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(With	  some	  slides	  borrowed	  from	  Sco:	  Hunicke-‐
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Some	  background	  
•  Research	  scienEst-‐	  
bioinformaEcian	  at	  
CBRS.	  
–  RNA-‐Seq	  
– Genome	  Assembly	  
–  Exome	  data	  analysis	  
–  Benchmarking	  of	  tools	  

•  Training	  
– Grad	  students,	  post-‐docs.	  
– Undergraduate-‐	  FRI	  



Goals	  of	  the	  Class	  
•  When	  considering	  an	  RNA-‐Seq	  experiment	  
– What	  kind	  of	  opEons	  are	  available	  for	  library	  prep?	  
	  

•  When	  you	  have	  an	  RNA-‐Seq	  dataset	  
– What	  kind	  of	  opEons	  are	  available	  for	  analysis?	  
	  

•  Hands-‐on	  experience	  running	  typical	  RNA-‐Seq	  
workflows	  on	  TACC	  	  
–  Some	  unix,	  R,	  TACC	  skills	  

•  Learn	  the	  terminology	  
	  

	  
	  



SeUng	  General	  ExpectaEons	  

•  Lots	  of	  background	  and	  basics	  to	  provide	  comfort	  
with	  terminology	  and	  key	  concepts.	  

	  
•  Exposure	  to	  commands	  and	  typically	  used	  
analysis	  tools	  using	  an	  example	  RNA-‐Seq	  dataset.	  
– No	  one	  ‘best’	  or	  ‘standard’	  tool.	  	  

•  A	  starEng	  point	  for	  you	  to	  design	  your	  RNA-‐Seq	  
study	  or	  analyze	  your	  dataset.	  



Resources	  
•  BioIteam	  Wiki-‐	  Bookmark	  it!	  
	  	  	  	  h:ps://wikis.utexas.edu/display/bioiteam	  
	  
•  Summer	  School	  course	  materials:	  
h:ps://wikis.utexas.edu/display/bioiteam/
IntroducEon+to+RNA+Seq+Course	  

•  Byte	  Club:	  Meets	  Third	  Wednesday	  of	  every	  month	  
•  h:ps://wikis.utexas.edu/display/bioiteam/Byte+Club	  

•  CCBB	  BioinformaEcs	  consultants	  
	  
	  
	  



What	  is	  Next	  GeneraEon(or)	  Second	  
GeneraEon	  Sequencing?	  



So, what’s so great about 
second generation sequencing?

• + Sequence 
lots more, faster!  

• + More cost 
effective.



So, what’s NOT so great about 
second generation sequencing?

• Data deluge 

• Bioinformaticians 
and computational 
biologists  to the 
rescue!



Who are the players?



What	  is	  Next	  GeneraEon(or)	  Second	  
GeneraEon	  Sequencing?	  
How do next generation 

sequencers work? !

•  Attach a short DNA template 
on a chip. !

•  Flood with polymerase, 
fluorescent labeled 
nucleobases.!

•  When a complementary base 
is generated, take a picture of 
the fluorescence. !

•  Do this for millions/billions of 
templates at the same time. !

http://www.cegat.de/!

Sequencers simply 
observe DNA Replication !



How do next generation 
sequencers work?!



How does the sequencer 
work?

• Library prep 

• Cluster generation/
amplification 

• Sequencing by synthesis 

• Done in parallel for billions 
clusters at once. 

• Let’s watch the official Illumina 
video.

http://www.cegat.de/



Different Types of Illumina Sequencers

allseq.com/knowledgebank/sequencing-platforms/illumina



Multiplexing

• Sample specific Indexes/
Barcodes are attached to 
the DNA template. 

• 6-8bp indexes/barcodes 

• Data off the sequencer 
must first be 
demultiplexed to identify 
which reads belong to 
which sample.

https://doi.org/10.2147/BLCTT.S51503



What	  are	  the	  LimaEons/Challenges?	  

•  AmplificaEon	  can	  cause	  problems.	  	  
– Clusters	  are	  made	  by	  using	  PCR	  
amplificaEon.	  

•  Reads	  are	  short	  
– difficult	  to	  align,	  assemble.	  
–  too	  short	  to	  span	  long	  repeat	  
regions.	  

– Difficult	  to	  detect	  large	  structural	  
variaEons	  	  like	  inversions.	  



What	  is	  RNA-‐Seq?	  
•  Examine	  the	  state	  of	  the	  	  
	  	  	  	  	  transcriptome.	  
	  
•  Genes	  expression	  pa:erns	  vary	  in:	  
–  Tissue	  types	  
–  Cell	  types	  
– Development	  stages	  
– Disease	  condiEons	  
–  Time	  points	  

	  
•  RNA-‐Seq	  measures	  these	  expression	  variaEons	  
using	  high-‐throughput	  sequencing	  technologies.	  

