High Throughput Sequencing
the Multi-Tool of Life Sciences

Lutz Froenicke

DNA Technologies and Expression Analysis
Cores '

UCD Genome Center




DNA Technologies & Expression
Analysis Cores

HT Sequencing (lllumina & PacBio)

lllumina microarray (for genotyping — lllumina
has discontinued expression analysis )

consultations

introducing new technologies to campus
shared equipment (accessible after training)
teaching (workshops)




Complementary Approaches

Still-imaging of clusters Movie recordings fluorescence of
(~1000 clonal molecules) single molecules

Short reads - 2x300 bp Miseq Up to 60 kb, N50 23 kb

Repeats are mostly not analyzable spans retro elements

High output - up to 100 Gb per lane up to 1,3 Gb and 5 Gb per SMRT-cell
High accuracy (< 0.5 %) Error rate 15 %

Considerable base composition bias No base composition bias

Very affordable Costs 5 to 10 times higher

De novo assemblies of thousands of “Near perfect” genome assemblies

scaffolds




Genome
Resequencing

¥

Rearrangements

SNPs, Indels
De novo genome
Sequencing

Gene Expression

Exome Sequencing

« DNA

IMethylation
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Hi-C

A Crosslink DNA Cut with Fill ends Ligate Purify and shear DNA;  Sequence using
restriction and mark pull down biotin paired-ends
enzyme with biotin
N 4

Lieberman-Aiden 2010
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Contact probability (log)

Hi-C
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Dovetail Sequencing (sutnam 2015)
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10X Genomics




Barcoded primer library




25x linked —read coverage
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* 60 kb deletion
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Loupe - Sample 5728

SUMMARY  PHASING STRUCTURAL VARIANTS  chr2+29989813-chr2+30039813,chrZ+42493841-chr2+42543841

Q| a 000 29.595.000 30,000,000 10405 000 F0.090,000 10,015,000 AV GI0,000 MLGZ5 000 30,430,000 .035.000

a £2.295.000 42 500,000 42,505,000 42,510,000 42.515,000 42 520000 42,525.000 42,530 000 42,515 000 42,540 000

EMLA



Total number of bases (x10°)

NA12878
NA12882

50

100 150 200
Fragment length (Kbp)
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Genome
Resequencing

SNPs, Indels
CNVs
De novo genome
Sequencing e
Exome Sequencing

RNA-seq
Gene Expression Long Re DNA
Methylation

Sequenc
PacBio ,

Splice Isoform (Nanopo
Abundance

3D Organization ‘

ChIP-SEQ



lllumina sequencing workflow

» Library Construction
» Cluster Formation

» Sequencing

» Data Analysis




Fragmentation

NA, RNA

2 RNA




DNA library construction
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Enrichment of library fragments 77
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Percent of Reads (%)

MRNA makes up only about 2% of a total RNA sample

100- 0.91 1.00 1.1 072
m_
m_
70
£0 B Ribosomal
W |ntergenic
50 M Intronic
W Exonic
20
w_
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10
0
UHR UHR UHR 1-year-old FFPE ~ 10-year-old FFPE
non-depleted  poly{A) mRNA-enriched rRNA-depleted  rRNA-depleted rRNA-depleted

Bioanalyzer trace before and
after ribo-depletion

[RFU x 1E0]

- more than 90% rRNA content

- multiple other non-coding RNA

species

—— total RNA
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RNA-Seq library prep procedure

RNA-sample QC, quantification, and normalization

Removal of ribosomal RNA sequences:
via positive or negative selection: Poly-A enrichment or ribo-
depletion

Fragment RNA:
heating in Mg++ containing buffer — chemical fragmentation has
little bias

First-strand synthesis:
random hexamer primed reverse transcription

RNAse-H digestion:

- creates nicks in RNA strand; the nicks prime 2nd-strand
synthesis

- dUTP incorporated into 2" strand only

A-tailing and adapter ligation exactly as for DNA-Seq libraries

PCR amplification of only the first strand to achieve strand-
specific libraries - archeal polymerases will not use dUTP
containing DNA as template




v v v
Poly-A selection Ribo-depletion Size selection
~—— PAAAA
[ J
¢ Convert o cDNA
cDNA

RNA-seq?

