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1. Sampling and nucleic acids extraction



sioecmolony 1. Sampling and nucleic acids extraction

e Sampling

* Representative
Number of replicates (be aware of power tests etc, or consult your statistician!!! E.g.
PERMANOVA requires >4 reps for obtaining P-values lower than 0.05 in pairwise cmps)
Controls!!!

Selective extraction/sampling (in case of environments with same gene carrying off-target
organisms; e.g. sampling of epiphytes)

* Nucleic acids extraction... steps:
 Cell wall/membrane disruption
* Nuclease inactivation denaturation
 Removal of proteins and PCR inhibitors
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2a. Phylogenetic marker choice



Biochemistry

siotechnology 2d. PHylogenetic marker choice

* Has to exist in the target organisms:

* 16S rRNA gene: prokaryotes
ITS: fungi

18S rRNA gene: protists, mycorhizae, eukaryotes

e amoA: ammonia oxidizers

* Suitable conserved sequences (exist in all target organisms) that can facilitate
primer designing around hypervariable regions (differ between target organisms
like barcodes)

* PCR products compatible with sequencing technologies
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Microorganisms Bacterial 16S rRNA strand fragment
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Vasileiadis, S., et al. (2012). Plos One 7, 11, doi: 10.1371/journal.pone.0042671
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2a. E.g.

A SSU rRNA
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BioRad: A brief history of PCR



https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjy8vKrlL_zAhVchf0HHRpPBVUQFnoECBQQAQ&url=https%3A%2F%2Fwww.bio-rad.com%2Fwebroot%2Fweb%2Fsoftware%2Flse%2FDownloads%2FA_Brief_History_of_PCR.ppt&usg=AOvVaw1nLSMHwg2g9pehNXGZsskg

Biochemistry

sitechnology 20. PCR biases & prevention/correction

* Prevention/correction:

**mispriming -> stringency 1*: temperature/hybridization conditions & *

*overall sequencing depth outweighs the errors (the higher the depth the more the sequences we can spare)



Biochemistry

siotechnology 200. PCR biases (mispriming)

Dealing with mispriming in data analysis:

* Contrasting each amplicon sequence with curated databases.



Biochemistry

sistecnology 20. PCR errors & prevention/correction

* Prevention/correction:

s*chimeras -> minimization of PCR cycles, high fidelity polymerases, relieving
agents & *

*overall sequencing depth outweighs the errors (the higher the depth the more the sequences we can spare)
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Organism A gene X Organism B gene X
dsoNA f T T T T T T
DNA
denaturation

Primer
hybridization

N\

Polymerase
hoping

extention
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meeeeeessssssssmm Chimeric amplicon



Biochemistry

sistecnology 20. PCR errors & prevention/correction

* Prevention/correction:

s*chimeras -> minimization of PCR cycles, high fidelity polymerases, relieving
agents & *

*overall sequencing depth outweighs the errors (the higher the depth the more the sequences we can spare)



Biochemistry

Biotechnology Zb PCR errors (ChlmeraS)

Query
Dealing with chimeras in data analysis: lSplitintofourchunks

Chunk | Chunk | Chunk Chunk

* Contrasting amplicon sequence portions \\: <

Save best hit
e curated database ave best hits

* de novo built database using the exp. data [ Hits I
(the most abundant sequences are the [
corre Ct) l Find & align closest pair (A, B)
A
o , [TIIIT1]
* A sequence contalnlng portlons of Query
distant others in the database is chimeric

E.g. Uchime ----> Edgar et al. 2011, Bioinformatics, https://doi.org/10.1093/bioinformatics/btr381



Biochemistry

sistecnology 20. PCR errors & prevention/correction

* Prevention/correction:

s*amplification of homologous non-target genes (e.g. for 16S rRNA gene,
mitochondrial or chloroplast homologue) -> selective extraction and selective
environment sampling & *

*overall sequencing depth outweighs the errors (the higher the depth the more the sequences we can spare)



Biochemistry

siotechnology 20. PCR biases (same gene, off-target org.)

* Strategies for C N v D

endophyte community . Method Mode of Action
ana IySIS : V6 Jb g -LUniversalh No discrimination
V4
<& . . o )
A B.e .SeIeCtlve. N the 7 ———lZeZ= Physically block polymerase
bioinformatics PNA clamps
V3 }f
(

e Use peptlde nucleic acid s O OF More primers don't bind to
. Discriminating
(PNA) or lock nucleic

organelle sequence

. ) Primers
acid (LNA) blockers in .
the Iab e Compete to "poison" transcripts so
Ta rget sites: Blocking Oligos they can't amplify in a second reaction

**Use selective primers in [ Ui v

the lab Disc.  V5-V7
* . . . BO_3/4 V3 V4
**Use blocking oligos in ;vw_» BO_5/7 V5-V7

the lab

Giangacomo, C., et al. (2021). Phytobiomes Journal, https://doi.org0.1094/pbiomes-07-20-0055-r
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3. Seguencing



Biochemistry

Biotechnology 1 N€ 3 generations of sequencing technologies
(size vs analyzed sequence variant numbers)

e 15t generation sequencing (single DNA fragment per reaction, ~700-1000 bp
long)

* Dideoxy termination method (Sanger)

« 2"d generation sequencing (massively parallel, max of ~300-600 bp total)
* Sequencing by ligation (e.g. ABI-SOLID)
e Sequencing by synthesis (e.g. Pyrosequencing, IIIumina, lon-torrent)

* 3" generation sequencing (massively parallel and very long reads, max of ~
10kbp-250kbp)

* Sequencing by synthesis (e.g. single molecule real time — PacBio, Nanopore)
* Synthetic long reads (e.g. Moleculo, 10X)



7 Biochemist . | |
élp) Bzgfefﬂ'&;gy,y The 3 generations of sequencing technologies

All three generations have been
proposed for PMGA sequencing



R st generation: Dideoxy termination (Sanger)
method

..CAATACGTAACTTTCCCTTTGCTAACTTCAGTCAGCATGGAAGCCCATTAGTCGGAAAGC... — H-bonds

P
<

«.GTTATGCATTGAAAGGGAAACGATTGAAGTCAGTCGTACCTTCGGGTAATCAGC..

