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Aim of the practical session

● Become familiar with the main file formats used for the storage of 
DNA-seq data

● Carry out the essential steps in the analysis of DNA-seq data obtained 
by next-generation sequencing for the detection of genomic variants 
("variant calling").



Cases to analyze

● Analysis of a human exome affected by pediatric follicular lymphoma 
to identify germline or somatic variants that could be associated with 
the disease

● Exome analysis obtained from ancient DNA of a 14th century 
Venetian nobleman who died under mysterious circumstances.
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Preparing the exercise

● Download the file “Practical_session_5.zip” from
http://compgen.bio.unipd.it/~stefania/Didattica/AA2025-2026/MMOL_BIOINFO_EB/Practical_session_5.
zip  

● Unzip the file “Practical_session_5.zip”:

?

● Move to the Practical_session_5 folder:

?

http://compgen.bio.unipd.it/~stefania/Didattica/AA2025-2026/MMOL_BIOINFO_EB/Practical_session_5.zip
http://compgen.bio.unipd.it/~stefania/Didattica/AA2025-2026/MMOL_BIOINFO_EB/Practical_session_5.zip
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FASTQ format
To view a FastQ:

less 1.fastq

less 2.fastq



Phred Quality Score

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%

Q = -10 log 10 P P = 10 -Q/10



Preparation of the reference genome
Download the fasta files of human chromosomes 1, 15 and 17 from the Ensembl link 
http://ftp.ensembl.org/pub/grch37/release-104/fasta/homo_sapiens/dna/
Move to the “Downloads” folder:

?

Move the chromosome files into the “Practical_session_5” folder:

?

Merge chromosomes into a single FASTA file:

?

http://ftp.ensembl.org/pub/grch37/release-104/fasta/homo_sapiens/dna/


Preparation of the reference genome
Move to the “Downloads” folder:

cd ..

Move the chromosome files into the “Practical_session_5” folder:

mv Homo_sapiens.GRCh37.dna.chromosome.1* ./Practical_session_5/

Merge chromosomes into a single FASTA file:
cd Practical_session_5/

zcat Homo_sapiens.GRCh37.dna.chromosome.1.fa.gz 

Homo_sapiens.GRCh37.dna.chromosome.15.fa.gz 

Homo_sapiens.GRCh37.dna.chromosome.17.fa.gz > ref.fa



Preparation of the reference genome

Check that the chromosomes are in the correct order:

?



Preparation of the reference genome

Check that the chromosomes are in the correct order:

grep “>” ref.fa

Create reference sequence indices with 3 commands:

bwa index ref.fa

samtools faidx ref.fa

gatk CreateSequenceDictionary -R ref.fa -O ref.dict



REFERENCE INDEX: data structures that 
allow to narrow down the potential origin of a query 
sequence within the genome, saving both time and 
memory

Looking for Sirius Black



Alignment of reads to the reference genome

We can view the list of produced files with the command:

ls -l

bwa has several subcommands which can be listed by simply running the command:

bwa



Alignment of reads to the reference genome
In this case we will use paired end reads produced with Illumina technology, so the reads will 
be in two different files.
To map the reads we use the following bwa command using the “mem” algorithm:

bwa mem -R "@RG\tID:sample\tLB:exome\tSM:sample\tPL:ILLUMINA" ref.fa 

1.fastq 2.fastq > mapping.sam

To see what the mapping.sam file contains:

less mapping.sam



SAM Format

● TAB-delimited text
● header section 

(optional): lines start 
with ‘@’

● alignment section 
with 11 mandatory 
fields

● The BAM (=binary 
alignment map) is the 
compressed version 
of a SAM

https://samtools.github.io/hts-specs/SAMv1.pdf



SAM Format

CIGAR STRING
It is a compressed representation of 
an alignment that is used in the 
SAM file format .

Eg: 6M14N5M
6 MATCH bases
14 INTERVAL bases
5 MATCH bases

FLAG
there are 12 bits and each bit represents some 
information about the read as shown in the 
Description column

https://www.drive5.com/usearch/manual/sam_files.html
https://www.drive5.com/usearch/manual/sam_files.html


A typical workflow for variant calling

Reference 
genome 
(FASTA)

NGS reads 
(FASTQ)

Aligned reads 
(SAM)

Aligned reads 
in binary 

format (BAM)

Aligner 
(BWA)

Short reading alignment



Alignment of reads to the reference genome
SAM files are usually compressed into a binary format (not text and therefore only 
understandable by computers) called BAM and which stands for binarySAM . To perform 
this conversion, the program samtools is used , which is a software package for manipulating 
and extracting information from sam/bam files.

samtools view -b mapping.sam > mapping.bam

…
-b output BAM

...

