATACGTTACACACCCTAAAACTAAAAGA
GATATTTTTAAAGTAGAATTCTTTACACTATAAATAAGTAAAAAAAGTATGGACA
TGGTCAAAAAAAGTAAAAACATCCCCAACGTACATATTCAACTCCCCCAAAAAAT
AAGGAATGGGTTAAAGTAGCCCAGATAAAAAAATGATGTCTCTACCAATAATAG
CCATTAGTTTTTCAGTAAGTATAATAGTGATAAAATGTTGGGGCAGCAGGGGGGC
TGTTGCTCCTATAGGTGAGATTTCTATTCCTGCCCCTAGTGAGATTGTTGGCAGCG
GGGGCTCTAATAATGCTAATTTTTTTGATCAATTTCAACTCCTGAATTGAGGACAC
TTAACTAACTTGGTTATGGTTCTTATATTGGTGGTGGTTGTAGCTCTAGTGTTATT
AAGGGCTAATCAGTTAATTCCTAACCGAGGGCAGGCCGCCACGGAGTCGATTTAT
GATCATTTTGGGGGGCTAGTCAAAGATAATTCGGGGCCACAATACTTCCCCTTTG
TTCTTACCCTCTTTATTTTTATAGGGCTTTTAAATATTTTAGGGTTATTTCCTTATG
TTTTTACGGTAACAGCTCATGTGGTGGTGACGTTGGGCTTGTCATTTTCAATTATA
ATGGGGGTAACTATGGGGGGGCTTTGGAAGTTTAAATGGAACTTTTTAAGTATTC
TTATGCCAGCCGGAGCCCCTTTGGCCCTGGCCCCCCTTTTGGTATTAATTGAAACA
GTAAGTTATATATCCAGGATTATCTCTTTAGGGGTCCGTCTCGCCGCCAATTTATC
TGCGGGGCATTTATTATTTGCTATTTTGGCTGGCTTTGGCTTTAATATGGCCTTAG
TTCTTATTATTTTTCCTGTTTTGATTATGGTCTTTATAAGTTTACTAGAGGCCGCGG
TAGCGGTTATTCAGGCCTACGTATTTTCTTTGCTTACAAGTATTTACTTAGCTGAT
ACTCAAGTTTTACACTAAGTTAGTCGGTTAGTGAGCAAGTTAAGGTTATCGGACC
CTGATTGGGCGGGGTGTTGCGACCCTAAAAAGATGGCCTGCGGCGGATTGGGTTG
AATTTTCCTTTTACTTTTCTTGGGGATGTTAAATGTAATGGGAATTCCCAGAAACA
ATTATGGTAAATTAAAAAGAGCCGCGTTGAGATGGACTTTGGCAACCCTGGCTGG
CACTCTAATTTTATGGGGGGCTTGGGGGTTGGAAAGTAATTTTCAATATCCCTATC
AAATGGGGGGAATCGCCCCCACATCCTTAAGTTTTAAATGGGGCCCCCTTTTTTTA
GCCATTGACGGAATTTCTTTGTTTTTTTTATTTTAACTGCGCTGTTGACACCCATAT

38



GCATTTTAATAAGTTGAAACTCCATAAAATTTTTATTAAAAGAGTTTTTGATGTGT
CTTTTATTTTTGGAAGTTTTATTAATGGGGGTCTTTTCCGCCCTAGACCTTTTATTG
ITTTATATTTTATTCGAGGGGGTTTTAATCCCCATGTTTCTTTTAATTGGGATTTGG
GGCTCTAGAGAAGAAAAAGTCCGGGCTTCTTTTTATTTCTTCTTTTACACTTTTAT
TGGCTCAGTGTTTATGCTTTTGGGGCTATTTCAATTATATAGTGTGACCGGGACCA
CTAACTACCTGGCCCTATTAAATTGGGGGTTGCCCCCCTCCACCCAAAAATGGGT
TTTTGTGGGCTTCTTTTTAAGTTTAGCCGTGAAAATTCCCCTGGTTCCTTTTCATAT
TTGGCTCCCCCAGGCTCATGTGGAGGCGCCAGTTTCGGGTTCGGTAATTTTGGCC
GGAGTTTTATTAAAACTTGGGGGGTATGGTTTTTTAAGGTTTACATGGCCCCTTTT
GCCCGGGGCCTCGGAATATTTTACCCCCTTTATAATAATGTTAAGTGTTTTAGCAA
TAATCTATGGAAGCTTGACCACTTGCCGCCAGGTGGATTTAAAGAGGCTCGTTGC
GTATTCTTCGGTGGCCCACATGGGGCTGGTGACTTTGGCAATATTTACCCATACA
ATTGAGGGCATGGGGGCGGCCCTTTTAATGATGTTGGCCCATGGGCTTGTAAGCT
CGGCGCTTTTTATTGCTGTGACTTATTTATATGAGCGCCACCACACCCGTCTTATT
AAATACTTCCGGGGTGTGGCTTTTTCTATGCCCCTATTTGTGTTTGTTTTTGGGGTT
TTAACATTAACTAACATGGCTATCCCCCCAAGTTTCAACTTTGTGGCCGAATTTCT
CTCTTTGCTGGCGGCCTTTCAATATAATTTGGTCATGGGGATATTGGCAGCCACGG
GGATGGTATGGGCTGCGGCCTATTCTCTTTTTTTATATAATCGGGTTGGTTTTGGG
GTCCCCTCAAGCCATCTTCTTTTTACAAGAGACTTAAATAGGCGGGAACTTTTGGC
TCTTTTCCCTCTGGTTTGACCCGTCTTTATTTTGGGGGTATTTCCTTCCCCCATTTT
GGACCCCCTGAAAAAGGCTTTGGTAATTAACCCTGGGGGTGCCTAATAAGACAA
GTTTCAAATGGGAGTGGTTTTAGTTATTCTTGGAATGCAAATTTTAGGCGCCCCAA
TCTAGTGAGCAAGTAAGTAGGGTTTACCCAAATTAATATGTGCCAATGGCCAGTA
AAAAATAAAGACCATGTTACGACTTTCAACTAGCCGCCTCATTTTAATTCCCCAG
TCTAGGAAGGCTGAAGCCAATAATCACCGGCAAGGGGAGGTTCCCCTCCCCTCAC
CATGTTACGACTTTCTCTACCTCATAGATCTTTGTTGCCACTTTAAGCGTCCAAAT
AATCTTTTTAAGTAAAGGCGACGGGCGATTTGTACCAACACTGATAGTAATTCAC
CGGGACGCTCTACTTCCCGATTACTATTAAATCCAACTTCGGGGGGCATTCCAGC
CCCTTTTCGGGCCCCTACTTTGGGGATTTGCCAGAGCATCCCATTATATAAGAAA
ATGTAGCGCATAAATCCCCCAACATGAGGACCATGAGACCTGTCTTTCTCCGAGC
TAAGGCGCGGATTGCGTACCCTTTTGTTAAACACGCGGCCTTAAGACGGCCATGC
AGTACCTGTTTTGTACATGGGCTTAAGGCGGCCATGCAATACCTGTTTTGTTTCAA
GCTGGGGTAAGGTTACACGCGGACCATCGAATTAAACAACACGCTCCTCTAATTT
AAGAAGTGAACAGCCAAACTTTTTGAATTTTAATTTTGCAATCGTACTACTCAGG
CGGAAGATTTTCCTTTAGGGTCTGCCCCGCATAATCTTCATAGTTCCCGGGGTGGA
CTACCAGGGTCTCTAATCCTGTTTGCTTCCCACCCTCTCATGTTTCAGCCTTTTTTA
GAGTAATTGGTTTTAACCTTGGAGGTTCTTTTTTCTATTTACACATTCTACCGCTAC
AGAAAAATTCCCTTTACCTTATCTTATAATTTTGGCCGACACATCCTTTACGCCTT
TTTGGTTATAGAGACCAGCCCTTAAGTTTTACCGCGTCTGCTGGCACTTAAGTTGG
ACAGACTGGGTACGTCCTCTCTGTGTCACGCTTTCGCTCATTGCACAAGATTCTCT
ACTGCGGTCTCCGGGTGAGCCTCCCCCTTGTTCCAGGGAAAGTGGGGCTCAAAGT
AAGCTTCCCATCTTAAGCAGGGTGGTCTTTTACACCCCCCTCCACCTAATAAGGTC
CCAGCCCAATCCTTTGGGTCCGGACTTACTCCCCTGTTTGCGGGGTTCTCCTAAAT
TCTTAGGCCCCACTTGCATGTATTAAAAGGGCAGCCTGCCTTCTATATCCCCCAAA
ATCTAAGGACTAATTCTCACTTTATTTGTTTTTAACAAATTTTACTATAACTTGTCT
CCCTATTAGAGCGTAAAATCCTAAAAGTAATACCCGGTAAAGGAAAATTAATGG
GTGCCCAGGATATTAATCTTTTTCCCTAAGGCCCCTTCTCCTGATACCCTATTAAT
TACCCCCGAGCAGACACGCCCCGGGGGATGTGGGTTATAGTGAGAGTTAAACCC
ATTGCAGTAATTTAACCCCTGAGCCAATTAAGAGATTTGATAGTGATTGTTCCCTT
TATTCGATAATAAGCCACCATAATGGCCAAACCAATAGAGGACTCTGCTGCGGCT
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ACCGTTAATACCATAATAGTAAAAACCTGCCCGATTAACGCATCCGTTACCATAG
AATTTATTAAAAACAAAAAAGAGGCCGCCAATAAAATTAGTTCTATTGACATTAA
CATAATTATCAGATGCGCCCTATTCAGCACCACTCCTAATACCCCCAAGACTAAC
AATAAGACTGAAACCACCAGGTACCTGTTATACACCTCTTAAACGTTCCCACTAA
CATAGCTAGACCCAGATTCCCCACCGGAAGAATTCGAAAGGGGTACCCCCAATAT
TATTTTATCATTAACCATCAGCTGTAAATTATTAGATTTTATTAATCGGGCAAAAA
TAAAAGCTGCCTGGGGCGCTACCCCTCTTAAACGTTCCTAGAACCGTGCAAATAA
ATTTTAGTCAGAAGCAAGAAATTTTTAAAATTTCCCTGATGGCATAGGAATTTAC
TTATTTCAGTGTCAAATGGGTGAAATATTTTGTAAGGTAGTCATCAAGGCCTCGTT
TTTAAAATTTGCATTGCGAGTCGTGGTACTCAATCTCAAGAGCTTCCTGAAATGA
GATTGATTATGAGGTTAGATGATTATGGAGATTCTAAAAATTTTGCTAATAGTTAT
TCCGTTACTGGTAGCGGTGGCTTATTTAACTTTGGCTGAACGGAAGGTTTTGGGGT
ACACGCAAGCTAGGAAGGGACCAAATGTAGTGGGTGTTTATGGGTTATTCCAACC
TCTGGCCGATGGGATAAAACTATTTTCTAAAGAATTAGTTGTTCCCCACTTTGCTA
ATTTGTTTATTTATGTGGCAGCCCCCGTTTTTTCATTCACATTGGCTTTATTAGCGT
GGGCCATCATCCCCTATGAGAAAGGGGCTGTAATAAGTGATTTGAAAATTGGAGT
TTGTTTACTTTAGCCGTGTCTTCTATAAGTGTCTATGCCATTTTGATGTCCGGGTG
GGCCAGCCAATCCAAATATGCGTTCCTGGGGGCCATAAGAGCTGCTGCCCAAATG
ATAAGTTATGAAGTTTCTATTGGATTAATAATAATAACAGTTATTCTGTGTGTGGG
CTCTTTGAATATTACTGAAGTGGTTTTGGGGCAAAGTTGGGGCACTTGGTTTTTTT
TCCCCCTCTTCCCGGCGGCAATGATGTTTTTGGCTTCGGCCCTGGCCGAAACCAAT
CGAGCCCCCTTTGATTTAACGGAGGGGGAGTCCGAGCTGGTGTCGGGCTACAATG
TAGAGTACTCCTCTATGTCTTTTGCTTTATTTTTTCTTGCAGAATATGCCCATATAA
TTTTGATGAGTTGTTTAACTACAATTTTATTTTTTGGGGGGTGACTTTCCCCGGGG
GGTTTCCTAAGGGGGGGGGCAGTTTGGTTGGGTTTTAAGGCCTCTTTTATAATTITT
TCTTTTTGTTTGGGTAAGAGCCTCTTTTCCCAGGGTGCGATATGACCAATTAATGG
CCTTATTATGGAAATCTTACCTGCCCCTAAGCTTGGGCTTTGTAATTTGGGTGGCC
AGTCTCTTATGAGGGGGAGGCGGGGCGCCCCCCTACTAAGAGGAGACAATAGTA
TTTGTTTTTATGCCCCCGGGGGCTTGTTATCTTACTAGGGGGTTAGGTTAAGGAAG
ACCAATGGCCTTCAAAGCTATTAGTGCGGGTTCGAGTCCCGCACCCCCTGGCATT
AAATATCTGGGGCCCCGGCATAGCATAAACCATGAGCTGGCGGTATTAAAACCTT
CCCCATAAACTTGAGATGTTCAGTGAAGTTTTTTATATTATTAATTTACTAATCTT
TGGAATTATGATCTCTGCTCTTGTGGCGGGAACTTCTTATATCTTGGGGGACAAAC