Ingredients:
1) dsDNA

https://en.wikipedia.org/wiki/Sanger sequencing



https://en.wikipedia.org/wiki/Sanger_sequencing

R st generation: Dideoxy termination (Sanger)
method

«.GTTATGCATTGAAAGGGAAACGATTGAAGTCAGTCGTACCTTCGGGTAATCAGC..

Ingredients: Process:
1) dsDNA 1) Denature dsDNA (95°C)

https://en.wikipedia.org/wiki/Sanger sequencing



https://en.wikipedia.org/wiki/Sanger_sequencing

R st generation: Dideoxy termination (Sanger)
method

«.GTTATGCATTGAAAGGGAAACGATTGAAGTCAGTCGTACCTTCGGGTAATCAGC..

Ingredients: Process:
1) dsDNA 1) Denature dsDNA (95°C)

https://en.wikipedia.org/wiki/Sanger sequencing
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R st generation: Dideoxy termination (Sanger)
method

5'CGTAACTTTCCCTT

«.GTTATGCATTGAAAGGGAAACGATTGAAGTCAGTCGTACCTTCGGGTAATCAGC..

Ingredients: Process:
1) dsDNA 1) Denature dsDNA (95°C)
2) Primer 2) Primer hybridization (e.g. 50 °C)

https://en.wikipedia.org/wiki/Sanger sequencing



https://en.wikipedia.org/wiki/Sanger_sequencing

0 1st generation: Dideoxy termination (Sanger)
method

5’CGTAACTTTC
NERRRRRREN

«.GTTATGCATTGAAAGGGAAACGATTGAAGTCAGTCGTACCTTCGGGTAATCAGC..

Ingredients: Process:
1) dsDNA 1) Denature dsDNA (95°C)
2) Primer 2) Primer hybridization (e.g. 50 °C)

3) Polymerase

https://en.wikipedia.org/wiki/Sanger sequencing



https://en.wikipedia.org/wiki/Sanger_sequencing

0 1st generation: Dideoxy termination (Sanger)
method

5’ CGTAACTTTCCCT
NERRRNNNRRREN

«.GTTATGCATTGAAAGGGAAACGATTGAAGTCAGTCGTACCTTCGGGTAATCAGC..

Ingredients: Process:
1) dsDNA 1) Denature dsDNA (95°C)
2) Primer 2) Primer hybridization (e.g. 50 °C)
3) Polymerase 3) Extension/elongation (e.g. 72 °C)
4) dNTPs
I 0
O—ITO—ﬁTO—%TO—Gi/O\
0

dNTP

deoxyribonucleotide triphosphate

https://en.wikipedia.org/wiki/Sanger sequencing
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0 1st generation: Dideoxy termination (Sanger)
method

5 ' CGTAACTTTCCCTTTGCT w
NERRERRRERRERRERRN

«.GTTATGCATTGAAAGGGAAACGATTGAAGTCAGTCGTACCTTCGGGTAATCAGC..

Ingredients: Process:
1) dsDNA 1) Denature dsDNA (95°C)
2) Primer 2) Primer hybridization (e.g. 50 °C)
3) Polymerase 3) Extension/elongation (e.g. 72 °C)
4) dNTPs 4) Termination
5) ddNTPs (e.g. ddATP) o o o

I I [

A A g
0 0 0]
dNTP

deoxyribonucleotide triphosphate

https://en.wikipedia.org/wiki/Sanger sequencing



https://en.wikipedia.org/wiki/Sanger_sequencing

method

«.GTTATGCATTGAAAGGGAAACGATTGAAGTCAGTCGTACCTTCGGGTAATCAGC..

Ingredients:

1) dsDNA

2) Primer

3) Polymerase

4) dNTPs

5) ddNTPs (e.g. ddATP)

https://en.wikipedia.org/wiki/Sanger sequencing

0 1st generation: Dideoxy termination (Sanger)

Process:

1) Denature dsDNA (95°C)

2) Primer hybridization (e.g. 50 °C)
3) Extension/elongation (e.g. 72 °C)
4) Termination

5) Denature dsDNA (95°C)


https://en.wikipedia.org/wiki/Sanger_sequencing

15t generation: Dideoxy termination (Sanger)
method

«.GTTATGCATTGAAAGGGAAACGATTGAAGTCAGTCGTACCTTCGGGTAATCAGC..

https://en.wikipedia.org/wiki/Sanger sequencing



https://en.wikipedia.org/wiki/Sanger_sequencing

0 1st generation: Dideoxy termination (Sanger)

method

Diagnostics process:

1) Add fragments to a matrix that separates them
according to size (e.g. polyacrylamide gel)

2) Apply current (negatively charged DNA moves
toward positive electrode)

3) Identify terminator base according to location on

gel

https://en.wikipedia.org/wiki/Sanger sequencing

S cemmert REMEAERGAEER I

t0 +



https://en.wikipedia.org/wiki/Sanger_sequencing

0 15t generation: Dideoxy termination (Sanger)

method

Diagnostics process:

1) Add fragments to a matrix that separates them
according to size (e.g. polyacrylamide gel)

2) Apply current (negatively charged DNA moves
toward positive electrode)

3) Identify terminator base according to location on

gel

https://en.wikipedia.org/wiki/Sanger sequencing

5'CGTAACTTTCCCTTTGCTAACTTCAGTCAGCATGGAA [N

5’CGTAACTTTCCCTTTGCTAACTTCA ]
5’ CGTAACTTTCCCTTTGCTAA I

t1l +



https://en.wikipedia.org/wiki/Sanger_sequencing

0 15t generation: Dideoxy termination (Sanger)

method

Diagnostics process:

1) Add fragments to a matrix that separates them
according to size (e.g. polyacrylamide gel)

2) Apply current (negatively charged DNA moves
toward positive electrode)

3) Identify terminator base according to location on

gel

https://en.wikipedia.org/wiki/Sanger sequencing

5’CGTAACTTTCCCTTTGCTAACTTCAGTCAGCATGGAA s

5’ CGTAACTTTCCCTTTGCTAACTTCA D

5'CGTAACTTTCCCTTTGCTAA D

t2 +



https://en.wikipedia.org/wiki/Sanger_sequencing

0 15t generation: Dideoxy termination (Sanger)

method

Diagnostics process:

1) Add fragments to a matrix that separates them
according to size (e.g. polyacrylamide gel)

2) Apply current (negatively charged DNA moves
toward positive electrode)

3) Identify terminator base according to location on

gel

https://en.wikipedia.org/wiki/Sanger sequencing

5'CGTAACTTTCCCTTTGCTAACTTCAGTCAGCATGGAA [N

5’ CGTAACTTTCCCTTTGCTAACTTCA D
I

5’CGTAACTTTCCCTTTGCTAA

t3

+
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R st generation: Dideoxy termination (Sanger)
method

Diagnostics process:

1) Add fragments to a matrix that separates them
according to size (e.g. polyacrylamide gel)

2) Apply current (negatively charged DNA moves
toward positive electrode)

3) Identify terminator base according to location on

gel

https://en.wikipedia.org/wiki/Sanger sequencing
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SO st generation: Dideoxy termination (Sanger)
methoa .

Diagnostics process:

1) Add fragments to a matrix that separates them
according to size (e.g. polyacrylamide gel)

2) Apply current (negatively charged DNA moves
toward positive electrode)

3) Identify terminator base according to location on

gel
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https://en.wikipedia.org/wiki/Sanger sequencing



https://en.wikipedia.org/wiki/Sanger_sequencing

15t generation: Dideoxy termination (Sanger
method (Summary slide

@ Reaction mixture s
> Primer and DNA template > DNA polymerase 9 o o </~—n| Sn
» ddNTPs with flourochromes> dNTPs (dATP, dCTP, dGTP, and dTTP) O B o
OH
Primer Deoadecdre Wptoeptmk

o o o o o e e
Ho—ﬁ—o—ﬁ—o—ﬁ—o </N { /)N

O T T O g i du b o N

Template

ddNTPs

ddTTP -@
ddCTP —-@
ddATP —@
ddGTP —@

Dxeoxadenodne Hptospak

@ Capillary gel electrophoresis
separation of DNA fragments

@ Primer elongation

and chain termination Capillary gel

PHDIPREDIDEDPO-ENODOPRPOOOO-E-S0O00«D

5 T Tr® 3 Laser
5 T 3
S s e e S
I
Sl o o o o o e e e o -
o 41
.
5llllllllllllll’:;‘ - :g
, 3
5lllllllllllllll,a _ ::
@ Laser detection of flourochromes =8
5 P T ® 3 and computational sequence analysis S— :Eb
.
-
5 P _———_ 3 — EED
S— 44 -
Sl o o e e e e e e e -+ r
Chromatograph — EES
-
LAl
-
- N _ GC AT H
https://en.wikipedia.org/wiki/Sanger sequencing .

v


https://en.wikipedia.org/wiki/Sanger_sequencing

DEPARTMENT OF

Biochemistry & : :
siotechnology 3. 219 generation Pyrosequencing

UNIVERSITY OF THESSALY

Template : \l

New Sequence - ,‘ ) PF e o o ATP
APS @ Luciferin @@
l y | | >
1. Polymerase 2. Sulfurylase 3. Luciferase / Light Peak
S l |
TYPE A
rase
Enzyme Py

adaly et
Cadldlysl

Label

https://en.wikipedia.org/wiki/Pyrosequencing
https://www.youtube.com/watch?v=KzdWZ5ryBIA



https://en.wikipedia.org/wiki/Pyrosequencing
https://www.youtube.com/watch?v=KzdWZ5ryBlA
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Sample prep Sequencing

= (2)- 3) - ..

Principle and Elements of Semiconductor Sequencing

Simple Natural Chemistry of Sequencing-by-Synthesis with H* release detection

) 5" m—
) )
] ) = O -('_ ) v s lL' ) Example:
0.9 .
OneTouch . ) ? Prime and
Clonal Amplification Extend
b Automated ( N .8 c

Sequencing Chip

Semiconductor Packaging

Magnetic I
Enrichment : ’

r—
Sensing Layer
Sensor Plate
Isolate Positive TCGTACC...
lon Sphere Particles . [ECUUEECEN (UIHEER e Single pH Sensor
R Template + ISP SLEHaVEE Silicon Substrate Chemical to Digital Sequence Semiconductor Design

Kohn, A.B., et al. (2013). Single-Cell Semiconductor Sequencing. Methods in molecular biology (Clifton, NJ) 1048, 247-284 (sightly modified)
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Besides bases,
polymerase and

primers \l/

http://data-science-sequencing.github.io/Win2018/lectures/lecture2/#illumina
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Important
ingredients are il

http://data-science-sequencing.github.io/Win2018/lectures/lecture2/#illumina
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488 nm 507 nm
Important (S  Aom @ @-TF

i n g FEd |e ntS a re . Electron Ground state Excited state Ground state
the fluorophore \l/

http://data-science-sequencing.github.io/Win2018/lectures/lecture2/#illumina
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Biochemist . . .
siotechnology 3. 2" generation Illlumina (sequencing)

Important

ingredients are il
the fluorophore & -
terminator!

http://data-science-sequencing.github.io/Win2018/lectures/lecture2/#illumina
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Important
ingredients are
the fluorophore &

terminator!

