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NGS processing workflow

Get .bcl files
Create fastq files
QC: remove/trim low quality reads
Align fastq to BAM
Filter duplicates, artifacts, ...

Generate tracks

Assay-specific downstream analysis
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.bcl files

bcl:
YYMMDD_machinename_XXXX_FC
] <ExperimentName>
- Raw data output of a sequencing run ‘ ‘
T e — Data
- Binary, non-human-readable file B .
Intensities
P
_Runl;lfo.xml t (B;?_%Le) —1 locsfiles
. . . BaseCalls
- Contains the base cal_llng and quality score per pathr—
cluster, per sequencing lane, per cycle n By Lane)
JE—
—— bcl.bgzf files
— InterOp
] Metrics Files T
- Huge files cene
P—
- No aggregated sequence per read ===




NGS processing workflow

Get .bcl files .
Create fastq files
QC: remove/trim low quality reads
Align fastq to BAM
Filter duplicates, artifacts, ...

Generate tracks
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Fastq files

A fastq file contains reads, each read is composed of 4 lines:

1. A 'sequence identifier with information about the sequencing run

2. The sequence (the base calls; A, C, T, G and N).

3. A separator, which is simply a plus (+) sign.

4. The base call quality scores, using ASCII characters to represent the numerical quality scores.

bjacquesserizay@ L J:~ $ cat SRR11575369_1.fastq.gz | zcat | head -n 8
@SRR11575369.1 1/1
ANCAACAGTGGAATTCGTTTTGATGAAAAAAATAAATTTGTTCTTCAAAGCAGAGTGAATGATGCAGTACGAGCTCTTGCTCTTGAAAACCCATCACAACTTTATAATTTAATAATTAGTGAAAAATTAAAAAAATAATATTTCTTATATT

+

F#F .FFFFF:FFFFFFFFFF:F,FF,FF::F,: :FFFFFFFFFFF:FF:FF:F,FFF,F:F,FFF,FF:FF:F:FFF:FF:FFFF, :F: FFFF:FF,FF:F:FF,,:F:F, ¢ F:F:FF,, tFF:, ,F,,,,,:FFFF::F:,, FF
@SRR11575369.2 2/1

TNGCCAGTCAATACCGCCCTTTTTTTTTTTITTITTITTITTI T T T TTITTI T I T I I I I I T I T I T I I I I I I I I I I T I I T T I T I T T T TTTTGTGTTTTTTTTTTTTTATATAATAAAATTTTTTTTTTTTTTAATAAAATTTTTTTTTTATTTT
+

F#FFFFFFF: :FF:FF: :FFFFFFFFFFFFFFFF: FFFFFFFFFFFFF, ,FFFFFFFFFF : FFFFFF : FFFFFFFFFFF:F FFFFF,,,:,,::FFFFFFFF,,:,,,F,,,,, ,FFFFFF,F, FF: F,: F,FFFFF,,,:, F::F




bcl2fastq

bcl2fastq ——run-folder-dir <bcl_files_folder> ——output-dir <fastq_files_folder>

Sequencing bcl2fastq FASTQ Files
BCL Libraryl 1 S1 L001 Rl 001.fastq.qz
S :D ,:> Libraryl 1 S1 L001 R2 001.fastq.gz
R — Libraryl 1 S1 LO01 I1 001.fastqg.gz
C o ) .
J J_ G

Lane, Sample, Index
1,Libraryl 1,SI-GA-Al

User guide:

https://support.illumina.com/content/dam/illumina-
support/documents/documentation/software documentation/bcl2fastg/bcl2fastg letterbooklet 15038058

bromi.pdf



https://support.illumina.com/content/dam/illumina-support/documents/documentation/software_documentation/bcl2fastq/bcl2fastq_letterbooklet_15038058brpmi.pdf
https://support.illumina.com/content/dam/illumina-support/documents/documentation/software_documentation/bcl2fastq/bcl2fastq_letterbooklet_15038058brpmi.pdf
https://support.illumina.com/content/dam/illumina-support/documents/documentation/software_documentation/bcl2fastq/bcl2fastq_letterbooklet_15038058brpmi.pdf

Why so many fastq files?

DNA fragment, A-tailed

‘ Library preparation

I
DNA fragment, A-tailed

“R1” sequence
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Why so many fastq files?

T
DNA fragment, A-tailed
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Why so many fastq files?