AACCTAACCAAG
AGAAGGTTTCTACTTACGAATGTGGGTTTGACCCCTTGGGAGCCCCGGGCAAGCC
TTTCTCCATTCATTTTTTTCTTATAGGAATTCTTTTCCTTATTTTTGATTTAGAAATT

TCTTTTCTTTTACCTTGGTGCGTCGTCTATAATCAAACTTTTCCTTTTAGTTATTGA
ACCATGATCATTTTCCTAATCATTCTGACTGTGGGGTTAGCCTATGAGTGGTTAAA
GGGGGGCTTAGAGTGAGAAGGCCATGGAAAATAAGAAGGCTCAGATCCACCAGG
AGTCTTTAAGATGCAATTTAGAAAACAAAATCCTATCTTATCTATTTTTAATGGAA
TAATCATTGATTTACCGGCCCCCGCCAATCTTAGTTATTTTTGGAACTTTGGTTCTT
TATTGGGAGTGTGTTTAATAGTACAAATCATTACGGGCATATTTTTGGCGATGCAT
TATTGTGCGGACGTAAGCTTAGCTTTTGCTTCTGTAGACCATATTATGCGGGATGT
TAATTATGGGTTTTTACTAAGGTACTTTCATGCTAATGGGGCCTCCATGTTTTTCC
TATGTCTTTATTTTCATATCGGCCGAGGAATTTATTATGGAAGTTATTCTAAAATT
GAAGTTTGGAATGTCGGCGTTATAATATTAATATTGACAATGGCGACGGCCTTTA
TTGGATATGTTTTACCTTGGGGGCAAATGTCTTTTTGAGGCGCTACAGTTATTACC
AACTTATTGTCTGCTATTCCTTATATAGGAACTGATATTGTTCAATGAGTATGAGG
AGGGTTTAGCGTATCTAATGCTACACTCAATCGTTTTTTTAGCCTTCATTATTTATT
TCCTTTTCTTTTAGCAGCTTTAGGGGTTGTTCATTTAATTTGCTTACATGTAGATGG
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TTCTAATAATCCTATCGGAGTAAAATCTGACCTAGATAAAGTTCCCTTTCACCCCT
ACTTTACTTCAAAGGATTGGTTTGGTATAGTGGCATTAGTGCTATTTTTTTGCTCC
TTAGTTTTCTTAGCCCCCAATTTATTAGGGGACCCTGAGAATTTTATTCCAGCTAA
CCCCTTAGTGACTCCAGTACATATTCAACCAGAGTGGTATTTTTTATTTGCCTATG
CCATTTTACGTTCTATCCCCAATAAATTAGGAGGGGTGGTGGCTATGTTTGGTAGT
CTTCTTGTATTATTTTTACTTCCTTGGATTCATACTAGTCGATTAAGGGGATTAACT
TTTCGACCATTAGCTCGATTGGCTTTTTGGTTTTTAGTAGCGGACTTTTTACTTCTT
ACTTGGATAGGATCTCAGCCTGTTGAAGAGCCCTTTATTTTAGTAGGACAATTAG
CCTCTATCTTTTATTTTGCTTACTTTTTAGTATTAGGTCCCCTGTTAGGTTATCTTG
AAAATCATCTTTTATTTCTAGACCCCCCAACAACTTCATAATATTCAGTGAGCAAG
ACCCCAACACAAGATATTGGATTTTTTATCGGGAATGTTTAGAGATTCCAGTCCCT
AATGACAGCTATTAGAGATGGTCTCTAGTGGTCGTAGATAAAATTAAAATCCACC
ATTTTGTAAAGCAGGATTAACATGATCCGGCCAAGAAGGATGTCCCTAATGACAC
CCTGATTTTGGTAGAGGCAGGAATCGACCCTGCACCTCCAGATGATGAGCCTGGC
GACCTCGTTTAGTCCACTCTACCAGATCTTTATTTGTTTTTAAAATTTGGGGCTGTT
GCTATAACTAGTAATAAAATAGTTATTCTATTGGTGTGAAACCATTTTGTCCAGCT
GGGCTCCCTTTAGTGGCTACATTCGTCCTTCTTTCTAGGGGGGACATACCTATAAT
TTTCGTTGGCCTCCCCCTATGAGTGTGGGTTTGATTCTGTGGGAAGATTTCCGATG
CGAGTTTTTAAAAACAAATAAAGTGGAGGCTAAAAAATGCTCCTGACTTGATGTT
GTTACAAGGCACAAATAGACATAACCTCTACCAAAACCAGGTTTAAAAAGGGAC
GGACGGCCAGCTAGGGCGGGAAAGAAGACGGAAGTCCGAAACCAGGGGGAGAG
GTTTTAAACCCGGGTGTCTTAGCGTAAACGCAGGGGAGAAAGCCTGGAAACCAA
ACCATTTTAGTACCAGGGGTATAAAAAAATCAACCGAGTTTCCGGAAGTAGCGGC
GAGCGAACGCGGAGAAGTCCTAAATTAGTTGAGGGAAGAAGGGTGTCTACACAT
CTAAGACTAAATATTTACCCCCACCTAAAGGGAGAGTACTGTGAAGGAAAGCTG
AAAGAGACTTAAAAAGACCTTAAAATCCGTCCCCTTAAGCAGACATTATGTGTCG
GACCTTTTGTATAATGGGTTGGCAAGGAAAAATTTAGCAAACTTAAGTCCAGAAA
TGAAGGTGTAGTGAAAACAAGGGAGGTGTTGCTTCTTGGAGTTAAATTACCCGAA
ACCAAGTGACCTAGCCCCGGGCAGTTTAAAGGAGCAAACCGGTGACTGTAGAAA
AATTCTCGGATGACTTGGGGCTAGTGGTGAAATTCTAATCAAACTTAGAGATAGC
TGGTTTTCTGCGAAAATTATTTAAGTAGTGCGCCCAAAATAAAGATTTTCTATTGT
AAAGTTCAACCGCTCGAGGAGGGGTTAACTCTGAATGGGAAAATGGGGATGGGC
AGCCGGACAGGGGGTGATAAGGCCCCTTGTCAAAAGGGGAAAGCCCTAATCAAA
AGTTAAAGCCAAAATCTATATTAAGTGTAAAAGGGATGTAGAACTTAGACAATA
AGGAAGTAGGCTTGGGGCCAGCCATCTTTGAAAGATAACGTAAAAGTCCACTTA
AGAAATTCTTTTATCTCTAAAATTAGGGTGGCTAAAATTGAGCTGAAACTTTGGG
AATGGGAAAACTTCCATTCGGTAGCAGAACGTACTATAAGGCCATACGGCGGAA
GCCTTTTATCAGAAGTGATAATGCCAACATGAGTAAAAAATCGGGGGATCACTTC
CCCAGGGCCTCAATTATTATTGGCCGGGCAGCCCCTAAGGTAGTAATCTTTGGGT
TACGTTAATAGGGCTTATAAAAAAGCACGAAGTGCCAGGAAAATTTTTATTTGTT
TTACTGTACCAATTTAACGCAAATGGGGGAAAGTGAGGAGATTTCTTCTTTTAAG
GAACTCGGCAAGGGGGGCTTCGACTGTTTACCAAAAACCTAACCCCCTGCCAAAG
CGCAGGCTAAAGTATGGGGGGGGTGGCCTGCCCTATGGCTGTATCCGAAGGGGG
GGGGCTAGGGCCAACCCCATAAGGGCAGTTAAATGGCCGCGGTAACTCTGACCG
TGATAATGTAGCGTAATCAATAGTCAATTAATTGTTGGCCGGTATGAAGGGCATC
ACGAAAGCCCCACTGTCTTAAAAGGACTCTCCATGAAATTGAATTCGTAGTGAAG
ATGCTACGTACATATTGTAAGACGAAGAGACCCCATAGAGCTTTACTTTAAATTI
GTGGGGCTTAAAAAATTTAAATGGGGAGTTTAGATTAGGTGGGGCCGTTCTGGAA
AATGAAACACCACCCTTTTATTGTAAAAAAAGCTAACCCGACAGGAGAAGGGCA
AGTTGGAAAGTTTGGTTGGGGCGACCGCCTTTTAAAAAGTAACGGAGGTGAACTT
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ATGGCCCGTGGTTAATAGCTTGTGGCCTGACTGCGAGGGGTACCCCCAAGCAGGC
ACCCCCGGTGGGCTATAGGGACCCGTCTTCTTGGAGTGGAAAAGAAGGCGATCA
ACTGATAAAAGCTACCTTGGGGATAACAGCGTTATCCCGGCAGAGATCTCTTCGA
CGCCGGGGTTTGCGACCTCGATGTTGAATTGCGGCACCCTGGGGTGCAGCCGCCC
CCAAGGGTTGGCCTGTTCGTCCATTAAGGCCGTACATGATTTGAGTTAAGAACGA
CGTAAGTCAGTTTGGTTTCTATCTACAATATGAATAAACACCGATAAAATTATCTT
CTAGTACGAAAGGATCGAAGAATTAGCGATTCTCTTATTTTTACAGGGTACAATC
GATTTATTAGTCTCCCAGTAGGAGGTTATAATTAATCACTGATGGCTTCTCAAGTG
TGAACATTTCATTGTGTTGTTTGAAAGCAAATAAGTCTTAGCGGCCACTTGGGGC
CGTCCCCTAAATAAGTTATATATTTCAATTAATTATTACAATGTTACTAAAAAGTT
AGAACGTTGCTAACAAAGGAGGGGCCGTCCTTGGAATATTTTTTAAGATGACAAG
CCCATTTTTAACTCGTTGAGTATTTTCTACTAATCATAAAGATATTGGAACATTAT
ATTTAGTCTTTGGAATAGGATCCGGTATGATAGGCACAGCGTTAAGCATGTTAAT
AAGATTGGAATTATCCGCCCCCGGTTCTATGTTGGGGGAGGACCATCTTTATAAT
GTCATAGTAACAGCCCATGCTTTTATTATGATTTTCTTTTTAGTAATGCCCGTAAT
GATAGGTGGGTTTGGAAATTGGTTAGTCCCCCTATATATTGGGGCTCCCGACATG
GCTTTCCCTCGATTAAACAATATTAGTTTTTGGTTGCTTCCGCCTGCGCTTATATTA
TTATTGGGCTCGGCCTTTGTGGAACAAGGAGTGGGGACAGGGTGAACAGTCTATC
CCCCCTTGTCCAGCATCCAAACACACTCGGGGGGGGCGGTTGACATGGCCATTTT
TAGTCTTCATTTGGCGGGTGCTTCTTCTATTTTAGGGGCCATGAATTTTATAACCA
CCATATTTAATATGAGGGCCCCAGGAATGACTATGGACAGACTCCCCTTATTTGT
GTGGTCCATTTTAATCACAGCCTTTTTATTGTTACTCTCCCTACCAGTTTTAGCAG
GGGCCATTACGATGTTATTGACTGATAGGAATTTTAATACAACTTTCTTTGATCAG
GCCGGGGGCGGAGACCCTATTTTATTCCAACATTTATTTTGGTTCTTTGGGCACCC
CGAGGTTTATATTTTAATTCTCCCAGGGTTTGGCATGATTTCTCAAATCATACCCA
CTTTTTCTGCTAAAAGTCAAATTTTTGGGTATTTGGGCATGGTCTATGCCATGTTA
GCTATTGGAATACTGGGCTTTATTGTGTGGGCACATCACATGTTTACGGTTGGCAT
GGATGTTGACACAAGAGCTTATTTCACTGCCGCCACAATGATTATTGCTGTCCCC
ACTGGAATCAAGGTATTTAGTTGGTTGGCCACTATTTATGGTGGTAGGGTAAGAC
TAGACACCCCCATGCTTTGAGCCATTGGGTTTGTCTTCCTATTCACAATAGGGGGC
CTCACCGGGGTTGTTTTAGCTAACAGTTCTTTAGATGTAGTTTTACATGATACTTA
TTATGTAGTGGCCCATTTCCACTACGTCCTATCAATGGGGGCTGTTTTTGCCATCT
TTGGGGGGTTCTATTTTTGGTTTGGGAAAATTACGGGCTATGGCTACAATGAACT
CTATGGGAAAATCCATTTTTGGATAATGTTTATCGGGGTTAATTTAACATTTTTCC
CTCAGCATTTCTTAGGTCTAGCGGGCTTTCCTAGACGATACTCTGATTTTGTTGAT
GGTTTGGCGGGTTGGAATTTAGTTAGCTCCTTAGGTTCCACCATATCAATTGTGGG
TGTCCTTTGGTTTGTCTATGTAGTATATGATGCCTATGCTCGAGGAATAAAATTTA
TGGGCTGGGTGGAGGACACGGGGTCTTCTTTAGAGTGGGTACAACCCTCCCCCCC
TATGTCTCATACCTACAATGAATTACCCTTCTCTTATGGAAGAGTGGCCACTCACT
TACGGAGTAAATAGAAAATAGTGAGCAAGTATAAAGACCTTGCGCATCAGAAAG
ATATTCTTACGATAATTAATTGTTGCCCCTCGAGAGCAAGTAAAGAAGTGGAAGA
TAAAGTCCCCCCAGCTATGAGAGTAGCGACCAGTTATAAAAACCAACCCCAGTGT
CTGCTTTAATACATGCTGCCACCATGGTTACAGCCGGCGTTTTTTTATTAATTAGA
TCGTCCCCCCTATTAGAGCAGGCGCCCATAGCTTTAATGGTTGTCACCATTGTGGG
GTCACTTACGGCATTTATGGCCGCCACCGTTGGCCTGGCACAAAATGATTTAAAG
AAAGTAATAGCTTATTCAACTTGTAGTCAATTGGGGTACATGGTGATGGCTTGTG
GGCTTTCTCAATATTCTATAAGCCTATTTCATTTAATGAACCATGCTTTTTTTAAA
GCTTTATTATTCTTAAGCGCGGGGTCCGTGATTCATGCCTTGGCCGATGAACAAG
ATATGAGAAAAATGGGAGGGCTTATAAGATCGATCCCCTTTACTTATACTATGAT
GATTATTGGCTCTCTGTCTTTAATGGGTTTTCCTTATTTGACAGGGTTTTATTCTAA
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AGATTTAATTTTGGAATTAGCCTACGATCAATATTATTTAGCCTTTGCTCATTGGC
TGGGGGTTTTTTCGGCCCTATTAACAGCCGCCTATTCCCTTCGATTAGTGTACCTT
ACTTTCATATTAAATACTAACGCTAAAAAGGAGGTTTTTTCCCATGCCCATGAGG
GCTCTTGAAATTTAACTTGGCCTCTAATTTTATTGGCCCTGGGGAGCATTTTTGTG
GGTTATTTATCTAAAGAGATTATTTGATCATTTCAAATCACTATCTCTCCTATTATT
CCCACCTCTATTAAGTTAATGCCTATAGGCTTTAGTCTTTTGGGGGCGGGGGCGG
CGGTAGTTCTTTATCATTATTCTTCACGAATCTTTATTGCACCAACTTCGCCCGTTG
GCCTGGCTGGTTACACCTTTTTATACTCTGCTTGGCAGTTTAATTATATTATTAATC
ATTTTTTGGTCCAGAATGTGTGAAGAATGGGCCATCTTATTACATTCCGTGCCATT
GATAAAGGTGCCATTGAGCTCGTTGGGCCCAAAGGAGCCTCTCAATTCCTGATCC
GATTCACCCAAGAAATTAGTAACCTACAGCCTGGTAGAGTATATAATTACGCGTT
GGTTATTCTAATCGCTATTTATGTGTTTACATGTTTATGGTCAACTTAAAAAGTAT
CGAAAGTCATATTGAAGAATAAATGG
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Appendix B

