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Variant analysis workflow scheme – adapter trimming

Adapter trimming, lane merging
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II There are lots of trimming tools doing either or both types of 
data processing: Trimmomatic, Skewer, FASTX-Toolkit, 
Trim Galore, Cutadapt, etc.
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Variant analysis workflow scheme – lane merging

Adapter trimming, lane merging
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II Often a samples are pooled (thanks to specific barcodes) 
and sequenced on multiple lanes of the flowcell. 

Therefore, after sequencing, this fragmented information 
needs to be merged into a unique file per sample.

Merging can be done on either FASTQ or BAM files, 
generally using samtools or Picard tools.



  

Variant analysis workflow scheme – mapping to the reference genome

Adapter trimming, lane merging
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Read mapping to ref. genome

>

There is a continuously increasing number of mapping tools, 
each with different features and performances...



  

Short-read sequence alignment tools - 1



  

Short-read sequence alignment tools - 2



  

Short-read sequence alignment tools - 3



  

Short-read sequence alignment tools - 4

Source: List of sequence alignment software (2017, September 3), Wikipedia, The Free Encyclopedia



  

Variant analysis workflow scheme – SAM / BAM file formats

Adapter trimming, lane merging
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Read mapping to ref. genome
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The most commonly used output format of alignment programs 
is SAM and its binary version BAM (preferably used to save 
disk space). 

Mandatory fields (followed by any number of optional fields):

Example of 3 reads in a SAM file:



  

Variant analysis workflow scheme – deduplication

Adapter trimming, lane merging

Read mapping to ref. genome

Read deduplication

>
>
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II The main purpose of read de-duplication (= keep 1 read per 
position) is to reduce the effects of a possible (and common) 
PCR amplification bias that could have happened during 
library construction and might produce inaccurate variant 
calling results. 

This can be done, for example, by using Picard's 
MarkDuplicate tool (or, alternatively, samtools).

          Gain the computational benefit of reducing the 
          reads to process downstream

          Risk of setting a hard cap to the dynamic range 
          of measurements and losing potentially true signal

Source: Quiagen (http://resources.qiagenbioinformatics.com/manuals/)



  

Variant calling is required to identify variant positions, 
genotype likelihood and allele frequencies from an input BAM 
file, returning as output a VCF file.

Challenges of finding variants from NGS data:

  - base calling errors

  - mapping errors

  - low coverage sequencing

Variant calling tools can be grouped in 4 categories:

  - germline callers (e.g. GATK, FreeBayes, Platypus, VarScan2)

  - somatic callers (e.g. GATK, MuTect, VarScan2, SAMtools)

  - CNV identification software (e.g. ExomeDepth, CNVseq)

  - SV identification software (e.g. BreakDancer, FusionMap)

For a comprehensive list of the available software, look at:
  “Pabinger et al., Brief Bioinform. 2014 Mar;15(2):256-78.”

Variant analysis workflow scheme – variant calling overview

Adapter trimming, lane merging

Read mapping to ref. genome

Read deduplication
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Variant calling
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Somatic variant calling has additional challenges:

   - low tumour purity (% of normal cells in the sample)

   - tumour ploidy

(source: University of Berkeley)                         

   - tumour heterogeneity (multiple clones)

(source: Govindan et al., Cell 2012)   

Variant analysis workflow scheme – somatic variant calling

Adapter trimming, lane merging

Read mapping to ref. genome

Read deduplication
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Variant calling
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Early SNP callers used a naïve approach of counting reads for 
each allele that have passed a mapping threshold → not good 
enough when coverage of a given variant is low!

