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Fluorescence-based microscopy



Fluorescence-based microscopy

Re-cap: Sequencing by synthesis after library preparation
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The number of sequencing cycles? determines the read length.

2(1) Incorporate fluor-dNTP, (2) detect, (3) deblock, (4) cleave fluor
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Fluorescence-based microscopy

Fluorophores and fluorescence detection

Fluorophores: molecules that re-emit light
upon absorption of light

Figure 3 - Fluorophore Absorption and Emission Profiles
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Fluorescence microscopes separate emitted
light (dim) from excitation light (bright).

Figure 2 - Fluorescence Filters
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See Sanderson et al. [2014] for an overview of fluorescence microscropy
techniques (not just DNA-sequencing-related).
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Single and paired-end reads



Single and paired-end reads

Types of reads

https:/Avww.yourgenome.org/facts/how-do-you-put-a-genome-back-together-after-sequencing
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F. Diindar (ABC, WCM) Dealing with ‘raw reads’

Single reads are cheaper.
(why?)

Paired-end (PE) reads are
helpful for:

o alignment along repetitive
regions

@ chromosomal
rearrangements and gene
fusion detection

@ de novo genome and
transcriptome assembly

Q@ precise information about
the size of the original
fragment (insert size)

@ PCR duplicate identification
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Single and paired-end reads

Paired-end read generation

A.READ 1

flowcell
attachment
primer for .
sequencing
the insert § ¢

DNA
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flowcell
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Single and paired-end reads
Paired-end read generation

A. READ 1 B. INDEX READ

flowcell
attachment

primer for .
sequencing
the insert § 4

DNA
insert

index primer L Index SP

barcodef/index Index
flowcell
attachment
9/ 43
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Single and paired-end reads
Paired-end read generation

A.READ 1 B. INDEX READ

flowcell
attachment
primer for
sequencing
the insert

Flip fragment over to
prepare sequencing from
the other end
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Dealing with ‘raw reads’
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Single and paired-end reads

Paired-end read generation

C. READ 2

A.READ 1 B. INDEX READ
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Illumina’s “raw reads”

lllumina’s read output: turning images into text files

TIFF BCL file FASTQ files

basecall files (binary text base calls are gathered per
files) read rather than per cycle

— during sequencing, base - reads are sorted into dif-
calls for every location of ferent files per sample as
the flowcell are added live identified by the barcodes
for every cycle (demultiplexing)

\

All steps here are performed by lllumina’s proprietory CASAVA software.

The file name usually includes some information about the sample:
<sample name>_<barcode sequence>_<L(lane)>_<R(read number)>_<set
number>.fastq.gz, e.g. MyExperiment_AGCTTGTTC_LOO1_R1_001.fastq.gz
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Illumina’s “raw reads”

The FASTQ format: FASTA + quality score

1 read = 4 lines
1 @ERR459145.1 DHKW5DQ1:219:DOPT7ACXX:2:1101:1590:2149/1
2 GATCGGAAGAGCGGTTCAGCAGGAATGCCGAGATCGGAAGAGCGGTTCAGC
3 +
4 @Q7<DBADDDBH?DHHI@DH>HHHEGHIIIGGIFFGIBFAAGAFHA °57B@D

@ @Read ID and sequencing run information

@ sequence

@ + (additional description possible; usually an empty
line)

@ quality scores
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Illumina’s “raw reads”

The read ID line is standardized by Casava 1.8

@EAS139:136:FC706VJ:2:2104:15343:197393 1:Y:18:ATCACG CAUTION

EAS139 | the unique instrument name This will on |y be
136 | therunid true if you receive
FC706VJ | the flowcell id FASTQ files fresh
2 flowcell lane off the sequencer.
2104 | tile number within the flowcell lane If you download
15343 | 'x'-coordinate of the cluster within the tile FASTQ files from
197393 | 'y-coordinate of the cluster within the tile pu blic repositories,
1 the member of a pair, 1 or 2 (paired-end or mate-pair reads only) t h e rea d | D mi ght
Y Y if the read is filtered, N otherwise have been cha nged

18 0 when none of the control bits are on, otherwise it is an even number sign ifica ntly.