Multiple sequence alignment of protein
coding and rRNA genes

LSU rRNA



ND5

Hormathia_digitata NDS
_Metridium senile
mmaw pulchella NDS
Bolucers_luediae_NDS
UPLIC na_caues_NDS
Frotanthea_simplex_Mid5
Nematostella sp. ND5
Hermalhia_digilalu_NDS
_mMetridium senlle
Aiprasia_pulchella_ND5S
Bolocera tuediae MDS
Ur Lici na_eeues_NDS
Protanthea_simplox_NRS
Nematostella_sp._MDS
Hormathia_digitata_NDS
_McLridiurm senile
Aiptasia_pulchella_NI3b
Eolocera tuadias NDB
Urticina_eques_MDS
ProLanthea_simplex_NDS
Nematostella_sp._MId5
Hormathia digitata NDS
ND5_Melridiurm senile
Alptasia_pulchella_ND5
Rolocera_tuadine_ND5
Urticina eques MDS5
Frolanthea_simples_NDS
Nematostella_sp._NDRS
Harmathia_digitata_NDS
NDS5 Metridium senile
Aiplasia_pulchella_NDS
Holocara_tuadias_NDb
Urticina_eques NDS
Protanthea
NemLosle
Hormarhia_digirara_nios
NDS Metridium senile
Aiplasia_pulchella_ND5
Dolocera_tucdiac_NDS
UrTici na_eques_NiD5
Protanthas simplex MDS
Memaloslella_sp. NDS
Horrathla_digitata_NDS
NI35_Metridinm senile
Aiptasia pulchella NDS
Bulvceru_tucdiae_NDS
Urticing_caues_NDSs
Protanthen_simplex_NDS
Nematostella sp. MD5
lHermalhia_digilala_NDS
_metridium senile
Aiptasia pulchella NDS
Bolucera tuedine MDS
Urlicina_cgues_NDS
protanthea_simplex NS
Nematostella sp. MDS
Hormalhia_digilalu_NDS
NOS_Metridiurm senlle
Aiptasia_pulchella_MI2H
Eolocera tuedias MDS
Urlitinu_egques_NDS
Protanthca_simplex_NDS
Nematostella_st

Hormathia digitata NDS
NDS_MeLridiurm senile
Aiptasia_pulchella_ND5
Bolocera tuadias NDS
Urticina eques MDS5
Prolanthea_simples_NDS
Nemarastella_sp._NLS
Harmathia digitata NDS
ND5_Metridium senile
Aiplasia_pulchella_ND5
Holocera_tuadias_ My
Urticina eques MDS
Prolanlheu_simplex_NDS
Nematostela_sp._NDS
Harmarhia_digirara_NDS
NDS Metridium senile
Aiplasia_pulchella_ND5
Dolocera_tuediac_NDS
Urrici na_ecques_ N5
Protanthea simplex MDS
Memuloslella_sp. NDS
Hormathia_dieitara_NidS
NDS Metridium senile
Aiptasia pulchella NDS
Bolocora_tucdiae_NDS
UFTIci ng_eques_NDS
Protanthes simplex NDS
MNematostella_sp._ND5
Ilermathia_dig
I35 _Merridi
Aiptasia pulchella NDS
Bolucera_luedine_NDS
Urticina_cques_NDS
Brotanthea_simplex_NDS
Nematostella sp. MDS
Hormalhia_digilulu_NDS
_metridiur senlle
Aiptasia_pulchella_NDB5
Bolocera tuedias MDS
Ur Liti na_cguas_NDS
Protanthea_simplex_NDS
matostella_sp_NMDS
Hormathia_digitata_NDS
NDS_Melridium senile
Aiptasia_pulchella_NDds
Bolocera tuadias NDS
Urlicinu_eques_MDS
Prolanthea_simples_NDS
nNematasrella_sp._ M5
Hormathia digitata NDS
ND5_MeLridium senile
alptasla_pulchella_ND5
Holocara_tuadins_MDS5
Urticina equ
Prolanlhea_simplex_NDS
Nematostella_sp. |
Hormathia digitata NDS
NDS Metridium senile
Aiplasia_pulchella_ND5
Holocera_tuedias_ M5
Urticing eques NDS
Protanthes simplex NDS
Nemaloslella_sp. NDS
Hormathia_digitara_Nidb
D5 Metridium senile
Aiplasia_pulchella_ND5
Bolocora_tucdiac NDS
UIFTici NG _eques_MIDb
Protanthes simplex NDS
Memuloslella_sp._NDS
Hermathia_digitata_ND5
_Metridium senile
Aiptasia pulchella NDS
Bolucera_lucdine_NDS
urticina_eques_NDS
Protanthea_simplex NDE
Nematostella sp. MDS
lormathia_digilala_NDS
_Merridium senile
Aiptasia pulchella ND5

Protanthea_simplex NS
Nematostella sp. MDS5
Hormalhio_digitulu_NDS
NDS_Metridium senlle
Aiptasia_pulchella_ND5
Bolocera tuedias MD
Urlicinu_eques_NDS
Protanthea_simplex_NDS
Nematasrella_sp._ N5

Hermathia digitata NDS
NDS_MeLridium senile
aiptasia_pulchella_nbs
Bolocara tuadiss MDS
Urticina eques MDS5
Prolanthea_simplex_NDS
Nematostella_sp._NDS
Hormathia digitata NDS
NDS_MeLridium senile
Aiplasia_pulchella_NDS
Holocera_tuedias_MIdS
Urticing eques NDS
ProLunthes_simplex_NDS
Nematostella_sp. NDS
Hormathia_digitara_NDS
ND5 Metridium senile
Aiplasia_pulchella_ND5
Bolocera_tuediac NDRS
Urticinm_eques_NDS5
Protanthea simples NDS
Nemmlostela_sp 5
Hormathia_digitata_N15
NDE Mecridium senile
Aiptasia_pulchella_NDS
Bolocera_Lucdiae_NDS
Urticina_eques_NIdb
Protanthea simplex NDS
MNematostella_sp.MDS
Hormathla_digitata_NDS
Metridium senile
A\plsi\a pulchella NDS
Bolucera luediae NDS
urtlclna_cques_NDS
Protanthea_simplex_NDS
Nematostella =p. MDS5