... a cleaving

enzyme ...
AND then, the

terminator is...
NO MORE!

http://data-science-sequencing.github.io/Win2018/lectures/lecture2/#illumina
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Biochemistry

siotechnology 3. 21 generation lllumina (sequencing)

Cycle 1

http://data-science-sequencing.github.io/Win2018/lectures/lecture2/#illumina
http://tinyurl.com/6zbzh4



http://data-science-sequencing.github.io/Win2018/lectures/lecture2/

Biochemistry

siotechnology 3. 21¢ generation lllumina (sequencing)

ful

Cycle 1 Cycle 2

http://data-science-sequencing.github.io/Win2018/lectures/lecture2/#illumina
http://tinyurl.com/6zbzh4
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Biochemistry

siotechnology 3. 21¢ generation lllumina (sequencing)

A\l A\l
I 1 i f p ;
Cycle 1 Cycle 2 Cycle 3

http://data-science-sequencing.github.io/Win2018/lectures/lecture2/#illumina
http://tinyurl.com/6zbzh4
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Biochemistry

siotechnology 3. 21¢ generation lllumina (sequencing)

A\l A\l A\l
?/ 5 ?ﬁ ? g § 3;/ §
Cycle 1 Cycle 2 Cycle 3 Cycle 4

http://data-science-sequencing.github.io/Win2018/lectures/lecture2/#illumina
http://tinyurl.com/6zbzh4



http://data-science-sequencing.github.io/Win2018/lectures/lecture2/

Biochemistry

siotechnology 3. 21¢ generation lllumina (sequencing)

A\l A\l A\l
?/ g ?ﬁ g g § ?j/ § *
Cycle 1 Cycle 2 Cycle 3 Cycle 4

http://data-science-sequencing.github.io/Win2018/lectures/lecture2/#illumina T T T T T T T T

http://tinyurl.com/6zbzh4
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Library prep

= DNA &= PS5 Primer
s Uracil -—
== Barcode (BC) ° USER Enzyme

(== NEBNext

Adaptor

Fragmented DNA input | PCR Enrichment P7
BCcPZ s
5 E— 3 g
O —5 5 - Y
&2 2 5 3 —
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| 3 5
¥ p78C
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¥y~ — %y 3 — 5"
A5 5 3
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5 3
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U Excision 5 3
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USER
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1 3 S——
- - 5 S 3
Clean Up/Size Selection '— 3 r———y
9 —— 5
‘ Clean Up

https://www.youtube.com/watch?v=fCd6B5HRaZ8

3. 2"9 generation Illumina

Flow cell attachment and bridge
amplification

Template
dNTPs
and

polymerase (

Sample preparation
DNA (5 ug)

Bridge amplification

During
imaging
divided
in120
tiles/lane

https://www.neb.com/applications/library-preparation-for-next-generation-sequencing/illumina-library-preparation

Kawashima, E., et al. (1998). Method of nucleic acid amplification, Google Patents
Metzker, M.L. (2009). Sequencing technologies — the next generation. Nat Rev Genet 11, 31 (modified)

~

nes
12345678

Sequencing data generation

® ®
P @, ® ® @2
@gA o o ®GG v QGT

Ir;lc?rporate @C 6 QT @g A g s T
all four
nucleotides, ® | §®
each label
with a
different dye

C G T C G T

(FIl kPN KF) GG GA GC

Wash, four-

colour imaging

QO
>R
Q

Cleave dye
and terminating
groups, wash

'5
Repeat cycles pOE =

Top: CATCGT
Bottom: cccccc
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Figure 1 165 V3 and V4 Amplicon Workflow

PCR amplify template out of genomic DNA using
region of interest-specific primers with overhang adapters

Forward primer overhang adapter:

5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3’
Region of interest-specific primer

Region of interest-specific primer

\ Reverse primer overhang adapter:
5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3’

T =V

Attach indices and lllumina sequencing adapters
using the Nextera® XT Index Kit
P5 \

Index 2

Index 1
\ P7

Normalize and pool libraries

Sequence
User-defined forward and reverse primers that are complementary upstream and downstream of the
region of interest are designed with overhang adapters, and used to amplify templates from genomic
DNA. A subsequent limited-cycle amplification step is performed to add multiplexing indices and
Illumina sequencing adapters. Libraries are normalized and pooled, and sequenced on the MiSeq
system using v3 reagents.

lllumina documentation for amplicon sequencing library prep



https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
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Biochemistry

siotechnology 3. 21¢ generation lllumina (sequencing)

Basic ingredients: ¢ \l¢

1) Single stranded template DNA attached g ¢’

¢ ¢
L/
to a slide (flow-cell lane) f ? g g -
2) Four nucleic acid bases with reversible / ‘s

terminators and cleavable dyes (each

having its own colour: e.g. Adenine Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5
emits at yellow when excited, G at blue,
T at green, C at red)

3) DNA polymerase

Process:

1) The 4 bases are added together with the polymerase on the slide with the attached template ssDNA fragments

2) A base with its dye and terminator is added in a complementary fashion against each ssDNA (5’ -> 3’) to synthesize
dsDNA and the reaction is terminated

3) The dye is excited and an image is acquired

4) The dye and the terminator are enzymatically removed

5) The cycle is repeated (go to step 1)

http://data-science-sequencing.github.io/Win2018/lectures/lecture2/#illumina



http://data-science-sequencing.github.io/Win2018/lectures/lecture2/
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1 ] Sequencng . ]

Sequence by synthesis

GCGAATT

Flow cell

DRSSO
AARRR LT R RN
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Biochemistr

siotechnology 3. |[lumina reads output (the fastg format

Instrument ID Run #

\ [/

@M02542:38:000000000-ABF47:1:1101:17854:1061 1:N:0:1
GTTATGCATTGAAAGGGAAACGATTGAAGTCAGTCGTACCTTCGGGTAARCAGCC

Read

Sequence read line

+
CCLCCGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGAGGGGGGGGGH# : DFF##

