
Syllabus and grading

Grade 100%

Presentation 30%

Exercises 20%

Final Project 50%



Remarks for exercise 1:
-  16/18 received
-  Very positive

- "making of" ? use in e.g.: plagiarism detection

-  Reality check …..



https://elixir-europe.org/news/identification-coronaviruses-genomes-public-dataset
s

Same subject during the pandemic

https://elixir-europe.org/news/identification-coronaviruses-genomes-public-datasets
https://elixir-europe.org/news/identification-coronaviruses-genomes-public-datasets


https://www.nobelprize.org/all-nobel-prizes-2024/



https://www.nobelprize.org/prizes/chemistry/2024/popular-information/

David Baker’s designed proteins



Finding the ‘Holy Grail’ of Bioinformatics

https://www.nobelprize.org/prizes/chemistry/2024/popular-information/



https://www.nobelprize.org/all-nobel-prizes-2024/



https://www.nobelprize.org/prizes/medicine/2024/advanced-information/

New type of gene regulation



https://www.nobelprize.org/prizes/medicine/2024/advanced-information/

New type of gene regulation



https://www.nobelprize.org/all-nobel-prizes-2024/



NGS intro + Genome-Based Transcript 
Reconstruction and Analysis 

Using RNA-Seq Data

Based on material from: Brian Haas

Broad Institute

Martin Reczko

Source:   https://trinityrnaseq.github.io/workshop/rnaseq_workshop.html



Overview
• Next generation sequencing (NGS) introduction

• Quality control

• Genome-based and genome-free (de-novo) transcript reconstruction 
from RNA-Seq 

• Running the Tuxedo and Trinity software and visualizing the results.

• Principles of transcript abundance estimation

• Principles of differential expression analysis

• Single cell RNA-Seq basics









Six











Recent Platform Updates

Max. yield per day: 6000Gb = 200 human genomes





















Ion GeneStudio S5
Ion 540 Chip

 15 Gbp/run





http://blogs.nature.com/blog/tag/oxford-nanopore-technologies/

http://blogs.nature.com/blog/tag/oxford-nanopore-technologies/


‘Handheld’ sequencing



Efficient viral monitoring



Accuracy with dual heads



PacBio sequencing

A. A SMRTbell (gray) diffuses into a Zero-Mode Waveguide (ZMW), and the adaptor binds to a polymerase 
immobilized at the bottom. B. Each of the four nucleotides is labeled with a different fluorescent dye (indicated in 
red, yellow, green, and blue, respectively for G, C, T, and A) so that they have distinct emission spectrums. As a 
nucleotide is held in the detection volume by the polymerase, a light pulse is produced that identifies the base. (1) 
A fluorescently-labeled nucleotide associates with the template in the active site of the polymerase. (2) The 
fluorescence output of the color corresponding to the incorporated base (yellow for base C as an example here) is 
elevated. (3) The dye-linker-pyrophosphate product is cleaved from the nucleotide and diffuses out of the ZMW, 
ending the fluorescence pulse. (4) The polymerase translocates to the next position. (5) The next nucleotide 
associates with the template in the active site of the polymerase, initiating the next fluorescence pulse, which 
corresponds to base A here.

https://www.sciencedirect.com/science/article/pii/S1672022915001345#f0015

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/polymerase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/nucleotides
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/nucleotide
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/active-site
https://www.sciencedirect.com/science/article/pii/S1672022915001345#f0015


https://www.hindawi.com/journals/bmri/2022/3457806/tab4/

Tutorial at https://www.youtube.com/watch?v=CAZwdtORXMw

DNA nanoball sequencing (DNBSEQ)

https://www.hindawi.com/journals/bmri/2022/3457806/tab4/


Comparison of sequencing technologies



https://www.hindawi.com/journals/bmri/2022/3457806/tab7/

Comparison of sequencing technologies



https://www.hindawi.com/journals/bmri/2022/3457806/tab8/

Comparison of sequencing generations



Overview of RNA-Seq

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

Reconstruct original 
full-length transcripts

Quality control



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
left (/1) or right (/2) read of paired-end



