HTS data formats and Quality Control

petr.danecek@sanger.ac.uk

wellcame trust

Sdn

institute

ger



Data Formats

FASTQ
» Unaligned read sequences with base qualities
SAM/BAM

» Unaligned or aligned reads
» Text and binary formats

CRAM
» Better compression than BAM
VCF/BCF

» Flexible variant call format
» Arbitrary types of sequence variation
» SNPs, indels, structural variations

Specifications maintained by the Global Alliance for Genomics and Health
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» Simple format for raw unaligned sequencing reads
» Paired-end sequencing: two FASTQ files or one interleaved file

» Quality encoded in ASCII characters with decimal codes 33-126
» ASCII code of “A" is 65, the corresponding quality is Q= 65 — 33 = 32

» Beware: multiple quality scores were in use!

» Sanger, Solexa, lllumina 1.3+

» See https://en.wikipedia.org/wiki/FASTQ_format for details
» perl -e ‘printf "%d\n",ord("A")-33;’
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https://en.wikipedia.org/wiki/FASTQ_format

Q= —10log, P .. P =10-Q/10
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Flag

Hex Dec Flag Description

0x1 1 PAIRED paired-end (or multipl t) hnol
0x2 2 PROPER_PAIR each segment properly aligned according to the aligner
0Ox4 4 UNMAP segment unmapped

0x8 8 MUNMAP next segment in the template unmapped

0x10 16 REVERSE SEQ is reverse complemented

0x20 32 MREVERSE SEQ of the next segment in the template is reversed
0x40 64 READ1 the first segment in the template

0x80 128 READ2 the last segment in the template

0x100 256 SECONDARY secondary alignment

0x200 512 QCFAIL not passing quality controls

0x400 1024 DUP PCR or optical duplicate

0x800 2048 SUPPLEMENTARY supplementary alignment

Bit operations made easy

- samtools flags
0xa3 163 PAIRED,PROPER_PAIR,MREVERSE,READ2

- python

0x1 | 0x2 | 0x20 | 0x80 .. 163

bin(163) .. 10100011
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CIGAR string

compact representation of sequence alignment:

alignment match or mismatch

sequence match

sequence mismatch

insertion to the reference

deletion from the reference

soft clipping (clipped sequences present in SEQ)

hard clipping (clipped sequences NOT present in SEQ)
skipped region from the reference

padding (silent deletion from padded reference)

VZIvO-XI| Z
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Insert size
length of the DNA fragment sequenced from both ends by paired-end sequencing:
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Optional tags

AS Alignment score by the aligner
NM Edit distance to the reference
MQ Mapping quality of the mate
RG Read group
Read Group
ID SRR/ERR number
PL Sequencing platform
PU Run name
LB Library name
Pl Insert fragment size
SM Individual
CN Sequencing center

BAM specification

http://samtools.github.io/hts-specs/SAMv1.pdf
http://samtools.github.io/hts-specs/SAMtags.pdf




SAM / BAM tools

Samtools - Wellcome Sanger Institute (http://www.htslib.org)

» convert between SAM, BAM, CRAM

> sort, index

» flagstat - summary of the mapping flags

» merge multiple BAM files

» rmdup - remove PCR duplicates from the library preparation

Picard tools - Broad Institute (https://www.broadinstitute.org/gatk/)

» MarkDuplicates, CollectAlignmentSummaryMetrics, CreateSequenceDictionary, SamToFastq,
MeanQualityByCycle, FixMatelnformation etc.

Others

» Bio-SamTool - Perl (http://search.cpan.org/~lds/Bio-SamTools/)
» Pysam - Python (https://github.com/pysam-developers/pysam)
» R - Bioconductor/Rsamtools

BAM Visualisation

»> IGV: http://www.broadinstitute.org/igv/
» BamView, LookSeq, Gap5, Tablet, Ensembl, UCSC, Bambino, Biodalliance. . .



BAM files are too large
» ~1.5-2 bytes per base pair

Increases in disk capacity are being far outstripped by sequencing technologies

‘Grawih of DNA Sequencing

Cumulative bharitsir of Hermas Garones
1
Werkhge A Seqeencng Capacky
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Zachary D. Stephens, et al, Big Data: Astronomical or Genomical? DOI: 10.1371/journal.pbio.1002195
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CRAM: Reference based Compression

BAM files are too large
» ~1.5-2 bytes per base pair

Increases in disk capacity are being far outstripped by sequencing technologies
BAM stores all of the data

» Every read base
> Every base quality
> Using a single conventional compression technique for all types of data

CRAM: in lossless mode 60% of BAM size

» Reference based compression
» Controlled loss of quality information
» Different compression methods for different type of data

