
Genome&Based+and+Genome&Free+Transcript+
Reconstruc5on+and+Analysis++

Using+RNA&Seq+Data+

Brian+Haas+

Broad+Ins5tute+

Workshop+Overview+

•  Genome&based+and+genome&free+transcript+
reconstruc5on+from+RNA&Seq++

•  Running+the+Tuxedo+and+Trinity+soJware+and+
visualizing+the+results.+

•  Principles+of+transcript+abundance+es5ma5on+

•  Principles+of+differen5al+expression+analysis+

•  Analysis+frameworks+included+in+Tuxedo+and+Trinity+
+



Overview+of+RNA&Seq+

From:+hPp://www2.fml.tuebingen.mpg.de/raetsch/members/research/transcriptomics.html+

Common+Data+Formats+for+RNA&Seq+

>61DFRAAXX100204:1:100:10494:3070/1+
AAACAACAGGGCACATTGTCACTCTTGTATTTGAAAAACACTTTCCGGCCAT+

FASTA+format:+
+

FASTQ+format:+

@61DFRAAXX100204:1:100:10494:3070/1+
AAACAACAGGGCACATTGTCACTCTTGTATTTGAAAAACACTTTCCGGCCAT+
++
ACCCCCCCCCCCCCCCCCCCCCCCCCCCCCBC?CCCCCCCCC@@CACCCCCA+

AsciiEncodedQual+(‘C’)+=+64#

AsciiEncodedQual(x)+=+&10+*+log10(Pwrong(x))+++33+

So,+Pwrong(‘C’)+=++10^(+(64&33/+(&10)+)++=+10^&3.4+++=++0.0004#+++

Read+

Quality+values+



Paired&end+Sequences+

@61DFRAAXX100204:1:100:10494:3070/1+
AAACAACAGGGCACATTGTCACTCTTGTATTTGAAAAACACTTTCCGGCCAT+
++
ACCCCCCCCCCCCCCCCCCCCCCCCCCCCCBC?CCCCCCCCC@@CACCCCCA+

@61DFRAAXX100204:1:100:10494:3070/2+
CTCAAATGGTTAATTCTCAGGCTGCAAATATTCGTTCAGGATGGAAGAACA+
++
C<CCCCCCCACCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCBCCCC+

Two+FastQ+files,+read+name+indicates+
leJ+(/1)+or+right+(/2)+read+of+paired&end+
+