Good QC
Summarise, Visualise and Flag





Technical FailuresTechnical

G
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Signal Level

Call = T
Confidence = High
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Confidence = Low
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Confidence = Low
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T
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Phred ScoresTechnical

Phred = -10 log10 p
p = Probability call is incorrect

10% error Phred10
1% error   Phred20
0.1% error Phred30



Incorrect EncodingTechnical

1

10

100

1000

10000

100000

1000000

33 36 39 42 45 48 51 54 57 60 63 66 69 72 75 78 81 84 87 90 93 96 99 102 105 108 111 114 117 120 123 126

Phred33 (Sanger)

Phred64 (Illumina)

!”#$%&’()*+,-./0123456789:;<=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]^_`abcdefgh
Phred33

Phred64





















Sequencing adapter identification



Sequencing adapter removal



Transcript Reconstruction from RNA-Seq Reads

Nature Biotech, 2010



Transcript Reconstruction from RNA-Seq Reads

TopHat



Transcript Reconstruction from RNA-Seq Reads

Cufflinks

TopHat



Transcript Reconstruction from RNA-Seq Reads

Trinity

GMAPCufflinks
(successor:
   StringTie )

TopHat The Tuxedo Suite:
End-to-end Genome-based
RNA-Seq Analysis 
Software Package



Transcript Reconstruction from RNA-Seq Reads

Trinity

Cufflinks

TopHat



Transcript Reconstruction from RNA-Seq Reads

Trinity

GMAPCufflinks

TopHat



Transcript Reconstruction from RNA-Seq Reads

Trinity

GMAP

End-to-end Transcriptome-based
RNA-Seq Analysis 
Software Package



Overview of the Tuxedo Software Suite

Bowtie (fast short-read alignment)

TopHat (spliced short-read alignment)

Cufflinks (transcript reconstruction from alignments)
(now: StringTie)

Cuffdiff (differential expression analysis)
(now: BallGroom)

CummeRbund (visualization & analysis)
(now: BallGroom)



Slide courtesy of Cole Trapnell



Niema Moshiri (UCSC) https://niema.net

https://www.youtube.com/watch?v=Lc-ACiJIrnM    #BWT intro

https://www.youtube.com/watch?v=ni_w-rdItG8      #BWT inversion

https://www.youtube.com/watch?v=uKreghMwLLE #BWT matching

Bowtie, BWA, HiSat are based on the BWT (linear time matching):

https://niema.net/
https://www.youtube.com/watch?v=Lc-ACiJIrnM
https://www.youtube.com/watch?v=ni_w-rdItG8
https://www.youtube.com/watch?v=uKreghMwLLE


The TopHat Pipeline

From Trapnell, Pachter, & Salzberg. Bioinformatics. 2009  

IUM reads



‘seed and extend’



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 representation: SAM format

SAM format specification:  http://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 representation: SAM format

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

(alignment target)
(position alignment starts)

(Compact description of the alignment in CIGAR format)

(Metadata)

(read sequence, oriented according to the forward alignment)

(base quality values)

SAM format specification:  http://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 representation: SAM format

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

(alignment target)
(position alignment starts)

(Compact description of the alignment in CIGAR format)

(Metadata)

(read sequence, oriented according to the forward alignment)

(base quality values)

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

Convert SAM to binary – BAM format.

SAM format specification:  http://samtools.sourceforge.net/SAM1.pdf



Samtools
• Tools for 

– converting  SAM <-> BAM
– Viewing BAM files  (eg.  samtools view file.bam | less )
– Sorting BAM files, and lots more:



Cufflinks









Reads vs. transcripts





Compatible reads/fragments



Wang et al., Alternative isoform regulation in human tissue transcriptomes, Nature (2008)