	  



What	  is	  RNA-‐Seq?	  
	  
•  RNA-‐Seq	  measures	  these	  expression	  variaEons	  
– At	  gene	  level	  
– At	  isoform	  level	  

	  



Other	  Uses	  of	  RNA-‐Seq	  

l  Assembling	  and	  annotaEng	  a	  transcriptome	  
l  CharacterizaEon	  of	  alternaEve	  splicing	  
pa:erns	  

l  Gene	  fusion	  detecEon	  
l  Small	  RNA	  profiling	  
l  Targeted	  approaches	  using	  RNA-‐Seq	  
l  Direct	  RNA	  sequencing	  



Advantages	  of	  RNA-‐Seq	  

RNA-Seq: a revolutionary tool for transcriptomics

Zhong Wang, Mark Gerstein, and Michael Snyder
Zhong Wang and Michael Snyder are at the Department of Molecular, Cellular and Developmental
Biology, and Mark Gerstein is at the Department of Molecular, Biophysics and Biochemistry, Yale
University, 219 Prospect Street, New Haven, Connecticut 06520, USA.

Abstract
RNA-Seq is a recently developed approach to transcriptome profiling that uses deep-sequencing
technologies. Studies using this method have already altered our view of the extent and complexity
of eukaryotic transcriptomes. RNA-Seq also provides a far more precise measurement of levels of
transcripts and their isoforms than other methods. This article describes the RNA-Seq approach, the
challenges associated with its application, and the advances made so far in characterizing several
eukaryote transcriptomes.

The transcriptome is the complete set of transcripts in a cell, and their quantity, for a specific
developmental stage or physiological condition. Understanding the transcriptome is essential
for interpreting the functional elements of the genome and revealing the molecular constituents
of cells and tissues, and also for understanding development and disease. The key aims of
transcriptomics are: to catalogue all species of transcript, including mRNAs, non-coding RNAs
and small RNAs; to determine the transcriptional structure of genes, in terms of their start sites,
5′ and 3′ ends, splicing patterns and other post-transcriptional modifications; and to quantify
the changing expression levels of each transcript during development and under different
conditions.

Various technologies have been developed to deduce and quantify the transcriptome, including
hybridization-or sequence-based approaches. Hybridization-based approaches typically
involve incubating fluorescently labelled cDNA with custom-made microarrays or commercial
high-density oligo microarrays. Specialized microarrays have also been designed; for example,
arrays with probes spanning exon junctions can be used to detect and quantify distinct spliced
isoforms1. Genomic tiling microarrays that represent the genome at high density have been
constructed and allow the mapping of transcribed regions to a very high resolution, from several
base pairs to ~100 bp2–5. Hybridization-based approaches are high throughput and relatively
inexpensive, except for high-resolution tiling arrays that interrogate large genomes. However,
these methods have several limitations, which include: reliance upon existing knowledge about
genome sequence; high background levels owing to cross-hybridization6,7; and a limited
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What	  are	  your	  ques)ons	  ?	  

•  This	  determines	  how	  you	  set	  up	  your	  experiment	  
and	  how	  you	  analyze	  the	  data.	  

•  What	  are	  you	  looking	  for?	  
– AnnotaEng	  a	  transcriptome?	  
– DifferenEal	  expression?	  

•  Novel	  transcripts/isoforms,	  juncEons?	  
•  DifferenEal	  gene	  expression?	  
•  DifferenEal	  exon	  level	  counts?	  
•  DifferenEal	  regulaEon?	  

–  Small	  RNA?	  
	  



RNA-‐Seq…	  at	  it’s	  Most	  Basic	  Form	  

Samples	  from	  two	  
condiEons	  

Isolate	  RNA	   Generate	  cDNA	  

Create	  sequencing	  library	  by	  
fragmenEng,	  size	  selecEon	  

and	  adding	  adaptors	  

Run	  sequencer	  Generate	  short	  
reads	  

IdenEfy	  differenEally	  
expressed	  genes	  



RNA	  Illumina	  Tru-‐Seq	  library	  prep	  
2	  days	  for	  8	  sam

ples	  

Size	  selecEon	  step	  

Adaptor	  ligaEon	  and	  
standard	  library	  
preparaEon	  



RNA-‐Seq	  Libraries…	  with	  More	  Details	  

Isolate	  RNA	   Generate	  cDNA	   Fragment,	  ligate	  adapters	  
to	  create	  seq	  library	  

A.	  rRNA	  Deple)on	  

Ribominus	  kit	  

B.	  Normalized	  library	  

Image	  from	  :www.genxpro.info	  

C.	  Size	  selec)on	  

Reserved	  for	  
miRNA,	  
siRNA	  
profiling	  



RNA-‐Seq	  Libraries…	  with	  More	  Details	  

Isolate	  
RNA	  

Generate	  
cDNA	  

Fragment,	  ligate	  adapters	  
to	  create	  seq	  library	  

Second	  Strand	  Synthesis-‐	  	  
Many	  Strand	  Specific	  
Methods.	  