Support for CRAM

> added to Samtools/HTSIib in 2014, to GATK in 2015

» CRAM is now mature and used in production pipelines
» all sequencing data by default in CRAM format
> 40% disk space saving immediately
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##fil VCFvd. B header lines
##filelate-20 159‘.‘0?
#¥gource=VCFtaoly
#¥raforence=NCBIIG
i BHINFO=<ID=AA Number=1, Type=5tring, Description=" ;;:;;trﬂ Alle;
Ll

Optional header lines (meta-data
> ™ about the annotations in the VCF body)
FRINFOw=<1D=H2  Number=0, Type=Flag, Description="H

ip*s
“FDRN\T-(!]!-ET Ih-ber-l Tjrpe-itrl.nq Description="Ganotype
be r=l, Ty «Description="Genotyde Ouality (phred score]">
? ”FQWT-‘EQ;MMI’-G TWEF{OII Description="Likel{Moods for RR.AA,AA genotypes (R=refl A=alt]">
Depth">

Mumber=1, Typ ger, Descriptions"|
MLT-:IMEL Dei criptions"Daletion">

"Type of structural variapt®=
*End position of the variant™s Refarsnce allales (GT=0)

TORMAT SANPLEL sﬁﬂ'
GT:DP 1/2:13. B/07129

f2;AkeT 67160 B11:168 2/2.78
B 60 g S s K
SUTYPESDEL{END=388  GT:GO 1:12:3 0/0:28  Alternate alleles (GT>0 is

an index to the ALT column)

DEhecemnt Phased data (G and C above

are on the same chromosame)

File format for storing variation data

> tab-delimited text, parsable by standard UNIX commands
» flexible and user-extensible
» compressed with BGZF (bgzip), indexed with TBI or CSI (tabix)
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Row-oriented, tab-delimited file with eight mandatory columns (CHROM-INFO)
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Genomic coordinates
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Arbitrary string, typically a dbSNP RefSNP id. Dot for
missing value.
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Although in theory phred-scaled probability, don't expect
truly probabilistic interpretation in practice.
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Soft-filter variants with e.g. low quality, low depth, etc.
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Per-site annotations. Here DP is the cumulative read depth
across all samples and AF allele frequency of the allele in
general population.
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Per-sample annotations. Here GT (genotype) and AD
(allelic depth) will be present for each sample.
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Per-sample values listed in the same order as specified in
the FORMAT column, separated by a colon.
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Multiple alternate alleles can be present in one row.
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All variation types can be represented:
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Genotype (GT) is represented as a 0-based index into the
array of REF and ALT alleles

One file can contain zero, one or many samples
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Often it is not sufficient to keep only variant sites:
> is there no alternate allele or is there no coverage???
» need evidence for both variant and non-variant positions in the genome
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VCFs can be very big

» compressed VCF with 3781 samples, human data:
» 54 GB for chromosome 1
» 680 GB whole genome

VCFs can be slow to parse
> text conversion is slow
» main bottleneck: FORMAT fields

werilelornal=vifvi 0

T iledate=20100707

Esanrco-YiFtants

NMLT==I0-DEL Deseraption="0eletion'>

FOINFO==ID=END, Huither=1, Type=Tntegar, Description="En¢ posiiion-af the variant®s
FLHEUM POE LD REF GL1 GUAL FLOTER IREN FLHAL sty LE] EAN‘L

1.3 L FASS  AC=67;AN-54£0;DP-2E03 171:8,8,73:26; 22 #3,9,73:13:31 1/8:253,0.75 1/6:255,0,7! 32 15
14 i At 1% - LAEU ; DH=0B b CH 5B 153218 114,89, 44

Yos e ¥ hSTEl:DP:&!Iﬂ B/8:9,6,53 0/E

1°6 o AG . PASS AC=HVAN-5LEQ;DP-2E00 GT ap:Go 14 73:13:37 /8 TI:ARIA 1FR:I65,0,75 1G5 255 G Kt 32 15
L7 . A T . PFASS AL=I5;OM-EHEQ;DR=GESE G1:PLIOF-G0 A:255,0.75:30:15  O/0: Q 2, 8614 BG L141:0,9, 032 bR, 732 21

> binary representation of VCF
» fields rearranged for fast access
m! POS .'Il'l REF ll." ML FILTER IKFO FORMAT SAMPLEL SIIIPl!.Z. SHMPLE3 SAMPLE4 . SANPLES
B ) PASE al;-n‘nu-un GTEPLAOF:G] 1/1:8,9,73:26:22 878:0,9,73:13:31  B/B:R,1,73:45:04° 1/8:255,0,75:32¢15 1701255 6,75:32:15
¥ * A ¥ -
L B . A & . PASS ACRT;ANsS4B GT:1/1:0/8:BB:1/8:1/8 PL:B,0,73:8,0,73:8,0,73:255,8,75:255,0,75 OF:26:12:48:37237 60:22:31109:15:15
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The commands | run:
samtools stats file.bam > file.bam.stats
plot-bamstats -p plots/ file.bam.stats

The questions | want to answer:
» Do | have enough read coverage with my mapped reads?
» Was the library creation process efficient and problem-free?
» Did the sequencing process create artefacts?
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Read coverage

Read coverage / depth

> is every genomic position “covered” to a sufficient depth?