N\

Per-base quality code line

Flowcell ID Lane# Tile # X/Y Read # Poor quality?

coordinates (Y/N)

e

GNGTGCNNNNCTGNNGAGCGTGAGGAGTTAAA

#: : DFGGGGGGGGGGGGG

Control (2,4,6,8) or

Sample index number
unknown (0) sample

@M02542:38:000000000-ABF47:1:1101:17854:1061 1:N:0:1
GTTATGCATTGAAAGGGAAACGATTGAAGTCAGTCGTACCTTCGGGTAATCAGCCTTTCGNGTGCNNNNCTGNNGAGCGTGAGGAGTTAAA
+
CCCCCGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGH : DFF#### 1 : C## : : DFGGGGGGGGGGGGG

@M02542:38:000000000-ABF47:1:1101:18832:1061 1:N:0:1
TACTGCGGTTGAAAGGGAAACGATTGAAGTCAGTCGTACCTGCGGGTAATCAGCCTTTTGNGTGTNNNNATGNNAGGCGTGAGGAGTTAAT
+
CCCCCGGGFGGFGGGGGGGGGGEGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGH : DGF#### : : D##: : @FGGGGGGGGGGGGG
@M02542:38:000000000-ABF47:1:1101:17854:1061 2:N:0:1
TACGTCAACATCCTTAACGNATTTANCNNGTNCTAACCTTTTGAACGNNANNTNTGATNACCGTANGCAAGCTTTCGGNACCAGAGCAACT
+
CCCCCGGGGGGGGGGGGGG#=CFFG#: ##: : # : COFGGGGGGGGGGGH## : ## : #: : FG# : CFGFF# : CDGGGGGGGGE# : AFGGGFGGGGG
@M02542:38:000000000-ABF47:1:1101:18832:1061 2:N:0:1
TACGTCAACATCCTTAACGNATTTANCNNGTNCTAACCTATTGAACGNNANNTNTGATNCCATAANCAAGCTTTCAGCNCCAGAGCAACTT
+
CCCCCGGGGGGFFGGGGGG#=CFFF#: ##: : #: CFGFGGFGGEFGDF## : ##:#: : , C#: CFFFG# : DFGGGGGGGGG# : AFGCFGGDGGG



Biochemistry

siotechnology 3. EI'TOr probability (Phred Q values)

Q - '10 X |Og10(P€fT) <=> Perr = IOQ/']-O

Representation of quality scores Phred quality scores are logarithmically linked to error
ASCII Characters Encoding Q-scores (-40 prOba bi“ties
Symbol | ASCII Q- Symbol | ASCII Q- Symbol | ASCII Q-
Code Score Code Score Code Score
! 33 0 47 14 = 61 28
34 1 0 18 15 > 62 29 Proba blllty of
35 2 1 49 16 ? 63 30 . .
5 % 3 2 % s 7 i Phred Quality Score incorrect base call Base call accuracy
37 4 3 51 18 A 65 32 . 0
& 38 5 4 52 19 B 66 33 10 1in10 90%
39 6 5 53 20 C 67 34 20 1 in 100 99%
( 40 7 6 54 21 D 68 35 )
) 41 8 7 55 22 E 69 36 30 1in 1000 99.9%
42 9 8 56 23 F 70 37 .
43 10 9 57 24 G 71 38 40 1in 101000 99.99%
jf ;' f ;: ( :‘ & 4; 50 1in 100,000 99.999%

I B < 60 27 60 1in 1,000,000 99.9999%

https://en.wikipedia.org/wiki/Phred quality score
https://www.omixon.com/bioinformatics-for-beginners-file-formats-part-2-short-reads/



https://en.wikipedia.org/wiki/Phred_quality_score
https://www.omixon.com/bioinformatics-for-beginners-file-formats-part-2-short-reads/
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Biotechnology 3. 2"° generation error probability
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A Pyrosequencing

3 Quality scores across all bases (Sanger / llumina 1.9 encoding)

40— — be
38 \‘\

36
34
32

Base position on read

123456789 1519 30-34 45-49 70-79 150-199 350-399 550-599 750-799

Positioq in read (bp)

Distribution of sequence lengths over all sequences

500000
400000
300000
200000

Read length

20-39 100-119 200-219 300-319 400-419 500-519 600-619 700-719 800-819
Sequence Length (bp)

B

lllumina C lon Torrent/Proton

Quality scores across all bases (Sanger / llumina 1.9 encoding) Quality scores across all bases (Sanger / lllumina 1.9 encoding)
40
44
38 ol ][ ]L[_ll ] g g a2
36 N J T 4
34 Q MEsrRIL o 38
32 TTY 1 36
30 IE q Ll | 34 1 0 o AEICam
] 2[5
28 N ol Wi
N
= 281+
24 26
22 24
20 W 22
18 i AN 20
16 gl I:[ 18
4 16
14
III 14
- 12
10 10
g 8
& 6
4 4
2 2
0
0 T723456780 1519 3034 4549 70-79 110-119 150-150 190-199 230-239 123456789 1519 3034 4549 70-79 100-149 300-349  500-549
Position in read (bp) Position in read (bp)
Distribution of sequence lengths over all sequences Distribution of sequence lengths over all sequences
Sequence Length Sequence Length
2000000
1.07
1750000
8000000 1500000
1250000
6000000
1000000
4000000 750000
500000
2000000
250000
0 30-34 50-54 70-74 90-94 115-119 140-144 165-169 190-194 215-219 240-244 ¢ 0-19 60-79 120-139 200-219 280-299 360-379 440-459 520-539 600-619
Sequence Length (bp) Sequence Length (bp)

Fuellgrabe, M.W.,, et al. (2015). PLOS ONE 10, e0129195, doi: 10.1371/journal.pone.0129195



Biochemistry

7 |) siotechnology 3. 21¢ gen Inherent sequencing error types

 Substitutions in lllumina read-ends (due to phasing): can be
dealt with using paired-end sequencing overlaps

* Homopolymers in pyrosequencing and lon Torrent/Proton
reads
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Difficulties with template replication due to
secondary structures (e.g. palindromic repeats).