Strand-‐specific	  libraries	  for	  high	  
throughput	  RNA	  sequencing	  prepared	  
without	  poly(A)	  selecEon,	  Zhang	  et	  al.	  



RNA-‐Seq…	  at	  it’s	  Most	  Basic	  Form	  

Samples	  from	  two	  
condiEons	  

Isolate	  RNA	   Generate	  cDNA	  

Create	  sequencing	  library	  by	  
size	  selecEon	  and	  adding	  

adaptors	  

Run	  sequencer	  Generate	  short	  
reads	  

IdenEfy	  differenEally	  
expressed	  genes	  



What	  is	  an	  adaptor?	  

Adaptor:	  
	  
•  Allows	  the	  template	  DNA	  to	  a:ach	  to	  the	  flowcell/cluster	  
•  Has	  	  primer	  sequences	  to	  start	  synthesis	  off	  of.	  
•  Has	  barcodes/indexes	  for	  mulEplexing	  



Types	  of	  Illumina	  Fragment	  Libraries	  Types of Illumina fragment libraries 



From	  RNA-‐seqlopedia	  

Actually	  important!	  

Actually	  important!	  



Comparing	  Stranded	  RNA-‐Seq	  Library	  Protocols	  

Figure 2. Key criteria for evaluation of strand-specific RNAseq libraries
Four categories of quality assessment. Double stranded genome (black parallel lines), with
Gene ORF orientation (thick blue arrow) and UTRs (thin blue line), along with mapped
reads (short black arrows – reads mapped to sense strand; red – reads mapped to antisense
strand). (a) Complexity. (b) Strand Specificity. (c) Evenness of coverage. (d) Comparison to
known transcript structure‥
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Comprehensive	  compara)ve	  analysis	  of	  strand-‐specific	  RNA	  
sequencing	  methods,	  Levin	  et	  al,	  	  2010	  

3’#TAGSEQ*#An#Alterna1ve#to#Whole#
RNA*Seq

Targeting the 3’ prime end of RNA 
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WHY$TAGSEQ?
• Cheaper to 

sequence 3’ end 
instead of the 
entire RNA. 

• Amount of input 
RNA required is 
less. 

• You can still 
identify differential 
expression.

Gene

Gene

RNA-Seq

3’ TAG-Seq

Condition 1

Condition 2
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WHY$NOT$TAGSEQ?

• If you want to look 
at differential 
splicing 

• If you want to 
identify 
polymorphisms in 
gene sequences

Gene

Gene

RNA-Seq

3’ TAG-Seq

Condition 1

Condition 2
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Whole&RNA*Seq&vs&TagSeq

third quartile. Most notably, whole mRNAseq performed
very poorly in the lowest abundance class (relative con-
centration of 0.014–0.45 attamols/lL), and TagSeq sub-
stantially outperformed whole mRNAseq in the second
abundance class (relative concentration of 0.92–7.3 atta-
mols/lL, Fig. 3).

With respect to stickleback (noncontrol) transcript
counts, the mean Rho among technical replicates of
TagSeq samples was 0.96. Due to the high cost of
NEBNext! library generation and sequencing (~$340
per sample), we did not perform technical replicates
using this method. We found a strong significant pos-
itive correlation between stickleback gene counts gen-
erated with TagSeq and whole mRNAseq (Rho = 0.74,
P < 0.001). This is likely an underestimate of the
actual correlation between the two library construc-
tion methods because whole mRNAseq performs very
poorly when RNAs are in moderate to low abun-
dance (first and second abundance classes, Fig. 3).
Given that 9572 loci are in the bottom half of gene
counts, even small differences in absolute counts
between the methods will strongly influence the rank-
based statistic.

Fig. 1 Regression of observed vs. expected ERCC transcripts shows TagSeq has higher adjusted R2 values for four different biological
samples prepared with both methods (paired t-test, t = 18.63, d.f. = 3, P < 0.001).

Fig. 2 TagSeq more accurately recovers a known distribution of
control mRNA fragments (ERCC) than whole mRNAseq (mean
Rho for TagSeq is higher than mean Rho for whole mRNAseq,
paired t-test, t = 12.20, d.f. = 3, P = 0.001).

© 2016 John Wiley & Sons Ltd

1318 B . K . LOHMAN, J . N . WEBER and D. I . BOLNICK

TagSeq&recovers&
known&
concentrations&
of&mRNA&(ERCC&
controls)&with&
more&accuracy&
than&whole&
mRNASeq

Lohman&et&al,&Molecular&Ecology&Resources,&2016
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Why	  is	  RNA-‐Seq	  Difficult?	  