Transcript#Reconstruc3on#from#RNA8Seq#Reads#

Nature+Biotech,+2010+



Transcript#Reconstruc3on#from#RNA8Seq#Reads#

TopHat+

Transcript#Reconstruc3on#from#RNA8Seq#Reads#

Cufflinks+

TopHat+



Transcript#Reconstruc3on#from#RNA8Seq#Reads#

Trinity+

GMAP+Cufflinks+

TopHat+ The#Tuxedo#Suite:#
End&to&end+Genome&based+

RNA&Seq+Analysis++
SoJware+Package+

Transcript#Reconstruc3on#from#RNA8Seq#Reads#

Trinity+

Cufflinks+

TopHat+



Transcript#Reconstruc3on#from#RNA8Seq#Reads#

Trinity+

GMAP+Cufflinks+

TopHat+

Transcript#Reconstruc3on#from#RNA8Seq#Reads#

+
!Trinity+

GMAP+

End&to&end+Transcriptome&based+
RNA&Seq+Analysis++
SoJware+Package+



Overview+of+the+Tuxedo+SoJware+Suite+

Bow5e+(fast+short&read+alignment)+

TopHat+(spliced+short&read+alignment)+

Cufflinks+(transcript+reconstruc5on+from+alignments)+

Cuffdiff+(differen5al+expression+analysis)+

CummeRbund+(visualiza5on+&+analysis)+

Slide+courtesy+of+Cole+Trapnell+



The+TopHat+Pipeline+

From+Trapnell,+Pachter,+&+Salzberg.+Bioinforma5cs.+2009+++

0       61G9EAAXX100520:5:100:10095:16477 
1       83 
2       chr1 
3       51986 
4       38 
5       46M 
6       = 
7       51789 
8       -264 
9       CCCAAACAAGCCGAACTAGCTGATTTGGCTCGTAAAGACCCGGAAA 
10      ###CB?=ADDBCBCDEEFFDEFFFDEFFGDBEFGEDGCFGFGGGGG 
11      MD:Z:67 
12      NH:i:1 
13      HI:i:1 
14      NM:i:0 
15      SM:i:38 
16      XQ:i:40 
17      X2:i:0 
 

Alignments+are+reported+in+a+compact+representa5on:+SAM+format+

SAM+format+specifica5on:++hPp://samtools.sourceforge.net/SAM1.pdf+



0       61G9EAAXX100520:5:100:10095:16477 
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4       38 
5       46M 
6       = 
7       51789 
8       -264 
9       CCCAAACAAGCCGAACTAGCTGATTTGGCTCGTAAAGACCCGGAAA 
10      ###CB?=ADDBCBCDEEFFDEFFFDEFFGDBEFGEDGCFGFGGGGG 
11      MD:Z:67 
12      NH:i:1 
13      HI:i:1 
14      NM:i:0 
15      SM:i:38 
16      XQ:i:40 
17      X2:i:0 
 

Alignments+are+reported+in+a+compact+representa5on:+SAM+format+

(read+name)+
(FLAGS+stored+as+bit+fields;+83+=+00001010011+)+

(alignment+target)+
(posi5on+alignment+starts)+

(Compact+descrip5on+of+the+alignment+in+CIGAR+format)+

(Metadata)+

(read+sequence,+oriented+according+to+the+forward+alignment)+

(base+quality+values)+

SAM+format+specifica5on:++hPp://samtools.sourceforge.net/SAM1.pdf+

0       61G9EAAXX100520:5:100:10095:16477 
1       83 
2       chr1 
3       51986 
4       38 
5       46M 
6       = 
7       51789 
8       -264 
9       CCCAAACAAGCCGAACTAGCTGATTTGGCTCGTAAAGACCCGGAAA 
10      ###CB?=ADDBCBCDEEFFDEFFFDEFFGDBEFGEDGCFGFGGGGG 
11      MD:Z:67 
12      NH:i:1 
13      HI:i:1 
14      NM:i:0 
15      SM:i:38 
16      XQ:i:40 
17      X2:i:0 
 

Alignments+are+reported+in+a+compact+representa5on:+SAM+format+

(read+name)+
(FLAGS+stored+as+bit+fields;+83+=+00001010011+)+

(alignment+target)+
(posi5on+alignment+starts)+

(Compact+descrip5on+of+the+alignment+in+CIGAR+format)+

(Metadata)+

(read+sequence,+oriented+according+to+the+forward+alignment)+

(base+quality+values)+

S5ll+not+compact+enough…+++
Millions+to+billions+of+reads+takes+up+a+lot+of+space!!+

+
Convert+SAM+to+binary+–+BAM+format.+

SAM+format+specifica5on:++hPp://samtools.sourceforge.net/SAM1.pdf+



Samtools+
•  Tools+for++

–  conver5ng++SAM+<&>+BAM+

–  Viewing+BAM+files++(eg.++samtools+view+file.bam+|+less+)+

–  Sor5ng+BAM+files,+and+lots+more:+

Visualizing+Alignments++
of+RNA&Seq+reads+



Text&based+Alignment+Viewer+
%++samtools+tview++alignments.bam++target.fasta+

IGV+



IGV:+Viewing+Tophat+Alignments+

Transcript+Reconstruc5on+Using+Cufflinks+

From+Mar5n+&+Wang.+Nature+Reviews+in+Gene5cs.+2011+



Transcript+Reconstruc5on+Using+Cufflinks+

From+Mar5n+&+Wang.+Nature+Reviews+in+Gene5cs.+2011+

From+Mar5n+&+Wang.+Nature+Reviews+in+Gene5cs.+2011+

Transcript+Reconstruc5on+Using+Cufflinks+



Transcript+Structures+in+GTF+Format+
(tab&delimited+fields+per+line+shown+transposed+to+a+column+format+here)+

