Trinity Framework for De novo Transcriptome Assembly and Analysis
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Transcript Reconstruction from RNA-Seq Reads
RNA-Seq reads
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Advancing RNA-Seq analysis

Brian J Haas & Michael C Zody Nature Biotech, 2010

New methods for analyzing RNA-Seq data enable de novo reconstruction of the transcriptome.



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
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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
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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
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Graph Data Structures Commonly Used For Assembly

RNA-Seq reads

(- o 3 - ] Co
] [ [ S —

R s R el

:l:l:, l_ll_][_]ﬁ:l O =3
L E 3 ™ — -

- - CoO = O 3
* Sequence
* Order

Orientation (+, -)
Overlap

< Reads to Graph ;

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



Graph Data Structures Commonly Used For Assembly

RNA-Seq reads

Sequence
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Orientation (+, -)
Overlap
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Reads to Graph

Nodes = sequence (+/-)

GATCGTCCGAGCGATTACA Edges = order, overlap



Read Overlap Graph: Reads as nodes, overlaps as edges




Read Overlap Graph: Reads as nodes, overlaps as edges

Node = read
Edge = overlap




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

Number of alignments (x*2)
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Impractical for typical RNA-Seq data (50M reads)



No genome to aligh to... De novo assembly required
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Want to avoid n? read alighments 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 :I- Re a d 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 :I- Re a d 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 :I- Re a d S

Construct the de Bruijn graph

Nodes = unique k-mers
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)

CCGCC

ACCGC

ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTG CGCCCTCAGCGCTTCCTCTTGTTGGTCGTAG :I- Re a d S

Construct the de Bruijn graph

Nodes = unique k-mers
From Martin & Wang, Nat. Rev. Genet. 2011 Edges = overlap by (k-l)



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 :I- Re a d S

Construct the de Bruijn graph

Nodes = unique k-mers
From Martin & Wang, Nat. Rev. Genet. 2011 Edges = overlap by (k-l)



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 :I- Re a d S

Construct the de Bruijn graph

@GC ceaee

Nodes = unique k-mers
From Martin & Wang, Nat. Rev. Genet. 2011 Edges = overlap by (k-l)



Sequence Assembly via De Bruijn Graphs

Generate all substrings of length k from the reads

ACAGC
CACAG
CCACA
CCCAC
GCCCA C
CGCCC
CCGCC
ACCGC

GCGCT
AGCGC

CAGCG

TCCTG GTCTC

TTEET GGTCT

CTTCC TGGTC TGTTG
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GGTCG
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TCGTA

GTCGT

- k-mers (k=5)

ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTG

CGCCCTCAGCGCTTCCTCTTGTTGGTCGTAG :l- R eda d S

Construct the de Bruijn graph

Sequencing error or SNP

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

Nodes = unique k-mers

From Martin & Wang, Nat. Rev. Genet. 2011 Edges = overlap by (k-l)



Construct the de Bruijn graph

Sequencing error or SNP

TCCTGCTGGTCTCT

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



Collapse the de Bruijn graph
@@@“ i

Traverse the graph

Assemble Transcript Isoforms

------ ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTGGTCGTAG
------ ACCGCCCACAGCGCTTCCT- - - - - - - - CTTGTTGGTCGTAG
------ IERCEEETENCECETIEEE- - - - -- - CTTGTTGGTCGTAG
------ ACCGCCCTCAGCGCTTCCTGCTGGTCTCTTGTTGGTCGTAG

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



Contrasting Genome and Transcriptome Deé 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

jjfrjjﬂ'ﬁ \7



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. Ideally, one graph per expressed gene.



Trinity — How it works:

Li de-Bruiin Transcripts
|ne.ar i j .
contigs graphs
- Isoforms
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— — — >a124:len=48
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>a126:len=66

Thousands of disjoint graphs



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

GATTACA 9




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)

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

 Extend kmer at 3’ end, guided by coverage.

GATTACA{
9



Inchworm Algorithm




Inchworm Algorithm



Inchworm Algorithm



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

Remove assembled kmers from catalog, then repeat the entire process.