•  Biases	  may	  mean	  what	  we	  are	  
seeing	  is	  not	  reflecEve	  of	  true	  
state	  of	  the	  transcriptome.	  

•  Ugh,	  splicing!	  
•  Gene	  level,	  exon	  level?	  
•  MulEmapping,	  parEal	  mapping,,	  
not	  mapping.	  

•  NormalizaEon	  issues	  
–  	  some	  datasets	  are	  larger	  than	  
others,	  some	  genes	  are	  larger	  than	  
others	  

From	  Wikipedia-‐	  alternaEve	  splicing	  
	  



Illumina	  Fastq	  file	  Read sequences 

FASTQ Format 
@HWI-EAS216_91209:1:2:454:192#0/1 
GTTGATGAATTTCTCCAGCGCGAATTTGTGGGCT 
+HWI-EAS216_91209:1:2:454:192#0/1 
B@BBBBBB@BBBBAAAA>@AABA?BBBAAB??>A? 
 

Line 1: @read name 
Line 2: called base sequence 
Line 3: +read name (optional after +) 
Line 4: base quality scores 



Illumina	  Base	  Quality	  Scores	  Deciphering base quality scores 

Quality character  !"#$%&'()*+,-./0123456789:;<=>?@ABCDEFGHI!
                   |         |         |         |         | !
ASCII Value        33        43        53        63        73!
Base Quality (Q)   0         10        20        30        40!

* Very low quality scores can mean something special – 
Illumina Q ≤ 3 means something like: "I'm lost, you might 
want to stop believing sequencing cycles from here on out." 

* In older FASTQ files, the formula and ASCII offset might differ. 
 Consult: http://en.wikipedia.org/wiki/FASTQ_format 

Probability of Error = 10–Q/10 
(This is a Phred score, also used for other types of qualities.)  

h"p://www.asciitable.com/2

Phred	  Quality	  Score	   Probability	  of	  incorrect	  
base	  call	  

Base	  call	  accuracy	  

10	   1	  in	  10	   90%	  

20	   1	  in	  100	   99%	  

30	   1	  in	  1000	   99.9%	  

Quality	  scores	  are	  ASCII	  encoded	  in	  fastq	  files.	  Different	  plakorms/older	  sequencing	  
data	  can	  have	  different	  encoding!	  Illumina	  HiSeq	  2500	  produces	  Sanger	  encoded	  data.	  	  

	   	   	   	   	   	  Phred	  +33	  =ASCII	  

	  	  	  Q=	  -‐10log10P	  	  



How	  do	  we	  analyze	  RNA-‐Seq	  data?	  

•  STEP	  1:	  EVALUATE	  AND	  MANIPULATE	  RAW	  
DATA	  

•  STEP	  2:	  MAP	  TO	  REFERENCE,	  ASSESS	  RESULTS	  
•  STEP	  3:	  ASSEMBLE	  TRANSCRIPTS	  
•  STEP	  4:	  QUANTIFY	  TRANSCRIPTS	  
•  STEP	  5:	  TEST	  FOR	  DIFFERENTIAL	  EXPRESSION	  
•  STEP	  6:	  VISUALIZE	  AND	  PERFORM	  OTHER	  
DOWNSTREAM	  ANALYSIS	  



The	  Big	  Picture	  
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Figure:	  	  
Garber	  et	  al,	  Nature	  Methods,	  2011	  
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Levin	  et	  al.	  
Page	  10	  
Figure	  1.	  Methods	  for	  strand-‐specific	  RNA-‐Seq	  
Salient	  details	  for	  seven	  protocols	  for	  strand-‐specific	  RNA-‐Seq,	  
differenEal	  adaptor	  methods	  (a)	  and	  differenEal	  marking	  methods	  (b).	  
mRNA	  is	  shown	  in	  grey,	  and	  cDNA	  in	  black.	  For	  differenEal	  adaptor	  
methods,	  5’	  adaptors	  are	  shown	  in	  blue,	  and	  3’	  adaptors	  in	  red.	  

Figure 1. Methods for strand-specific RNA-Seq
Salient details for seven protocols for strand-specific RNA-Seq, differential adaptor methods
(a) and differential marking methods (b). mRNA is shown in grey, and cDNA in black. For
differential adaptor methods, 5’ adaptors are shown in blue, and 3’ adaptors in red.
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Third generation sequencing
• Next, next generation sequencing? 

• Single molecule sequencing- takes care of all above mentioned issues.  

• Much longer reads (1-100kb) 

• Many issues- high error rate and expensive 

• Two categories: 

• Sequencing by synthesis (pacbio) 

• WATCH DNA as it is sequenced in realtime 

• ZMW technology lets smallest amount of light to be detected. 

• Direct sequencing  

•  Oxford nanopore 

• Hydrogen ion changes ph in well. Change in ph indicates base 
has been incorporated.