ATGIA A ARG I GICCCCOIE

TOTATATETTAATATT AT TATTCCCETTTETOE

ATGTATATCTTAGT TTTAACTGECCCCCTTTTGGGGGCL T TAACTTCAGGTTTGTTTGGTAGAAAGATAGG TEAAAGGG:
AIGIACATTITAG] [11AACIGRCOCCCT | | GGG 3G GG | 1GGIAGAAALA | AGGGGAAAGGGGOG
ATGTACGTCTTAGTTTTACTTGTCCCCETTTTGOGGECCTTEOETTCAGCTTTOTTTGGTACAANGT TAGCAGAAAACCGECT
TGGAATTTTTACTTCAAGTTGTTTGATTATAAGTTTATCATGETCCCTTTTAATTTTTTATGAAACTACATTAAATTCTTCAA
TGGAAT T T TTAGCT TCAGGT TGT T TAAT TATAAG T TTATCATGGTCCCT T TTAATT T TT TATGAAACTACAT TAAATTTTTCAA
TAGAATACTTACATCAAGTTGT T TRATTGTAAGTTTGTCATTATCTGT TETAATTTTTTATGAAACCACATTAAATTTTTCAA
TGGAATTTTTACTTCAAGTTGTTTAATTATAAGTTTGTCGTGATCCCTTTTGATTTTTTATGAAACTACATTAAACTCTTCAA
TGGAATTTTTACTTCAAGTTGTCTAATTATAAGTTTGTCETGATCCCTTETGATTTTTTATGAAACTACACTAAACTCETCAA
TGGAAT T T TTAGT TCOAGTTGT T TAAT TATAAG T TTATCGTGGTCCCT T T TAATT I TT TATGAAAGUACA T TAAAGTCT TCAA
CGGAATT T TAACT TCAGRGTRGTETAATTAT TAGTTTATCATTGTCTTTT T TTATTTGT TATGAAACTATACTAAATGOTTCAA
CTACATATATAAAATTATGGCGETGGTTGGACTCAGACTTAGTTACTGCCTATTTTGGTTTACAATTTGATICTCTTACGGCA
CAACATATATAAAGTTATGGCGATGGTTAGATTCAGACTTAGTTACTGCTTATTTTGGCTTGCAATTTGATTCTCTTACGGCE
CIACA A IATAALA | | AIGEOGA |GG I G G C1IGUAAL L |GAGGC I Q1 I ACGGLC
CTGCATACATAAAATTATGLAGGTGATTGGACTCAGATTTAGTAACTGTCTAATTTGGOTTACAATTTGATGETETTACTGCA
CTACGTACATAAAATTATGGCGGTGGTTGGACTCAGATTTAGTAACTGCCTGETTTGGCTTACAATTTGATGETCTTACTGCA
CTACATATATAAAACTATGGCGATGGTTGGATTCAGATTTAGTTACTGCCTATTTTGGCTTGCAATTTGATGCTCTTACGGCE
CAACA |ACATAAAA 1A GHEAGHE |GG IAGAC I CAGAT | | AGIBACIGCI AT | IGGEC! I ACAAL | | GAGGC | CIAACIGUA
ACTATGTTACTTGTAGT TACTAGTAGTETCTACTTITAGTACATATTTTTTETACEGLCTACATGGATGGTGATCCECATGTTCC
GBTTATGTTAATTGTGGT TACTAGTATATCTACTCTCGTACATATTTTTTCTACAGCCTACATGGACGGAGATCCTCACGTACT
ACTATGTTACT TGTGGTTACTAGTGTTTCTACTETCGTTCATATTTTTTUAACAGUCTACATGLGAGGG TGACCCUCATGTACT
ACCATECTACT TG T IGT TACEGECATATCTECT I TGGTTCATATTTTTTCTACOGCTTATATGRACGETGACCCOCATGTOOE
ACEATGTTACTTGTTGTTACCGECATATCTACTTTGGTACATATTTTTTE TACCGLCTATATGGACGGTGACCCECATGTTCC
ACTATGTTACTTGTGGTTACTAGTGTCTCEACCCTGGTACATATTTTETCTACAGCCTACATGGACGEGEGACCCCCACGTECC
ACGATGTTGT T TGTAGT TAGAAGTATATCTACTGTAGTACATATTTTTTCOUACGGUATATATGGAGGGGEGATCCCCATGTEGO
TCGATTTATGTCT TAT T TATCATTAT T TACATTET T TATGAT TTTATTAGTAACTAGTGATAATTATCCACAACTTTTITATTG
TCGETTTATGTCTTATTTATCATTATTTACTTT T TTTATGATTTTATTAGTAACTAGTGATAATTATCCACAACTTTTTATTG
TCGATTTATGTCTTATCTATCATTATTTACTTTTTTTATGATTTTATTAGT TACTAGTGATAATTATCCACAACTTTTTATTG
TEGAT | IAIGICEIATCIATCAT IATITACAT ] (11 1TAIGAT IATAI TAGIAACCAGEGA | AAICICCCACAAC I T TALIG
TCGATTTATOTCETAT T TATCATTATTTACAT T TTTTATOAT T TTATTAGTOACCAGEGATAAT T TGCCACAACTTITTITATIG
TCGATTTATGTCTTATTTATCATTATTTACTTTTTTTATGATTTTATTAGTCACTAGTGATAACTTCCCOCAACTTTTTATTG
TAGGTTTATGTCETACTTATCATTATTCACTTTETTTATGAT T TTACTAGTCACTAGTGATAATTATCCACAACTTTTTATTG
GO GAGAGGGEG I IGGAI1TAIGIH ICIHIAIEIGI IGAIAAAT I 1TIGAI IGACTAGAA | IGAGGE 1 AA | AABRGCCGUAA L AAAA
GCTGLOGAGGGEGTTGOLTTATGETCTTATTTGT TAATAAAT T TTTGGTTGACTAGAATTOGAGGEEAATANGGECGOAATANAA

GGGAGEGGGTGGOLETATGTTCTTATT TATTAATAAAT T TTTGGGTAACCEGEATTGAGS G
GTTGGGAAGGTGTTGGATTATGETCTTATTTGTTAATTAATT TTTGGATTACCAGAATTGAAGCTARTAAGGEAGCTATAAAG
GUCATGT TGGTTAATCGAGTGGGEAGATAT TGGGTTTGTCT TAGCCATGT TAGCAAT T TGGGACCAAT TTGGGTGCTTAGATT

GOCATGOTAGTAAATCGAGTGGLGTGATATTGGATTTGTCT TRGETATGT TGGCAATTTGGGATCAATTTGGGTGOTTAGATTT
GCCATGCTGETAAATCGAGTGGGAGATATEGEATTTGTCTTAGCCATETTGGCAATTTGGGATCAATTTGGETGCTTAGATTT
GCCATGTTGGTTAATCGAGTGGGGGATATTGGGTTTGTCT TAGCTATGT TGGCAATTTGGGATCAATTTGGGTGCTTAGACTT
GUCATGTTGG T TAATCLEG T GEEEEATAT TGEGT T TGTC T TAGCTATGET TGGCTAT T TGGGATCART TTEGGTGT T TAGALCT

GETATGCTIGTAAATCGRGTGGGRGATATGGGGOTTGTTOTAGCGATGT TAACAATTTGGGARCAATTTGGGTGT T TGGGGTT
GCTATGECTTGTGAATCGAGTAGGAGATATAGGC TTTGTT T TAGCAATETTTGCTATETGGGACCAGTTTGGATGCTTAGATTT
TG TTCTE TG T T TAATATAGTAGCATTAACCCCETCTGATAACACTACTTTAATATGTTTATTTTTATTTATAGGTGCAGTTS
IGCH I CIGIAI I TAAIAIAGI GGOACITEUCCC I 1CIGAIAA IACIAG] [ IAATAIG SEG
TGTCTOT T TATTTAATATAGTGGOGCTETCCCCTTETGATAGTATTACT T TAATATGTETATTTTTATTTATTIGGAGCAGT TG
TGCTTCTATTITTTAATACAGTGGCACTATTCCCETCTAATAACACTACT TTAATATGT TTGTTTTTATTCATAGGTGCAGTEG
TGCCTETACTTTTAATACAGTGECECTATCCCCETCTAATAACACTACTETAATATGTTTATTTTTATTCATAGGTGCAGTES
SO AL IAAIAGAG  TGGHCC I TICCIC I GGGAA | AG I ATIANG I 1GAIAIGH 1Al 11A] 1GA | GGGAGCAGI 1G
TOGOCACEARTTTTAATATAGTGGCATTATACCCTTCAGAT AGTTTGACT TTAATATGTETGTTETTGTTTATIGGGOLOGOT TG
GTAAGTCTGCACAATTAGGATTACACACTTGGTTGCCGGATGCAATGGAAGGTCCAACTCCGGTATCTGCCTTGATTCATGET
GTAAGTCTGCACAATTAGGATTACACACTTGGT TGLLGGATGCAATGGEAAGG TCCAACTCCGGTATCTGCCTTGATTCATGCT
GIAAGICIGUACAA T TAGGE | TACACACT |GG TACCGRA I GOAATGEAAGE |CCAAL ICCGGIGICIGCE I TGATTCATGT

CTAAGTCTCCACAATTGGGAT TACACACTTGGTTGCCGGATGOAATGGAAGGTCCAACTCCCGTGTCTGCTTTGATECATGET
GTAAGTCTGCACAATTGGGT T TACACACTTGGT TGCCGGATGCAATGGAAGGTCCAACTCCGGTGTCTGCCTTGATECATGET
GAAAGTCTGCGUAATTGGGATTGCACACTTGGT TACCGGATGCCATGGEAAGG TCCAACLCCAGTGTCTGCTTTAATACATGCT
GAAARTCTGUECAGT TRGGEETACACACT TGGT TGCCGRATROGATGEAAGG TCCAAL TCCGGTGTCTGCT TTAATECATGD

GCAACTATGGTTACAGCAGGCGT TTTTTTACTAATTAGATCATCTCCETTATTAGAACAAGCCCCTACGGCTTTAATGGTAGT
GCAACTATGGTTACAGCAGGCGTTTTTTTACTAATTAGATCATCCCCCCTATTAGAACAAGCCCCTATGGCTTTAATGGTTGT
GUTACLATGG T TACTGCAGGLGT T TTTTTACTAAT TAGATCG OO

A T AT TR Bt A AT TT T T TTACTAAT TAGAT COTCC COTETATTACAAC AACETEEEATOCTTTAATOOTRAT
GCGACTATGGTGACGGCAGGCGT TTTTTTACTAATTAGATCGTCCCCECTATTAGAACAAGCTCCCATGGCTTTAATGGTEGT
GCCACCATGGTTACAGCEGGCGTTTTTTTATTAATTAGATCGTCCCCCCTATTAGAGCAGGCGCCCATAGCTTTAATGGTTGT
GUAACEA GG IACAGCAGEGGT 1 11T ITATIGATL TAGA | CEICOGCGET 110 | AGAACAAGLOCUCCE | GGL 11 1AA GG 1G

GACTATTGTTGGATCTCTTACGGCETTTATGGCCOGCTACAGTTGGTTTGGTACAANATGAT TTAAAAAAAGTAATAGCTTATT
AACCATTGTTGGATCTCTTACGGCATTTATGGCCGCTACAATTGGTETAGTACAAAATGATTTAAAAAAAGTAATAGCTTATT