More advanced SNP callers use a Bayesian approach to 
calculate likelihoods of each possible genotype, accounting for 
low coverage datasets and indels:

                                                                                Source: GATK slides

Variant analysis workflow scheme – variant calling for SNPs and InDels

Adapter trimming, lane merging

Read mapping to ref. genome

Read deduplication
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       prob. of the genotype
       G given the observed 
       sequencing data D

prob. of the 
genotype G 
(how likely do 
we expect to 
see it based on 
previous 
observations, 
studies of the 
population, etc.)

conditional prob. of 
observing a particular 
sequencing dataset 
(reads) from a given 
genotype; can be 
estimated, for 
example, using a HMM 
to produce the 
likelihoods of each 
read (through its per 
base quality scores) 
against each haplotype



  

Variant analysis workflow scheme – variant calling for SVs and CNVs (1)

Adapter trimming, lane merging
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There are different types of SVs and CNVs:

SV callers from short read sequence data can be classified in 3 
categories, based on the approach they adopt:

- split reads
- paired-end reads
- read depth

Read depth analysis is particularly effective for exome data as 
it does not rely on sequencing into or near the CNV 
breakpoints.

Adapted from: Alkan et al., Nat Rev Genet. 2011 May;12(5):363-76.

CNV



  

Variant analysis workflow scheme – variant calling for SVs and CNVs (2)

Adapter trimming, lane merging
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Alkan et al., Nat Rev Genet. 2011 May;12(5):363-76.



  

The typical output of variant calling is a VCF file, invented and 
used within the 1000 Genome Project to report all variant 
positions (as well as any possible information about them) and to 
promote the use of a standardised format.

A VCF file contains:
   - meta-information lines, 
   - a header line,
   - multiple data lines.

Each data line represents one variant (SNP, insertion or deletion), 
as well as quality scores, allele frequencies, database annotations 
and genotypes for one or more samples.

Variant analysis workflow scheme – VCF file format
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When dealing with cohorts, there are three common approaches:

- single sample calling: sample BAMs are analyzed individually, 
  and individual call sets are combined more downstream;
- batch calling: sample BAMs are analyzed in separate batches, 
  and batch call sets are merged more downstream;
- joint calling: variants are called simultaneously across all 
  sample BAMs, generating a single call set for the entire cohort.
 
Advantages of joint variant calling include:

1. clearer distinction between homozygous reference sites and     
    sites with missing data
2. greater sensitivity for low-frequency variants
3. greater ability to filter out false positives

Variant analysis workflow scheme – Cohort variant calling approaches (1)
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Drawbacks of joint variant calling are:

1. scaling & infrastructure (you need a lot of 
    compute available)
2. the “N+1 problem” (joint calling doesn’t allow 
    for incremental analysis; every time you get 
    even one new sample sequence, you have to 
    re-call all samples from scratch)

Source: GATK forums



  

Variant analysis workflow scheme – Cohort variant calling approaches (2)

Adapter trimming, lane merging
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GATK solution: joint variant genotyping

1) call variants 
individually on each 
sample to get a 
comprehensive record 
of genotype likelihoods 
for each site in the 
genome (or exome), 
as a gVCF file→ 

2) perform a joint 
genotyping analysis of 
the gVCFs produced 
for all samples in a 
cohort. This way, you 
obtain the same 
accurate genotyping 
results, without the 
computational burden 
of exponential 
runtimes as the 
available cohort grows.

Source: GATK forums



  

Variant analysis workflow scheme – variant annotation frameworks

Adapter trimming, lane merging

Read mapping to ref. genome

Read deduplication

>

Variant calling

>

Variant annotation

>

3.
 B

io
in

f.
 A

na
ly

si
s 

II
4.

 B
io

in
f.

 A
na

ly
si

s 
II

I

Variant annotation is crucial for a more informative variant 
prioritisation downstream in the analysis workflow.

The most commonly used frameworks to annotate VCF files are:



  

Variant analysis workflow scheme – variant annotation tools

Adapter trimming, lane merging
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There are also a number of tools that allow you to manipulate 
VCF and BCF (binary version) files, as well as to add custom 
annotations. An example is the bcftools suite:



  

Variant analysis workflow scheme – variant annotation databases
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The sources most commonly used to annotate variants include:

   - large genomic projects (e.g. gnomAD, 1000 Genomes 
     Project, UK10K, ExAC, ESP6500, WGS500, HapMap, etc.)

   - databases of known variantion (e.g. dbSNP, dbVar, etc.)