(U

Schrimer et al., 2015; https://doi.org/10.1093/nar/gku1341
https://www.ecseq.com/support/ngs/why-does-the-sequence-quality-decrease-over-the-read-in-illumina



DEPARTMENT OF

Biochemistry & . . .
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Fluorescence phasing due to imperfect function
of enzymes. Occasional lack of
terminator/fluorophore removal accumulates
toward the read-end and reduces Phred Q

Quality scores across all bases (Sanger / lllumina 1.9 encoding)

(increases error probability). ohasing - a _............Hmﬂ.muiii_m_ LLLE
' G JIee
A. A’ A’ A. o 19 A. ;o 28 TN
f ) ! 1 C (o ! C uff =
1 1 ! ) 24
—3 22
@
-
S E }
&) 14 II
-C 12
o ;"
2

123456789 20-24 40-44 60-64 80-84 100-104 125-129 150-154 175-179 200-204 225-229 250-251
Position in read {bp)

—

Cycles (read base position)
https://www.ecseq.com/support/ngs/why-does-the-sequence-quality-decrease-over-the-read-in-illumina



Biochemistrys. 3. Error source in lllumina (initial; basecalling
I hnol . .
Doechne9Y algorithmic)

Quality scores across all bases (Sanger / lllumina 1.9 encoding)

. B LRRR]

22 First bases quality pattern is usually
20 quality modelling artifact

Phred Q values
—
—
|_|

123456789 20-24 40-44 60-64 80-84 100-104 125-129 150-154 175-179 200-204 225-229 250-251

Cycles (read base position)

https://www.ecseq.com/support/ngs/why-does-the-sequence-quality-decrease-over-the-read-in-illumina



Biochemistry

siotechnology 3. EFror source in lllumina (for vs rev)

Besides their similar per-base error
patterns, forward reads tend to
have slightly higher per base
qguality score statistics than the
reverse reads.

Possibly attributed to

e overclustering (extra bridge
amplification for second strand)

* Possible DNA wear-out

Phred Q values

N B OO KEFEFEEFENNNNNGGL O W b
ON PSP ODONSODONSEODO

Reverse reads

..................

Cycles (read base position)
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Under-clustered Optimally clustered Over-clustered

https://www.neb.com/tools-and-resources/feature-articles/the-quantitation-question-how-does-accurate-library-quantitation-influence-sequencing
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DNBSEQ™ + Integrated flow cell
core technology Extreme innovation
DNA nanoball
* Basic difference: rolling cycle amplification during library @
prep -> no secondary errors | P
N -
A
G

L Integrated signal capturing module

Nano scale patterned array

Wi Precision

L/
L/
\?/ No cross talk

Sequencing by binding (SBB)

" 3
1 Initiate 0000000000

DNA sequencing by binding similar with lllumina "

. . - . 2 Interrogate 00@600)0 000
* Enzymatic template interrogation with fluorescent base -
. . . . 3 Activat =
matching prior polymerization. T 0000000000

4 Incorporate Wé@oeo)@ﬁﬁ

https://www.pacb.com/blog/sbb-sequencing/
https://en.mgitech.cn/Home/Products/instruments info/id/40.html
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UNIVERSITY OF THESSALY

Pacific Biosciencies... sequencing by binding (Onso instrument)

.. Short Read Sequencing

.. Soquencng by binding (500 chemntry defivers &
. . Sreabthesegh I Jeqaercing sccurscy.

Roche...Sequencing by expansion (SBX)

Element Biosciencies... rolling cycle amplification and Avidites

Bind avidite —_— Wash ———>  Detect base —_

Remove avidite —_ Step with block —>  Remove block

o WF

N

https://www.genengnews.com/topics/omics/the-best-of-ngs-instrument-companies-to-watch-in-2025/
Arslan, S., et al. (2024). Nat Biotechnol 42, 132-138, doi: 10.1038/s41587-023-01750-7
https://www.pacb.com/technology/sequencing-by-binding/



https://www.genengnews.com/topics/omics/the-best-of-ngs-instrument-companies-to-watch-in-2025/
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Barcode and Amplify

Ligation or direct amplification add LoopSeq-specific sequences. Amplification then adds one unique barcode to each molecule
and creates thousands of copies of each molecule and its unique barcode

IO INOOOOX
) o 00000 edred sl
LA OO0

IO TIOOOOOX
2O NeOOOOOX

https://www.elementbiosciences.com/products/loopseq

For sFL16S see Callahan et al 2021, Microbiome https://doi.org/10.1186/s40168-021-01072-3

Or Jeong et al (2021). Scientific Reports 11, 1727, 10.1038/s41598-020-80826-9
https://hpst.cz/sites/default/files/oldfiles/loopseq-16s-18s-microbiome-24-plex-user-manual_0.pdf
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Distribute and Prep

Enzymes digest each molecule into fragments and distribute copies of the barcode throughout the fragments, so each fragment has
the same barcode as the source molecule.