Sorry - we are only
sequencing DNA.




lllumina Sequencing
Technology

Sequencing By Synthesis (SBS) Technology

DNA

(0.1-1.0 ug) ® 6
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TruSeq Chemistry
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1.6 Billion Clusters
Per Flow Cell
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Seqguencing

Microns




Patterned Flowcell
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UNDEFINED FEATURE SHAFE ‘ DEFINED FEATURE SHAPE
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Hiseq 3000: 478 million nanowells per lane
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CONCEPTUAL CHALLENGE— Maximizing Well Occupancy
BEATING POISSON and Monoclonality

Amplification Phase W o

Macarmum

Monoclonal Pads
) & o

Polyclonal (non-PF) Pads

2% 40% 60% 80% 100%
Occupied Pads

Poisson statistics limit max
monocional occupancy < 40%

Polyclonality rises as occupancy |
Increases




SIMULTANEOUS SEEDING
AND AMPLIFICATION
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Maximizing Well Occupancy
and Monoclonality

Amplification occurs at rate >> faster
than seeding rate

Templates excluded from occupied
wells




What will go wrong ?

» cluster identification

/AT

» bubbles | 16TTGA

| AAGGAG

» synthesis errors: - ITT6GG
ClusterCluster
Clust8rCluster
ClusterCluster
ClusterCluster

ClllsterCluster




What will go wrong ?

» synthesis errors:

ClusterCluster
Clust8rCluster
ClusterCluster
ClusterCluster
ClllsterCluster

C1s EEHCISTERe

ClusterCluster
ClusterCluster

okl

ClusterCluster

Phasing & Pre-Phasing

problems




The first lines of your data

@700593F : 586 :HTWJJBCXX:1:1107:2237:10031 2:N:0:GGAGAACA
NNNNNNNNNNNNNNNNNNNNNNAGGCCAGCCATAGAACGCTCCCGGCTTCACGGACGT
CATATAGTCAGGCACGAGGTCGGCGCCGAGTTCGTCACGCTCGTTGACGACCGCCCAT
ACCGCTTGATTTGCGGGGTTGATCGCTAGCGCGGTCGGATTGCGAATGCCCGAGGCAT
ACGTCCGATGGGCCCCGCTGGCGCGGTCCACTTCCCATACAACCGCGCGTTCCTCTTC
CAGCGCCATGCCGCGTT

AAEEARAEAEEAAAEEAEAAAA@IHHF IIIIIHIIIIIIIIIEHIIIIIHHFHIIIIII
IIGHHHHIHHIIIIEHIIHIHIHIGIIHHDHIIIIIHHHHEEHIHIHCG/EH@GHHII

GIHHIIHHIIIICHGHHIHIIHHIIITIIHIHITHIGIIIGIEH?H?HHHIGHIIIGHI |
GHIDHH@AHHIHIH=HI=GHGHHGD




@MO2034:265:000000000-AN3L2:1:2102:8707:16197 2:N:0:85
GATGAACATAATAAGCAATGACGGCAGCAATAAACTCAACAGGAGCAGGA

+
AAAAAFFFFFFFGFFGFFBESGEAAAEDCFDFAEG5CFGHFGGFEGHHHG

.......................... B B R R R R R R e v e e v e vn s nnn s nnsnns
............................... BI85 0 505 I 0 I I I O I 1 I 0 0
s I e e o e e
I I I I I I I I I I
I"#8%8" ()*+,-./9123456789: ; <=> ?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[ ]~ " abcdefghijklmnopgrstuvwxyz{|}~
| | | | | |
33 5o 64 73 la4 126
= 26...31....... 43
Sosocddoosoooac ) sossoocooosoccooooocoocaansac 4a
- L 48
= 26...31........ 41
5 - Sanger Phred+33, raw reads typically (@, 4@)
X - Solexa Solexa+64, raw reads typically (-5, 48)
I - Illumina 1.3+ Phred+64, raw reads typically (@, 48)
] - Illumina 1.5+ Phred+64, raw reads typically (3, 48