   - consequence on the protein sequence (e.g. stop lost, 
     frameshift variant, missense variant, etc.)

   - location of the variant (e.g. upstream of a transcript, in a
     coding sequence, in non-coding RNA, in regulatory regions)

   - overlapping (or nearest) gene symbol, HGNC identifier, etc.

   - overlapping (or nearest) protein product, Uniprot ID, AA pos.

   - conservation scores (e.g. PhastCons, PhyloP, GERP++, etc.)

   - clinically relevant variants (e.g. ClinVar, HGMD, etc.)

   - somatic mutations in cancer (e.g. COSMIC, TCGA, etc.)

   - overlap with segmental duplications or repeated regions

   - scores for deleteriousness based on sequence homology 
     and physical properties of the AA (e.g. SIFT, PolyPhen, etc.)

   - motifs (i.e. alterations to transcription factor binding sites)



  

Variant analysis workflow scheme – GFF/GTF file format
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The annotation databases are often stored as GFF/GTF files.

They contain a header section (starting with '#') and 9 tab-
separated fields:

1. seqname: chromosome or scaffold name
2. source: program that generated this feature, or DB
3. feature: feature type (e.g. gene, exon, ...)
4. start: start position of the feature
5. end: end position of the feature
6. score: floating point value
7. strand: either + or -
8. frame: one of '0', '1', or '2' to indicate the base nº in the codon
9. attribute: semicolon-separated list of tag-value pairs



  

Variant analysis workflow scheme – filtering tools
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Why do we need to filter variants? 
To narrow down the list of candidate variants and to identify 
pathogenic/disease-associated mutations.

How can we filter variants?
Depending on the experimental context, researchers tune the 
thresholds of a number of potential filters. The most common 
steps include:

   - quality scores: remove poor quality variants
   - allele frequency: discard common polymorphisms
   - presence in public databases
   - effect on protein translation / splicing / binding sites: prioritise 
     variants with high functional impact on transcription
   - inheritance model (X-linked, autosomal recessive, etc.)
   - read coverage of a given variant
   - etc...

Variant filtering tools can be classified in:

   - command-line (e.g. VCFtools, GEMINI)

   - GUI-based tools (e.g. Ingenuity, VariantStudio, VCF-Miner)

   - both options available (e.g. BrowseVCF)



  

Variant analysis workflow scheme – visualisation tools (1)
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Visual inspection (e.g. IGV)

Visual representation of data can provide a crucial help for the 
interpretation of obtained results. Most visualisation tools allow 
the user to:

   - interpret sequence data of de novo or re-sequencing     
     experiments
   - browse mapped experimental data (e.g. SNPs or SVs) in 
     combination with different types of annotation
   - compare sequences from multiple organisms or individuals. 

The two main types of visualisation tools are:

   - web-based applications running on dedicated web servers 

     offer a variety of genomic annotations
     no need to install packages and dependencies
     data upload poses privacy and security issues

   - stand-alone tools, most of which with a GUI

     can be used on any platform (Windows, Mac, Linux)
     can be significantly quicker for large datasets (as it's local)
     need to download annotations and keep them up-to-date

Most commonly used software include: Integrative Genome 
Viewer (IGV), UCSC Genome Browser, Vista and Savant.



  

Variant analysis workflow scheme – visualisation tools (2)
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Visual inspection (e.g. IGV)

Considerations to keep in mind when interpreting aligned 
sequences on a browser: 

   - reads mapped with many mismatches should not be trusted

   - mutations only backed by a small fraction of reads should be 
     discarded

   - reads should only be trusted for further processing if they  
     align at a unique starting position

          (Source: Pabinger et al., Brief Bioinform 2014)



  

Variant analysis workflow scheme – validation by Sanger sequencing
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Visual inspection (e.g. IGV)

Confirmation by:

● Sanger sequencing
● MLPA (Multiplex Ligation-dependent Probe 

Amplification, a multiplex PCR method 
detecting copy numbers at 1bp resolution)
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Variant analysis workflow scheme – validation by MLPA

Adapter trimming, lane merging

Read mapping to ref. genome

Read deduplication

>

Variant calling

>

Variant annotation

>

Variant filtering (prioritisation)

>

3.
 B

io
in

f.
 A

na
ly

si
s 

II
4.

