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Learning objectives 

•Describe the types of data formats 
encountered during alignment 

• Identify challenges associated with read 
alignment and understand strategies to 
address them

• Explain the importance of genome indexing 
and outline the steps to perform it 

• Explore the features of the splice-aware 
aligner HISAT2



Outline

• Class Activity #1 = HISAT2_exercise = 10 minutes

• Lecture for ~20 mins

• Class Activity #2 = indexed_genomes_example = 10 
minutes 

• Lecture for ~5 minutes 

• Class Activity #3 = HISAT2_modify = 20 minutes 



Class activity #1 
Script Submission 

HISAT2_example



General Bioinformatic Workflow

1. Experimental Design
• What scientific research question am I asking?

2. Sample Preparation

• Sample Prep

• Library Prep

3. Sequencing
• Technology/Platform

4. Data Analysis (Computation)



What Question am I asking? 

• What genes are differentially expressed between 
two conditions?

• Does this gene undergo alternative splicing? 

• Is there a fusion gene present in this dataset or other 
structural variants, such as large deletions? 

• Can we identify novel isoforms or unannotated 
genes in a newly sequenced organism? 

All of these questions will have a slightly 

different approach!
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The Question will guide the 
sample/sequence prep

• Read Depth
• More depth is needed for lowly expressed genes

• Read Length

• The longer the length the more likely to map uniquely

• PE helps in mapping and junctions

• Stranded Protocols
• Aids in identifying reads that map uniquely

• Biological Replicates

• Aids in detecting novel genes or alternative isoforms 



Question 1: 

Which genes are 

differentially 

expressed?

Question 2: 

Are different 

splicing isoforms 

expressed?

Question 3: 

Are you interested 

in non-coding 

RNAs?  Novel 

transcripts? 

Reads > 10M > 25-50M > 25-50M 

Biological 

replicates

3 replicates > 3 replicates > 3 replicates

SE or PE 50bp SE 

(minimum)

100bp SE 

(minimum)

150bp PE 

FASTQC Q30 > 70% Q30 > 70% Q30 > 70% 

FASTQC will aid in identifying if minimum 

requirements are met 
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Data Analysis Workflow: File formats

• Quality Control 
• Sample Quality and consistency (FASTQC)

• Is trimming appropriate - quality/adapters (trimmomatic)

• FASTQ file

• Alignment/Mapping
• Reference Target (Sequence and annotation files)

• Alignment programs & parameters (hisat2)

• BAM file 

• Quantification (next week)
• Counting methods and parameters

• Count matrices



Alignment 



Read alignment / “mapping”

we are identifying the genomic origin of the sequenced cDNA fragment



RNA-Seq mapping 
strategies 

Reference based * De novo 

Reference is set of transcripts or genomic 

DNA that contains introns and exons

No reference genome exists 

Poor genome annotations



RNAseq Mapping 
Challenges/Considerations

1. Intron/Exon Boundaries

2. Genome vs Transcriptome 

3. Computational Expense 

4. Sometimes you need to align using multiple 
methods….hopefully by the end of today’s lecture 
you will understand why 
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RNASeq Mapping Challenges: 
Intron/Exon Boundaries

We have to account for 

reads that may be split 

by potentially thousands 

of bases of intronic 

sequences

Introns

Exons

1



What file type contains 
coordinates for exons? 

chr1  78999  79123

chr1  79699  81423

chr1  88279  89185

Typically, the intron/exon annotations are available here!



GTF file format

• Tab-delimited text files

• Used to quantify the number of reads which align to 

different genome features 

1 ensembl gene 4430189 4450423 . + . gene_id "ENSACAG00000011126"; gene_name "TMEM1

1 ensembl transcript 4430189 4450423 . + . gene_id "ENSACAG00000011126"; transcript_id

1 ensembl exon 4430189 4430804 . + . gene_id "ENSACAG00000011126"; transcript_id

1 ensembl CDS 4430503 4430804 . + 0 gene_id "ENSACAG00000011126"; transcript_id

1 ensembl start_codon 4430503 4430505 . + 0 gene_id "ENSACAG00000011126"; transcript_id

1 ensembl exon 4439303 4439440 . + . gene_id "ENSACAG00000011126"; transcript_id

1 ensembl CDS 4439303 4439440 . + 1 gene_id "ENSACAG00000011126"; transcript_id

1 ensembl exon 4443852 4443930 . + . gene_id "ENSACAG00000011126"; transcript_id

1 ensembl CDS 4443852 4443930 . + 1 gene_id "ENSACAG00000011126"; transcript_id

1 ensembl exon 4445846 4450423 . + . gene_id "ENSACAG00000011126"; transcript_id

1 ensembl CDS 4445846 4446022 . + 0 gene_id "ENSACAG00000011126"; transcript_id

1 ensembl stop_codon 4446023 4446025 . + 0 gene_id "ENSACAG00000011126"; transcript_id

1 ensembl five_prime_utr 4430189 4430502 . + . gene_id "ENSACAG00000011126"; transcript_id

1 ensembl three_prime_utr 4446026 4450423 . + . gene_id "ENSACAG00000011126"; transcript_id

Chrom Feature type Start End Strand Metadata



File Inputs required for Alignment

• Reference sequence = what are you aligning to? 