\ Inchworm Contigs from Alt-Spliced Transcripts

Expressed isoforms

soform A [ TR
soform e [



Inchworm Contigs from Alt-Spliced Transcripts

Expressed isoforms Expression

soform [l TN (low)
soform s [ (high)

Graphical
representation



Inchworm Contigs from Alt-Spliced Transcripts




, 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 Example 1:
Reconstruction of Alternatively Spliced Transcripts

@ATCC . .TATTCTGAG@
/
Butterfly’s Compacted @ATA.“GCCTGCAG@ 3

Sequence Graph \
2

TATCTTTCTG..GAACCTCAGT(1752nt)




Reconstruction of Alternatively Spliced Transcripts

AATTGAATCC.. TATTCTGAGG(3647nt)

T

Butterfly’s Compacted @ATA...GCCTGCAG@ EY)

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




Reconstruction of Alternatively Spliced Transcripts

AATTGAATCC.. TATTCTGAGG(3647nt)

T

Butterfly’s Compacted @ATA...GCCTGCAG@ 3

Sequence Graph \
2

TATCTTTCTG..GAACCTCAGT(1752nt)

Reconstructed Transcripts

Aligned to Mouse Genome

i HH —H——H—+H H H++HhH
Naa25 Nalpha acteyltransferase 25 (Reference structure)
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[ —& i Hi i i | g | i—& H———

o



Butterfly Example 2:
Teasing Apart Transcripts of Paralogous Genes
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Teasing Apart Transcripts of Paralogous Genes

chr7:148,744,197-148,821,437
NM_007459; Ap2a2 adaptor protein complex AP-2, alpha 2 subunit

e HE

chr7:52,150,889-52,189,508
NM_001077264; Ap2al adaptor protein complex AP-2, alpha 1 subunit
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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!3

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. l-or
| ’d UTP second strand marking” identified as the leading protocol

'LU WNUUIT  UTLIWC il uTETY mitiTT wo uTvTwopTu a suniipgicnensave T nislrivounavdsnaolouny llULlLUUlEIb DoNYdCiiglcalc o 'CJ\ULI
computational pipeline to compare library quality metrics from boundaries of adjacent genes transcribed on opposite strands and
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

l 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 = =
l PCR and paired-end sequencing
y
7

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

Slide courtesy of Joshua Levin, Broad Institute.



Overlapping UTRs from Opposite Strands

Schizosacharomyces pombe
(fission yeast)

chr1: 5,329,037-5,333,190
-

4,137 bp >
pssembied  SHED-E-E - IENENESFNESE SN NS
sequences KSR K K- KA i HE

Forward (0-500)

Read J.“_I_L‘-
o ML,
Reverse

>
HE-E-E1 <
Known SPAPSA3.08
annotation myosin I light chain [ ¢ Q¢ ¢ Qg ¢ ¢ ¢ ¢ ¢ ¢ oy (L gl

SPAPS8A3.09c
Protein phosphatase regulatory subunit Paai



Antisense-dominated Transcription

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

« 8,852 bp >
> > )y ) ) ) )
Assembled < comp3099_c512_seq1;6.726
sequences ¢ ¢ ¢ ( ¢ (£ ¢ ¢ ¢ ¢ ¢ ¢ ( ¢ (¢ ( (£
compl453_c208_seql0;17.408 comp5369_c113_seq5;0.392

[0 - 500]
rorwere un
Read - - ————

Reverse
Known
annotation < < <
EEEE EEMSI KRR
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)