Transcript Reconstruction Using Cufflinks

From Martin & Wang. Nature Reviews in Genetics. 2011



Transcript Reconstruction Using Cufflinks

From Martin & Wang. Nature Reviews in Genetics. 2011



From Martin & Wang. Nature Reviews in Genetics. 2011

Transcript Reconstruction Using Cufflinks



Dilworth’s theorem

More details at:
http://www.mi.fu-berlin.de/wiki/pub/ABI/GenomicsLecture12Materials/rnaseq1.pdf

http://www.mi.fu-berlin.de/wiki/pub/ABI/GenomicsLecture12Materials/rnaseq1.pdf


'Marrying' reads with transcripts
http://mathsite.math.berkeley.edu/smp/smp.html

http://mathsite.math.berkeley.edu/smp/smp.html


























Novel isoform discovery





FPKM Tracking Files
Column 
number

Column name Example Description

1 tracking_id TCONS_00000001 A unique identifier describing the object (gene, transcript, CDS, primary transcript)

2 class_code = The  class_code  attribute for the object, or "-" if not a transcript, or if  
class_code  isn't present

3 nearest_ref_id NM_008866.1 The reference transcript to which the class code refers, if any

4 gene_id NM_008866 The  gene_id(s) associated with the object

5 gene_short_nam
e

Lypla1 The  gene_short_name(s) associated with the object

6 tss_id TSS1 The  tss_id  associated with the object, or "-" if not a transcript/primary 
transcript, or if  tss_id  isn't present

7 locus chr1:4797771-4835363 Genomic coordinates for easy browsing to the object

8 length 2447 The number of base pairs in the transcript, or '-' if not a transcript/primary 
transcript

9 coverage 43.4279 Estimate for the absolute depth of read coverage across the object

10 q0_FPKM 8.01089 FPKM of the object in sample 0

11 q0_FPKM_lo 7.03583 the lower bound of the 95% confidence interval on the FPKM of the object in 
sample 0

12 q0_FPKM_hi 8.98595 the upper bound of the 95% confidence interval on the FPKM of the object in 
sample 0

13 q0_status OK Quantification status for the object in sample 0. Can be one of OK (deconvolution 
successful), LOWDATA (too complex or shallowly sequenced), HIDATA (too many 
fragments in locus), or FAIL, when an ill-conditioned covariance matrix or other 
numerical exception prevents deconvolution.



Class Codes

Priority Code Description

1 = Complete match of intron chain

2 c Contained

3 j Potentially novel isoform (fragment): at least one splice junction is shared 
with a reference transcript

4 e Single exon transfrag overlapping a reference exon and at least 10 bp of a 
reference intron, indicating a possible pre-mRNA fragment.

5 i A transfrag falling entirely within a reference intron

6 o Generic exonic overlap with a reference transcript

7 p Possible polymerase run-on fragment (within 2Kbases of a reference 
transcript)

8 r Repeat. Currently determined by looking at the soft-masked reference 
sequence and applied to transcripts where at least 50% of the bases are 
lower case

9 u Unknown, intergenic transcript

10 x Exonic overlap with reference on the opposite strand

11 s An intron of the transfrag overlaps a reference intron on the opposite 
strand (likely due to read mapping errors)

12 . (.tracking file only, indicates multiple classifications)



Cufflinks pipelines
Discovering novel genes and transcripts

1 Map the reads for each tissue to the reference genome

2 Run Cufflinks on each mapping file

3 Merge the resulting assemblies

4 (optional) Compare the merged assembly with known or 
annotated genes

Differential expression
5 Run cuffdiff



Visualizing Alignments 
of RNA-Seq reads



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



IGV



IGV: Viewing Tophat Alignments



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 contig identifier)

(strand)

(left coordinate)
(right coordinate)

(annotations)



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



Full Tuxedo Framework Demo

• See:  Tuxedo_workshop_activities.pdf



Tuxedo Framework for Transcriptome Analysis

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



Differential Expression Analysis 
Using RNA-Seq



Diff. Expression Analysis Involves
• Counting reads
• Statistical significance testing

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 Population of Reads

Technical variation in RNA-Seq counts per feature is 
well modeled by the Poisson distribution

(observed read counts)

Mean # fragments

See: http://en.wikipedia.org/wiki/Poisson_distribution



Beware of concluding fold change from 
small numbers of counts

From: http://gkno2.tumblr.com/post/24629975632/thinking-about-rna-seq-experimental-design-for

Poisson distributions for counts based on 2-fold 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 Statistical 
Power

SampleA

Example:  5000 total reads per sample.

