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Learning Objectives of Module

* Understand the challenges involved in reconstructing
transcripts from RNA-Seq data

 Become familiar with computational algorithms and data
structures leveraged for transcript assembly

e Appreciate the importance of strand-specific RNA-Seq
data.

e Learn various ways to assess the quality of an assembled
transcriptome.



Assembly Required
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Adapted from G. Raetsch




Transcript Reconstruction from RNA-Seq Reads
RNA-Seq reads
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Transcript Reconstruction from RNA-Seq Reads

RNA-Seq reads
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Transcript Reconstruction from RNA-Seq Reads
RNA-Seq reads

(- (- — (-
- :1:113:] — = e
=
DDEDEDDDEEEDD
=
e [ e B e e R e B e R =

Align reads to
genome

(- 0= =3 e
O O0———— 0O o o0—O i —
=2 00— OO 0O —m /s
| - o s e S |
- O O0—0O COoOoOc— O O
- i — e | Y i s i e i —

Genome

Assemble transcripts
from spliced alignments




Transcript Reconstruction from RNA-Seq Reads
RNA-Seq reads
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Transcript Reconstruction from RNA-Seq Reads

RNA-Seq reads
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Transcript Reconstruction from RNA-Seq Reads
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Transcript Reconstruction from RNA-Seq Reads
RNA-Seq reads
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Graph Data Structures Commonly Used For Assembly

RNA-Seq reads
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Graph Data Structures Commonly Used For Assembly

RNA-Seq reads

Sequence
Order
Orientation (+, -)
Overlap

GATCGTCCGAGCGATTACA

~_Reads to Grapb7

Nodes = sequence (+/-)
Edges = order, overlap



Read Overlap Graph: Reads as nodes, overlaps as edges




Read Overlap Graph: Reads as nodes, overlaps as edges
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Read Overlap Graph: Reads as nodes, overlaps as edges
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Generate consensus sequence where reads overlap
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Finding pairwise overlaps between n reads involves ~ n? comparisons.

Number of alignments (x*2)

0e+00 2e+05 4e+05 6e+05 8e+05 1e+06

I l I I l I
0 200 400 600 800 1000

Number of reads (x)

Impractical for typical RNA-Seq data (50M reads)



No genome to align to... De novo assembly required

Want to avoid n? read alignments to define overlaps

Use a de Bruijn graph



Sequence Assembly via De Bruijn Graphs

Generate all substrings of length k from the reads

- k-mers (k=5)

ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTG CGCCCTCAGCGCTTCCTCTTGTTGGTCGTAG :l— Re ad S
| S |

From Martin & Wang, Nat. Rev. Genet. 2011



Sequence Assembly via De Bruijn Graphs

Generate all substrings of length k from the reads

- k-mers (k=5)

ACCGC

ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTG CGCCCTCAGCGCTTCCTCTTGTTGGTCGTAG :l— Re ad S
| S |

From Martin & Wang, Nat. Rev. Genet. 2011



Sequence Assembly via De Bruijn Graphs

Generate all substrings of length k from the reads

- k-mers (k=5)
ACCGC
ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTG CGCCCTCAGCGCTTCCTCTTGTTGGTCGTAG :l— Re ad S
| W
Construct the de Bruiin graph
From Martin & Wang, Nat. Rev. Genet. 2011 Nodes = unique k-mers, Edges — overlap by (k-1)



Sequence Assembly via De Bruijn Graphs

Generate all substrings of length k from the reads

- k-mers (k=5)
CCGCC
ACCGC
ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTG CGCCCTCAGCGCTTCCTCTTGTTGGTCGTAG :l— Re ad S
| W
Construct the de Bruiin graph
From Martin & Wang, Nat. Rev. Genet. 2011 Nodes = unique k-mers, Edges — overlap by (k-1)



Sequence Assembly via De Bruijn Graphs

Generate all substrings of length k from the reads

- k-mers (k=5)
(k-1) overlap

CCGCC

ACCGC

ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTG CGCCCTCAGCGCTTCCTCTTGTTGGTCGTAG :|— Re ad S

—_J

Construct the de Bruijn graph
From Martin & Wang, Nat. Rev. Genet. 2011 Nodes = unique k-mers, Edges — overlap by (k-1)



Sequence Assembly via De Bruijn Graphs

Generate all substrings of length k from the reads

- k-mers (k=5)
(k-1) overlap

CCGCC

ACCGC

ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTG CGCCCTCAGCGCTTCCTCTTGTTGGTCGTAG :|— Re ad S