CGACTTGTAGTCAATTOOGATATATGOTGAT GGG TGTGEGOTETCCCAATATTCTATAAGTITATTCCATTTGATGAATCAT
COACTTGTAGTCAATTGGGGTATATGGTGATGGLCTGEGGGCTTTCLEAATATTCTATAAGCCTATTCCATTTAATGAATCAT
CGACHTGTAGTCART GGG TATAT GG TEATGGCCTaTEGGCTTTCCCAATATTCTATAAGHICTATTIICATTTAATGAABCAT
GTAGTCAAT TBGGETATATGGTHATGGUT TUTGETAT T TCCCAT TACTC TATAAGCT TETTCCAT TTEATGAALCAT
CGACTTGTAGTCAATTOGGETATATGGTGATGGOTTGTGGTATTTCCCATTACTCTATAAGCTTGTTCCATTTGATGAATCAT
CAACTTGTAGTCAATTGGGGTACATGGTGATGGLTTGTGGGCTTTCTCAATATTCTATAAGCCTATTTCATTTAATGAACCAT
CGACATGTAGTCAATTGGEGTATATGGTGGTAGCCTGTGETATTTCACACTACTCCATAAGCCTTTTCCATTTAATGAATCAT
GCII1 11 TAAAGCICIATIATIC IAAGCGCIGGGICIGIAAIICAIGLE | |GGUEGA | GAACARGALA | GAGAAAAA | GGG
GETTTTTTTAAAGETCTATTATTCTTAAGTGOTAGOGTCTGTAATTCATGOET TGGETGATGAACAAGATATOAGGAAAATGOG
GCTTTTTTTAAAGCECTATTATTCTTAAGCGCGGGGTCTGTGATTCATGCTTTAGCCGATGAACAAGATATGAGAAAAATGEG
GCTTTTTTTAAAGCTCTACTATTC TTAAGCGCCGGGTCTGTGATECATGE TTTGGLTGACGAGCAAGACATGAGAAARATGGE
GCIII 11 TAAAGC ICIACIATIC | 1 AAGCGUCGGGICIGIGAICCAIGE | | |GGUIGALGAGUARGACA | GAGAAAAA | GGG
GLTTTTTT TAAAGCTITATTATTC T TAAGLGOGGGGTCEGTOGATTCATGLET TGLGLRGATGAACAAGATATGAGAAAAATGOG
GCTTTTTTTAAAGCGCTACTATT T TTAAGCGCCGGTTCAGTTATECATGC TTTGGCAGACGAACAAGATATGAGGAAAATGEG
AGGTCTTATTAAATCAATCCLUTTTACT TATAC TATGATEATAAT TGGETTCTCTGTCTTTAATGGGUTTECCTTATTTGACGE
AGGIC IBA IAAGA | CAAICGGET | TACIIAIACIAIGAIAGI IAIIGET ICICIGIC] | TAAIGGGE IGGCI 1AL IGAGGG
CGGTCTTATAAAATCOATTCCETTTICTTATACTATGGTGGTTATTGGC TCTETGTCT TTAATGGGGTTTCCTTATETGACGS
GGGTCTTATCAGATCAATCCCCTTTACTTATACTATGATAGT TATTGGC TCTTTATCTTTAATGGGTTTECCTTATT TAACGG
GGG TCTTATCAGATCAATTCLCTTTACTTATAC TATGATAGTEAT TG TCTTTGTCTTTAATGGGTTTTCCTTATTTGACGE
AGGEC T TATAAGATCGATCCCOT T TACTTATACTATGATGAT TATTGGCTCTCTIGTICT TTAATGGGT T TTCCTTAT T TGACAG
TGGTTTEATTAAATCAATCCCET TEACETAEACEATGATACT TATTGGT TCECTATCTTTAATGGGETTTCCTTATTTAACAG
GGTTTTATTCTAAAGATTTAATTTTAGAGTTAGCTTATGATCAATATTATATAGCCTTTGCTCATTGGTTGGEGGTTTTETCT
GGITTTAT TCTARAGAT TTAATT T TGGAAT TAGUT TATGATCAATATTAT T TAGCTT T TG TCATTGGT TGGGGGT T TTTTCA
GGTTTTAT TOTAAAGAT TTAAT T TTHGAATTAGCTTAGGATCAATATTATTTAGCCTTEGC TCATTGGTTGGGGGTTTTTTCT
GGETTTTATTCTAAAGACE TTATT TTAGAGTTAGCTTATGATCAATATTATTTAGCTTTTGCTCATTGETTGEEGGTTTTETCT
GGTTTTATTCTAAAGATCTAATT TTAGAGTTAGCCTATGATCAATATTATTTAGCTTTTGCTCATTGGTTGGGGGTTTTETCE
GGITITAT TCTARAGAT I TAATT | IGGAAT TAGUCTACGATCAATATIAT T TAGCCT T IGC ICAT IGGEIGGGGGT T 111106
GGTTOTACTOTAAAGAT TTAAT T TTAGAGT TRGGOTTATGATCAAGATTATTTAGCCTT TGO TCATTGGTTAGEAGTATTTTCL
GCCETATTAACAGCCGCTTATTCCCTTCGATTAATTTACCTTACTTTTATATCGAACACTAATTCTAARAAGGAGGTTTTTTC
GCCTTAT TAACAGCCGCTTACTCCCTTCGATTAATATACCTTACTTTEATATCAAACACCAACGCCAAAAAAGAGGTTTTETC
Al IAACAGCCGCOIAL ICCCI ICGA T IAGIATACC] IACT I IGA A CAAACACTAA AAAAGGAGA I 11111C
COCTTATTAACAGCTGCTTACTCCOTTEGATTAGTATATCTTACTTTTATATCGAATACCAACTCTAAAAAAGAAGTTTTETC
GECTTATTGACAGCTGCTTACTCCCTTCGATTGGTATATCTTACTTTTATATCGAACACCAACTCTAAAAAAGAGGTTTTTTC
GCCETAT TAACAGCCGCETAT TCCCTTCEATTAGTBTACC TTACTTTEATATTAAATACTAACSC TAAAAAGGAGETTTTTTC
GCALIGH I AACTIGCIGC TAGCIGCGI TCGE I 1AGIATATC I BACIH 116 GECIAACACAAAN I CEAAGAAGGARG | | 1I1E1C
ACATGECCATGAGGETTCTTGAAAT T TAACCTTACCTCTAATATTATTGGCT TTGGGGAGTATTTITTGTAGGTTATTTAACCA
ACAGGCCCACGAGGGECTCTTGAAATTTAACCCTGCCTCTAATTTTATTGGCCTTGGGAAGTATTTTTGTAGGTTATCTAACCA
AGATGLCCATGAGGGTTCTTGAAATTTAACCTTGCCTCTAATTTTATTGGC TETGUGGAAGCATTTTTGTAGGETATT TAACTA
ACATG ATGAGGRGTTCOETGAAATTTATCT T TACCETTAGTATTETTGGO T I TAGGGAGCATTTTTGTAGGT TATT TGACCA
ACATGETCATGAGGGCTCETGAAATTTAACCETACCETTAATATTGTTGGCT TTAGGGAGCATTTTTGTAGGTTATTTGACCA
CCATGCCCATGAGGGCTCTTGAAATTTAACTTGGCCTCTAATTTTATTGGCCETGGGGAGCATTTTTGTGGGTTATTTATCTA
ACATGLTCACGAGGGLTCCTGGAATTTAACTETACCETTAGTCATATTGGUGE TAGGGAGTATTTTTGTAGGTTATTTGACTA
AAGAGATTATTTGATCATTTCAAATIACTCTTTCTCGTATTATTGOCACTTCTATTAAGTTAATGGCTGTAATTTTTAGACTT
AAGAGATTATTTGGTCATTTCAAATTACTCTETCTCCTATTATECCCACTTCTATTAAGT TAATGCCTGTAATCTTTAGCCTT
AAGARATTATTTGGTCATTECAAATCACCTTTTCTCCTATTATTCCCACTTCTATTAAGE TAATGCCTGTAATCTTTAGTCTT
AAGAGA L IATI TCAT L CAGA I CACEL | TECECCIAT TAITGCCCAC T ITCTAT TAARL |AAIGUUGEGIAAIC I IAGICT]
AAGAGATTATT TGO TCATTTCAGATCACECTTECECCTATTATECCCACTTCTATTAAGTTAATGCCOGTAATATTTAGTCTT

on

AAGAGATTATTTGATCATTTCAAATCACTATCTCTCCTATTATTCCCACETCTATTAAGTTAATGCCTATAGBCTTTAGTCTT
AAGAAGTTATTTGGTCTTTTCAGACTACACTTCCCCTTGTTATTCCTACTTCTGETAAAGT TAATGCCCGTGGTTTTTAGTCTA

11 1 GGAGCGGGGRCEGC IGIGGICCITTATCAT 1A 1CT ICACGAAICT | TABRIGCACCRAACT ICGCCHG | 1GGCCT 1GC 1 GG
TTTGGGGCTOGGACGOCOGTAGT TCTTTATEATTATTCETTCACGAATETTTAATGLACEAACTTCGCCAGTESGECTTGCTAG
TTTGGGGCEGGAGCGECTGTAGT TCTTTATCATTATTCTTCACGAATCTTTAATGCACCAACCTCGECGGTTGGCCTTGCEEE

11 1 GGEGCGGGAGCG L ICGUGAAICT I TAGIGCACCAGIE I CGCOOG 1 IGGOCT 1GC 1AG
TTGGGAGCOOLGGEGACEaTAGTTCTTTATCATTATTCTTCACGAATETTTATTGLACCAACT TCGCCOGT TLLGECTAGCTAG
TTTGGAGC TGTGACAGCAATCACTCTETATCATTATTCTTCACGAATEBT TTAGTGCACCAACTTCTCCGTTAGCACTGGCTAT
TTACACT T T T T TG T AT TCEGU T TGECAGT T TAATTATCT TAT TAATCAT T T T TTGGT TCAGAATGTATUAAGGT TAGUTCALT
TTACACCT TTTTGTACT RGO TTOGCAGT TTAATTATATTATTAATCAT TTTTTGGTTCAGAATGTGTGAAGACTAGGTCATE
TTACACCTTTTTGTATTCTGC TTGGCAGTTTAATTATATTATAAATCATTTTTTGGTTEAGAATGTGTGGAGEC TGGGGCATC
TTACACCTTTETGTACTCGGCTTGACAGTTTAATTATATTGTTAATCARTTTTTGGTTCAGAATGTGTGGAGAC TAGGCCATC
TTACACC T T T TG TACT U TG TGECAGT T TAATTATAT TG T TAATCAAT T T TTGUGT TCAGAATG TG TUGAGGL THGECCATL
TTAGACGT TTTTATACT TGO TTOGCAGTTTAATTATATTATTAATCAT TTTTTGGTECAGAATGTOGTGAAGAATGOGCCATE
TTATACT T TEGETTACTCCGCETGGCAATTTAATTATATTGTGAACCAGT TCETAGTAAAGAATGTATGGAGEC TGGGGCATT
TAATAACATTL(GAGTLTTGGATAAGGLAGTGTTGGALLTAATAGGCLLCAAAGGAATET(CCAATTCATGATCC&GCTCACC
1AATAACA | ICCGAGICE I GGA | AAAGGAG | G I GGAGE | AA | AG GGAAI [ ICICAALICAIGAICEGACT L AC
AT ARG ATHE COBOECETTOAT AAACOGATAGTACAGETAAT AGHEEE CBAAGRAATTTETAAATTCOTAAT IABBETTAGT
TAATAACATTCCGGACTTTTGATAAAGEEGTGT TAGAGT TGATAGGCCCCAAAGGEATTACTCAATTCGTAATTAAACTTACT
TAATAACATTHCCERCHETTCATALACSEGTET THCAGHTEATASCCCCCAABCGEATETCTCAATTCGTRATIARACTTACT
IAITTACA  ICCGIGCCAL 1 GA | AAAGGIGET G AGECICICAATICEIGAICEGATICAC
TEOTANCATTEARARGCE TRGAT AAAGOOGT G TAOAGETGAT AGOECTAAAGOAATTTCTCART TRGTOATAAGATTAAGT
CAAGAAATAAGTAACTTGCAATCTGGTTTAGTTI TATAATTATGCTTTGATGATTCTTATAGCTATAS TGCACCETAATGG - - -
CAAGAAATAAGTAACTTACAATCTGGTETAGT T TATAALTATGCTTTGATGATTCTTATAGCEATT TGTGCTETTATGG
CAGGOET TGAGTAAGATACAATCAGG TOTAATTACTAGT TATGCT T IGEAET T TTTEATEGCTETGGTOOTCC T TTG T GGARG
CAGGAGCTTAGTAATTTGECAATCGOGETTAGTETITAATTATGLTTTGGTTATETTAATTGEEGTGGTA- ACETTAATTG - - -
EAGGAGCTTAGTAATTTGCAA GGGCTTAGTCTTITAATTATGCTTTGGTTATGTTAATTGGTGTGGTA-ACATTAATTG- - -
AAT TAGTAACLTACAGUCTUGTAGAGTATATAATTACGCETTEG TTATTCTAATUGCTATT TATGTGETTTACA

SN R AN NI AR e AR RE LA A S S R AL R CARE SR N e e

TGTATGC GG CAGAAGUAGAGGEAT

TGTTTUAATAA
- - TATICCAATAA
TTTTATOACAATAA
- - -TACTTATATAG

TACTTATATAG
TATGG T CAACTTAA
...... S -TGETAT




COIlI primer design

Br_cong
Hd_coll O
Ue_CON O
Ap_con 0
Ms_CONl O

Nv_coll O

Bt_CoN O
Hd_con 0
Ue_con 0l
Ap_COND
Ms_coll O
Nv_con O
Bt_CON O
Hd_Con O
Ue_coN 0O
Ap_CoN O
Ms_Coll 0
Nv_Con g
Bt_CON O
Hd_con 0
Ue_con O
Ap_Conn
Ms_CON O
Nv_CON O
BL_CON O
Hd_Con 0O
Ue_CoN O
Ap_con o
Ms_Con 0
Nv_Con O
BE_CON O
Hd_Con 0
Ue_CoN O
Ap_con o
Ms_CoN 0O

Nv_coll O

Br_con 0
Hd_coll O
Ue_coll O
Ap_CON O
Ms_coll O
Nv_CON O
Brcong
Hd_COll O
Ue_coNl O
Ap_CON O
Ms_coll O

Nv_con g

20 a0 &0 B0 100
I | | | I
ATGAAAAACTTATTAAATAATTGACTAATTATTAACCAATTTGG . - - TTATGATCTGCCGGAGCCGTGGCAATTAAGCTTACAAGATGCTGCCCACCOGETG

ATGAAAAATTTATTAAGTAATTGACTAATTATTAACCAATTTGG . - - TTATGATGTGCCGGAGCCATGGCAATTAAATTTCCAAGATGCTGCCCACCOGGTG
ATGACAAACTTATTGAATAATTGACTAATTATTAACCAATTTGG - - GAACGATATACCGGAGCCGTGGCAATTAAGTTTACAAGATGCTGCCCACCCGGTG
ATGGAAATTTTATTGAATCATTGATTAATTATTAACCAATTTAG - - CTATGATCTGCCGGAGCCGTGGCAATTAGGTTTTCAAGACGCTGCCCACCOGGTG
ATGACAAACTTATTAAATAACTGACTAATTAT TAACCAATTTGG - - - TTATGATCTGLCGGAGCCGTGGCAATTAGGTTTACAAGATGCTGCCCACCOGGTG

ATGG- - - ACTTGATTAATAATATACTAATGGT TAACCAATTCGG - - - CAGAGATATACCGGAGCCOGTGGCAATTAAGCTTACAAGATGCTGCCCACCCGGTA
20 140 w0 wo no

| ] 1 1 i
ATGGAGGAGATAATTTTT T TTCATGATCAAGT TATGT TTATATTGACTATTATTATTACAACAGTGTTATGGTTGATTATAAAAGCCCTAAGTGGTAAGGCT
AT GGAAGAGATAATTTT T T T TCATGAT CAAGT TATGT TTATATTAATTATTATTATTACAACAGTATTATGGTTGATCGTAAAAGCCTTAAGTGGTAAGGCT