Sample B

geneA 1 2

Fisher’s Exact Test
(P-value)

geneB 10 20

1.00

0.098

100 200 < 0.001geneC

Observed 2-fold differences in read counts.



Tools for DE analysis with RNA-Seq

See: http://www.biomedcentral.com/1471-2105/14/91

ShrinkSeq
NoiSeq
baySeq
Vsf
Voom
SAMseq
TSPM
DESeq
EBSeq
NBPSeq
edgeR               (metaSeqR)

+ other (not-R)
including CuffDiff



Visualization 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)

Plotting Pairwise Differential Expression Data

Log2 Average Expression level (M of MA)Log2 (fold change)
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Comparing Multiple Samples

Heatmaps provide an effective tool
for navigating differential expression across
multiple samples.

Clustering can be performed across both axes:
-cluster transcripts with similar expression
patters.
-cluster samples according to similar
expression values among transcripts.



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



Summary of Key Points
• RNA-Seq is a versatile method for transcriptome analysis 

enabling quantification and novel transcript discovery.
• Genome-based and genome-free methods exist for transcript 

reconstruction
• Expression quantification is based on sampling and counting 

reads derived from transcripts
• Fold changes based on few read counts lack statistical 

significance.
• Multiple analysis frameworks are available – alternative and 

often complementary approaches to support biological 
investigations.



Software Links
• Tuxedo

– Bowtie: http://bowtie-bio.sourceforge.net/index.shtml
– Tophat: http://tophat.cbcb.umd.edu/
– Cufflinks: http://cufflinks.cbcb.umd.edu/

• Trinity
http://trinityrnaseq.sourceforge.net/

• IGV for Visualization
http://www.broadinstitute.org/igv/

• GMAP
http://research-pub.gene.com/gmap/

• Samtools
http://samtools.sourceforge.net/

http://bowtie-bio.sourceforge.net/index.shtml
http://bowtie-bio.sourceforge.net/index.shtml
http://bowtie-bio.sourceforge.net/index.shtml
http://bowtie-bio.sourceforge.net/index.shtml
http://tophat.cbcb.umd.edu/
http://tophat.cbcb.umd.edu/
http://tophat.cbcb.umd.edu/
http://tophat.cbcb.umd.edu/
http://cufflinks.cbcb.umd.edu/
http://cufflinks.cbcb.umd.edu/
http://cufflinks.cbcb.umd.edu/
http://trinityrnaseq.sourceforge.net/
http://trinityrnaseq.sourceforge.net/
http://www.broadinstitute.org/igv/
http://www.broadinstitute.org/igv/
http://www.broadinstitute.org/igv/
http://research-pub.gene.com/gmap/
http://research-pub.gene.com/gmap/
http://samtools.sourceforge.net/
http://samtools.sourceforge.net/
http://samtools.sourceforge.net/


Papers of Interest

• Next generation transcriptome assembly
– http://www.nature.com/nrg/journal/v12/n10/full/nrg3068.html

• Tuxedo protocol
– http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3334321/

• Trinity
– http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3571712/
– http://www.nature.com/nprot/journal/v8/n8/full/nprot.2013.084.html

http://www.nature.com/nrg/journal/v12/n10/full/nrg3068.html
http://www.nature.com/nrg/journal/v12/n10/full/nrg3068.html
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3334321/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3334321/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3571712/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3571712/
http://www.nature.com/nprot/journal/v8/n8/full/nprot.2013.084.html
http://www.nature.com/nprot/journal/v8/n8/full/nprot.2013.084.html
http://www.nature.com/nprot/journal/v8/n8/full/nprot.2013.084.html
http://www.nature.com/nprot/journal/v8/n8/full/nprot.2013.084.html
http://www.nature.com/nprot/journal/v8/n8/full/nprot.2013.084.html
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