—_J

Construct the de Bruijn graph
From Martin & Wang, Nat. Rev. Genet. 2011 Nodes = unique k-mers, Edges — overlap by (k-1)



Sequence Assembly via De Bruijn Graphs

Generate all substrings of length k from the reads

ACAGC TCCTG GTCTC AGCGC CTCTT GGTCG
CACAG TTEET GGTCT CAGCG CETET TGGTC
CCACA CTTCC TGGTC TGTTG TCAGC TCCTC TTGGT
CCCAC GCTTC CTGGT TTGTT CTCAG TTCCT GTTGG
GCCCA CGCTT GCTGG CTTGT CCTCA ETTEC TGTTG
CGCCC GCGCT TGCTG TCTTG CCCTC GCTTC TTGTT CGTAG
CCGCC AGCGC CTGCT CTCTT GCCCT CGCTT CTTGT TCGTA
ACCGC CAGCG CCTGC TETET CGCCC GCGCT TCTTG GTCGT

ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTG

Construct the de Bruijn graph

Sequencing error or SNP

- k-mers (k=5)

CGCCCTCAGCGCTTCCTCTTGTTGGTCGTAG } Re a d S

(€ner~GersS -~ G~ Erom)~ Gomsd)~(GFo3)~(E1008 )~ GaomE)~ Gomes)~(GReoa~(EEom~Eomad)

From Martin & Wang, Nat. Rev. Genet. 2011

Nodes = unique k-mers, Edges = overlap by (k-1)



Construct the de Bruijn graph
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Collapse the de Bruijn graph

From Martin & Wang, Nat. Rev. Genet. 2011



Collapse the de Bruijn graph
(Goconcacd) oo

Traverse the graph

Assemble Transcript Isoforms

------ ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTGGTCGTAG
------ ACCGCCCACAGCGCTTCCT--------CTTGTTGGTCGTAG

-- ACCGCCCTCAGCGCTTCCT-------- CTTGTTGGTCGTAG
------ ACCGCCCTCAGCGCTTCCTGCTGGTCTCTTGTTGGTCGTAG

From Martin & Wang, Nat. Rev. Genet. 2011



Contrasting Genome and Transcriptome D€ NOVO Assembly

Genome Assembly

» Uniform coverage

« Single contig per locus

 Assemble small numbers of
large Mb-length chromosomes

Double-stranded data

Transcriptome Assembly

Exponentially distributed coverage levels

Multiple contigs per locus (alt splicing)

Assemble many thousands of Kb-length
transcripts

Strand-specific data available

¥ [rinity



Trinity Aggregates Isolated Transcript Graphs

Genome Assembly Trinity Transcriptome Assembly
Single Massive Graph Many Thousands of Small Graphs
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Entire chromosomes represented. |deally, one graph per expressed gene.



Trinity — How it works:

de-Bruijn Transcripts
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Inchworm Algorithm

 Decompose all reads into overlapping Kmers => hashtable(kmer, count)

Read: AATGTGAAAACTGGATTACATGCTGGTATGTC..

AATGTGA
ATGTGAA Overlapping kmers of length (k)

TGTGAAA

Kmer Catalog (hashtable)

Kmer Count among
all reads

AATGTGA 4

ATGTGAA 2

TGTGAAA 1




Inchworm Algorithm

 Decompose all reads into overlapping Kmers => hashtable(kmer, count)

* |dentify seed kmer as most abundant Kmer, ignoring low-complexity kmers.

GATTACA
9

Kmer Catalog (hashtable)

Kmer Count among
all reads

AATGTGA 4

ATGTGAA 2

TGTGAAA 1

GATTACA 9




Inchworm Algorithm

 Decompose all reads into overlapping Kmers => hashtable(kmer, count)

* |dentify seed kmer as most abundant Kmer, ignoring low-complexity kmers.

 Extend kmer at 3’ end, guided by coverage.

GATTACA
9
















Inchworm Algorithm
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Report contig: ....AAGATTACAGA....