AT TG AT T T T T TG T AT T A A A A AL T TGAAA T C A AR A AT AT AL AL AT T AR T TG TGA T TG AR AA T AT AAT G L AR T T T CGAAC AA T TAAAA T TATGAAAAT AT ACAAAATTGATUGC AL CACACC TAGE c
SO CACTCT O ATCAT S T GAGATAC T AL AL A GACT AT L GTCE AL A CARAGAAL TAAL TTGARE CLGAT IO TECT T TGC AR AL TE TTGACT TAGE ATC TCAGTAS TATAAAAAGE AL TEAT TS TTTTTTTTCAGTCT
GTARAC AL TAGTCS TS G T T T T TG T T T T T TTARATATC AR T T TACE AL AL ARAAAL AAAACAGAAL ARAAC L CATATARACE AL ALCAGE AL CAGE AL TS GECE TTGAGE ATTC TECTTAGATECTAS TEACATAL AGGE
GTGEGE AL AL GAGE S T TOACTCAG T ARGART AT AT AT AT AT AT AT AL T T T TAAC TG T AL AL AR TS TATAG TG ATGACAGE TTCC ARAAGART A AL TE ATAAAAGATATTGECC AT TTCATART TTCACTC T TI T TAL
ACTTATCTCAAAATGTAAGAATZACATCTCATICARATGCTACAT T TAGTAAGAAARTCAGC ARGTARCAGACCARGTCTARCE TCACATTATTTOTCARCAN COTACATOT
ACACTEACA Gee ATGEALTCCATACSGACCATGETCAGE TTGATTT TGTGACCGTGARE ACACACCACAATTTGART
ATCCCARGARAC ATTATTCL ALGAGECAGEGE AL TECARS CARACECECACE CAGTCCCATEGEARAL AL GECACARL TACAGAAL A TACE AL ARGE TEGTGTTC ARGECAAL TEAAAATC ACGE TE TTCAAL COATET
A ARG O O T T T TG L G AT GO AL CACE SO AT AL TC IO AT GO AR C AT AT TAGE C T A CACATC CTAC A GT AN GAAAGTAG TT TOCACACAT T TCCTTACARG TARATTAG TTARCC AC TATEC TGA
TTTCTCAATCCCACACACT 2 AATGEARTSGTGTGETS CATGEGARAGACE AL TC CTCACE ARG TCATE TT T TCACE TTAC AL T TAC TE TC ACGAAT AR AL TEAC ACGEAACARG AR CAGA
ACTCACACACGAGATTCAGACACAAAAC AL TCACGUAAN! TG TCGUCATCACATAATCA TTTTCATCTTC A TCTTAAGCTCCAGECTTAGEGAACALGECACCAACE T
cmucmn-cu-uuc:emx-ccm; 2CoT AL CANCATCACCCCCATZATAAMACATACCTITITCARCCTARANCTZAARANCC ZAGETTARACCCATATTTANTCCTICCATCCCARAG
CACT TAAATCTOTTTCOCAN TATTTATCCATATETCTATCTOCTCTCTCACTCATCAATCAGET ACGTGACTTAATGACTSACACAA, TCoCCoCT
AEARCEZEDT TTTTCCACCTTT GAAGALC) TOAGTCTCAGE AL T T TACS ARGE TC AL GETEGECTGTGE TC AL AT T TCT T COTCARAGTGEGEAS ARCTTCGACTTECTCACTGECE TCAG
GETCALCTCTCCCAGS, TCGEGATETE TTGECTGE TEGEGE TETEARGE CARARC T ACCACE TETEGTCATE T TEGTGECE TS TEE TACT TCTCCCTTGAGECTCTGTGEGTCCAT
CCCEGTTC TG TG ATGE CACAA L GAAL CTGE CACTGAGEGAAE G T C O TG L T C O TGEGTCT e TACACE IO T T T T E e TC AT AL GEC T AL AS TATEGECTAL COARCE CARACTCL CACTGE ATGATS ARAAAGCARE
CCACCTGLTETEASGTCEATGE TATACT TATTCTCTATTOCTGETT ARATGTOCN TTCCTCGAGETEGEAGTS. TECTCTICTTGE TG TCCTGTATGTATGEACACGTATARACACTC
GTARACCCAL TCCTCOTTCICGTTTATATACAATAAT TTARTTZC ST TCARAAATTAATTCACGATCAAAGTCOTTCATGLATT TCTCGATTACANC)
CAGATCTTGTTTTIGET TGO ATO T T TGO TG TGS AR T IO LG TG T T T ATG S T TCAGAAT T CT T AAA T T T T TAG T T T T T TG TAS T TE ARG TCT T T T TOTCAGL AGCTCLCOTE T TECAGARG
SCACTCCAGETARC TCCTCTGOACTTTCCCCTGCACACTC TTTCARARTT T TCT T ICT 2L TAGAAGTTTCCTCTARCE T EACCTCL TCARGTCT ARG TGLARTCAC ATGTGE TTCAALTCCTTTAATATCAT
R A A TG AR AT A AT T A S AT T AR (AT T B A A TGS AT TGt A S G AT A AT G S G T T e T o T2 L T O T T IO T T IO TG AT AT T AR TR0 AT OO CAREALACT T
TCACACTAACT AAGE. A T AR AR AR GAC AL AT T T TAGC AL T CCAGE O TGO AT O T T CAC AT TCCCATCTATAACT TCTAAC AL 'CCCCTTTACATCTCCT AT A ™T
AT PO T A T AR AGA T ARG A AT T T O T AT L GT T C C TG AT ATC L AL TE T AL CTC T ARG CACTGE TC T AR GE TC AT AC ATGTCOCTGACC AC A TG ARG AC TEGACTIC GE AC T AC ACCAGECAGARC
CARGAAC TG CCATCC T EATCUGAAC ALGECCAAGEAAGEGE TACTGAAT TTCCTTOTCAATAAN TcceceTeT TCTAGCTCT AR CTCGAT
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