Samtools is a set of utilities that 
manipulate alignments in the SAM 

(Sequence Alignment/Map), BAM, and 
CRAM formats. It converts between the 

formats, does sorting , merging and 
indexing , and can retrieve reads in any 

regions swiftly.
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Alignment of reads to the reference genome

To sort the reads of the BAM file according to their position in the genome we use the 
samtools sort command:

samtools sort mapping.bam > sorted.bam

Now let's create the index for our sorted BAM file:

samtools index sorted.bam



View reads aligned to the 
reference genome

To view the reads aligned to the genome 
we use the samtools tview command:

samtools tview -p 1:2488138 

sorted.bam ref.fa

-p chr:pos



View reads aligned to the reference genome
A widely used program for viewing alignments in various formats, including sam/bam, is IGV 
(Integrative genomics viewer) which can be downloaded from the following address: 
http://www.broadinstitute.org/igv/  (load sorted.bam)

http://www.broadinstitute.org/igv/
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Genome Analysis Tool Kit    
"Gee-ay-tee-kay" ( /dʒi•eɪ•ti•keɪ/ ) and not "Gat-kay" ( /ɡæt•keɪ/ )

It is a collection of command-line tools for analyzing high-throughput 
sequencing data with a primary focus on variant discovery. The tools can be 
used individually or chained together into complete workflows.



Removal of PCR duplicates

Duplicates can falsify high coverage leading to false “calls”.



Removal of PCR duplicates

To remove PCR duplicates we use a function of the GATK4 program:

gatk MarkDuplicates -I sorted.bam -O nodup.bam -M metrics.txt 

-REMOVE_DUPLICATES true -CREATE_INDEX true
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Local realignment around indels
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Recalibration of the quality of the bases
Base quality scores are critical for variant calling but there are systematic biases that 
influence it



Recalibration of the quality of the bases

To build the model on which to recalibrate the quality we use the BaseRecalibrator function of 
GATK4:

gatk BaseRecalibrator -I nodup.bam -R ref.fa --known-sites 

dbSNP.vcf.gz -O model.grp

To recalibrate the quality we use the ApplyBQSR function of GATK4:

gatk ApplyBQSR -R ref.fa -I nodup.bam -bqsr model.grp -O 

recalibrated.bam
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What does “Variant calling” mean?
Identify genetic differences by comparing sequenced reads to a reference genome



SOMATIC VS GERMLINE MUTATIONS



Variant Calling

Calling variants can be done using the GATK4 program HaplotypeCaller:

gatk HaplotypeCaller -R ref.fa -I recalibrated.bam -O germline.vcf

For calling somatic variants, the Mutect2 program from GATK4 can be used:

gatk Mutect2 -R ref.fa -I recalibrated.bam -O somatic.vcf



VCF file format



VCF file format

● Lines starting with ##: arbitrary number of meta-information lines
● Line starting with #: column definition (8 mandatory):

○ CHROM = chromosome
○ POS = start position of the variant
○ ID = unique identifier of the variant (eg Number for SNPs)
○ REF = reference allele
○ ALT = comma separated list of alternate alleles
○ QUAL = phred-scaled quality score
○ FILTER = site filtering information
○ INFO = user extensible annotation (eg snpEff, Annovar)
○ • FORMAT = an (optional) extensible list of fields for describing the SAMPLE column
○ • SAMPLE COLUMN = free



GERMLINE variant technical filtering

Filter germline variants with low coverage, low mapping quality, low variant call quality:

gatk VariantFiltration -V germline.vcf -filter "QUAL < 30.0" 

--filter-name "QUAL30" -filter "MQ < 40.0" --filter-name "MQ40" 

-filter "DP < 30" --filter-name "DP30" -O germline_filtered.vcf

gatk SelectVariants -R ref.fa -V germline_filtered.vcf 

--exclude-filtered -O germline_selected.vcf



SOMATIC variant technical filtering

There is a function (FilterMutectCalls) in GATK4 which is used to eliminate false positives by 
considering various technical parameters:

gatk FilterMutectCalls -R ref.fa -V somatic.vcf -O somatic_filtered.vcf

gatk SelectVariants -R ref.fa -V somatic_filtered.vcf --exclude-filtered 

-O somatic_selected.vcf
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VCF annotation

Annotation of variants for dbSNP can be done with the VariantAnnotator function of GATK4:

gatk VariantAnnotator -R ref.fa -V germline_selected.vcf -O 

germ_annotated.vcf --dbsnp dbSNP.vcf.gz

gatk VariantAnnotator -R ref.fa -V somatic_selected.vcf -O 

som_annotated.vcf --dbsnp dbSNP.vcf.gz
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VCF annotation

Look at the alignment of these two variants:

samtools tview -p 1:2488138 recalibrated.bam ref.fa

samtools tview -p 15:66727453 recalibrated.bam ref.fa

In the VCF file containing the somatic variants search for these two variants by their genomic 
position and retrieve the dbSNP ID in the “ID” column:

- 1:2488138 G>A (rs*********?; Het/Hom? Variant Allele Frequency?)
- 15:66727453 A>G (rs*********?; Het/Hom?; Variant Allele Frequency?)