Remove assembled kmers from catalog, then repeat the entire process.
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Inchworm Contigs from Alt-Spliced Transcripts
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, Inchworm Contigs from Alt-Spliced Transcripts

==
L=

Expressed isoforms Expression

soform A [ TR (low)
soforms [ (high)

Graphical
representation




\ Inchworm Contigs from Alt-Spliced Transcripts
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> Inchworm Contigs from Alt-Spliced Transcripts




Chrysalis Re-groups Related Inchworm Contigs

Chrysalis uses (k-1) overlaps and read
support to link related Inchworm contigs



Chrysalis
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Build de Bruijn Graphs
(ideally, one per gene)

Integrate isoforms
via k-1 overlaps
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Butterfly
i
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Butterfly Example 1:
Reconstruction of Alternatively Spliced Transcripts

AATTGAATCC.. TATTCTGAGG(3647nt)

T

Butterfly’s Compacted  iccrcroam. cecroeactauzmm > 3

Sequence Graph \
2

TATCTTTCTG..GAACCTCAGT(1752nt)




Reconstruction of Alternatively Spliced Transcripts

@ATCC...TATTCTGAG@
/
Butterfly’s Compacted  iccrcroam. cecroeactauzmm >

Sequence Graph \
2

32
TATCTTTCTG..GAACCTCAGT(1752nt)

Reconstructed Transcripts




Reconstruction of Alternatively Spliced Transcripts

AATTGAATCC.. TATTCTGAGG(3647nt)

T

Butterfly’s Compacted  iccrcroam. cecroeactauzmm > 3

Sequence Graph \
2

TATCTTTCTG..GAACCTCAGT(1752nt)

Reconstructed Transcripts




Reconstruction of Alternatively Spliced Transcripts

AATTGAATCC.. TATTCTGAGG(3647nt)

T

Butterfly’s Compacted  iccrcroam. cecroeactauzmm > 3

Sequence Graph \
2

TATCTTTCTG...GAACCTCAGT(1752nt)

Reconstructed Transcripts

Aligned to Mouse Genome

i HH H—H—H—H—HH H H—+h
Naa25 Nalpha acteyltransferase 25 (Reference structure)

—i— —it H i —— —i H———HH—.
) —i— —i H i H—— i H———HH.




Butterfly Example 2:
Teasing Apart Transcripts of Paralogous Genes
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Butterfly Example 2:
Teasing Apart Transcripts of Paralogous Genes
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Strand-specific RNA-Seq is Preferred

Computationally: fewer confounding graph structures in de novo assembly:
ex. Forward !=reverse complement
(GGAA != TTCC)
Biologically: separate sense vs. antisense transcription

NATURE METHODS | VOL.7 NO.9 | SEPTEMBER 2010 | %BROAD

INSTITUTE

Comprehensive comparative analysis of strand-specific
RNA sequencing methods

Joshua Z Levin!®, Moran Yassour!-%, Xian Adiconis!, Chad Nusbaum!, Dawn Anne Thompson!,
Nir Friedman®*, Andreas Gnirke' & Aviv Regev!>*

Strand-specific, massively parallel cDNA sequencing (RNA-seq) Nevertheless, direct information on the originating strand can
is a powerful tool for transcript discovery, genome annotation substantially enhance the value of an RNA-seq experiment. For
and expression profiling. There are multiple published methods  example, such information would help to accurately identify anti-

dUTP second strand marking’ identified as the leading protocol «

i‘.unupum‘uuuur PipCUinic LU uuvinpaicoururarny ' yuauty rrreu e rvowrr e uUdiaaI Ty W '4u‘l|'a\;cut'5cuc:'u'a‘x‘racn TUTUO Uit uppreosncatr anus 'd'J:ld
any RNA-seq method. Using the well-annotated Saccharomyces resolve the correct expression levels of coding or noncoding over-
cerevisiae transcriptome as a benchmark, we compared seven lapping transcripts. These tasks are particularly challenging in
library-construction protocols, including both published and small microbial genomes, prokaryotic and eukaryotic, in which



dUTP 2" Strand Method: Our Favorite

RNA

l First-strand synthesis with normal dNTPs
cDNA

1 Second-strand synthesis with dTTP - dUTP

==U=U=—UU U uu

l Adaptor ligation

/
/-u-u—uu_u—uu—
/
/-u-u—uu—u—uu—
l USER™
l Remove “U”s (Uracil-Specific Excision Reagent)
/
7T T = =
/
7T T = =
1 PCR and paired-end sequencing
y
7

Modified from Parkhomchuk et al. (2009) Nucleic Acids Res. 37:e123
Slide from J. Levin



Overlapping UTRs from Opposite Strands

Schizosacharomyces pombe
(fission yeast)

chri: 5,329,037-5,333,190

—- 4,137 bp -
assembled  SHED-E-E-IENENESFNESE SN NS
sequences KEECETERT K K- KO i HE

Forward (0-500)

el SPAPAA3 08 — e
annotation myosin |l light chain
SPAPSA2.00c
Protein phosphatase regulatory subunit Paa1