0+++++++7000000090838467+
1+++++++Cufflinks+
2+++++++transcript+
3+++++++101+
4+++++++5716+
5+++++++1000+
6+++++++++
7+++++++.+
8+++++++gene_id+"CUFF.1";+transcript_id+"CUFF.1.1";+FPKM+"378.0239937260“+
+
0+++++++7000000090838467+
1+++++++Cufflinks+
2+++++++exon+
3+++++++101+
4+++++++5716+
5+++++++1000+
6+++++++++
7+++++++.+
8+++++++gene_id+"CUFF.1";+transcript_id+"CUFF.1.1";+exon_number+"1";+FPKM+"378.0239937260“+
+

(genomic+con5g+iden5fier)+

(strand)+

(leJ+coordinate)+
(right+coordinate)+

(annota5ons)+

Demo:+Tuxedo+and+IGV+

•  Run+Tophat+to+align+reads+to+the+genome+
+

•  Reconstruct+transcripts+using+cufflinks+

•  View+genome&aligned+reads+and+
reconstructed+transcripts+using+IGV+



De!novo!transcriptome+assembly+

No+genome+required+

+

Empower+studies+of+non&model+organisms+
– expressed+gene+content+
–  transcript+abundance+
– differen5al+expression+

The+General+Approach+to++
De!novo!RNA&Seq+Assembly+
Using+De+Bruijn+Graphs+



Sequence+Assembly+via+De+Bruijn+Graphs+

From+Mar5n+&+Wang,+Nat.+Rev.+Genet.+2011+

From+Mar5n+&+Wang,+Nat.+Rev.+Genet.+2011+



From+Mar5n+&+Wang,+Nat.+Rev.+Genet.+2011+

Contras3ng#Genome#and#Transcriptome#Assembly#

Genome#Assembly# Transcriptome#Assembly#

•  Uniform+coverage+
•  Single+con5g+per+locus+
•  Double&stranded+

•  Exponen5ally+distributed+coverage+levels+
•  Mul5ple+con5gs+per+locus+(alt+splicing)+
•  Strand&specific+



Trinity+Aggregates+Isolated+Transcript+Graphs+

Genome#Assembly#
Single+Massive+Graph+

Trinity#Transcriptome#Assembly#
Many+Thousands+of+Small+Graphs+

Ideally,+one+graph+per+expressed+gene.+En5re+chromosomes+represented.+

RNA8Seq#
reads#

Linear#
con3gs#

de8Bruijn#
graphs#

Transcripts#
+#

Isoforms#

Trinity+–+How+it+works:+

Thousands+of+disjoint+graphs+



Inchworm+Algorithm+
Decompose+all+reads+into+overlapping+Kmers+(25&mers)+

Extend+kmer+at+3’+end,+guided+by+coverage.+
G+

A+

T+

C+

Iden5fy+seed+kmer+as+most+abundant+Kmer,+ignoring+low&complexity+kmers.+

GATTACA#
9+

Inchworm+Algorithm+
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C+
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GATTACA#
9+
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GATTACA#