• Gene annotation = which parts of the reference 
sequence correspond to genes/features/transcripts? 



FASTA

reference
GTF

21

READY FOR ALIGNMENT

File Input required 

for Alignment

Gene annotation Reference sequence 



Reference Genome

• The reference genome are usually stored in a plain 
text FASTA file



Most individual RNA variations do not find their  

way into the reference sequences

Morillon & Gautheret (2019) Genome Biology, 20(1), 112. doi: 10.1186/s13059-019-1710-7

GENETIC

1 SNP or short InDel 

2 microsatellite 

variation
3 transposition

4 gene fusion

TRANSCRIPTIONAL

5 bidirectional TSS

6 antisense transcript

7 enhancer RNA

8 alternative TSS

POST-TRANSCRIPTIONAL

9 alternative 5' splice site (SS)

10 alternative 3' SS

11 alternative 3' SS

12 skipped exon

13 alternative poly(A) site 

14 editing and modification 

15 processed pre-mi/ 

snoRNA
16 circular RNA



Gene annotation

Gene annotations generally include UTRs, alternative splice isoforms and have 
attributes such as evidence trails.

Yandell (2012). A beginner’s guide to eukaryotic genome annotation. doi: 10.1038/nrg3174



Where can I find these genomic files?

General biological databases: Ensembl, 
GENCODE, and UCSC

Organism-specific biological databases: 
Wormbase, Flybase, CryptoDB, etc. (often 
updated more frequently, so may be more 
comprehensive)



Ensembl 



Ensembl 



Good practical advice 

• Always use the same biological database for all data files (FASTA + 
GTF)

• Always ensure you know exactly which version of a genome and 
annotation you are working with 



FASTA

reference
GTF

Indexed Genome

21

READY FOR ALIGNMENT

File Input required 

for Alignment



Indexing 
benefits

• Think of an index as a table of contents in a book. If we are 
searching for where chapter 8 starts in a book, we can either search 
from beginning to end and depending on the size of the book, this 
could take a long time. 

• Alternatively, we could use the table of contents to jump to chapter 
8. 

• It is much more efficient to look up where the chapter begins using 
the pre-built index (table of contents) than going through every 
page. 





RNASeq Mapping Challenges: 
Intron/Exon Boundaries

We have to account for 

reads that may be split 

by potentially thousands 

of bases of intronic 

sequences

Introns

Exons

1



Two categories of reads: 

1. Reads that map entirely within exons

2. Reads that span two or more exons



Splice-
aware 
Alignment 
Tools

• Splice junction mapping is critical for mapping reads across 
splice junctions and understanding alternative transcript usage. 

• Splice aware aligners will map to splice junctions described in 
the GTF annotation *Splice aware aligners rely heavily on 

annotations*

greatest downside: it can be resource-intensive!



HISAT2

STAR

TopHat2

Bowtie2

BWA

minimap2

Splice-aware aligners Splice-unaware aligner

RNA-Seq

Question: For what applications is it okay 

to use a splice unaware aligner? 

?



DNA vs RNA sequencing



How does STAR (Spliced Transcripts 
Alignment to a Reference) work?

• STAR Alignment Strategy
• Step 1: Seed Searching

longest matching 

sequences are 

called the Maximal 

Mappable Prefixes 

(MMPs)



How does STAR (Spliced Transcripts 
Alignment to a Reference) work?

• STAR Alignment Strategy
• Step 1: Seed Searching

different parts of the 

read that are mapped 

separately are called 

‘seeds



How does STAR (Spliced Transcripts 
Alignment to a Reference) work?

• STAR Alignment Strategy
• Step 1: Seed Searching

If STAR does not find an 

exact matching sequence, 

the MMPs will be extended.



How does STAR (Spliced Transcripts 
Alignment to a Reference) work?

• STAR Alignment Strategy
• Step 1: Seed Searching

If extension does not result in a 

good alignment, then the sequence 

will be soft clipped.



How does STAR (Spliced Transcripts 
Alignment to a Reference) work?

• STAR Alignment Strategy
• Step 1: Clustering, stitching, and scoring

The seeds are stitched together to 

create a complete read based on the 

best alignment 

*scoring is based on mismatches, 

indels, gaps, etc. 



RNASeq Mapping Challenges: 
Genome vs Transcriptome

2



Benefits of Transcriptome Mapping: 
intron/exon boundaries

If you are mapping reads to a 

transcriptome intron/exon boundaries 

become irrelevant

computationally a much harder task



Genome Reference (DNA): contain 

complete DNA sequence of organism 

including coding and noncoding regions

Transcriptome Reference (cDNA): only contains known 

transcripts 

Downloading 
FASTA from 

Ensembl

Benefits of Transcriptome Mapping: smaller 
reference = faster analysis 



Forgo intermediate files with transcriptome 
alignment

mapping 

(trimmed FASTQ)

GENOME SAM to BAM

TRANSCRIPTIOME counts.matrix

1

2

counts.matrix



Forgo transcript discovery with 
transcriptome alignment

• Refers to allowing researchers to identify new splice 
variants or transcripts not previously annotated

• Transcriptome alignment is limited because it maps 
reads only to known, annotated transcripts rather 
than the full genome.