Reverse




Antisense-dominated Transcription

chr2:1,674,778-1,683,672

“ 8,852 bp -
> > > )y ) ) )
Assembled < comp3099_c512_seq1;6.726 «f
sequences ¢ ¢ ¢ ¢ ¢ « ¢ ¢ ¢ < ¢ ¢ ¢ ¢ (L
compl453_c208_seql0;17.408 comp5369_c113_seq5;0.392
[0 - 500]

Read - - f e ————

Reverse
Known
annotation < < <
SPCC417.05c¢ SPCC417.06¢ SPCC417.07c
chitin synthase regulatory meiosis specific protein MT organizer Mtol

factor Chr2 (predicted) kinase Mug27/Slk1




Trinity output: a multi-fasta file

Pcomp0 _c0_seql len=5528 path=[1:0-3646 10775:3647-3775 3648:3776-5527)

AR T GAAT O T T T T TG T AT T CARAR AL T TGAAR T C AR AL AL AT AT AL AL AT T C AR T T CGTGAT TG ARAR TATAATGL AR T TTCGAAL AR T TARAA T TATGAAAAT AT AC ARAATTGATEGU AL CACACE TAGE T T7

AT T AT AT T GAGA T AT AL AL AL A T AT LG T O AL AL CA AR G AR T AL T TGAA L O GA T T O T O T T TG AAAL T C T TGACT TAGC AT CTCAGT AL TATAAAAAGC AL TCATTCTTTITITTICAGTET
T AR A AT T G T T T T T T T T T T T AAA T AT C AR T T TACC AL AL AR AAA L AR AR CAGAAC AR AACCCATATAAACC AL AL CAGE ALCAGE AL TEGUCCTTOAGCATTCTCCTTAGATECTALUTCACATACACGE
TG AL AL A O T T A T A G T AR G A A T AT AT AT AT AT AT AT AL T T T T AR TG T A AL AR T C TATAG TG L ATGACAGE TTCCAAAAGAAT AL AL TCAT AAAAGATATTGUCCATTTCATAATTTCACTCOTTTITTAC
lSTTATCTCAWTGTMCMT"ACA"C'.‘CIT“"WTGC"ACA"T"ACTMGMMTCAGEMCTMCAGAG"MCTCTMCCCEACCA‘.‘SACAT"A"T'.‘C‘.'EMCM"&CCACTG"XSGCCC"ACA':S'.'T&"A"CME
ACACTCACH 13 8 Gee ATAGCCAGCCCATGLALTCCATACCGACCATGUTCALCTGAC) TTGATTTAGAGE, TGTGACCGE ACACACACCACAATTTGAAT
ATCCCMSWCA"A‘.‘TCCA’JGAOCCAC:OCA’JT:CM"CMAC"CCCACCCACTCCCA CGUARACACGECACAAL TACAGAAC AL TACCACAAGE TCATATTCAAGECAAL TCARAAATCALGUTCTTCAACCOATCT
AT AR A A G O T T T T T T TGl G AT GO AL CAC T AT AL T T AT G AR C AT GA T T AGE CT OO AL CACAT COTAC ARG T AAGAAAGT AL TTTCCACACATTTCOTTACAAL TAAATTACTTAACCAC TATCCTGA
AR T O AL A AL T T AL A T A AR G AR T G A T O TG TG T O TG AL CAG T O L AT L GAAAGACC AL T CCTCACC ARG TCAT C T T T TCACC TTACALTTAC TCTCACGAAT AAAL TCACAUGUAACAAC AACAGA
ACTCACAGACGAGATTCAGACACAARAL AL TCALGEARAL COCTGTOOGAGE TEGECATEAL ATAATCARGAGE AL T T T TCATC T TOTCECAGACE ALCE TCTTAAGE TUGAGECTTAGE GARL AL: ARCCTTAC
T GAA AR A T AR T A A T A T AT T T T AR G TG T AR AL GACAC AR A T AL G O AT T A T A AR A AT AL O T T T T T CAAC CTAAAAC T TAAAAACC TAGE TTAAACCOATATTTAATCCTTCCATCCCAARG
CCCCOCTTARAAGEAL TAGAGT AL TAAATC TETTTCCAALCATATT TATECATATET TCTGTETOTCAL T CATCAATCAGE TECACAALGTGACTTAATGACS AL AL ARATATCAGACTCSCCTECACACACCACGT
ACAACCTOTT AL TTTTCCACCTTT GAACACC T LAGTCTCAGEA T T ACCAAGC T AL GO T GUCTOTGL T C AL AT T TOT T COTCAAAGTGUGCACAACTTEGACTTCOTCACTGLCCTCAL
AT T A AL L GL G T G GA T T T TGl O TG L T O GU G T e T AR G CAAA AL T AL CAC T T G T AT T T C A TG L OO T O T U TGUCACC TACTCAGC CACATC TCCCTTGAGECTCTATGUGTCCAT
OGN TG AT GO CACAA L AR CT G L CAC T GAGE AL GL T L O TG T O TGU G TOTCC TACACC T CT T T TCCC TCATACGECTAC AL TATEGE! COCAACCCAAACTCCCACTGEATGATEARAAAALCANC
A TG T T AL G T AT G T A T A T A T T T T AT T O TG T T e T AT AL AR A T G T O L AL L CAGC CA T T O L T GAG e T G AL T AL G TGL GL T O T O T T U T T T U T COTOTATCTATGUACALGTATAAACACTC