G#

A#

4+

9+

5+

A#
6+

A#
7+

Inchworm+Algorithm+

Remove+assembled+kmers+from+catalog,+then+repeat+the+en5re+process.+

Report+con5g:++++++….AAGATTACAGA….##

Inchworm+Con5gs+from+Alt&Spliced+Transcripts+

Isoform+A+

Isoform+B+

Expressed+isoforms+



Inchworm+Con5gs+from+Alt&Spliced+Transcripts+

Isoform+A+

Isoform+B+

Graphical+
representa5on+

Expressed+isoforms+
(low)+
(high)+

Expression+

Inchworm+Con5gs+from+Alt&Spliced+Transcripts+



Inchworm+Con5gs+from+Alt&Spliced+Transcripts+

+# No+k&mers+
in+common+

Inchworm+Con5gs+from+Alt&Spliced+Transcripts+

+#



Chrysalis+Re&groups+Related+Inchworm+Con5gs+

+#

Chrysalis+uses+(k&1)+overlaps+and+read+
support+to+link+related+Inchworm+con5gs+

Chrysalis+

Integrate+isoforms+
via+k&1+overlaps+ Build+de+Bruijn+Graphs+

(ideally,+one+per+gene)+



Thousands+of+Chrysalis+Clusters+

(isoforms+and+paralogs)+



BuPerfly+Example+1:++
Reconstruc5on+of+Alterna5vely+Spliced+Transcripts+

BuPerfly’s+Compacted+
Sequence+Graph+

Reconstructed+Transcripts+

Aligned+to+Mouse+Genome+

Reconstruc5on+of+Alterna5vely+Spliced+Transcripts+

BuPerfly’s+Compacted+
Sequence+Graph+

Reconstructed+Transcripts+

Aligned+to+Mouse+Genome+



Reconstruc5on+of+Alterna5vely+Spliced+Transcripts+

BuPerfly’s+Compacted+
Sequence+Graph+

Reconstructed+Transcripts+

Aligned+to+Mouse+Genome+

Reconstruc5on+of+Alterna5vely+Spliced+Transcripts+

BuPerfly’s+Compacted+
Sequence+Graph+

Reconstructed+Transcripts+

Aligned+to+Mouse+Genome+

(Reference+structure)+



Teasing+Apart+Transcripts+of+Paralogous+Genes+

Ap2a1! Ap2a2!

BuPerfly+Example+2:+

Teasing+Apart+Transcripts+of+Paralogous+Genes+

Ap2a1! Ap2a2!



Trinity+output:+A+mul5&fasta+file+

Can#align#Trinity#transcripts#to#genome#scaffolds#to#examine#intron/exon#structures#
(Trinity+transcripts+aligned+using+GMAP)+



Trinity+Demo+

•  Assemble+RNA&Seq+using+Trinity+

•  Examine+Trinity+in+context+of+a+genome:+
– Align+Trinity+transcripts+to+the+genome+using+
GMAP+

– Align+rna&seq+reads+to+genome+using+Tophat+

– Visualize+all+alignments+using+IGV+

Improved+reconstruc5on+with+deeper+sequencing+depth+
and+

Genome&based+reconstruc5on+is++
more+sensi5ve+than+de+novo+methods+

0#
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2000#
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4000#
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6000#

7000#

8000#

9000#

0# 10# 20# 30# 40# 50# 60#

Cufflinks/Gsnap#

Trinity#

Million+PE+reads+

#+Genes+w/+fully+
reconstructed+
transcripts+

Mouse+data+



Strand&specific+RNA&Seq+is+Preferred+
Computa5onally:+fewer+confounding+graph+structures+in+de+novo+assembly:+
++++++++++++++++ex.++Forward+!=+reverse+complement++

+++++++++++++++++++++(GGAA+!=+TTCC)+
Biologically:+separate+sense+vs.+an5sense+transcrip5on+
+

Overlapping#UTRs#from#Opposite#Strands#

Schizosacharomyces!pombe!
(fission+yeast)+



An5sense&dominated+Transcrip5on+

Summary+

•  Two+paradigms+for+transcript+reconstruc5on+
–  Rna&seq+alignment+assembly+

•  Tuxedo+(tophat,+cufflinks)+

–  genome&free+de+novo+read+assembly+
•  Trinity+

•  OJen+best+to+pursue+both+strategies+
– Maximize+sensi5vity+for+genome&based+transcript+
reconstruc5on+++capture+missing+or+ill&represented+
transcripts+via+de+novo+assembly.+