DNA fragment, A-tailed

‘ Library preparation

I
DNA fragment, A-tailed

“12” sequence “R2” sequence




Why so many fastq files?

DNA fragment, A-tailed

‘ Library preparation

I
DNA fragment, A-tailed

‘ Sequencing
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Why so many fastq files?

DNA fragment, A-tailed

‘ Library preparation

K n N
& & & &
Q S & & & ]
e 3 2 |
3 >
N & g a ’
’ L y ) \
DNA fragment, A-tailed
‘ Sequencing
oY X
< <
v S 3 24
\.\ E@* .bb’b ,bb’bQ bi\' '@\
< & & K <

> Only used for demultiplexing
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NGS processing workflow

Get .bcl files f
L=

Create fastq files Or bcl2fastq
CHECK YOUR DATA \

QC: remove/trim low quality reads

Align fastq to BAM
Filter duplicates, artifacts, ...
Generate tracks

Assay-specific downstream analysis
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FastQC

FastQC

FastQC is a program designed to spot potential problems in high througput sequencing datasets. It runs a set of
analyses on one or more raw sequence files in fastq or bam format and produces a report which summarises the

results.
R FastQc =5 ECR == @ FastQC = EoR ==
File Help Eile Help

bad_sequence. txt good_sequence_short.b(t'

Basic Statistics

‘@ Per base sequence quality ‘34 |I|
32

Per sequence quality scores |35 JJ
Per base sequence content |28 i

(L

~ 26
P tent
U er base GC conten 24
—~
Per sequence GC content |22
20
Per base N content
18

Sequence Length Distribution(16

14
Sequence Duplication Levels
12

Overrepresented sequences |19

@ Kmer Content &

OO0

Quality scores across all bases (Ilumina >v1.3 encoding)

12

] IIIIIIIIIII

[1T]

6
4
2

11 13 15 17 19 21 23 25 27 29 31

Paosition in read {(bp)

33 3 37 39

bad_sequence. txt good_sequence_short.b(t:

@ Basic Statistics

Quality scores across all bases (Ilumina >v1.3 encoding)

34
‘@ Per base sequence quality LALJLAR LR J
32 I
@ Per sequence quality scores |5
@ Per base sequence content |28
P 26 (1] il
P tent
U er base GC conten o4 |
Per sequence GC content |22
20
Per base N content
18
Sequence Length Distribution|16

14
Sequence Duplication Levels
12

Overrepresented sequences |10

8

COO00®

Kmer Content

6
4
2

1234567891213 1819 24-25 30-31 36-37 42-43 48-49 5455 60-61 66-67 72-73 78-79 84-85 90-01 96-97 104-105 114-115 124-125

Paosition in read {(bp)

FastQC will highlight any areas where this library looks unusual and where you should take a closer look. The
program is not tied to any specific type of sequencing technique and can be used to look at libraries coming from
a large number of different experiment types (Genomic Sequencing, ChIP-Seq, RNA-Seq, BS-Seq etc etc).




FastQC

FastQC is a program designed to spot potential problems in high througput sequencing datasets. It runs a set of
analyses on one or more raw sequence files in fastq or bam format and produces a report which summarises the
results.

R FastaC [E= om =)

Eile Help

bad_sequence.ixt | good_sequence_short.txt|

@ Basic Statistics
. 34
Per base sequence quality
32
@ Per sequence quality scores |45
@ Per base sequence content |28

26
24

Quality scores across all bases (Ilumina >v1.3 encoding)

) Per base GC content

| Per sequence GC content |22
20

@ Per base N content
18

@ Sequence Length Distribution|16

=== Qverall decrease in se

) Overreprese!

@ Kmer Content

o

[ N - =)
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Position in read (bp)

33 3 37 39

FastQC will highlight any areas where this library looks unusual and where you should take a closer look. The

FastQC

Local artefact

R FastQC
Eile Help

bad_sequence. txt

@ Basic Statistics

‘@ Per base sequence quality
@ Per sequence quality scores
@ Per base sequence content

) Per base GC content

) Per sequence GC content

@ Per base N content

| Sequence Duplication Levels

@ Kmer Content

@ Sequence Length Distribution| 16

} Overrepresented sequences |1g

[E=3 R =)

good_sequence_short. txt

Quality scores across all bases (Ilumina >v1.3 encoding)
34 J

32

30
28
26
24

22
20
18

12

8

6
4
2

1234567891213 1819 24-25 30-31 36-37 42-43 48-49 5455 60-61 66-67 72-73 78-79 84-85 90-01 96-97 104-105 114-115 124-125

Position in read (bp)

program is not tied to any specific type of sequencing technique and can be used to look at libraries coming from

a large number of different experiment types (Genomic Sequencing, ChIP-Seq, RNA-Seq, BS-Seq etc etc).
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Cutadapt: trim away adapter sequences and low-quality ends

FastQC: Mean Quality Scores &, Export Plot FastQC: Mean Quality Scores A
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Cutadapt: trim away adapter sequences and low-quality ends

Sequence Length Distribution S

All samples have sequences of a single length (50bp).