ARAAN

G ARAC AL ATGAGE G T O TGO T T TG T T T AT AT AL AR T AAT T T AR T T TE T TG TATATAT TTAATACE TTARTTCACGATCARAL TCOTTCATGEATT ARGTTCTCGATTACAACAATGECAGE
CAGATCTTOTTITTGLTCGUGAALAGTGLETETE .LJ;TCT“C'.‘CCTGTC"MCC"TC"GTCT"TATCC'.‘TCAGMT“CCT"MA"T"T"ACT"TCT"TCTISTC"EM TCTTTTTCT ACCTCCCCTOTCT ARG
TCACTCCAGETAACTCCTOTGOALTTTCCCC ACTCTTTCAAAATTTTOTTTOTT 2 AL T T T T T AACE T AL CTCC T CAAGTCTAAGTGC AATCACATGTGE TTCAAL TCOTTTAATATCAT

CCACACCATTGUAAATTACAGTCTGAAD! CCAGTMC AGTC"SGNCTC:TCMCA’TG"X"OCATGA AT T T T T T T T T T T T T O T T T T T TGO ATAT T TAATT T TATEATCOCAACACACTT
TCACACTAACTOGACACCCAAAGEATGACAGAAR TAGTCTCAAL GAAS ARGACE AL AT T LT C TAGE AL T e CAGE O TG UG T T T AL AT T CCATC TG TAAC T T TAAC ALGTCC COTTTACATU TECTGAAS ACALCTTT
AT A T T T A T A ARG A T A A AT T T T T AT G T T T G T AT AT O AL T T AL T O T ARG CAC TG T C T C ARG TCATAC AT TCUCTGACCACATGUAAGE AC TEGACTTEGC AL T AEL"CACCCACME
TEARGAACCTGLCCATCOTEGTGEGAACALGLCCARGEARGEGE TACTGAAT T TCL T TCTCAATARAL CECTTCOCCUTETCCACEGLCACC TETAGE T ARACGAAGGATETCGATCC
CCOTTCTCTCACATCTTCTCTCALTTOTTOGECT CACGUTCGUTAACACTTGUAAGTCC AL ATCAGECTCMEGT"" "’"E"TMCEAEA GECTTTCTTCCT AL TTTCTTATCCOTOTTC
A AR AT TG T T T T T GA T O AR T GAA L AR AR CA T CCAAL T C T T C T TG T O TCUCAAATC T TCCCATEGAACATCATETTCCTCTOGED x\.ACA“TCA'TCA'T"‘ATAC'T'CTCCCMGC'MTTCATK"C"
TG T T AL T AGAA L G T O T AACA G AT GO T C AL T O C TAC T T T A AR AT GO AL A AR T TAT T C AL CC T C T T O TAAAAL CO AT AAAL TC T CGE AT CT T C T CAAATGCACCATATTTC TAALCTTUAATAATGTAT
TCTCA c
TTTCTEGTTEGAGTGEARAAAL CTGAGTGE ARAL TTAL AL ACCATACTGACCCAGEGATS ATATCOGUTCACARGAT GLETOTCGTGLTEGATETECTTAGCATCOACAL TEGAGT
A A AT A A TG T T CAAA T CA L CAGC AL G AL TAGA T C O AR CA AL TAGC AR T T T AR T GA G AT T AT U O T TG AT TAALCC T TOTTCCAGE AL AL TCALGUCC TUCCACACCOCAGTCTCCTCACCT