VCF annotation

In the VCF file containing the somatic variants search for these two variants by their genomic 
position and retrieve the dbSNP ID in the “ID” column:

- 1:2488138 G>A (rs768520625, Het, 0.107)
- 15:66727453 A>G (rs397516790, Het, 0.112)

In which gene are they found? Do they impact the function of the protein? What 
is their allelic frequency in the population?.....



See annotations in dbSNP
dbSNP is a variant database and we search for the above two variants by their ID:

- Go to the dbSNP website: https://www.ncbi.nlm.nih.gov/snp/
- Search for the ID “rs768520625” and then “rs397516790”

https://www.ncbi.nlm.nih.gov/snp/


Example of variant filtering

Sanger sequencing



Examples of subsequent analysis



Cases to analyze

● Analysis of a human exome affected by pediatric follicular lymphoma 
to identify germline or somatic variants that could be associated with 
the disease

● Exome analysis obtained from ancient DNA of a 14th century 
Venetian nobleman who died under mysterious circumstances. 



Case Description
● Noble leader who died around 1300 and was buried in a marble tomb 

which favoured the mummification and preservation of the body.

● In 2004 the remains were studied and the historical documents 
reconsidered, discovering several things.



Historical data

● At the age of 23 he began to suffer from fatigue, fever, muscle cramps, 
breathing and heart problems which, after intense efforts, led him to 
abandon the battlefield several times despite being an experienced 
warrior.

● At the age of 34 he was ill for a long time, so much so that he was 
considered dead.

● He died in 1300 at the age of 38 after 3 days of fever and generic “flow” 
(hemorrhage? nausea? intestinal disease?)

● Some contemporary documents attribute death to poisoning, others to 
"congestion" after a hunting trip.



Data on remains (2004)

● He had no injuries

● Toxicological tests found traces of Digitalis 
purpurea .

● Digoxin is a potent poison, a cardiac 
glycoside that increases the force of 
contraction of the heart .

● Used for therapeutic purposes for 
arrhythmias and heart failure



Objectives of the study

● Exome sequencing data analysis from ancient DNA

→ Find out the most likely cause of death



Objectives of the study
● Check the exome for genetic variants that can be linked to a disease that the nobleman 

could have suffered from by following the guide Practical_session_5_guide.pdf
○ How many germline variants are found?
○ Do we find the variants in position 17:78078656 and 17:78084553 in the VCF?
○ If so, what is the alternative allele? What is their allele frequency? Are they 

heterozygous or homozygous? Are they in cis or in trans?
○ Do they have a dbSNP ID? If so, what are they?
○ Which gene do they affect? What is the function of the protein produced by this 

gene? The functional consequence (missense/synonymous)?
○ What is their frequency in the population? Are they rare or polymorphisms?
○ Do they have clinical significance noted in ClinVar? (Benignite, Pathogenic, or 

Unknown) In which disease?
○ In ClinVar for the variant 17:78078656 is there a link for OMIM?
○ Is there a gene/phenotype relationship? Which one? Recessive or dominant 

syndrome?
○ Final thoughts? Diagnosis?



Solution
Check the exome for genetic variants that can be linked to a disease that the nobleman 
could have suffered from by following the guide Exercise5_guide.pdf
● How many germline variants are found? 35
● Do we find the variants in position 17:78078656 and 17:78084553 in the VCF? Yes
● If so, what is the alternative allele? What is their allele frequency? Are they 

heterozygous or homozygous? Are they in cis or in trans? A, 51.4% & 46.2%, trans
● Do they have a dbSNP ID? If so, what are they? rs1800299 ; rs398123169
● Which gene do they affect? What is the function of the protein produced by this gene? 

The functional consequence (missense/synonym)? GAA, glycogen breakdown, 
missense
○ What is their frequency in the population? Are they rare or polymorphisms? 3% 

and rare
○ Do they have a clinical significance noted in ClinVar? (Benign, Pathogenic?) In 

which disease? Pathogenic and benign, Glycogen storage disease, type II
○ In ClinVar for the variant 17:78078656 is there a link for OMIM? Yes, 606800.0001
○ Is there a gene/phenotype relationship? Which one? Recessive or dominant 

syndrome? Glycogen storage disease II (GSD2), autosomal recessive
○ Final considerations? Diagnosis? Compound heterozygous for GAA, late GSD2