AT GGAAGAGATAATTTT T T T TCATGATCAAGT TATGT TTATAT TGACTATTAT TATTACAACAGTATTATGGTTAATTGTAAAAGCTCTAAGTGGTAAAGCT

CORY RIT0
AT GGAAGAGATAAT TTTT T T TCATGATCAAGT TATGT TTATATTAATTATTATTATTACAACAGT TCTATGGTTAATTGTAAAAGCCCTAAGTGGTAGAGET

ATGGAGGAGATAATTTT T T T TCATGATCAAGTAATGT TTATATTAATTATTATTATTACAACAGTATTATGGTTGATTGTAAAAGCCTTAAGTGGTAAGGCT

ATGGAAGAGATTATATTTTTCCACGATCAAGTTATGTTTATTCTAACTATTATTATCGTTGCAGTGCTTTGGTTAATAATTAAAGCACTAAGTGGTAAGGCT
20 240 260 280 300

TACChTAGATATTThéTTGﬂTGGﬂACTTTﬂTTAGA;ATAﬂTTTGAACTATAGTTCéGGCTATAATTTTﬂGTTCTTLTTGCGTTTCCTTCCTTAAALTTATTA
TACCATAGATATTTAGT TGATGGAACT T TATTAGAAATAGTTTGGACCATTGTTCCAGCTATAATTTTAGTTCTTATTGCGTTCCCTTCTTTARAAATTATTG
TACCATAGATATCTAGT TGACGGAACT T TATTAGAAATAGTTTGAACTATAGTTCCGGETATAATTTTAATTCTTATTGCATTCCCCTCTTTARAACTATTG
IACCAT&G&TATTTAGW&TA& TTTGAACTATTGTTCCGGCTCTAATTTTAATTCTTATTGCATTGCCTTCTTTAAAACTATTG
TACCATAGAT AT CTAGTTGATGGTACT T TAT TAGAAATAATTTGGACTATTGTTCCGGCTATAATTTTAATTCTTATTGCCTTTCCTTCCTTAAAATTATTG

TATTACAGATACCTTGTAGACGGAACCT TAT TAGAGGTAATT TGGACCATAATTCCTGCTATTATTCTAATTTITTATAGCATTTCCTTCTTTAAAACTATTG
a0 0 60 00 400

TnCTTAAYGGATGL#GTAdTGGACCCTGCTYTA;CTAY&#AAGCCATAGGCCA%CdGYGGTATTGGTCCTACG;GTACTCGGATTdTCAﬂGCGéAdACTTTA
TACTTGATGGATGAAGT AAT GGACCCCGCTTTAACTATAAAAGCCATAGGCCAT CAGTGGTATTGGTCCTATGAATACTCGGATTATCAAACAGAAACTTTA
TATTTGATGGATGAAGT AATGGACCCTGETTTAACTAT TAAAGCTATAGGCCATCAATGGTTTTGGTCCTACGAGTATTCGGACTATCAAGCAGAGACTTTA
TACTTAATGGATGAAGTAATGGACCCCGCTTTAACTATTAAAGCTATCGGCCATCAGTGGTATTGGTCCTATGAGTACTCAGATTATCAAACAGAAACTTTA
TACTTAATGGATGAAGTAATGGACCCTGCTTTAACTATTAAAGCTATCGGCCATCAATGGTATTGGTCCTACGAGTACTCAGATTACCAAACAGAAACTTTG

TATTTAATGGATGAAGTTATGGATCCTGCTCTAACAATAAAAGCAGT TGGT CACCAATGGTACTGGTCTTATGAGTACTCTGATTATCAGTCTGAAACATTG
420 440 480 a8 ]

GRGT1TGACTC}TA1A1GGTGCCAACATCTG;TTTAAATAAGGGCGATTTT;GﬂC1ATTAGAGGTAGATAA{AAA1TAGTTGTTCCTATCAACACACATGTC
GAATTTGATTCCTATATGGTGCCATCATCTGAT T TAAATAAGGGCGATTTTAGACTATTAGAAGTAGATAATAGATTAGTTGTCCCTATTAATACACATGTC
GAGTTTGATTCCTATATGATACCAACATCCGACTTAAATAAGGGCGATTTCAGATTATTAGAGGTAGACAATAGATTAGTTGTCCCTATCAACACACATGTT
GAATTTGACTCCTATATGGTGCCCACTTCTGAT T TAAAAAACGGTGATTTTAGATTATTAGAGGTGOATAATAGACTAGTTGTCCCCATAAACACACATGTG
GAATTTGACTCT TATATGGTGCCCACATCTGAAT TAAATAAGGGTGACTTTAGATTAT TAGAGGTGGACAATAGACTAGTTGTTCCTAT TAACACACATGTC

GAGTTTGACTCT TATATGG TACCAACAACAGACT TAAACCAAGGTGATTTTAGATTATTGGAAGTGCATAATAGATTAGTTGTCCCTATTAATACACACGTT
520 540 60 580 00

AGAGTCTTléTGACTGGGGCCGATGTTTT;CaCTCATTTGCaGTCCCGG&GCTCGCTGTTAaGATGGAT&CGGTTCCGGGCCGGTTAAA#CAAACTGGGTTT
AGAGTCTTAGTGACTGGGGCCGATETTTTACACTCATTTGCAGTCCCTGCGCTTGETGT COGTTAAATCAAACTGGGTTT
AGAGTTTTAGTGACT GGG CGATG T T TTACACTCAT T TGCAGT TCCGGCCCT TGO TGTTAAGATGGATGCGGTCCCGGGCCGGTTAAATCAAACTGGGTTT
AGAGTTTTAGTAACTGGGGCCGATGTGTTACATTCATTTGCCGTCCCGGCACTAGCCGTTAAAATGGATGCGGTTCCAGGTCGATTAAATCAAACTGGGGTT
AGAGTCTTAGTGACTGGGGCCGATGTTTTACATTCCTTTGCAGTCCCGGCGCTAGCTGTTAARATGGACGCGATTCCGGGTCGATTAAATCAAACTGGGTTT

AGAGTGTTAATCACAGCAGCGGATGTTATTCATTCCTTTGCCGTGCCTGCGCTAGCTGTTAAGATGGACGCAGTGCCTGGTCGTTTAAATCAAACTGGGTTC
&30 &40 L BED na

TTThTAhAﬂ!GﬂCCTGGGﬂTTTTTTATéGCCAQTGTTCGGﬁGhTTTG;GGGGCThﬂTChCTCCTTT!}GCCTAThGTlhTCGAAGCGéTCTCTCTﬂG#Thﬂh
TTTATAAAAAGACCTGGAATTTTTTACGGCCAATGTTCGGAGAT TTGCGGGGCTAATCACTCCTTTATGCCTATAGTAGTCGAAGCGGTTTCTCTAGATAAA
TTCATAAAAAGACCTGGGATTTTTTACGGTCAATGTTCGGAGATTTGCGGGGCTAATCATTCCTTTATGCCCATAGTAATCGAAGCGGTTTCGCTAGAAAAA
TTTATAAAAAGACCTGETATTTTTTATGGCCAATGCTCGGAAAT TTGTGGGGCTAATCATTCCTTTATGCCCATAGTAATTGAAGCAGCCTCTTTAGATAAA
T T AT AAAAAGAC TG TAT T T T T TATGGCCAATGCT TTGAGAT T TG TGEGGETAATCACTCCTTTATGLCAATTGTAATTGAAGCGGTTTCTCTAGATAAA
TTTATTAAAAGACCTGGAGTTTTTTACGGTCAATGTTCAGAGATTTGCGGGGCCAATCATTCTTTCATGCCTATAGTGATTGAAGCGGTCTCTTTAGATAAA
T Tan
‘mTn‘rtI:AAT1'GaGTnTTATc‘I‘GGGT!‘:TAGCGaATna 747
TATATCAACTGGGTGTTACAAGGGGED - - - - - TAA 741
TATATCAATTGGGTGTTACAAGGGGTT -« =« -« TAA T41
TATATTAGTTGGGTGCTCCAAGAGAGTTTAGTATAA 747
TATATCAACTGGGTATTATCTGGGTCTGACGAATAA 747

TACATCAATTGGGTGTTATCTGGGCATGATGAATAA 744

46

a6

01

201

201

201

20

198

303

303

303

303

303

405

405

405

402

507

507

507

507

507



COl alignmend

Hormathia digitata €Ol
Metridiunn_senile_col
Aiptasia_pulchella_COl
Bolocora_tucdiac_COl
Urticina_eques_Col
Protanthea_simplex_COl
Nemalostella_COl

_digitata_col

Alptasia_pulchella_COl
Bolocera_tuedias_COl
Urticina_eques_COl
Protanthea_simplex_Col
Mematostella COI
_digitata_Co1
ium senile” COI
Aiptasia_pulchella_col
Bolocera_tuediae COl
Urticina_acquas_Col|
Protanthea_simplex_COl
romatostella_CoOl
Hormathia_digitata_CoOl
Motridiumn_scnile_Col
Aiplasia_pulchella_COl
Bolocera_tuediac_COl
Urlicina_eques_COl
Protanthea simplex COl
Nematoskella_C01
Hormnathia_digicata_CoOl
tridinrm_senile_COl
Aiptasia pulchella COl
Bolocera_tusediae_C0OI
Urticina sques COl
Protantheaa_simplex_COl
Mematostella_Col
Hormathia_digitats_COl
Metridiunn_senile GOl
Aiptasia_pulchalla_ <Ol
Bolocera_tuedias_COl
urticina_cques_col
Prolanthea_simplax_COl
Mematostella_COl
Hormalhia_digitala_Col
rMetri m_sanile_Col
Aiptasia_pulchella_Col
Bolocera tuedias COI
Urticina_eques_Col
Protanthea simplex €Ol
ematostella_Col
Hermathia digicata ol
Metridiun_senile_col
siptasia_pulchella Col
Bolocara_tucdiac_Col
Urticina_eques_COol
Protanthea_simplex_COl
Mermalostella_COol
Hormathia_digitata_ <ol
Melridiurm_senile_COl
Aiptasia_pulchella CO1
Bolocera_tuedias_COl
Urticina_eques_Col
Protanthea simplex_col
rematostella <Ol
Hormathia_digitata_col
Metridiunm_ senile <O0)
Aiptasia_pulchella_col
Bolocera tuediae COl
Urticina_eques_col
Frotanchea simplex <Ol
romatostelia_Col
Hormathia_digicata_Col
Motr cnile_co
AiplLasia_pulchella_col
Bolocera_tuediac_COl
Urlicina_eques_Col
Protanthea_simplex_ CoOl
Mematoste lla_COl
_digitata_col
m_senile_col
Aiptasia_pulchella_Col
Bolocera_tuediac_COl
Urticina eques COl
Protanthea_simplex_Col
Nematoste lla_coOl
_digitata_col
m_senile_Col
Aiptasia_pulche lla_coOl
Bolocera_tuediae_COl
Urticina_cques_Col
Prolanlhea_simplesx_CoOl
MNematoste lla_Col
_digitaLta_col
senile_COl
Aiplasia_pulche la_cOl
Bolocera tuedias_COl
Urticina_sgques_COl
Frotanthea simplex COl
ematoste lla_Col

Hormatl digitata CoOl
Metridivm_senile_COl
miptasia pulchella Col
Bolocera_tuediac_COl
Urticina_egues_col
Protanthoa_simmplax O
Nermaloste la_col
Hormat _digitata_col
Metridium_senile_Ccol
Aiptasia_pulche lla_col
Bclocera_tuedias_Col
Urticina_sques_col
Protanthea_simplex_Col
Nematostella Col
Hormathia_digitata_ COl
Metridium senile’ Col
siptasia_pulchella_col
Bolocera tuedias Col
Urticina_sgues_COl
Frotanthea_simplax Ccol
Mematestolla_col
Hormatl digitata_ Col
m_sonile_col
Aiptasia_pulchella_col
Bolasora_tucdiac_Col
Urlicina_eques_cal
Protanthea_simple: Ccol
Mematoste lla_col
Hormat _digitata_col
Melridiom_senile_col
Aiptasia_pulche lla_Col
Bolocera_tuedias_CoOl
Urticina eques CoOl
Frotanthea_simplex_col
MNematostella_Ccol
Hormathia_digitata_col
Metridium senile CoOl
Alptasia_pulchella_co
Bolocera_tuedias_CoOl
Urticina_cquas_col
FroLlanthea_simplex Col
Nematoste lla_col