GETTOTCTCCATALATCAATGAGE AL ATGARAL ALCEALCAGE: ACTGCARLTE T TE T TCAAACARE ALCECCCARRCTCE ALTECL TG TARCATCAL T ACATCCAG
CT‘?CT:AETCTTATCCATGCT'JT"GTACMGCCM:CAGCC:TCTCA"CTGCACMCACACAGA. COTGCTUCAGECCTCGUATATCOGECE A"c"cu"cr“)\'ccrcrcrc"ccarc"xcu CGAACAACTCCAA
GUAGCTGUTTAATCAATTGTGTGEACTEGECEGEAGGEA GTCAACCAACACCTTCAGETCTOTCARGCACCATEGETTAT AL TTOTTCARATAL TEGAAC AT TAAL TCTTCAGEGTCACCCAGE TTGTAT
T AT T A AL O T TG T G ARG G T A T AL T O AL O T T A T AGE T TGt O T G A AT G T O AL AL O T T T TGA T O L T T T TATCC T O T CCTCTATAAAC TTCACAGCATCTTC TECAGAGE ACTE
TACTTCCCOTTOTAN GTTCCCOCTOM GTCCALGETTCLTCARTC AT CGAAAGACAGAATCOARAT ARGTCAGATAGAAL TECC AL TCATCTGAGT T T TTCAGAAL GAGECOTCGUGAAAGEGLGT
TCCACT G TG AL T T T TG T AL AT GO CCATGC AT T TG T T T T CCCGACTCTGAATTTCACT CAACTTCTCTCCTAATT T TCCTCTAATGACATCCAGEGE TTCCTCGTALTTT Al TCCAGA
ATCATCTAATARAGTTCAALCTCAGE TTCAGLCTCTATOTTETCOT CATCTTCTCTACCATTCTCTCOOCCALGEGEACARAC ATGE T T TTGUACACGTTC TCATCCCOTEC: TTGCATGATCAA
GUTCATCACTGACCAAAAGTALTAALGE! T"T""G"GACMTCT"A"ACA&AGECA GO ACCCTCCTGCATCT T CTTGTACTCGLCCACTCTUGCATALGECAT MGAGS‘:CAL‘AST:GTAE"ECTC"CTGT""GHA
O T T AL AL CC G CTCATAGAGE T T TC T AL TAAC TCCOGCCUATOCATCTCTCUATACACAATCGT i T CGCACTTOGTCATCTUTCGUCTCARMLGUCAGECA COTGAGECAALGTGAAAGETTCT
T TGl T TG CAGT T e T T e T A AR S AR T E G L O T T A AR T T T G CA A G TG A AT O T T TG TG T T T O T T L AR CAG T T T ATCAGE TTGC T E AR T TG L CAT T T TAT TAT T T CCATTATCAACATAATCGTARATGLGCCE
GAGCCCCCGUTCATTAGUGTCOTCCACATOGECCCUCUTCGUCATUATGACAALCECAGAACCTCAGT
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AT TG A AT T T T T T T AT T A A A A AL T TG A A T A AR A AT AT A A AT T AR T T G T GA T TG AR A A T A T A AT G AR T T T CGAAC AR T T AR AA T TATGAAAAT AT AL AAAATTGATCGL ALCACACC TAGE T T