Abundance+Es5ma5on+
(Aka.+Compu5ng+Expression+Values)+

Slide+courtesy+of+Cole+Trapnell+

Ex
pr
es
si
on

+V
al
ue

+



Slide+courtesy+of+Cole+Trapnell+

Ex
pr
es
si
on

+V
al
ue

+

Normalized+Expression+Values+
+
•  Transcript&mapped+read+counts+are+
normalized+for+both+length+of+the+transcript+
and+total+depth+of+sequencing.+

•  Reported+as:+Number+of+RNA&Seq+Fragments++
++++Per+Kilobase+of+transcript+
++++++++++++per+total+Million+fragments+mapped+

FPKM#



Mul5ply&mapped+Reads+Confound+
Abundance+Es5ma5on+

Blue+=+mul5ply&mapped+reads+
Red,+Yellow+=+uniquely&mapped+reads+

Isoform#A#

Isoform#B#

+EM+++++

Mul5ply&mapped+Reads+Confound+
Abundance+Es5ma5on+

Blue+=+mul5ply&mapped+reads+
Red,+Yellow+=+uniquely&mapped+reads+

Isoform#A#

Isoform#B#

+EM+++++

Use+Expecta5on+Maximiza5on+(EM)+to+find+the+
most+likely+assignment+of+reads+to+transcripts.+
+
Performed+by:++
•  Cufflinks+and+Cuffdiff+(Tuxedo)+
•  RSEM+
•  eXpress+



Differen5al+Expression+Analysis+
Using+RNA&Seq+

Normaliza5on+Required+
Otherwise,+housekeeping+genes+look+diff+expressed++

due+to+sample+composi5on+differences+
Subset+of+genes+
highly+expressed+
in+liver+

Technical+
+replicates+

Liver+&+kidney+

Robinson+and+Oshlack,+Genome+Biology,+2010+



Diff.+Expression+Analysis+Involves+

•  Coun5ng+reads+
•  Sta5s5cal+significance+tes5ng+

Gene#A#

Sample_A# Sample_B#

Gene#B#

Fold_Change# Significant?#

1+ 2+ 2&fold+

100+ 200+ 2&fold+

No+

Yes+

Observed+RNA&Seq+Counts+Result+from+Random+
Sampling+of+the+Popula5on+of+Reads+

Technical+varia5on+in+RNA&Seq+counts+per+feature+is++
well+modeled+by+the+Poisson+distribu5on+

(observed+read+counts)+

Mean+#+fragments+

See:+hPp://en.wikipedia.org/wiki/Poisson_distribu5on+



Example:+One+gene*not*+differen5ally+expressed+
SampleA(gene)+=+SampleB(gene)+=+4+reads+

(k)+number+of+reads+observed+

de
ns
ity

+

Distribu3on#of#observed#counts#for#single#gene#
(under#Poisson#model)#

x+=+log2(SampleA/SampleB)+

de
ns
ity

+

same+

2&fold+diff+

4&fold+diff+

Dist.#of#log2(fold#change)#values#

SampleA(geneX)+
SampleB(geneX)+

Beware+of+concluding+fold+change+
from+small+numbers+of+counts+

From:+hPp://gkno2.tumblr.com/post/24629975632/thinking&about&rna&seq&experimental&design&for+