AT GGAT AATAAAT T T T TAACTCG T TGAGTAT T T TCTACTAATCAT AAAGATATCEGAACATTATATCTAGTCTTTGGAATGESG
AT GGAT AATAAAT T T T TAACTCG T TGAGT AT T T TCTACTAATCAT AAAGATATCGGAACAT TATATCTAATCT TTGGAATAGG
AT GGAT AAT AAAT T T T TAACTCG T TGAGT AT T T TCTACTAATCAT AAAGATATCGGAACATTGTACTTAGTITTTGGAATAGS
ATG- - - AATAAAT T T T TAACTCG T TGAGTG T T T TCTACTAATCAT AAAGATATOCGGAAC T T TATATTTAGTGTTTGGAATAGSG
AT GGG AAATCAAT T T T TAACTCG T TGAGTG T T T TCEACTAATCACAAAGATATCGGAACCTTATATCTAGTGTTTGGAATAGS
AT CACAAGCCCAT T T T TAACTCG T TGAGT AT T T TCTACTAATCAT AAAGATAT TGGAACATTATATTTAGTCTTTGGAATAGG
ATGAACAAT AAAT TTETAACTCG T TGAGT AT T T TCTACTAATCACAAGGATATTGGAACATTATACCTARTATTTGGAATAGG
ATCTGG TATGAT AGG TAC AGC T T TAAG TATG T TAAT AAGATTGGAGE TATCTGCCCOCTGGTACTATGTTAGGGGACGACCATC
ATCTGG TATGAT AGGCACAGC T T TAAGTATGT TAAT AAGATTGGAA T TATCTGCCCCTGGTACTATGT TAGGGGATGACCATC
T T TG ERATGAT AGGCACAGE T T TAAGCATGE TAAT AAGATTGGAACTATCCGCCCCTGGTACTATGTTAGGGGATGACCACT
ST CC GG TATGAT AGGCACAGC T T TAAG TA TG T TAAT AAGA T TGGAAT TATCTGCCOCCTGGTAC TATOSTTGGGGGACGAC AT
ATCCGGTATGAT AGGCACAGCE T T TAAGTATGT TAAT AAGATTGGAATTATCTGCCCCTGGTACTATGTTGGGGGATGACCATC
AT GG TAT GAT AGGCACAGC G T TAAG A TG T TAAT AAGA T TGGAA T TATCCGOCCCC GG T T TATOGTTGGGGGAGGAC C AT
GTCCGGTATGATAGG TACAGCE T T TAAGTATGE TAAT AAGATTGGAGTTGTCTGCLCCCTGGTACTATGT TGGGGGACGATCACC
T T TAT AATG TCATAG T AAC AGCGCATGC T T T TG T TATGAT T T TCT T T T TAGTAATGCCAGTTATSATAGGEGGGT T TGGTAAT
T T TATAATGTCATAG TAACAGCEGCATGC T T T TATTATGAT T TTCT T T T TAGT AATGCCCGT TATGATAGGAGGGT T TGGAAAT
T TACAAT G TCATAG T AACAGC TCATGC T T T TATTATGAT TT TCT T T T TAGTAATGCCCGTTATGATAGGGGGGT T TGGAAAT
T T TATAATG TCATAG TGACGGCACATGCE T T TATTATGAT T TTTT TEC TAGTAATGCCAGTCATGATAGGGGGGTTTGG TAAT
T T TATAATGTCATAG TGACGGCACACGCC T T TATTATGATTTTOCT TECTAGT AATGCOCAGTAATGATAGGAGGSGT T TGGTAAT
T T TATAATG TCATAG T AACAGCCCATGC T T T TATTATGAT T TTCT T T T TAGTAATGCCCGTAATGATAGGTGGGT T TGGAAAT
T TACAATG T TIATAGT TACAGC TCACGC T T TEC TTATGATETTCT TECTAGT AATGCCOCGTTATGATGEGAGGGT T TGGET AAC
TGG T TG TACCT T TG TATAT TIGG TGCCCCCOATATGGC T TTCCCTCGAT TAAACAATATTAGT ITTTGGTTGCTTICCTCCTGC
TEGE T TAGTACC TC TATATATTGG TGO TCCOCGATATGGOC T TTCCOCTOCGAT TAAATAACAT TAGT TTTTGGT TGCTTOCCOCCCC TGO
TGATTGGTGCCCCTATATATIGG TGC TCCCGATATGGCE TTCCCTCGAT TAAACAATAT TAGT T TTTGGT TACTICCCCCTGO
TGEE T TG TACCACTATACAT TGG TGO CCCOCGATATGGLCC T TCCOCACGACTAAATAATAT TAGT TTTTGGT TACTTOCCOTCCCGC
TG T TG TACCAC TATACA T TGG TGCECCCGATATGGCL T TCCCACGAC TAAACAATAT TAGT TTTTGGE TACTTICCTCCCGO
TGG TTAGTECCCCTATATAT TIGGEGC TCCCGACATGGC T TTCCCTCGAT TAAACAATAT TAGT TTTTGGT TGCTTCCGCCTGC
TG T TG TACCAT TATATA T TGG TGO TCCAGATATGGOC T T TCCCACGA T TAAACAATAT TAGT TTETGGETACTTCCCCCCGC
GCTTATACTATTAT T AGGC TC TGCC T T TG T TGAGC AAGGAGTGGGAACAGGG TGGACAGT T TATCCTCCETTATCTAGTATTC
G T TATAT TATTAT T AGG T TCTGCC T T TG T TGAGCAAGGAGTGGGAACAGGG TGGACAGTETATCCTCCTCTATCOGETATT O
ACTTGTAT TATTATTAGGCTCTGCT T TEG TGGAACAAGGGGTGGGAACAGGG TGGACAGT T TATCCTCCTTITATCCAGTATTC
GCTTATACTATTACT AGGC TCTGET T TTGT TGAGCAAGGAGT AGEGACAGGGTGEGACGGT T TACCCOCTCCTOETATOCCGGC A TTC
GCTTATACTATTACTAGGTTCTGCL T T TG T ITGAGC AAGGAGT GGGAACAGGG TGGACGGTATACCCTCCTCTATCCGGEATTC
GCT TATAT TATTAT T GGGC TOCEGLL T T TG TGGAALAAGGAGTEGEEACAGGE TGAACAGTETATCCCCCOTTGET OCCAGL A TLOC
ACTTATTCTACT T T TAGG T TC TGCT T T TG T TGAGCAAGGAGTAGGAACAGGG TGGACTATGTATCCCCCGCTTGCTTCTATTC
AAACGCAT TCGEEAGGEGGEC G T EGACATGGECCATT T TTAGCC T TCAT T T AGCGGG TGCT TCT TETATAT TAGGGGCAATGAAT
AAGCACACTCGGGAGGGGCGGT TGACATGGCCATT T TTAGTCT TCATE TAGCGGG TGCTTCT TCTAT T T TAGGGGCAATGAAT
ALAACGCAT TCAGGAGGGGU GG T TGACATGGLLATT T T TAGTOTCELCATOC T AGLGGG TGO T TOCT TOCTATT T TAGGGGCAATGAAT
AASCGCACTCGGGAGGEGGCGGTCGACATGGLCATCT TTAGCC T TCAT T TAGCGGG TGCGTCT TCTATAT TAGGGGCAATGAAT
A CGCACTOCGGGAGGEGGCGo T CGACATGELCATEC T TTAGCC T TCAT T TAGCGGG TGLGTC T TCTATAT TAGGGGCAATGAAT
ASSCACACT CGGEEGGGGCGG T TGACATGGCCATT T TTAGTCT TCATT TEGCGOGG TGC T TCT TCTATT T TAGGGGCCATGAAT
AGACGCAT TCGGGTGGEAGC TG TAGATATGGCTATT T TTAGCC T TCATEC TAGCAGGAGCCTCT TCTATAT TGGGGTCTATGAAT
T T TAT A ACGACCATAT T TAATATGAGAGCGCCAGGE T TGACCATGGACAGACT TCCATTAT T TGTIGTGGTCTATTITTAAT TAC
TT TATAACGACCATC T T TAATATGAGAGC TLCAGGAATGACAATGGACAGGC T TCCATTATT TGTGTGGTOCTATTTTAATTAC
TTEATAACAACTATAT TTAATA TGAGAGC CCCAGGAATGACA,ATGGACAGGC TCCCAT T AT T ITGTATGGTCTATT T TAATCAC
T T TATAACAACCATAT TTAATATGAGAGCCLCEBGGAT TAACGATGGATAGACT TCCEETAT T TGTIGTGGTCTATTTTAAT TAC
T T TATAACAACCATAT TTAATA TGAGAGCACCGGGA T TAACGATGGATAGACTCCCGE T AT T TGTGTGGTCCATT T TAATTAC
T T TATAACCACCATAT T TAATATGAGGEGCCLCAGGAATGACTATGGALAGACTCCCCT TAT T TGTIGTGGTCEATTTTAATCAC
T T T AT T ACAAC T ETAT TTAATATGAGAGC TCCAGEGETAACTATGGATAGACT TCCAETAT T TGTGTGGTCEGTET TAAT TAC
TGCCT T T T TAT TS T TEC T T TC T T TACC TG T T T TAGCAGGEGGC TAT TACTATGC T T T TAACAGATAGAAAT TTTAATACSACTT
TGCCT T T T TAT TAT TGCTC TCC T TACCIGT T T TAGC AGGAGC TAT TAC TATGC T T T TAACAGATAGGAAC TTTAATACAACTT
TGCCT T T T TAT TG T TGCTCTCC T TACCTG T T T TAGC TGG TGC TAT TACTATGC T T T TAACAGATAGAAAT TTTAATACAACTT
TGCCT T T T TAT TAT TACT I TCCE TACCAGTE T TAGCEGG TGGAATBACCATGC T T T TAACAGATAGGAAT TTTAATACAACTT
TGCCT T TT TATTATT ACTC TCCC TACCAGTE T TAGCAGG TGGAATAACCATGC TT T TAACAGATAGGAAT TTTAAT . ACAACTT
ARG LT T T T TAT TG T TACTC TCCC TACCAG T T T TAGC AGGEGCCAT TACGA TG T TAT TGACTGATAGGAAT TTTAATACAACTT
TGCCTTTTTACTACTACTATCCT TACCAGTE T TAGC TGGTGGTATAACALATGC TT T TAACAGATAGGAAT TTTAATACCACCTT
T T T T GACC GG CCGEGGGE TG AGACCC T AT T T TAT TCCAACATT TAT T TTGGTT T T T TGGGCATCOGGAGG T TTATATTTT . A
T T T TGATCCOGCOCGGGGGEG TGGAGACCCTAT T T TAT TCCAACAT T TAT T TTGGTT T TTECEGOGGCATCCGGAAGT TTATATTTT. A&
T T T TGATCCAGC TGEAGG TG EGACCC TAT T T TAT TCCAACATT TAT T TTGGE T TE T T T GEGCATCCOGAGG T TTATAT T TTA
T T T TGACC CAGCGCAGCGGGGG TGGAGATCCCAT T T TAT TCCAACAT T TAT T TTITGGTT T ITTITGGGCATCCGGAGS T TTATATTTT. &
T T T T GACCCAGCAGGAGG TGGAGATCCCATCE T TAT TCCAACATT TATTTTGGTT T TTTGGGCATCCGGAGGSTTTATATTTT. A
T T T TG ATCAGGC CG GGG EGGAGACCC TAT T T TAT TECAACAT T TAT T T TGG T TE T T TGGGCASCCEGAGG T TTATAT T TTA
TCT T T GATCCTIGC TGS TGG TOGAGATCCAATE T TGT TCCAACATT TAT T TTITGGTTCTTCGGTCACCCTGAGSTTTATATCTT . A
AT T T TECAGGG T T TG TATGG T T T TCAAAT TAT T CCAAC T T T T TETGE TAAAAATCARAAT T T T TGGATAC T TGGGTATGSE T
AT TCT TCCAGGAT TT GG TATGG T TTCTCAAAT TATTCCAACT TTT TCTGCTAAAAATCAAAT TTTTGGATACT TGGGTATGGET
AT TCTACCAGGG T T TGGTATGAT TTCTCAAAT TATACCAACT T T T TCTGE TAAAAATCAAAT TTTITGGATAT T TGGGCATGE T
AT TCT TCCAGGG T T TGGAATGGE TATC TCAAAT TATACCAACT T T T TCTGC TAAAAATCAAAT T TTTGGATATTTAGGCATGST
AT TCT TCCAGGG T T TGGAATGG TATC TCAAAT TATACCAACT T T T TCTGE TAAAAATCAAAT TTTITGGATAT T TAGGCATGGE T
AT TCTECCAGGG T T TGGEATGAT TTCTCAAATE AT ACCECACT T T T TCTGC TAAAAGTCAAATTTTTGGGTATTTGGGCATGGT