ATCACG | index sequence

see https://en.wikipedia.org/wiki/FASTQ_format
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Illumina’s “raw reads”

The quality scores: summarizing numerical scores into

single-character representations

lllumina’s CASAVA pipeline:
BCL files: Base calls (A/C/T/G) are immediately recorded with an error
probability®.
The error probabilites are translated into ASCII symbols in the FASTQ files.

@ERR459145.1 DHKW5DQ1:219:DOPT7ACXX:2:1101:1590:2149/1
GATCGGAAGAGCGGTTCAGCAGGAATGCCGAGATCGGAAGAGCGGTTCAGC

W
|©7 <DBADDDBH?DHHI@DH>HHHEGHIIIGGIFFGIBFAAGAFHA ’57B@D |

base error Phred “FASTQ

probability p, score, score”,
eg.10e-4 | .10xloglop) |  ©9:40  jtunscoreinto|  eg:( )
ASCII symbol
3See the QC section for reasons for base call uncertainties.
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Illumina’s “raw reads”

ASCII symbols

Dtc LOCT uE nembol

33
34
35
36
37
38
39
40
41
42
43

65
66
67
68
69
70
7
72

040
041
042
043
044
045
046
047
050
051
052
053
101
102
103
104
105
106
107
110

21
22
23
24
25
26
27
28
29
2A
2B

4
42
43
44
45
46
47
48

00100000
00100001
00100010
00100011
00100100
00100101
00100110
00100111
00101000
00101001
00101010
00101011
01000001
01000010
01000011
01000100
01000101
01000110
01000111
01001000
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Dealing with ‘raw reads’

Www.ascii-code.com

ASCII encodes 128 specified
characters into seven-bit integers,
which is useful for digital
communication.

The first 33 characters represent
unprintable control codes (e.g. “Start
of Text"), therefore the Phred scores
were originally encoded by using an
offset of +33 (Rightarrow “!").
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Illumina’s “raw reads”

Printable ASCII symbols start at 33

LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL e ¢ ¢ o e e e e v e eeeeeeeeeeeeeeenennennennennsnnnsnnnnnnnns
L"#$%& " () *+,-./0123456789: ; <=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]"_~abcdefghijklmnopgrstuvwxyz{ |}~

| | | | | |
33 59 64 73 104 126

+33

L - Illumina 1.8+ Phred+33, raw reads typically (0, 41)

image from https://en.wikipedia.org/wiki/FASTQ_format
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Illumina’s “raw reads”

Different offsets have been used by different Casava

versions

D:0:0:0:0:0.0:0.:0.0.0.0:0:0:0:0:0:0.0.0.0.:0.0:0:0:9:0:0:9.9:0.0.0.0:0:0:0:0:0:0..6.0.0.0.0. 4
. IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
JJJJJJgaggagiaaaaaa

126

S - Sanger Phred+33, raw reads typically (0, 40)
X - Solexa Solexa+64, raw reads typically (-5, 40)
I - Illumina 1.3+ Phred+64, raw reads typically (0, 40
J - Illumina 1.5+ Phr 64, w reads ty 11 (3, 40)
1 sed, Read Segment Quality Control Indicator (bold)

> discussion abov

o re) .
L - Illumina 1.8+ Phred+33, raw reads typically (0, 41)

image from https://en.wikipedia.org/wiki/FASTQ_format

m
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Illumina’s “raw reads”

Different offsets have been used by different Casava

versions

Both the range of the base call score as well as its translation via the
ASCII code (offset) are somewhat arbitrary and have undergone numerous

changes.

IUESRET () %+, -, /01234567891 ;<=

33
0

........................ 26...31.......40
0,20 i 26...31........ 41

S - sanger Phred+33, raw reads typically (0, 40)
X - Solexa Solexa+64, raw reads typically (-5, 40)

1 - Illumina 1.3+ Phred+64, raw reads typically (0, 40)
- 5+ Ph 4 reads ically ( 0)

(Note: See discussion
L - Illumina 1.8+ Phred+33, raw reads typically (0, 41)

image from https://en.wikipedia.org/wiki/FASTQ_format

Today's standard:
@ min. score: 0
O max. score: 41

o ASCII offset: 33

Make sure you know which version you're dealing with.