Read Count

FastQC: Sequence Length Distribution Export Plot
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Cutadapt: trim away adapter sequences and low-quality ends

FastQC: Overrepresented sequences &, Export Plot

LM150_nxqg_R1 LM150_nxqg_R1

N

LM150_nxq_R2 LM150_nxq_R2

0% 5% 10% 15% 20% 25% 30% 0%
Percentage of Total Sequences

@ Top over-represented sequence @ Sum of remaining over-represented sequences @ Top over-represented sequence

FastQC: Overrepresented sequences

5%

7.5% 10% 12.5% 15% 17.5% 20%
Percentage of Total Sequences

@ Sum of remaining over-represented sequences

¥, Export Plot
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NGS processing workflow

Get .bcl files "

Create fastq files B Or _bcl2fastq
CYOUR DATA | E.g. FastQc

CIGREI N GINRIGVENETIWAEEE E g. cutadapt

Align fastq to BAM

Filter duplicates, artifacts, ...

Generate tracks

@0 00 WX

Assay-specific downstream analysis
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Mapping sequencing reads to a reference

Epigenomics Data Analysis — Physalia 2023
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Reference
Genome

Mapping sequencing reads to a reference

Human GRCh38.p13
Chromosome 8
63817200 63817210 63817220 63817230 638172340

TTATCTTCTTTGACTTCATGTCTCATATTCAGGTCATACTGATGCAAG

Epigenomics Data Analysis — Physalia 2023
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Reference
Genome

Mapping sequencing reads to a reference

Human GRCh38.p13
Chromosome 8
63817200 63817210 63817220 63817230 638172340

TTATCTTCTTTGACTTCATGTCTCATATTCAGGTCATACTGATGCAAG
CTTCATGTCTCATATTCAGGTCA
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Reference
Genome

Mapping sequencing reads to a reference

Human GRCh38.p13
Chromosome 8
63817200 63817210 63817220 63817230 638172340
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SAM file format

Sequence Alignment Map (SAM) is a human-readable, rectangular, text- Col | Field

based format for storing biological sequences aligned to a reference

sequence.

Each entry (line) describes where a read is mapped on the reference and

how it is mapped

QNAME
FLAG
RNAME
POS
MAPQ
CIGAR
RNEXT
PNEXT

© | 00| Nl MO NN =

TLEN
SEQ
QUAL

= 5| [
- o

Type
String
Int
String
Int
Int
String
String
Int
Int
String
String

Brief description
Query template NAME
bitwise FLAG
References sequence NAME
1- based leftmost mapping POSition
MAPping Quality
CIGAR string
Ref. name of the mate/next read
Position of the mate/next read
observed Template LENgth
segment SEQuence

ASCII of Phred-scaled base QUALity+33

Epigenomics Data Analysis — Physalia 2023
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SAM file format

Sequence Alignment Map (SAM) is a human-readable, rectangular, text-
based format for storing biological sequences aligned to a reference
sequence.

Each entry (line) describes where a read is mapped on the reference and
how it is mapped

Human GRCh38.p13
Reference Chromosome 8
Genome 63817200 63817210 63817220 63817230 638172340

TTATCTTCTTTGACTTCATGTCTCATATTCAGGTCATACTGATGCAAG

Col

Field

Type

Brief description

QNAME

String

Query template NAME

FLAG

Int

bitwise FLAG

RNAME

String

References sequence NAME

POS

Int

1- based leftmost mapping POSition

MAPQ

Int

MAPping Quality

CIGAR

String

CIGAR string

RNEXT

String

Ref. name of the mate/next read

PNEXT

Int

Position of the mate/next read

© 0O N o 0o »OIN| =

TLEN

Int

observed Template LENgth

=,
o

SEQ

String

segment SEQuence

—_
-

QUAL

String

ASCII of Phred-scaled base QUALIty+33

Epigenomics Data Analysis — Physalia 2023
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BAM file format

BAM files are binarized SAM files, allowing great compression of the alignment results.