—
—
—
-~
—
~—
—
—

IO THROC IO

https://www.elementbiosciences.com/products/loopseq

For sFL16S see Callahan et al 2021, Microbiome https://doi.org/10.1186/s40168-021-01072-3

Or Jeong et al (2021). Scientific Reports 11, 1727, 10.1038/s41598-020-80826-9
https://hpst.cz/sites/default/files/oldfiles/loopseq-16s-18s-microbiome-24-plex-user-manual_0.pdf
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®

Sequence

The AVITI System sequences the fragments as short reads. Subsequent demultiplexing groups the short reads by barcode.

https://www.elementbiosciences.com/products/loopseq

For sFL16S see Callahan et al 2021, Microbiome https://doi.org/10.1186/s40168-021-01072-3

Or Jeong et al (2021). Scientific Reports 11, 1727, 10.1038/s41598-020-80826-9
https://hpst.cz/sites/default/files/oldfiles/loopseq-16s-18s-microbiome-24-plex-user-manual_0.pdf
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Reassemble

De novo assembly reassembles overlapping short reads into the original full-length molecule.

flHll=— T MiHi=—

https://www.elementbiosciences.com/products/loopseq

For sFL16S see Callahan et al 2021, Microbiome https://doi.org/10.1186/s40168-021-01072-3

Or Jeong et al (2021). Scientific Reports 11, 1727, 10.1038/s41598-020-80826-9
https://hpst.cz/sites/default/files/oldfiles/loopseq-16s-18s-microbiome-24-plex-user-manual_0.pdf



time — SMRT — sequencing)

3" generation: PacBio (single molecule real-

Intensity mp

&

& .

Excitation

Glass

! Emission

Zero-Mode Waveguide (ZMW)

Very long reads (currently of mean length of > 10 kbp) HiFi-reads!!! l

Random errors up to 10 % (mostly InDels)...

but...

https://www.youtube.com/watch?v=v8p4ph2MAvI

Rhoads, A. and Au, K.F. (2015). PacBio Sequencing and Its Applications. Genomics, Proteomics & Bioinformatics 13, 278-289

Metzker, M.L. (2009). Sequencing technologies — the next generation. Nat Rev Genet 11, 31

Circular consensus sequencing (CCS)

+ overlapping-based correction

D NA fra g m e nt 5‘ forward strand 3°

3‘ reverse strand 5°

\4
ligate adaptors SMRT{,:( > ¢ O

sequence

data analysis
raw long read

processed long read

single-molecule fragments

sisheue |

circular consensus sequence (ccs)


https://www.youtube.com/watch?v=v8p4ph2MAvI

= 3rd generation: PacBio per-base error
probabilities

Quality scores across all bases (Sanger J lllumina 1.9 encoding)

————————

Position in read {bp)



3" generation: PacBio read error types

* Mainly Insertion/deletion

* Due to:

* Polymerase monitoring sync issues (e.g. polymerization speed variation —
usually deletion due to polymerase high speed)

* Unincorporated nucleotide pass-bys (insertions)

 Corrected via the circular consensus sequencing process (multiple
passes of the same sequences) and also computationally
(overlapping-based correction)

Koren, S., et al. (2013). Reducing assembly complexity of microbial genomes with single-molecule sequencing. Genome Biol 14, R101



3" generation: Nanopore

DNA can be sequenced by threading it through a microscopic pore in a membrane. * H ig h er error rate S t h an Pa C B i O
e e * Error types are usually InDels

a  Minimal sample prep and benchtop convenience
B'I\E‘t\IQOUBLE \::::. Jp\ — v

© A flow of ions through
the pore creates a current.

Each base blocks the
© One protein flow to a different degree,
Bn’:;{)s;l ﬂI\e altering the current.
elix into
two strands. -
GATATIGC GA w
© Asecond
protein creates
apore in the
membrane
and holds
an "adapter”
o © The adapter molecule

keeps bases in place long
enough for them to be
identified electronically.

https://nanoporetech.com/products/minion
Lu, H., et al. (2016). Oxford Nanopore MinlON Sequencing and Genome Assembly. Genomics, Proteomics & Bioinformatics 14, 265-279
O'Donnell, C.R,, et al. (2013). Error analysis of idealized nanopore sequencing. Electrophoresis 34, 2137-2144



https://nanoporetech.com/products/minion

3" generation: Nanopore

e Dramatic error rate reduction approach Rolling Circle Amplification
(RCA)... similarly to PacBio

( > - e C DNA molecule

DNA splint™
P {Gibson Assembly

:) Accurate full-length
- - “cDNA sequence

§CA ) #Consensus calling (racon)

ler‘;r;a B'r‘ép 4subread alignment (poav2)
SW repeat finder
Inaccurate
ONT sequencing raw read

Volden, R., et al. (2018). PNAS 115, 9726-9731; doi 10.1073/pnas.1806447115
Zee, A, et al. (2021). BioRxiv 2021.10.30.466545; doi 10.1101/2021.10.30.466545



3" generation: high quality amplicon
sequencing with Nanopore/PacBio

“ UN a0 00 mokxous
’ - |
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- | eeem — S—— (o — e
T T T - - I
Syvtetc UM Tarpet Taget UNI Syriveic - -
oiom prira ol privees p— Pack sequencng NI SEeUiny
~20,000 10900 MOk
1. Tarpet and 133 Qenetic region with teled primers and POA 2 PCR srpification of agoed amaicons 3. Long-read ibrary preparston and ssquencing
¢ Exor aeant maseng of UME refessnces 1
B30 001G VX ) Exact UNI soaverces sasd lerminads iolowved by biwiag
Separzie corcalenated arpicons )
e swn )
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Karst et al 2021, Nat Methods https://doi.org/10.1038/s41592-020-01041-y



Biochemistry

Biotechnology 1 N€ 3 generations of sequencing technologies
(size vs analyzed sequence variant numbers)

e 15t generation sequencing (single DNA fragment per reaction, ~700-1000 bp
long)

* Dideoxy termination method (Sanger)

« 2"d generation sequencing (massively parallel, max of ~300-600 bp total)
* Sequencing by ligation (e.g. ABI-SOLID)

e Sequencing by synthesis (e.g. Pyrosequencing, IIIumina, lon-torrent)

* 3" generation sequencing (massively parallel and very long reads, max of ~
10kbp-250kbp)

* Sequencing by synthesis (e.g. single molecule real time — PacBio, Nanopore)
* Synthetic long reads (e.g. Moleculo, 10X... e.g. see sFL16S)