L - I1lumina 1.8+ Phred+33, raw reads typically (@, 41)

f | TGTTGA
| AAGGAG
y ITTGGG




lllumina SAV viewer /
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Q30 plot HiSeg3000 PE100
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base composition

H7FJJBBXX Lane 8 All Bases
R1 R2 R3

80k




fluorescence |nten5|ty
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FASTQC

@Basic Statistics

L‘
Measure Value \

Filename 3 S5le LOOE8 R1 00l1.fastg.gz |

File type Conventional base calls
Encoding Sanger / Illumina 1.9
Total Sequences 16574908

sequences flagged as poor quality O
Sequence length 150

TGC 40



FASTQC

0 Per base sequence quality

CQualit ares across all bas naer § lllumina 1.9 encoding)




FASTQC

9 Per sequence quality scores

Quality score distribution ower all sequences

Awerage Quality per read

5. 0EF

4.0EF

2.0EF

2.0EF

1.0E7

22 232 24 25 26 27 28 25 20 21 22 23 24 25 26 27 28 3] 40
Mean Sequence Quality (Phred Scare)




FASTQC

9 Per sequence quality scores

Quality score distribution ower all sequences

Awerage Quality per read

5. 0EF
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2.0EF

2.0EF

1.0E7

22 232 24 25 26 27 28 25 20 21 22 23 24 25 26 27 28 3] 40
Mean Sequence Quality (Phred Scare)




FASTQC - Nextera

@ Per base sequence content

SeCUenCe content across all bases
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FASTQC

@Per base sequence content

Seguence content across all bases

1040
T
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20

70

[510]
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40 \

a0 % —_— .

20

10

0]

1 2 2458 7 8 8 1518 30-24 45-4%9 50-64 753-79 80-84 1053-108 120-124 135-13% 150
Position in read (bp)




FASTQC

ePer sequence GC content

GC distribution over all sequences

N

5C count per read
Theoretical Distribution

700000

500000

300000

400000

300000

200000

100000

02468 11 15 18 23 27 321 35 3% 43 47 51 55 58 63 &7 71 75 79 83 87 91 &5 69
Mean GC content (%)




FASTQC

@ Per base GC content

GC content across all bases
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FASTQC

e Per base N content

M content across all hases
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FASTQC

eSequence Length Distribution

Distribution of sequence lengths over all sequences

1.6E7 |Sequence Length

1.4E7

1.2E7

1.0E7

2000000

S000000

4000000

2000000

149 150 151
Seguence Length (hp)




FASTQC

@Sequence Duplication Levels

Percent of segs remaining if deduplicated 68.7%

100
% Deduplicated seguences

% Total sequences

an
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40

20
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N

1 2 3 4 3 5 7 8 g =10 =30 =100 =500 =1k =3k =10k
Sequence Duplication Level




FASTQC

QO\rerrepresented sequences
Mo overrepresented sequences

eAdapter Content

% Adapter

Numina Universal Adapter
Nurnina Small RMNA Adapter
80 Mextera Transposase Sequence

80

70

B0

20

40

30

20

10

-

12345367 88121318-18 24-25 30-31 36-37 42-43 48-45 54-55 §0-61 §66-67 72-73 78-79 584-85 90-8]1 9667 104-105 114-115 124-125 134-135
Fosition in read {(bp)




eKmer Content

Log2 Obs/Exp
10

TGCGGTA
GGGGAGC
CTGCGGT
CCCTGCG
GGGCGCC
8
6
4
2
0

1 23456 7 8 9 1519 2529 3539 45-49 5559 65-69 75-79 85-80 95-69 110-114 125-129 140-144
Position in read (bp)