F. Diindar (ABC, WCM) Dealing with ‘raw reads’
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Quality control of sequencing reads



Quality control of sequencing reads

Two basic QC questions

@ Did our library prep generate a faithful representation of the
DNA/RNA molecules our our samples?
» ideally, the entire universe of nucleotides was captured (diverse library)
> no contaminations
» no degradation
» no bias towards fragments of certain GC contents and/or sizes
@ How successful was the actual sequencing?
» consistently high base call confidence
» uniform nucleotide frequencies

QC should help identify systematic distortions of data and their
possible sources.
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Quality control of sequencing reads

http://www.bioinformatics.babraham.ac.uk/projects/fastqc

o unpublished, but most widely used QC tool

o supports all NGS technologies

o continuously developed and maintained by long-time bioinformatics
experts

o will only use the first 200K reads for the diagnosis!

A quality control tool for high throughput sequence data.

Language Java
A suitable Java Runtime Environment

Requirements

The Picard BAM/SAM Libraries (included in download)
Code Maturity Stable. Mature code, but feedback is appreciated.
Code Released Yes, under GPL v3 or later.

Simon Andrews
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http://www.bioinformatics.babraham.ac.uk/projects/fastqc

Quality control of sequencing reads

Sequencing quality

Based on ASCll-endoced Phred scores within the fastq file.
@Per base sequence quality

Quality scorcs scross all bascs (Sanger /1lluming 19 cacoding)
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Position in read (bp)
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Quality control of sequencing reads

Sequencing quality

@per base sequence quality ePer base sequence quality
Qoo s s o 19 i) Qualty score across al bases

TRIICTE Bn n A 4 e e s A e A ™ Postion i read (bp)

|
\

©@per sequence quality scores @per sequence quality scores
P o
SETE T ERIIIEa ez s e STTET s s sy a e
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Quality control of sequencing reads

Sequencing quality: reasons for sequencing noise

Noise = fluorophore intensity signal is not as strong and clear as
expected.

o laser not well calibrated
o interfering signals from neighbouring clusters or bases with similar
emission spectra
o unsynchronized fragments in each cluster:
» phasing: small fraction of fragments in each cluster fails to incorporate
any base
» prephasing: more than one base is incorporated

o decaying chemicals (runs often last several days to a week!)
o extraneous objects on the flow cell (e.g. dust, air bubbles)
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Quality control of sequencing reads

Physically localized error rates: tiles vs. time

A typical flowcell has 8 lanes. Lane 8

Each lane contains two columns of tiles

[D00000000000000000000000000000 |k cotumn 1
IQD-QDDDDDDDDDDDDDDDDDDDDDDDDDD| column 2

Each column contains >50 tiles

Each tile is imaged 4x per cycle

F. Diindar (ABC, WCM) Dealing with ‘raw reads’ January 28, 2020 27 / 43



Quality control of sequencing reads

Physically localized error rates: tiles vs.

time

Lane 8

A typical flowcell has 8 lanes.

//////////////Each ne contains ns of tiles
[D0O000D0000000000000000000000000d |

[JOmO00000000000000000000000000 |

Each column contains >50 tiles

Each tile isximaged 4x per cycle

Column 1
Column 2

aPer tile sequence quality

@Per tile sequence quality
iny
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Poriionia e ()
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Quality control of sequencing reads

Contaminations: threats to the full representation of our

original fragment pool (and waste of seq. reads)

o Sources:

Can be identified by examining sequence composition and
overrepresented sequences/k-mers.
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Quality control of sequencing reads

Contaminations: threats to the full representation of our

original fragment pool (and waste of seq. reads)

o Sources:
» primer contamination

Can be identified by examining sequence composition and
overrepresented sequences/k-mers.
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Quality control of sequencing reads

Contaminations: threats to the full representation of our

original fragment pool (and waste of seq. reads)

o Sources:
» primer contamination
» adapter contamination

Can be identified by examining sequence composition and
overrepresented sequences/k-mers.
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Quality control of sequencing reads

Contaminations: threats to the full representation of our

original fragment pool (and waste of seq. reads)

o Sources:
» primer contamination
» adapter contamination
o sequence read length larger than the fragment size (3’ contamination)

Can be identified by examining sequence composition and
overrepresented sequences/k-mers.
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Quality control of sequencing reads

Contaminations: threats to the full representation of our

original fragment pool (and waste of seq. reads)

o Sources:
» primer contamination
» adapter contamination
o sequence read length larger than the fragment size (3’ contamination)
o adapter dimers without insert