**The input FASTA file only contains known protein-
coding sequences**



Forgo fusion gene detection with 
transcriptome alignment

• Fusion gene occurs when sequences from two 
different genes are joined due to genomic 
rearrangements 



Forgo detection of novel splice variants with 
transcriptome alignment



Genome

• TopHat2 

• STAR 

• Bowtie2

• BWA

• HiSat2

Transcriptome

• Salmon

• Kallisto 

• Sailfish  

Multiple Alignment Programs available 



What does the scientific community do?

Simoneau et al. 2021



Genome

• TopHat2 

• STAR 

• Bowtie2

• BWA

• HiSat2

Transcriptome

• Salmon

• Kallisto 

• Sailfish  

Programs we will use:



Class activity #2 Indexing 
genomes



Map millions of reads accurately and in a 
reasonable time, despite the presence of 
sequencing errors, genomic variation, and 
repetitive elements.

RNASeq Mapping Challenges: 
Computationally Expensive

3



Aligners - Speed and Memory



Aligners - Speed and Memory



HISAT2

• Stands for hierarchical indexing for spliced 
alignment of transcripts 2 

•HISAT2 is an aligner that is used for mapping 
next-generation sequencing reads 
• Used for whole genome, whole-exome, and transcriptome 

datasets 

• Is a ‘splice-aware’ aligner

• Requires a reference genome

• Is the fastest spliced mapper currently available 



HISAT2 has a small memory footprint

• The STAR program runs faster than TopHat2 but 
both have a memory requirement of ~28GB

• The memory requirement for HISAT2 is ~5GB
• This makes it possible to do alignments on your laptop! 



HISAT2 usage 

• http://daehwankimlab.github.io/hisat2/

• hisat2 [options]* -x <hisat2-idx> {-1 <m1> -2 
<m2> | -U <r> | --sra-acc <SRA accession 
number>} [-S <hit>] 

http://daehwankimlab.github.io/hisat2/


The dataset 



SRR_number datatype treatment cell replicate

SRR13423162 RNAseq WT CD8 T cell 1

SRR13423163 RNAseq WT CD8 T cell 2

SRR13423164 RNAseq WT CD8 T cell 3

SRR13423165 RNAseq TCF1 - KO CD8 T cell 1

SRR13423166 RNAseq TCF1 - KO CD8 T cell 2

SRR13423167 RNAseq TCF1 - KO CD8 T cell 3



Question 1: 

Differential 

Expression

Question 2: 

Splicing 

Isoforms

Question 3: 

Novel 

transcripts

Question 4: 

Transcript 

Level 

quantificatio

n

Mapping STAR, HISAT2, 

Salmon, Kallisto

STAR, HISAT2

TopHat 

STAR, 

HISAT2 

Salmon, 

Kallisto

Quantification HTSeq, feature 

Counts 

StringTie,

Suppa2, HTSeq, 

rMATS

StringTie, 

Cufflinks

Salmon, 

Kallisto

Comment *No need to 

quantify when 

using Salmon, 

Kallisto

*Use ballgown 

or DEXSeq for 

isoform-level 

analysis in R 

*Not used for 

transcript 

discovery

Overall Recommendations based on 
Research Question



Analysing 
Splicing

• Try to quantitate transcripts (cufflinks, RSEM, bitSeq)

• Quantitate exons and compare to gene (EdgeR, DEXSeq)

• Quantitate splicing events (rMATS, MAJIQ)



Computational Considerations

• Two conditions three replicates

• 6-12 FASTQ files

• 6-12 quality control files

• 6-12 FASTQ files post trimming 

• 6 BAM files + 6 index BAM files

• 6 Gene count files 

• 1 counts matrix 

36 - 48 files



Next Week: 
• Storing aligned reads: SAM/BAM file 

formats

• We will review outputs from 
HISAT2_exercise (class exercise #1) vs 
HISAT2_modify (class exercise #3); 
please complete both! 

• We will create a MULTIQC output 

• We will use RSEQC to QC 
alignment statistics 



Next Week: Quantitation

Exon 1 Exon 2 Exon 3

Exon 1 Exon 3

Splice form 1

Splice form 2

Definitely splice form 1

Definitely splice form 2

Ambiguous



Class activity #3 
Script Submission 

HISAT2_modify



RNA-Seq Mapping Software

• HiSat2 
(https://ccb.jhu.edu/software/hisat2/)

• Star (http://code.google.com/p/rna-star/)

• Tophat (http://tophat.cbcb.umd.edu/)

https://ccb.jhu.edu/software/hisat2/
http://code.google.com/p/rna-star/
http://tophat.cbcb.umd.edu/
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