Obs/Exp Max | Max Obs/Exp Position

TGCGGTIA 6425 10.080686

GGGGAGC 9540 0.0 9.778584 1
CIGCGGT 6170 0.0 9.680998 4
CCCIGCG 6605 0.0 £8.939233 2

GGGCGCC 5155 0.0 8.798765 2




A Review of Sequencing Duplicate Types

as two by RTA

duplicates as optical
duplicates

-

(« A single cluster that
has falsely been called

* Third party tools may report
patterned flow cell clusterin

Optical

1 Cluster Called as 2

Template S
generation

Clustering

S,
O

* Duplicates in nearby B
wells on HiSeq
3000/4000

* During cluster
generation a library
occupies two adjacent
wells

(e Duplicate
molecules that
arise from

amplification

Sister

B

omplement strands)
of same library form
independent clusters

* Treated as duplicates
by some informatic
pipelines

J

Hlumina




“If you can put adapters on it,

we can sequence it!”




CTACTGATTATCGA. ..
ATGACTNCTCGATCG. . .
GACTGCATCCGACGT. ..
CGTTAACGTACG. ..

Environmental

Human

BLAST E >1e-3; >30 bp



No need to be scared of HTS

UC Davis Center for Plant Diversity/Herbarium

» The Herbarium archives contain over 300,000 dried specimens.

» Search for Grapevine Red Blotch-Associated Virus
> Virus traces found by PCR

Maher Al Rwahnih
UCD Plant Foundation
Plant Services




Studying historic Bean varieties from /
herbarium samples

- GBS (Genotyping-By-Sequencing)
- 60 year old herbarium samples

Sarah Dohle, \, | 8

Gepts Lab \\ \i’




Quantitation & QC methods

»Intercalating dye methods (PicoGreen, Qubit, etc.): =/
Specific to dsDNA, accurate at low levels of DNA /
Great for pooling of indexed libraries to be sequenced in one lane

Requires standard curve generation, many accurate pipetting steps

»Bioanalyzer:

Quantitation is good for rough estimate

Invaluable for library QC

High-sensitivity DNA chip allows quantitation of low DNA levels

»>qPCR
Most accurate quantitation method

More labor-intensive
Must be compared to a control




Optional: PCR-free libraries

= PCR-free library:
— if concentration allows

— Reduction of PCR bias against e.g. GC rich or
AT rich regions, especially for metagenomic
samples

OR
= Library enrichment by PCR:

— Ideal combination: high input and low cycle
number; low-bias polymerase




(FU)
60

50

30
20

10

I I
15 100 200 300 400 700 1500 [bp]

Predominant species of appropriate MW
Minimal primer dimer or adapter dimers

Minimal higher MW material
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Library QC by Bioanalyzer

m: ‘ mi, : / ~ 125 bp
: \

S ' R -

LR T . T T T T TTT T 7 1 V. L LT I B .
15 W 20 X0 N w1 o) 15 W m» m W 150

Beautiful 100% Adapters

FU &
(Pl o
- l
0 & \
6'? \
0 \
] “
20
0" —
L) L L] L) 1] L) Ll LaR J Al
100 n0 300 400 500 ey 1500 bp)

Beautiful




140 —
130 —
120 —
110 —
100 —
M0 —
80 —
70 —
B0 —
50 —
40 —

Library QC

L 1 2 3 4 5 & 7 8 9

Examples for successful libraries

—  SARATT
IGTTGA
| AAGGAG

ITTGGG

Adapter
contamination
at ~125 bp




RNA is not that fragile




RNA Handling Best Practices

14 FOR RESEARCH USE ONLY i | |umlna'



Recommended RNA input

Library prep kit SEIPRUE G E] " TG

MRNA (TruSeq) 100 ng — 4 ug total RNA
Directional mRNA (TruSeq) 1 -5 ug total RNA or 50 ng mRNA
Apollo324 library robot 100 ng mRNA