 B
io

in
f.

 A
na

ly
si

s 
II

I

>

Visual inspection (e.g. IGV)

Confirmation by:

● Sanger sequencing
● MLPA (Multiplex Ligation-dependent Probe 

Amplification, a multiplex PCR method 
detecting copy numbers at 1bp resolution)
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Extra steps – phenotype-based analysis

Many genetic conditions show overlapping features (→ “disease families”). 

E.g.:  Marfan                                                            Congenital
         syndrome                                                        contractural
                                                                                 arachnodactyly

         (FBN1 gene)                                                   (FBN2 gene)

Phenotypic similarities within disease families may be related to dysfunction of a regulatory network or 
signalling pathway.

The Human Phenotype Ontology (HPO) database 
stores all phenotypic abnormalities commonly found 
in human monogenic (or “mendelian”) diseases.

When the diagnosis is not known in advance, or if a 
novel disease gene is being sought, computational 
phenotype analysis can measure the similarity 
between a set of query terms representing the 
patient's clinical manifestations and those 
representing each of the diseases in a database. 

Exome analysis tools: 
eXtasy, Phevor, Phen-Gen, Exomiser, PhenIX, etc.

Source: Smedley et al. Genome Medicine, 2015
Source: Smedley et al. Am J Hum Genet. 2008



  

Extra steps – Linkage disequilibrium

Linkage disequilibrium (LD) is the non-random association of alleles at different loci in a given population. 
LD is influenced by many factors (selection, mutation rate, genetic drift, population structure, etc.).

| = two genetic markers that remain linked on a 
chromosome rather than being broken apart by 
recombination events during meiosis.

In a population, contiguous stretches of founder 
chromosomes from the initial generation are sequentially 
reduced in size by recombination events, moving from 
LD to LE, as recombination eventually occur between 
every possible point on the chromosome.
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Extra steps – Linkage analysis and GWAS

Exome and whole-genome sequencing is often preceded by genetic Linkage analysis, which allows 
variants outside of linkage peaks to be excluded. A measure for the likelihood of linkage is the LOD score, 
i.e. the logarithm of the odds that the loci are linked divided by the odds that the loci are unlinked. 

Genome-Wide Association Studies (GWAS) examine SNPs throughout the genome in thousands of 
individuals (in disease and control groups) to identify alleles associated with disease. Comparison of allele 
frequencies between the two groups reveal genotypes that are overrepresented in the disease group and 
are therefore associated with disease risk.

Source: Ott et al. Nature Rev. Genet. 2011 Source: Sullivan et al. Nature Rev. Genet. 2012



  

Thanks for your attention!
Questions?

silvia@well.ox.ac.uk

bioinformatics@well.ox.ac.uk

● “Choice of transcripts and software has a large effect on variant annotation” 
https://www.ncbi.nlm.nih.gov/pubmed/24944579

● “From FastQ data to high confidence variant calls: the Genome Analysis Toolkit best practices pipeline” 
https://www.ncbi.nlm.nih.gov/pubmed/25431634

● “Phenotype-driven strategies for exome prioritization of human Mendelian disease genes”
https://www.ncbi.nlm.nih.gov/pubmed/26229552

● “Genotype and SNP calling from next-generation sequencing data”
https://www.ncbi.nlm.nih.gov/pubmed/21587300

● “Computational methods and resources for the interpretation of genomic variants in cancer" 
https://www.ncbi.nlm.nih.gov/pubmed/26111056

Further reading...

mailto:silvia@well.ox.ac.uk
https://www.ncbi.nlm.nih.gov/pubmed/24944579
https://www.ncbi.nlm.nih.gov/pubmed/25431634
https://www.ncbi.nlm.nih.gov/pubmed/26229552
https://www.ncbi.nlm.nih.gov/pubmed/21587300
https://www.ncbi.nlm.nih.gov/pubmed/26111056
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