Poisson+distribu5ons+for+counts+based+on+28fold#expression+differences+

No+confidence+in+2&fold+
difference.+Likely+
observed+by+chance.+

High+confidence+in+2&fold+
difference.+Unlikely+
observed+by+chance.+



More+Counts+=+More+Sta5s5cal+Power+

SampleA#

Example:++5000+total+reads+per+sample.+

Sample#B#

geneA# 1+ 2+

Fisher’s#Exact#Test#
(P8value)#

geneB# 10+ 20+

1.00+

0.098+

100+ 200+ <+0.001+geneC#

Observed+2&fold+differences+in+read+counts.+

Tools+for+DE+analysis+with+RNA&Seq+

See:+hPp://www.biomedcentral.com/1471&2105/14/91+

ShrinkSeq+
NoiSeq+
baySeq+
Vsf+
Voom+
SAMseq+
TSPM+
DESeq+
EBSeq+
NBPSeq+
edgeR+

++other+(not&R)+
including+CuffDiff+



Visualiza5on+of+DE+results+
and+Expression+Profiling+

Volcano+plot+
(+fold+change+vs.+significance)+

MA+plot+
(abundance+vs.+fold+change)+

Significantly+differently+expressed+transcripts+have+FDR+<=+0.001+
(shown+in+red)+

PloÅng+Pairwise+Differen5al+Expression+Data+

Log2+Average+Expression+level+(M+of+MA)+Log2+(fold+change)+
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+(f
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d+
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A
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A
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0+(
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Comparing+Mul5ple+Samples+

Heatmaps+provide+an+effec5ve+tool+
for+naviga5ng+differen5al+expression+across+
mul5ple+samples.+
+
Clustering+can+be+performed+across+both+axes:+

+&cluster+transcripts+with+similar+expression+
+paPers.+
+&cluster+samples+according+to+similar+
+expression+values+among+transcripts.+
++

Examining+PaPerns+of+Expression+Across+Samples+
Can+extract+clusters+of+transcripts+and+examine+them+separately.+



RNA&Seq+Analysis+Frameworks+

Tuxedo+Framework+for+Transcriptome+Analysis+

Derived+from:+Nat+Protoc.+2012+Mar+1;7(3):562&78.+doi:+10.1038/nprot.2012.016.+



Full+Tuxedo+Framework+Demo+

•  See:++Tuxedo_workshop_ac5vi5es.pdf+

Trinity+Framework+for+Transcriptome+Analysis+



Full+Trinity+Framework+Demo+

•  See+Trinity_workshop_ac5vi5es.pdf+

Summary+of+Key+Points+
•  RNA&Seq+is+a+versa5le+method+for+transcriptome+analysis+

enabling+quan5fica5on+and+novel+transcript+discovery.+

•  Genome&based+and+genome&free+methods+exist+for+transcript+
reconstruc5on+

•  Expression+quan5fica5on+is+based+on+sampling+and+coun5ng+
reads+derived+from+transcripts+

•  Fold+changes+based+on+few+read+counts+lack+sta5s5cal+
significance.+

•  Mul5ple+analysis+frameworks+are+available+–+alterna5ve+and+
oJen+complementary+approaches+to+support+biological+
inves5ga5ons.+

+



SoJware+Links+
•  Tuxedo+

–  Bow5e:+hPp://bow5e&bio.sourceforge.net/index.shtml+
–  Tophat:+hPp://tophat.cbcb.umd.edu/+
–  Cufflinks:+hPp://cufflinks.cbcb.umd.edu/+

•  Trinity+
hPp://trinityrnaseq.sourceforge.net/+

•  IGV+for+Visualiza5on+
hPp://www.broadins5tute.org/igv/+

•  GMAP+
hPp://research&pub.gene.com/gmap/+

•  Samtools+
hPp://samtools.sourceforge.net/+

Papers+of+Interest+

•  Next+genera5on+transcriptome+assembly+
–  hPp://www.nature.com/nrg/journal/v12/n10/full/nrg3068.html+

•  Tuxedo+protocol+
–  hPp://www.ncbi.nlm.nih.gov/pmc/ar5cles/PMC3334321/+

•  Trinity+
–  hPp://www.ncbi.nlm.nih.gov/pmc/ar5cles/PMC3571712/+

–  hPp://www.nature.com/nprot/journal/v8/n8/full/nprot.2013.084.html+