However, bam files are not directly human-readable.

samtools view ——bam ...sam > ...bam

Epigenomics Data Analysis — Physalia 2023
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Mapping tools

There are a plethora of alignment tools.
Each one requires the genome reference to be indexed first.

Some mappers can be "splice-aware”, allowing reads to be mapped over annotated introns.

Pair with 1 read mapping over an intron Read pairs

/ Read singleton /\
| el i -

............. # - ]
= e o = R S =
—— Genome sequence reference
> E—- )
— e Gene annotations reference

Epigenomics Data Analysis — Physalia 2023 29




NGS processing workflow

& Get .bcl files =
@ Create fastq files m  Or bcl2fastq

(Jp CIGREI N GINRIGVEVETIWAEEEI E g. cutadapt

@ Align fastq to BAM E.g. bowtie2

‘ Filter duplicates, artifacts, ...

‘ Generate tracks

‘ Assay-specific downstream analysis
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NGS processing workflow

& Get .bcl files =
@ Create fastq files m  Or bcl2fastq
@ CIGREI N GINRIGVEVETIWAEEEI E g. cutadapt

@ Align fastq to BAM E.g. bowtie2
CHECK YOUR DATA
‘ Filter duplicates, artifacts, ...

‘ Generate tracks

‘ Assay-specific downstream analysis
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IGV: Integrative Genome Browser

S. cerevisiae (sacCer3) chrll chrll:14,946-17,062 Go ﬁ 4 » @ o= = |
1]
- 2,117 bp
15,000 bp 15,200 bp 15,400 bp 15,600 bp 15,800 bp 16,000 bp 16,200 bp 16,400 bp 16,600 bp
| | | | | | | | | | | | | | | |

FG0216mapped_R64-1-14filtere:
0O318H.bam

Epigenomics Data Analysis — Physalia 2023 32




IGV: Integrative Genome Browser

S. cerevisiae (sacCer3) chrll chrll:14,946-17,062 Go ﬁ' 4 » @ o= = |
L
(X X ] FG0216~mapped_R64-1-1~filtered*"EO318H.bam
- Left alignment Right alignment
15,000 bp 15,200 bp 15,400 bp 15,600 bp | Read name = Read name = 16,600 bp
| | | | | NS500199:793:HGHMGBGXM:4:23511:18330:12366 NS500199:793:HGHMGBGXM:4:23511:18330:12366 | |
Read length = 35bp Read length = 35bp
| Flags = 163 Flags = 83
Mapping = Primary @ MAPQ 42 Mapping = Primary @ MAPQ 42
Reference span = chrll:15,482-15,516 (+) = 35bp Reference span = chrll:15,686-15,720 (-) = 35bp
Cigar = 35M Cigar = 35M
Clipping = None Clipping = None
Mate is mapped = yes Mate is mapped = yes
Mate start = chrll:15685 (-) Mate start = chrll:15481 (+)
Insert size = 239 Insert size = -239
Second in pair First in pair
| Pair orientation = F2R1 Pair orientation = F2R1
MC = 35M MC = 35M
: | XG =0 XG =0
FG0216*mapped_R64-1-14filtere: I NM =1 NM = 0
0318H.bam I XM = 1 XM = 0
I XN =0 XN =0
[l X0 =0 X0 =0
[l MQ = 42 MQ = 42
[l AS =-5 AS =0
| YS=0 YS = -5
| YT =CP YT =CP
| ms = 1236 ms = 1240
| Hidden tags: MD Hidden tags: MD
Location = chrll:15,510
Base =T @ QV 36
Il _

Epigenomics Data Analysis — Physalia 2023
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Filtering duplicates

Multiple reads (fragments) with same mapping position (start & end) can be viewed as PCR duplicates.

Human GRCh38.p13
Reference Chromosome 8
Genome 63817200 63817210 63817220 63817230 638172340

TTATCTTCTTTGACTTCATGTCTCATATTCAGGTCATACTGATGCAAG

Epigenomics Data Analysis — Physalia 2023
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Filtering duplicates
Multiple reads (fragments) with same mapping position (start & end) can be viewed as PCR duplicates.