AT T AT A T T A A T AT A AL AL A T AT G T O A AL A A A G AR T A A T T A A O GA T T O N T T T G AR AL T T T A T T A AT CTCAGCT AL TATAAAAAGC AL TCATTOTTTTITITTICAGTCY
T AR AL AT T T T T TG T T T T T T T AAATAT CAA T T TACC AL AC AAAAAC AR AACAGAAC AR AACCCATATAAACC AL AL CAGE AL CAGE AL TCGUCC TTGAGC AT TCTCOTTAGATUCTALUTCACATACALGE
TG AL A A O T T A T AL T AR G A T AT AT AT AT AT AT AT AL T T T T AR T G T AL AL AR T T AT A TGO AT GACAGE T TCC AR AAGAAT AL AL TC AT AAAAGATATTGUCCATTTCATAATTTCACTOTTTITTAL
AT AT T A A AT G T ARG A AT T AGA T T AT T A A AT G T ACA T T T AG T ARG AAAA T CAGC ARG T AR CAGAGE ARG TG T AACC OO AL CATC AL AT TATT T T CAACAAC AL CAGTGUALUGCCCTACATUTTACALCAGE
ACACTCACACGATAGACCATTAGAGE ARGE AL CTATGLOCTCAGEGLCATAGCCAGECCATGCALTCCATACCGACCATGE CL"CTCACACAGC“TCA'T'ACAGCATCTGTCACCGTCME&CACA"CACMT‘TCM"
AT AR AR A AT T AT T O AL A CAGL G AL T CCAA L CAAACC CCCACCCAGTCCCATOGUAAAC ALGECACAAC TACAGAAC AL TACC AL AN COTCTTCAAGECAALTCAAAATCACGUTCTTCAACCCATCTY
AT T A A A A G T T T T T T T G G AT G AL A T AT AL T T AT G AR AT GA T T AL CT O L AL CACA T Lo T AL ARG T AAGAAAGT AL T T TCCACACATTTCOTTACAAL TAAATTALTTAACCACTATUCTGA
AR T O AL A AL T T AL A T A A G AA T G AR T G TG TG L T O TG E AL CAG T O L AT G L GAAAGAC C AL T COTCACC ARG TCATC T T T TCACC TTACAL T TAC TCTCALGAATAAAL TCAC ACGEAACAAC AACAGA
ACTCACACALGAGA T TCAGACACAARAL AL T AL GUAAAL L O TG TCLGAGL T CGUCAT O AL AT AAT CAAGAGC AL TT T TCATC TTOTCUCAGAC T AL TCTTAAGCTCGAGECTTAGEGAACALGCCACCAACCTTAC
T AR AR AT AR T A A T A T AT T T T ARG TG T AR AL GACAC AR A T AL G O AT T A T A A A A AT AL C T T T T T CAAC CTAAAACT TAAAAACC TAGE TTAAACCCATATTTAATCCTTCCATCCCAANG
T AR A G A T A A T AL T A AR T T T T T A AL AT AT T AT AT AT T T AT T T T T AL T AT CAAT CAGC TECACAALGTOACT TAATGACC ACAC AAAT AT CAGACTCOCC TCCACACACCACGTY
ACAACCTCTT AN TTTTCCACCTTY A A A G G T AL T T A G AL T T T A AR G T AL G T G T TG T AL AT T T O T T L O TCAAAGTGUGC AL AACTTCGACTTCOTCACTGLCCTCAL
GeTeaserer GUALCLGE TCGCGATCTCTTGUCTGLTCGUGLTCTCAAGCCAAAAC TCALCALT! COTCATS! CeTGCCC T E TG TGO CACC TACTCAGCCACATCTCOLTTGAGECTOTATGUGTCCAT
CCOCATTCTETUGUATCUCACAALGAACCTGLCAL % TG T TG G T T O T ACAC T T T T T T CATACGUCTAC AL TATCGUCTACCCAACCCAAACTCCCACTGCATGATCARAAAALCAALC
A TG T T AL G T O AT G T AT A T AT T O T T AT T O TG T TG TAT AL AAATGTCCACCCCAGCCATTCC TEGAGC TCGU AL TN T O T T TGC T CTCOTATATGTATGUACACGTATAAACACTC
T AR A AT A G G T T T T T T T AT AT A AR T A AT T T AR T T T T T AT AT AT T TAATACC T C AAAAAT TAAT T CACGATCAAALTCOTTCATGLATT AAGTTCTCGATTACAACAATGCCAGE
CAGATCTTOTTTITTIGLTCGE AL T AT T T TG T G AR T T L G T G T T T AT G T T A G A AT T T T A AR T T T T T ACT T T O T T TG TACTCTCAAGTOTTTTTICT $ i { &l e Hg iy AAC
AL A T AR T T TG AL T T T O TG A AL T T T A A AR T T T T O T T T O T T O T A G A GA T A G AL T T T O T O T AACE T AL CT O T C ARG T CTAAGTGC AAT CACATG TGO TTCAALTCOTTTAATATCAT