(strand specific)

Small RNA (TruSeq) 100 ng -1 pg total RNA

Ribo depletion (Epicentre) 500 ng — 5 ug total RNA

SMARTer™ Ultra Low RNA 100 pg — 10 ng
(Clontech)

Ovation RNA seq V2, 10 ng — 100 ng
Single Cell RNA seq
(NuGen)




Standard RNA-Seq library protocol

= QC of total RNA to assess integrity

= Removal of rRNA (most common)

= mRNA isolation
= rRNA depletion

" Fragmentation of RNA

= Reverse transcription and second-
strand cDNA synthesis

= Ligation of adapters
= PCR Amplification
= Purify, QC and Quantify




* 18S (2500b), 28S (4000b)

/

Fluorescence
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RNA integrity <> reproducibility

1 S ——— — :

\\

Correlation

16 9 8 7 6
RNA Integrity Number (RIN)

___ Protocol #1: lllumina TruSeq

RNA Sample Preparation
Correlations between expression profiles
for samples from various RINS 10 sample
with RIN 9.4

Protocol #2: Epicentre RiboZero
rRNA Removal kit and lllumina |

Preparation

Caorrelations between expression profiles
for samples from various RINs to sample
with RIN 9.4

Protocol #3: NUGEN Ovation
RNA-Seq FFPE System and

n
lllumina Tru DNA Sample
Preparation
Correlations between expression profiles

for samples from various RINS to sample
with RIN 8.4

3

Chen et al. 2014
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Considerations in choosing an
RNA-Seq method

* Transcript type:

- mRNA, extent of degradation

- small/micro RNA
e Strandedness:

- un-directional ds cDNA library
- directional library
* Input RNA amount:
- 0.1-4ug original total RNA

- linear amplification from 0.5-10ng RNA
Complexity:

- original abundance

- cDNA normalization for uniformity
Boundary of transcripts:

- identify 5’ and/or 3’ ends |
- poly-adenylation sites |
- Degradation, cleavage sites |




Is strand-specific information

Standard library
(non-directional)

antisense

sense

important?




Strand-specific RNA-seq

Standard library (non-directional)
i ooz s i L M b Db vt e il i i i il Moo b o, il ) O SR R R
Antisense non-coding RNA
e aace oo, m b L ol i M i et ot icstt i L v e et bR L ki sl i) oL SR R R iy Y
Sense transcripts
} I B .I H-{m — e
Ube3a = . I - C230091D0ERIK
' - 4 e

I
A230073K19RIk

» Informative for non-coding RNAs and antisense transcripts
» Essential when NOT using polyA selection (MRNA)
» No disadvantage to preserving strand specificity

|
. /GRAATT

| | FGTTGA
{ A-AAA(\;G—::\‘AG
| ']

ITTGGG




RNA-seq for DGE

* Differential Gene Expression (DGE)
— 50 bp single end reads

— 30 million reads per sample (eukaryotes)
* 10 mill. reads > 80% of annotated genes
e 30 mill. . reads > 90% of annotated genes

— 10 million reads per sample (bacteria)




Molecular indexing — for
precision counts

Conventional RNA-Seq

B — 8 reads
Without Molecular Indexing T————=_ 4fragments
[ — 8 reads
— =——=_ 6 fragments
8 reads
Unknown # of fragments
— 8 reads

8 fragments




Molecular indexing — for
precision counts

mRNAs

ﬁ 20000 =Molecular indexing
& ==Unique reads

b 5 0 13 17 21
MANAs (24)




RNA-seq: AW A |

1. Heat RNA fragmentation
cheap and dirty [ S~/ |
f'\/-\ S ,
- 3’ Tag-sequencing T

- Micro-array-like data Y

- Quant-Seq

- Brad-Seq (Townsley 2015)  7Adapterincorporafion

\ 9 - AMARYLLIS | Y

_ — Lt T —
CZ\NUCLEICS =/
</ BETTER SEQUENCING e




3’-Tag-Seq

In contrast to full length RNA-seq
Sequencing 1/10 for the average transcript

Less dependent on RNA integrity
Microarray-like data

Options:

BRAD-Seq : 3’ Digital Gene Expression

Lexogen Quant-Seq

—*-H-TJ:‘T“___‘* T ——




Library generation ~ & aomn @) somin

”~

Lexogen

Reverse transcription Poly(A) RNA W
(oligo-dT priming) § F——— (1T fr)"\
' Removal of RNA template 8 Q t S
ot B uant-Seq
N 5 \ g
Random priming
Second-strand 3 \— 3
synthesis \
Tagged double-stranded cDNA library .
! \\
Purification
\ J

;
Library amplification ~ & 7omn @) asmin
;

PCR
' cDNA library with adapters for llumina sequencing :
Purification . —
g External barcode y
i
NGS sequencing with CSP (or T-fill)
[ Qpaonnl muliguesing rear 7 SequUening (rines w
\ Read?
Index read primer Read 1 T' Multiplexing read 1
sequencing primer
. 7
4
Data processing
De-multiplexing - Mapping - Digital counting W




Other RNA-seq

* Transcriptome assembly:

— 300 bp paired end plus
— 100 bp paired end

* Long non coding RNA studies:
— 100 bp paired end
— 60-100 million reads

* Splice variant studies:
— 100 bp paired end
— 60-100 million reads




RNA-seq targeted sequencing:

- Capture-seq (Mercer et al. 2014)
- Nimblegen and lllumina

- Low quality DNA (FFPE)
- Lower read numbers 10 million reads
- Targeting lowly expressed genes.




RNA-seq reproducibility

* Two big studies multi-center studies
(2014)

* High reproducibility of data given:

- same library prep kits, same protocols
- same RNA—samples

- RNA isolation protocols have to be
identical

- robotic library preps?




@ PACIFIC
BIOSCIENCES

http://pacificbiosciences.com

THIRD GENERATION
DNA SEQUENCING

Single Molecule Real Time (SMRT™) sequencing
Sequencing of single DNA molecule by single
polymerase

Very long reads: average reads over 8 kb, up to 30 kb
High error rate (~13%).

Complementary to short accurate reads of Illumina




Third Generation Sequencing : Single Molecule Sequencing
Pacific Biosciences
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First Sequencing of CGG-repeat Alleles in Human Fragll

Syndrome using PacBio RS Sequenba\ru/,

Paul Hagerman, Biochemistry and Molecular
Medicine, SOM.

« Single-molecule sequencing of pure CGG array/

- first for disease-relevant allele. Loomis et al. (2012)
Genome Research.

- applicable to many other tandem repeat disorders.

« Direct genomic DNA sequencing of methyl groups,
- direct epigenetic sequencing (paper under review).

* Discovered 100% bias toward methylation of 20 CGG-

repeat aIIeIe in female,
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|Iso-Seq Pacbio

Sequence full length transcripts
- no assembly

High accuracy (except very long
transcripts)

More than 95% of genes show alternate
splicing

On average more than 5 isoforms/gene

Precise delineation of transcript isoforms
( PCR artifacts? chimeras?)




10X Genomics single-cell
Drop-Seq
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DNA can be sequenced by threading it through a microscopic pore in a membrane.
Bases are identified by the way they affect ions flowing through the pore from one
side of the membrane to the other.

S
DNA DOUBLE K
HELIX .
© A flow of ions through
the pore creates a current.
) Each base blocks the
(1] One protein flow to a different degree,
unzips the altering the current
DNA helix into
two strands.

IGATATIGCTTTTGATGCCG
B

0 Asecond

protein creates

a pore in the

membrane

and holds

an *adapter’

molecule. O The adapter molecule
keeps bases in place long
enough for them to be

identified electronically.







Thank you!