Human GRCh38.p13

Reference Chromosome 8
Genome 63817200 63817210 63817220 63817230 638172340

TTATCTTCTTTGACTTCATGTCTCATATTCAGGTCATACTGATGCAAG
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Filtering out low-quality mapping reads

Mapping Quality Scores (MAPQ) quantify the probability that a read is misplaced.

MAPQ = —10 = loglO(P(read is wrongly mapped))

Human GRCh38.p13

Reference Chromosome 8
63817210 63817220 63817230 638172340

Genome 63817200
TTATCTTCTTTGACTTCATGTCTCATATTCAGGTCATACTGATGCAAG

MAPQ ~ 18 TTATCTTCTTTGAAT
MAPQ ~32 TTATCTTCTTTGACTTCATGT
MAPQ ~ 12 ATCTTCTT -GACTTCATGTCTCA
MAPQ ~ 42 TCTTTGACTTCATGTCTCATATT
MAPQ ~ 42 TTGACTTCATGTCTCATATTCAG
MAPQ ~ 8 TTGACTTCATGTCTCATATTCTG
MAPQ ~ 42 CTTCATGTCTCATATTCAGGTCA

Epigenomics Data Analysis — Physalia 2023




Filtering out low-quality mapping reads

Mapping Quality Scores (MAPQ) quantify the probability that a read is misplaced.

MAPQ = —10 * log,o(P(read is wrongly mapped))

For example, a MAPQ score of 20 indicates that the probability for the read to be map at the indicated
position is 0.01.

Human GRCh38.p13

Reference Chromosome 8
63817220 63817230 638172340

Genome 63817200 63817210
TTATCTTCTTTGACTTCATGTCTCATATTCAGGTCATACTGATGCAAG

ey e e —

MAPQ~32 TTATCTTCTTTGACTTCATGT

I B T A A A

MAPQ~42 TCTTTGACTTCATGTCTCATATT
MAPQ ~ 42 TTGACTTCATGTCTCATATTCAG

e i ———

MAPQ ~42 CTTCATGTCTCATATTCAGGTCA

Epigenomics Data Analysis — Physalia 2023
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NGS processing workflow

& Get .bcl files =
@ Create fastq files m  Or bcl2fastq

(J) CIGREI N GINRIGVEVETIWAEEEI E g. cutadapt

(\/} Align fastq to BAM E.g. bowtie2
<¢) Filter duplicates, artifacts, ... E.g. samtools

‘ Generate tracks

‘ Assay-specific downstream analysis

Epigenomics Data Analysis — Physalia 2023
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Generating tracks from mapped reads

Basic approach: "pile-up” of all the fragments in "bam’ files to generate a coverage track.

-
e00® IGV
S. cerevisiae (sacCer3) chril B chni:13,391-17,624 Go Bt « » @O = 2 | EEENEEERRN! AR
|l |
4,234 bp
14,000 bp 15,000 bp 16,000 bp 17,000 bp
| | | |
[ [ Il
I | \
e -
\
| | I =
m
[
il
L I}
FG0216*mapped_R64-1-14filtere:
0318H.bam =0

FG0216"mapped_R64-1-14filtere:
0318H.bam Coverage H

Epigenomics Data Analysis — Physalia 2023 39




deepTools: a software suite to manage/produce genomic tracks

https://deeptools.readthedocs.io/en/latest/content/list of tools.html

e Tools for QC

 plotCorrelation
plotPCA
plotFingerprint

O

e Tools for BAM and bigWig file processing

O

0]

o multiBamSummary
o multiBigwigSummary

o)

bamPEFragmentSize
o correctGCBias

0]

computeGCBias
o bamCoverage

o)

plotCoverage

o bamCompare e Heatmaps and summary plots
o bigwigCompare o plotHeatmap

o bigwigAverage o plotProfile

o computeMatrix o plotEnrichment

o alignmentSieve e Miscellaneous

o computeMatrixOperations
o estimateReadFiltering

Epigenomics Data Analysis — Physalia 2023



https://deeptools.readthedocs.io/en/latest/content/list_of_tools.html

deepTools: a software suite to manage/produce genomic tracks

N\ o\
e for visualizing continuous data, e-g- in
h . the UCS5C Genome Browser or |GV,
bam bigwig bigWig files come in really handy

e —— e — e €& INpUT
LR,

)

o AAMM‘A --.‘AM‘. t‘&..u.&nhu. WGy S

e M. ....m...mu.mh hMmm wdad
i cah ol el .MM-M e

PRI SPIY W TR "IV TURPTIN BVY PYSPRR T TV WY | TR TR .......A./

-

————il—> i L H t - ————H— .