» average depth: number-of-reads / target-size
» the whole human genome .. target-size = 3Gb
> the exomes .. target-size = 50Mb

Exomes

> be careful to distinguish between the total sequencing yield and on-target bases

Useful coverage

> 15x ok for common germline variants
> 30x ok for most things
» 100-200x for low VAF variants in tumors
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Phasing noise f'b

Intensity
<t

Base-calling for next-generation sequencing platforms, doi: 10.1093/bib/bbq077
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Sequencing by synthesis: dephasing
> growing sequences in a cluster gradually desynchronize
> error rate increases with read length

Calculate the average quality at each position across all reads

o Quality by Cycle
35
30
B
i
2 15
10
5
°, 20 W ) E3 100 20
Cycie
Quality Probability of error Call Accuracy
10 (Q10) 1in 10 90%
20 (Q20) 1in 100 99%
30 (Q30)  1in 1000 99.9%
40 (Q40) 1in 10000 99.99%
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Library prep biases: PCR duplicates

Experiments start with small amounts of DNA

» a PCR amplification step is necessary for lllumina sequencing: one molecule =>
many identical molecules

Problem:
» additional PCR-copy molecules are not informative

Solution:

» infer and mark PCR-dupliates, discount in later analysis
» mark if reads and their mates start at the same position

> use picard MarkDuplicates or samtools markdup

» typical dup rates: Exomes ~ 15-20%, Genomes < 5%
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Mormalized Frequency

GC- and AT-rich regions are more difficult to amplify
» compare the GC content against the expected distribution (reference sequence)

11072_1#4 barr bamcheck 12177 1 bam.bamcneds
I § Refararce I " PReference
1- 382 Frst fragments Lk fragments
Last fragments st fragrments
08 r 08 - .
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secanshtie] GC Conters [%]
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Base content (%]

Was the adapter sequence trimmed?

R, han. hanchack

R Cyele

Base cantert [%]

G706 _S#1.bam bamchack

) " . L L H

D 10 20 30 40 50 ad 70 80
Head Cycle
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Paired-end sequencing: the size of DNA fragments matters

9353_A432 . ban,, hascheck 0353 _6438, ban, bancheck
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!
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12430 _5#38 barn barnchecs
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This is 100bp paired-end sequencing. Can you spot any problems??
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Mismatches per cycle

Hunber of misnatches

Mismatches in aligned reads (requires reference sequence)
» detect cycle-specific errors
» base qualities are informative!

BO1E 187 EBEA.2ES
50 180406
Bace Quality)1d = ‘Base Gualiturdn e
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o
"
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67/73



False indels

1500
1000
500

» air bubbles in the flow cell can manifest

14599 _2#8.bam bamstats

P Insertions {fwd)
LIRS Insertions (rev)

10 20 30 40 50 €0 70 80 90 100
Read Cycle

Tl ot

as false indels

15008
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A suggestion for human data:

Minimum number of mapped bases 90%
Maximum error rate 0.02%
Maximum number of duplicate reads 5%
Minimum number of mapped reads which are properly paired 80%
Maximum number of duplicated bases due to overlapping read pairs 4%
Maximum in/del ratio 0.82
Minimum in/del ratio 0.68
Maximimum indels per cycle, factor above median 8
Minimum number of reads within 25% of the main peak 80%
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Detecting contamination and sample swaps

Detect sample mixture from population allele frequency
https://genome.sph.umich.edu/wiki/VerifyBamID

Check sample identity against a known set of variants



https://genome.sph.umich.edu/wiki/VerifyBamID

File formats specifications
http://samtools.github.io/hts-specs

Index FASTA file
samtools faidx ref.fa

View a SAM/BAM/CRAM or a slice of it
samtools view file.bam | less
samtools view file.bam chri:300000-310000 | less

Generate and plot stats
samtools stats file.bam > file.txt
plot-bamstats -p plots/ file.txt

Index VCF/BCF
bcftools index file.vcf

View VCF/BCF or a slice of it
beftools view file.vef | less
bcftools view -r chr1:300000-310000 file.vcf | less

Generate and plot stats
bcftools stats -s - file.vcf > file.txt
plot-vcfstats -p plots/ file.txt
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http://samtools.github.io/hts-specs