Can be identified by examining sequence composition and
overrepresented sequences/k-mers.
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Quality control of sequencing reads

Contaminations: threats to the full representation of our

original fragment pool (and waste of seq. reads)

o Sources:
» primer contamination
» adapter contamination
o sequence read length larger than the fragment size (3’ contamination)
o adapter dimers without insert
» DNA from other species/libraries

Can be identified by examining sequence composition and
overrepresented sequences/k-mers.
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Quality control of sequencing reads

Contaminations: threats to the full representation of our

original fragment pool (and waste of seq. reads)

o Sources:
» primer contamination
» adapter contamination
o sequence read length larger than the fragment size (3’ contamination)
o adapter dimers without insert
» DNA from other species/libraries

o Consequences:

Can be identified by examining sequence composition and
overrepresented sequences/k-mers.
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Quality control of sequencing reads

Contaminations: threats to the full representation of our

original fragment pool (and waste of seq. reads)

o Sources:
» primer contamination
» adapter contamination
o sequence read length larger than the fragment size (3’ contamination)
o adapter dimers without insert
» DNA from other species/libraries
o Consequences:
> noise

Can be identified by examining sequence composition and
overrepresented sequences/k-mers.
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Quality control of sequencing reads

Contaminations: threats to the full representation of our

original fragment pool (and waste of seq. reads)

o Sources:
» primer contamination
» adapter contamination
o sequence read length larger than the fragment size (3’ contamination)
o adapter dimers without insert
» DNA from other species/libraries
o Consequences:
> noise
> reduced alignment rates
Can be identified by examining sequence composition and

overrepresented sequences/k-mers.
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Quality control of sequencing reads

Detecting contaminations

Per Base Sequence Content

@Per base sequence content

Sequence content across all bases

: ?%

w0 " If the fragments represent
a random and diverse
representation of the entire
genome, there should be a
**uniform distribution** of
all four bases across all

0| — : - == —=—— cycles.

123456782910 12 14 16 18 20 22 24 26 28 30 32 34 36 38 a0
Position in read (bp)
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Quality control of sequencing reads

Detecting contaminations

Per Base Sequence Content — more examples

@Per base sequence content ePer base sequence content
Fr—— Sequence content T

® ] 100
wr
w %
o % .

© a0

o ™

1234356709 DI D N2 DI K 240 e N3 06 68 TN M Wi NI %69 12345678910 1 16 16 18 20 2 2 26 2 0 2 M 36 3B 40
oiionia end () ositon in read (bp)

O irregularities in the first ca. 8 bp are often seen for RNA-seq and ATAC-seq and
indicate a bias for certain sequences at the fragment beginning

O more severe deviations from uniformity often indicate contaminations and/or lack of
library diversity
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Quality control of sequencing reads

Detecting contaminations

Overrepresented sequences & adapter sequence frequencies

@Overrepresenled sequences ‘Qmerrepresemed sequences

o cvrepresete soqurces T I N

eAdapler Content e L1 ]
% Adapter
200, ——— @Adapler Content
Wumina Smail RNA Adaster % adapter
% extera Transposase Seuence 200,
o Wamine Uriversa Actaper
50UD Small Ra Acaprer e
a0 %
70 @
n
&
50
s0
50
o
w0
30
2
20
»
0
0
© TTisseresi 1T 12 15 15 0 22 24 6 28 30 32 34 3 38 o

17545573 NN R0 UG BT BR DA RS 85508 e
Fositonin read (50!

Poshion in read (be)
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Quality control of sequencing reads

Trimming contaminations & low-quality bases

Mostly done to improve alignment.

o Can be done before alignment or, if contaminations/low-quality bases
are low in number, might be left to the “soft-clipping” function* of
read aligners.

o There are numerous tools out there to do the job, e.g. Cutadapt
[Martin, 2011] and TrimGalore.

o For de novo assemblies, it is probably more meaningful to perform
some error-correction based on overlapping reads rather than trimming
the reads [Salzberg et al., 2012, Yang et al., 2013]

*ignoring mis-matched bases at the beginning/end of a read
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http://github.com/%20marcelm/cutadapt
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore

Quality control of sequencing reads

Duplicate read: types

o optical duplicates (same DNA cluster erraneously
reported as separate clusters)

o natural duplicates (multiple independent original
fragments with very similar sequence)

» more likely to occur for small(ish)
genomes/transcriptomes and experiments that
enrich for relatively few and small regions of
the genome

o PCR duplicates (1 original fragment)

» often sample-specific and very difficult to
correct in silico

» can be reduced by avoiding excessive PCR

The Problem

There is no way to distinguish natural from PCR duplicates!
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Quality control of sequencing reads

Duplicate reads: FastQC assessment

Proportion of reads (y-axis) that contain sequences in each of the different
duplication level bins (x-axis).

@Sequence Duplication Levels

Perocat of scqs scmaining i deuglicated 49.05%
100

% Dedoplicated sequences

M — Blue line: all reads (=
first 100K!) — how many
© times are individual
% sequences found?
© Red line: sequences after

de-deduplication — how

many different sequences
were found to be

0 duplicated?

! 2 3 4 5 6 7 3 9 =0 »30 100 >300 =l >3k 10k
Scqueace Duplieation Level

F. Diindar (ABC, WCM) Dealing with ‘raw reads’ January 28, 2020 35 /43



Quality control of sequencing reads

Duplicate reads: FastQC assessment

@Sequence Duplication Levels OSequence Duplication Levels

Percen of seqs remaining f decuplicated 84 3% Panscat of s emiing i dogliond 4905%

12 3 4 5 & 7 8 5 10 550 5100 500 >1k sk 1ok U 2 s s s 6 1 8 3 sk o® ok s ok ow ol
Sequence Dupicaion Level ‘Scqcace Doglsioa Lol

Check that the red line is flat and that the number of remaining reads after
de-duplication is acceptable.
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Quality control of sequencing reads

Two basic QC questions

@ Did our library prep generate a faithful representation of the
DNA/RNA molecules our our samples?
» ideally, the entire universe of nucleotides was captured (diverse library)
> no contaminations
» no bias towards fragments of certain GC contents and/or sizes
» no degradation
@ How successful was the actual sequencing?
» consistently high base call confidence
» uniform nucleotide frequencies
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Quality control of sequencing reads

QC summary

| SEreads || PEreads |

Error correction
(ex. tools: Quake
for genome data;
SEECER for
transcriptome data)

Validate/fix the
order of PE reads

\
H
assessment H
(ex. tools: preqc) H

Remove chastity filtered reads;

i

Trim low-quality tails; | | | T 1 eecceeaa——aaa .
Remove low-complexityreads | | + L. !
= neediongeats . eero g b1
l de novo assembly
b e e e N
Adapter contamination?
e e e e e N

(ex. tools: FastQC, Kraken)

Lves

Use soft-clipping

enabledaligners | 1 el
(ex. tools: BWA,

Bowtie2), or perform

(ex. tools: Scythe, Cutadapt,
AdapterRemoval for SE data;

AdapterRemoval, SeqPrep, Bias correction (ex.

Adapter trimming }

|
i

i

i

Trimmomatic for PE data) quality based tools: BEADS) !
trimming (ex.tools: | + 1 Tresssssssssssssssceees !

Trimmomatic) / + 1 eeeeeaae 1

Library contamination? No { Adjustmentof PCR % |

(ex. tools: QC-Chain) 5 duplicates (ex. tools: E \

oyl RNAseq 5 iReckon RASTA); | H

lYe‘ No i Biascorrection (ex. ! .
Decontamination ! R ,_tools:CON, EDASeq) ;!

(ex. tools: Deconseq, Eu-Detect) | Short read alignment !
b e e 4

Figure from Zhou and Rokas [2014] (highly recommended reading!)
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Sequence Read Archive



Sequence Read Archive

Where are all the reads?

SRA = main repository for publicly available DNA and RNA sequencing data of which
three instances are maintained world-wide.
GEO (https://www.ncbi.nlm.nih.gov/geo/) can be used to find SRA data, too.

Sequence .

—— Read
GenBank rehiv DDBJ
http://www.ncbi.nlm.nih.gov/genbank/ http://www.ddbj.nig.ac.jp/intro-e.html
ENA

https://www.ebi.ac.uk/ena/
See O'Sullivan et al. [2017] for many more details.
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