A A AT T L AR AT T A AT T AL T A T AR TACT O T T CGAAACTCU T CAAGAT TGO ALGCATCATCATGLTCGTT T TTTTCTGOATATTTAAT TATCQTCU GACACTT
TCACAL ME"”CACACECMAG"ATCACACMA"AGTC?CMECM"MGACEA"A?"E"'C"AG"AE""CAG"C?G"GTC?"EAEA? CCATCTGTMCT“C"M"A"GTCECC"T"ACA"STSCTCM:AEAEC'.'.‘T
AT A T T AL T A AR G A T AR A AT T T T T AT T G T T T G T AT AT O L AL T T AL T T ARG CAC TGO T T CAAGC T AT ACATGTCOCTOACC ACATGO AAGE AL TCGACT TEGC AL TCACALCAGCCAGAAL
ARG AR TG AT O T G TG GAAC AL G O ARG AR GE G T A T GAA T T T O T T O TCAAT AAAC CCCT T COCCUTCTCCACCGCCACC TCTAGL TET TG ACCGAGC AAACGAALGATETCGATCCUGUACGACACA
T T A AT T T T T AL T T O T T G T O AL AL GE T GL T ARG AL T TGO ARG T AL T C AT CAGC CTCAAC GTTAAL GAGCGAAT TCTTAACCACATGUTTTCTTCOTCCAALGA TTTCTTATCCOTCTTC
A AR AT T TG T T T T T GA T O AR T G A A AR A A A T AL T T T T TG T O T A AR T L T T O AT AR AT A T T T O T T G L T CAGA T TCATTGAT T T CATAC TTTCTCCCAAGE TAATTCATATGY
G T T A T A A T T AR A G AT O LG T AL T O T A T T T A A A AT G AL AL AR T T AT T L AL O T T T O T AAA AL CO AT AAAL T C T G AT CT T C T CAAATGCACCATATTTOTAALCTTCAATAATGTAT
AL G T AT T T IO TGL T TGO AL TCGAAAAACC TC AL TCCAAAG T TACAGE AL TCGUALGCALCAGCATAL TCACCCACGEATGC ACCATAT ACATACCCAATCOTATCUTCOTGUATGTGLTTALCATC
GAGACT GO AL T AGAGA T AL AL TG T T CARA TG AL O AL AL CAG T AL AT CCGA AL AR G T AL CAAT T TGAAC TC AL CAT TGUATGU G T T CGU TTAAGCCTTCTTCCALCCAGAGTCAGLEGLOTGCCAGACCGLAL
T AL T T T T T AT ACA T C AR T C AL CACA T C AR CAGC GAGC AL G AL TAAT AL TCTC AL AACTGCAACTOTGTOT T AACA AAACTCCAGTCCATGLTUATACCTTAACATCAGTTCTTTC
A CACA T A T T T GAC T T TAT CCAT TG TGO TACAACCCAAGE AL CCATATCAGC TCCACAACAC AL ACATGL TEOTGL AL TCCGATCTCGUCCGUCAGEGCAAGC TTATCCTCTCTCGUCCTCGACAATGE
AACAACTCCAALGA TCATTAATCGAATTOTUTCCAL A AR A T AR AR A T AL G T T O T AL CAG AT G T T AT CCC OO AACT T LT TCAAATACTGC AACATTAACTCTTCALGUETCAC
CCACCTTCTATTCOTCATTACAGLCTTEGET CCAALCC 7C. TCCAGCTTALCCTALG T CATET T CATGC T CTG T TATCCTGTCCTCTATAAACTTCACALCATCTTCTY
GCACACCAGTGTACTTCCCOTTOTAAGEACTCTTCCCCOT G GECe T CAGE T T O TCAAT CAGTCCAAACAC AL AR TCOAAATAAL TCACATAC AACTGLCAGTCATC TCALTTTTTCALAAGEALGLGTCE
GUAAN TTGCACT T T A T T T T T ACA T G AT AT T T T T T O L O C AL T T AR T T AL T TG T AR T T O T O T O T AAT T T T COTCTAATCACATCCACGECTTCOTGUTACTTTCCCA
AT O A AR T AT G T AR T A ARG T T AR T AL T T AL O T TA T T TG TCC T O T T CACCATC T TOTCTACCATTOTOTCC G AN CaTTTT TTCTCATCCCGT CATATACAT
AT AT AR T AT AL T A A AR T A T AR G G T T T T TG GO A AR T T T AT A AL AL O AT G CAGC TG L T AT T T O T T TACTCCCCCACTOTGLCATAGECCATGAAC ACGTGAGAGTGLTACTCCTC
TG AL T T T T CACAGC OO CC T CATACALCT T TATCACTAACTCCGUCCGUTCCATCTCTCGET AT O T AL GL O T CAGCGACT T T CATCTOTGUGL TCAAGLGCACCCACCTCCTCALCCAAGE

TCAAACCTTCTTCOCTCCTTECCALTTOTCT AACCAATGEOCT Accere A A T AR GA T T T T T T T T T AR AL T T AT C AL C T T CCTGAAT T CCCAT T T TATTAT T TCCATTATCAAGATAATCE
TAARTCGUCCGEALGLGECUGTOU T TALGU TCCTGLACATGUCCCCGLATCUCCATGATEACAAGEGCACAACCTCALT
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