Biochemistry

Biotechnology 1 N€ 3 generations of sequencing technologies
(size vs analyzed sequence variant numbers)

e 15t generation sequencing (single DNA fragment pe é@‘ﬂ ~700-1000 bp
long) \

» Dideoxy termination method (Sanger)

« 2"d generation sequencing (massivel éﬁ’l max of ~300-600 bp total)
e Sequencing by ligation (e.g. ABI-W
@9 equencing, lHlumina, /on torrent)

e Sequencing by synthesis (e.

e 3" generation sequ massively parallel and very long reads, max of ~

10kbp-250kbp$\(¢
Y

e Sequen nthesis (e.g. single molecule real time — PacBio, Nanopore)
* Synthetic long reads (e.g. Moleculo, 10X... e.g. see sFL16S)



Biochemistry

Biotechnology 1 N€ 3 generations of sequencing technologies
(size vs analyzed sequence variant numbers)

Which method to select?

 Amplicon size (150-450bp most established cases; complete marker
genes — 1000-1500bp — are always desirable): 1st, 2nd, 3rd generation



Biochemistry

Biotechnology 1 N€ 3 generations of sequencing technologies
(size vs analyzed sequence variant numbers)

Which method to select?

* 10s of thousands of reads per sample required: 2" generation is
more cost-effective
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B:g:eflmlslgéy The 3 generatlons of sequencmg technologles
UNIVERSITY OF THESSALY (size vs analyzed sequence variant numbers)

Which method to select?

* Paired reads desirable: lllumina (2x250bp, 2x300bp)

Read 1

CCCGAGAGACCTAATCTATGGGACCATCTTTAACTTCTCAAACTAGTACCGAGTCTAACTTGCGAGCCGTCCGGATTGTGTACGTTCAGCTTGCCTTGTCCTTCTTCGAACGACTGCCCACTCATTACAGACCCTTTGACGGACTATGTCCTTCTTCGAATTTGARTTTYYTTAACTGCCC




Biochemistry

Biotechnology 1 N€ 3 generations of sequencing technologies
(size vs analyzed sequence variant numbers)

Which method to select?

* Lowest error rates desirable: lllumina, synthetic, highQ-long



Biochemistry

Biotechnology 1 N€ 3 generations of sequencing technologies
(size vs analyzed sequence variant numbers)

Which method to select?

 Amplicon size (150-450bp most established cases; complete marker
genes — 1000-1500bp — are always desirable): 1st, 2nd, 3rd generation
(3rd generation is advantageous here)

* 10s of thousands of reads per sample required: 2" generation is
more cost-effective still

* Paired reads desirable: lllumina (2x250bp, 2x300bp)

* Lowest error rates desirable: lllumina, synthetic, highQ-long



Main traits of sequencing technologies

Three generations of sequencing (read size, analyzed fragment numbers)

e 15t single fragment per reaction, ~700-1000 bp long (Sanger — dideoxy termination method)

« 2" millions of fragments per reaction up to 2x300 bp reads (lllumina — sequencing by synthesis)

e 3rd:10’s-100’s of thousands of reads of up to 250kbp long (PacBio, Nanopore; reports for reads of 4Mbp
for Nanopore)

Seqguencing error types and positional bias per technology

* Sanger: low quality read beginnings/ends

* lllumina: substitutions, error prone read ends (phasing)

* PacBio, Nanopore: indels, randomly distributed (high error rates which can be corrected with improved
base-calling algorithms, CCS)

Current main applications (practically every method is used for several tasks but mostly for...)
e Sanger: single locus analysis

* |llumina (extremely high throughput): genomics, amplicon diversity, ChipSeq, RNAseq...

* PacBio, Nanopore: genomics, meta-gnomics, RNAseq



https://www.cgm.northwestern.edu/cores/nuseq/services/next-generation-sequencing/nanopore-sequencing.html

7 Biochemist . | |
élp) siotechnology 1 N€ 3 generations of sequencing technologies

(size vs analyzed sequence variant numbers)

Which method to select?

lllumina? (low-cost/high-quality/high-depth)
synthetic? (high-cost/high-quality/high-depth)
PacBio/Nanopore? (high-cost/intermediate-to-
high-quality/low-depth)

Interesting Nanopore approach https://nanoporetech.com/sites/default/files/s3/posters/Ic2022/LukaszKrych%20LC22.pdf
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The 3 generations of sequencing technologies
(size vs analyzed sequence variant numbers)

How much can the read length of a Mock
V1-V9 o AD
) V1-V6 o Ame
single marker gene affect our study Vi-vs ° -
) V1-V3 o s
? vi-ve va-va Genus VIV vava V3-V5 © oa
O u tCO I I l e ‘ = Bacilus 507%  9.30% V4 o A me
. ', " = Bifidobacterium 563%  6.60%
Clostridium 16.97% 19.70%
Deinococcus 10.23% 16.10%
‘ B Enterococous 730%  0.13% Human
' 7 R Cocomedils o 577 V1-V9 o - N
B Sonvlocorus 12734 597% V1-V6 ) A
St 11.87% .30%
100 + 3,000 reads 3,000 reads ] rnti’se-pé‘r)ﬁ?\f:‘l::sssiﬁed 1.?0% 12_33% V1-V5 o « A
V1-V3 o « A
80 - V1ve veva Species Vive  vava V3-V5 © me 4
® B cereus 0.40% 0.17% V4 o O A
I B. adolescentis 5.63% 5.53%
= C. beijerinckii 15.67% 0.03%
~°> 60 ’ ’ D. radiodurans 10.23% 16.07%
o ol W E faccals 7.30% 0.00% Mouse
® ’ W Escherichiaspp.  4.50%  0.00%
5 NV W i iR im vi-ve| o e 4 -
2 40 B S coidermidie 12504  120% V1-V6 (¢] o A L
S. 11.87% 8.20%
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