remember that there are 2 deepTools for bam > bigWig conversion:
% bamCoverage: for individual files (like those shown here)

% bamCompare: to normalize two files to each other

different
ChlP-seq

samples

Epigenomics Data Analysis — Physalia 2023
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NGS processing workflow

& Get .bcl files -
@ Create fastq files m  Or bcl2fastq

(J) CIGREI N GINRIGVEVETIWAEEEI E g. cutadapt

@ Align fastq to BAM E.g. bowtie2
@ Filter duplicates, artifacts, ... E.g. samtools

‘ Assay-specific downstream analysis

Epigenomics Data Analysis — Physalia 2023
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NGS processing workflow

& Get .bcl files =
@ Create fastq files m  Or bcl2fastq

(J) CIGREI N GINRIGVEVETIWAEEEI E g. cutadapt

@ Align fastq to BAM E.g. bowtie2
@ Filter duplicates, artifacts, ... E.g. samtools
E.g. deepTools

Generate tracks
CHECK YOUR DATA

Assay-specific downstream analysis

Epigenomics Data Analysis — Physalia 2023
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Watch out for artefacts

S. cerevisiae (sacCer3)

chriv chrlV:1,104,441-1,154,437 Go Ff « » @ [ = ;l. E=RERRERY [RRRARN

49 kb

1,110 kb 1,120 kb 1,130 kb 1,140 kb 1,150 kb
| | | | | | | |

CH_RNA_pneumo_1*mapped_S:
8c_Mpneumo*KWFDI2.fwd.CPM.
bw

CH_RNA_pneumo_1*mapped_S:
8c_Mpneumo*KWFDI2.rev.CPM.
bw

CH224*unmapped_CBS138"mar
ed_S288c"YMT7BP.CPM.bw

[0-34

140.000- 0.00]

[0-202)

o Ao A A _A

Epigenomics Data Analysis — Physalia 2023 44



Watch out for artefacts

W303_Mmmyco.fa Mmmyco Mmmyco:837,032-885,592 Go Ft « » @O = 1 . =R IANRRAAE

48 kb

840 kb 850 kb 860 kb 870 kb 880 kb
| | | | | | |

[0- 100] :
CH365*mapped_W303_Mmmyco*
ZZMYY.CPM.bw

Epigenomics Data Analysis — Physalia 2023 45




Watch out for artefacts

W303_Mmmyco.fa Mmmyco Mmmyco:837,032-885,592 Go Ft « » @ O = l;l.

ERRERENY IR RRRARNRREE|

48 kb

840 kb 850 kb 860 kb 870 kb
| |

880 kb

[0-100]

CH365*mapped_W303_Mmmyco*
ZZMYY.CPM.bw

CH369*mapped_W303_Mmmyco*
ZZMYY.CPM.bw

menneteh Alntcstfuietes ASaasy . A _Ssebenfisadhes

Epigenomics Data Analysis — Physalia 2023
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Watch out for artefacts

C. elegans (ce10) chrlll chrlll:3,880,411-4,011,332 Go ft « » @ [ = L;l. S &

130 kb

3,900 kb 3,920 kb 3,940 kb 3,960 kb 3,980 kb 4,000 kb
| | | | | | |

[0-587)

ENCFF618GGV.bigWig

[0-587)

ENCFF273YND.bigWig

- 587)

ENCFF388YES.bigWig

[ N P P R I | AUTOSCALE GROUP
=)
| .
b
-

ENCFF762SPD.bigWig
d 1. 1 |
[0-587]
ENCFF2251YD.bigWig
A >y H
[0-587]
ENCFF814YVN.bigWig
. HHH——————] HHE HHHH O IEHEW BHH B | WM HAW HH———H IH H H i HHEH
tir-1 tir-1 mmem-1 pat-3 ccdc47 nit-1 F37A8.1 nip-10 F37A8.7 F37A8.5 R10E9.3 msi-1 Y1A5A.2 C36E8.6 C36E8.1 pxd-1
.

Physalia
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Watch out for artefacts

Genome-wide identification and characterisation of
HOT regions in the human genome

Regulatory analysis of the C. elegans genome with

Hao Li, Feng Liu, Chao Ren, Xiaochen Bo & & Wenjie Shu Spathtemporal reSOIUtlon
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