ATACT TCCAGGE T TTGGGATGAT TTC TC AAATAAT TCCAACT T TE TC TGO TAAAAACC AGAT TTT TGGATACT TAGGTA TGS T
ATACGCCATG T TATC TAT TGGAATAT TAGGCT T TAT TG TG TGGGCACATCACATGETTTACGGT - - - TOGGAATGGATGTTGACA
AT ACGCCATGT TATC TAT TGGAATAT TAGGCT T TAT TGTGIGGGCACATCACATGT T TACGGT - - - TGGAATGGATGT TGACA
AT ATGCTATG T T ATC TAT TGS AATAT TAGGCT T TAT TG TG TGGGCACATCACATGTTTACGGT - - - TGGGATGGATGTTGACA
CTATGCCATG T TATC TAT TGGAATAT TAGGC T T TAT TG TG TGGGCACATCACATGTTTACGST - - - TGGAATGGATGTT G AC A
ATATGCCATGT T ATC T AT TGGAATAT TAGGC T TTAT TG TG TGGGCGCATCATATG T TTACGG TAAGTGGAATGGATGTTGACA
CTATGCCATGTTAGC TAT TGGAATACTGGGC T T TAT TG TG TGGGCACATCACATSTTTACGS T - - - TGGCATGCATGTTGACA
T T AT G AT GAT T T T AT TEGAATAT TAGGG T T TAT TG TATGGGCCCATCATATGTTECACAGTA - - -GGAATGGACGTGEGAT A
A GAGCC TAC T TCAC TG CAGCCAC TATGAT TATTGC TG T TCCAACTGGAAT TAAGGTG T TTAGT TGG T TGGCCACTATTTAT
CAAGAGCCTACT TCAC TG CAGC TAC TATGAT TATCGC TG T TCCAAC TGGAAT TAAGG TGS T TTAGT TGOS T TGGOCACTATTTAT
CAAGAGCT TACT T TACTGCEGCCACAATGAT TATAGC TG T TCCAACTGSAAT TAASGTSTTTAGTTGGETGGCTACTATTTAT
A GGG T TAC T T A TG AGC TAC TATGAT T A TAGC TG T TCCAAC TGGGAT TAAGG TG T T TAGT TGAT TGGO TACCATTTAT
CAAGGGCT TACTTCACTGCAGCBAC TATGAT TATAGCTG T TCCAACTGGEAT TAAGGTGT TTAGTTGGT TGGCCACCAT T TAT
CAAGAGCE T TAT T TCAC TGC OGO CACAATGAT T AT TGC TG TECCCAC TGGAATCAAGG TAT TTAGSGTTGG T TGGCCACTATTTAT
CTAGAGCETAT T TCACCGCAGC TACCATGAT TATAGC TG T TCCAACTGGTAT TAAAGTAT TTAGTTGGT TGGCAACACTTTAT
GG TGEE G CCG T T AGAC TAGATACACC TATGC T T TGGGCCATAGGSG T T TG T T T TCCTAT T TACAATAGGAGGCC TAACCGGGGET
GG TGGAGCCG T TAGAC TAGATACACC TATGCT T TGGGCCATCGGG T TTGTAT TCCTET T TACAATAGGAGGT T TAACCGGGGT
GG TGGEAGC TG TAAGA T TAGAC ACACC TATGC T T TGGGCCATAGGC T T TG T T T TCC TAT T TACAATAGGAGGTC TAACCGGGGET
GG TGGEGCCAT T AGGE T TAGATACACC TATGCT T TGGGCCATAGGG T TTGTCT TTCTIT T TACAATAGGGGGAT TAACCGGGGT
GETGEEGCCGT TAGG T TAGATACALCC TATGOC T T TGGGCCATAGGG T TTGTOCT TTCTTTTCACAATAGGAGGAT TAACCGGGGET
GG TGGTAGGG TAAGAC TAGACACCCCCATGCT T TGAGCCATTGGG T TTGTCT TCCTATT CACAATAGGGGGCETCACCGGGGT
GG TGGAGCCATAAGAT TAGACACTCCCATGC T T TGGGCTATAGGAT TTGTAT TCCTET T TACAATAGGAGGAT TAACTGGGGT
TAT T T TAGC TAATAG T TCC T TAGAT G T TG TAT TACATGATACT TAC TATGTAGTAGCTCAT T TCCATTATGTCCTATCAATGG
TATCT TAGC TAATAGT TCC T TAGATATTGTAT TACATGACACT TAT TATGTAGTAGC TCATT TCCATTATGTCCTATOCAATGE
AATTT TAGC TAATAGT TCT T TAGACG T TG T T T TACATGATACT TAT TATGTAGTGGCTCATT TCCATTATGTCCTATCAATGG
TATT T TAGCE TAATAG T TCGTTAGATG T IGT T T TACACGACAC T TAC TATG T TG TAGCECAT T TTCATTATGTCCTATCAATGG
AT T T TAGE TAATAGE TCC T TAGATG T TG T T T TACACGACAC T TAC TATGTTGTAGCECCAT T TTCATTATGTCCTATOCAATGG
TG T T T TAGC TAACAG T TC T T TAGATG TAGT T T TACATGATACT TAT TATGTAGTGGCCCAT T TCCACTACGTCCTATCAATGG
A TAT T AGCAAATAGE TCC T TAGA TG T TG T TATGCATGATACT TAT TATGTTGTGGCTCACT TTCACTATGTGCTATCCATGEG
GGGCTGT T T TTGCCATE T T TGG TGGG T TCTAT T TT TGS T TTGGAAAAAT TACTGGC TAT TGL TACAATGAGC TTTATGG TAAA
GLEGCTATT T T TGCCATET T TGETGGGTTCTAT T TT TGS T T TGEAAAAAT TACTGGC TAT TGCTACAATGAGC TETATGGT AAM
GGGCTGT T T TTGCCAT T T T TGG TGGG T TCTAT T TTTGG T TTGGGAAAAT TACGGGC TAT TGL TACAATGAGC T TTATGG TAAA
GAGCTGTLC T T TGO TATAT T TGGTGGGTTCTAT TAT TGSGT T TGEEAAAATAAC TGS T TAT TGT  TACAATGAGC TTTATGGT AAM
GGGCTGTE T TTGC TATAT T TGG TGGG T TC TAT TAT TGS T TTGGAAAAATAACTGGCTAT TGL TACAATGAGC T TTATGG T AAA
GGG TG T T T T TGO CATET T TGEEGGG T TOCTAT T TT TGGT TTGGGAAAAT TACGGGLC TATGGL TACAATGAALTOTATGGEE AA SN
GGGCTG TG T TTGCTATAT T TGECGGG T TT TAC T TT TGS T TTGGAAAGAT TACCGGG TAT TGLC TATAACGAGC TCTATGGAAAS
ATCCACTT T TGGTTGEATGTTTAT TGGEGGGT TAAT TTAACAT TT T TCOCCTCAGLCACTTOCTT AGGT TTGGLOGGAT TOCOCGAGALG
ATTCACT T T TGGATAATG T TTAT TGGGG T TAAT TTAACAT TTTTCCCLCAACATTTCT TAGG T T TAGCTGGATTCCCAAGACSG
ATCCACTTOC TGGATAATGT T TATAGGGG T TAATETAACAT TT T TCOCCTOCAGCATTTOCTT AGGE TTAGOUTGGAT TOCOCCAAGALG
ATCCACTTCTGGT TGATGT TTAT TGGGGT TAATCTGACAT TT T TCCCECAACATTTCT T ACGCCTGGLGGGG T TICCAAGGCG
ATCCACTTE TGGT TGATG T TTAT TGGGG T TAAT TTGACAT TTTTCCCGCAACACT T TTT AGGCCTAGCGGGG T TTCCAAGGCG
ATCCAT TT T TGEATAA TG T T TATEGGGG T TAAT TTAACAT T T T TCCCTCAGCATTTCT T AGGTETAGCGGGE T TTCCTAGACG
ATCCACTTCTGGATAATGT TTAT TGGGGT TAATATTACETTETTCCCTCAGCACTTCTTAGGG T TAGCAGGT TTCCCAAGACS
ATATTCTGATTTTGT TGATGST T TCGCGEGT TGGAATT TGG T TAGT TCCT TAGGATCAACTATATCAAT TGTGGGAGTTATAT
AT ACTCTGACT T TG T TGATGE T T TCGLE GG TGGAAT T TAGT TAGT TCT T TAGGATCAACAATATCAAT TGTGGGTGTCATCT
ATACTCTGACT T TAT TGATGG T T TCGLCAGG T TGAAA T T TAGT TAGE TCC T TAGGT TCAACTATATCAAT TGTGGSGTGTTATTET
ATACTCTGACTT TG TEGATGGT T TCGCGGELTGGAATE T TGTTAGT TCC T TAGGATCGACCATCTCAAT TGTGGGTGTACTAT
ATACTCTGEACT T TGTOCGATGEGGT T TCGCGEGGEGEETEGEAATE T TGT TAGT TCCT TAGGG TCGACCATATCAAT TGTGEGGGCG TGO TAT
ATACTCTGATTT TG T TGATGGT T TGGCGGE T TGGAAT T TAGT TAGE TCC T TAGGT TCCACCATATCAATTGTGGGTGTCCTTT
AT ACTCAGACT T TGO AGA TGGT TATGCAGGC TGGAATOC T TGTOTGT TOCAT TOCGGG TOCAACAATATCTGT TGTAGGAGT TGTAT
GETT TG T T T T TATAG TATATGACGCC TATG T TCGAGAGATAAAAT TTATTAGT TGGGTAGAGAATACTGGATCTAGTTGGGCT
GG T T TG T T T T TATAG T ATATGATGLC TATG T TCGAGAGATAAA AT T TAT TGGT TGGETAGAGAAC ACTGGAGC TAGT TGGTC T
GET T TG TG TATATAGTATACGATGC T TATG T TCGAGAGAT TAAAT T TATTGCG T TGGGTAGAGAACACGGGAGC TAGTTGGTCT
GG T T TGTATATATAGTATATGA TGLUC TATGT TCGAGAGATAAAAT T TATTAAT TGAGTAGAGAACACTGGGTCTAGT TG GGOOC
GGTTTGTATACATAGT ATATGACGCC TATGT TCGAGAGATAAAAT T TATTAGT TGAGTAGAGAATACTGGGTCTAGT TGGGC T
GET T TG T TATETAG TATATGATGCC TATGE TCGAGEAATAAAAT T TATGGGE TGGGTEGAGEACACGGGGTCTE
GGTTTATTTTCGTAGTATACGATGCCTATGTACGAGAAGTTRAATTCATTGGCTGGGTGGAGAACACCGGGTCAAGCTGGCCT
T T T T AGAG TGGE TECAACCATC TCC TCC TATG TC TCATACT TATAATGAAT TACCTTTEGT TTATGG - - TTCTTATTCTGCA
TCCE T T AaGAG TGGG TCCAACCATC TCC TCC TATGTCTCACACCTATAATGAAT TACC TTTEGT TTATGSG - - TTCTTATTCTGO A
T T T T AGAG TGGG TACAACCATC TCC TCCTATGTCTCATACT TATAATGAAT TACCTTITTGTTTATAG- - TTGTTTCCCTTT A
T T T T AaGAs T GGG T T A C G T O CC TCC T T TG TCTCATACT TATAATGAAT TACC TTITTGT T TATGSG - - GCCTTATEGATOC -
TCT T TAGAATGGEG T ITCAACCOGTCCCC TCCT T TATCTCATACT TATAATGAAT TACCTTITTGTETATGG- - TTCTTAT - - - - -
TCT T T AGAG TGGG TACAACCE TCECCECC TATG TC TCATACE TACAATGAAT TACCETTETE T TATGGAAGAG TGGECAC TCa
TCTETAGAA TGS TACAACAATC TCCCCCTOCACT T CACACT TACAATGAAT TGCCTTITTGTTTATGG - - TAGTTATTCTACAS

TTAAGG cCCcaGAaACT ETTAaA 1593

TTAAGG - - - - — - — - - " CECAGABMACT - - - — — - - — = — — — - - — — _ - _ _ _CTTaAA 1593
AGGAGGGEGEGGEGCAATACTC TGATACCGACCCAC TACAGTGAAATAAAAGT TT AG 1626
e s mmlm s m o m e e e e e e D e e e i DD i .- -TTaAA 1572
e oo m m e e e e L. _IT&aG 1572
CTTACGOGAGTABA - - - - - = - = - & & o = & m o o oo o o e oot oo oo - o - - - ST AG 1581
GETAAGGTECAR - - - - - - - — — — — - = — — = = = — = — — =~ — - - - - - .. __Taa 1587
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