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Prepare Genomic DNA 
Sample

• Fragment DNA of interest into 
smaller strands that are able to 
be sequenced 

• Sonication 

• Nebulization 

• Enzyme digestion 

• Ligate Adapters 
• Denature dsDNA into ssDNA by 

heating to 95° C

Image retrieved from http://res.illumina.com/
documents/products/techspotlights/

techspotlight_sequencing.pdf

http://res.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf
http://res.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf
http://res.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf
http://res.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf
http://res.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf


Prepare Genomic DNA 
Sample

• Fragment DNA of interest into 
smaller strands that are able to 
be sequenced 

• Sonication 

• Nebulization 

• Enzyme digestion 

• Ligate Adapters 
• Denature dsDNA into ssDNA by 

heating to 95° C

Image retrieved from http://res.illumina.com/
documents/products/techspotlights/

techspotlight_sequencing.pdf

http://res.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf
http://res.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf
http://res.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf
http://res.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf
http://res.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf


Attach DNA to Surface

• ssDNA is then bound to inside 
surface of flow cell channels 

• Dense lawn of primer on the 
surface of the flow cell
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Bridge Amplification

• Unlabeled nucleotides and 
polymerase enzyme are added 
to initiate the solid  phase 
bridge amplification
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Fragments Become 
Double Stranded

• In this step it demonstrates the 
work done by the sequencing 
reagents  

• Primers 

• Nucleotides 

• Polymerase enzymes 

• Buffer
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Denature the Double 
Stranded Molecules

• The original strand is then 
washed away, leaving only the 
strands that had been 
synthesized to the oligos 
attached to the flow cell
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Steps 5-7 Repeats 

• Cycle of new strand synthesis 
and Denaturation to make 
multiple copies of the same 
sequence (amplification) 

• Fragments Become Double Stranded 
• Denature the Double Strand 

Molecules
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Determine First Base

• The P5 region is cleaved  
• Add sequencing reagents 

• Primers 
• Polymerase 
• Fluorescently labeled nucleotides 
• Buffer 

• First base incorporated
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Image First Base

• Remove unincorporated bases 
• Detect Signal 
• Deblock and remove the 

fluorescent signal !new cycle
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Determine Second 
Base

• Add sequencing reagents 
• Primers 
• Polymerase 
• Fluorescently labeled nucleotides 
• Buffer 

• Second base incorporated
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Image Second 
Chemistry Cycle

• Remove unincorporated bases 
• Detect Signal 
• Deblock and remove the 

fluorescent signal ! new 
cycle

Image retrieved from http://res.illumina.com/
documents/products/techspotlights/

techspotlight_sequencing.pdf

http://res.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf
http://res.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf
http://res.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf
http://res.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf
http://res.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf


Image Second 
Chemistry Cycle

• Remove unincorporated bases 
• Detect Signal 
• Deblock and remove the 

fluorescent signal ! new 
cycle

Image retrieved from http://res.illumina.com/
documents/products/techspotlights/

techspotlight_sequencing.pdf

http://res.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf
http://res.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf
http://res.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf
http://res.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf
http://res.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf


Sequence Reads Over 
Multiple Chemistry Cycles

• The identity of each base of a 
cluster is read off from 
sequential images
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Sequencing by synthesis

Actual Illumina HiSeq 3000 image
http://dnatech.genomecenter.ucdavis.edu/2015/05/07/first-hiseq-3000-data-download/

This and following slides marked with * courtesy of Ben Langmead 

http://dnatech.genomecenter.ucdavis.edu/2015/05/07/first-hiseq-3000-data-download/


Sequencing by synthesis
Billions of templates on a slide

Massively parallel: photograph captures all templates simultaneously

Terminators are “speed bumps,” keeping reactions in sync
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Cluster of clones
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Q = -10 · log10 p

Base quality Probability that 
base call is 
incorrect

Q = 10 → 1 in 10 chance call is incorrect
Q = 20 → 1 in 100
Q = 30 → 1 in 1,000
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Call: orange (C)

Estimate p, probability incorrect:
non-orange light / total light

p = 3 green / 9 total = 1/3
Q = -10 log10 1/3 = 4.77

*



A read in FASTQ format

@ERR194146.1 HSQ1008:141:D0CC8ACXX:3:1308:20201:36071/1 
ACATCTGGTTCCTACTTCAGGGCCATAAAGCCTAAATAGCCCACACGTTCCCCTTAAAT 
+ 
?@@FFBFFDDHHBCEAFGEGIIDHGH@GDHHHGEHID@C?GGDG@FHIGGH@FHBEG:G
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Read 1

Read 2

Read 3

Read 4

Read 5

FASTQ

Name

Sequence

(placeholder)

Base qualities

Name

Sequence

(placeholder)

Base qualities
Name

Sequence

(placeholder)

Base qualities

Name

Sequence

(placeholder)

Base qualities

Name

Sequence

(placeholder)

Base qualities

*



Base qualities

AGCTCTGGTGACCCATGGGCAGCTGCTAGGGA 
|||||||||||||||||||||||||||||||| 
HHHHHHHHHHHHHHHGCGC5FEFFFGHHHHHH

Bases and qualities line up:

Base quality is ASCII-encoded version of Q = -10 log10 p

*



Long-read sequencing via nanopores

Following slides taken or adapted from Mike Schatz: 
http://schatz-lab.org/appliedgenomics2019/lectures05.LinkedAndLongReads.pdf

Oxford Nanopore Technologies (ONT)



Nanopore Sequencing
Sequences DNA/RNA by measuring changes in ionic 
current as nucleotide strand passes through a pore

nanoporetech.com/applications/dna-nanopore-sequencinghttps://www.youtube.com/watch?v=CE4dW64x3Ts



Oxford Nanopore MinION
• Thumb drive sized sequencer 

powered over USB
• Contains  channels
• Four pores per channel, only 

one pore active at a time

• Early access began in 
• Officially released in  

(the same year I met Mike!)



“Ultra-Long Read” Assembly



Current Nanopore Assembly



Current Nanopore Assembly
Same group recently reported 
a read .  million bases long!

No theoretical upper limit
2,272,580 nt, to be exact.



Nanopore Basecalling
Raw Signal

Translation of raw signal 
into basepairs



Nanopore Basecalling
Raw Signal

Events

Translation of raw signal 
into basepairs

Early basecallers began by 
estimating k-mer boundaries 
using “events”, which were 
then input to an HMM

Modern basecalers use 
neural networks directly 
on raw signal



Nanopore Basecalling
Raw Signal

Events

0
TCCA
AGCA
GTCT
GATT

1
CCAT
TGGC
ATTA
ATTG

2
CATG
TTAC
ACGT
GTCT

3
TACA
TCCA
GACG
ACGG

DNA Base-Calling from a Nanopore Using a Viterbi Algorithm 
Timp et al. (2012) Biophysical Journal

Possible k-mers

ONT releases k-mer models 
with expected current 
distribution of every k-mer 

(Based on probability of event matches)



Nanopore Basecalling
Raw Signal

Events

0
TCCA
AGCA
GTCT
GATT

1
CCAT
TGGC
ATTA
ATTG

2
CATG
TTAC
ACGT
GTCT

3
TACA
TCCA
GACG
ACGG

DNA Base-Calling from a Nanopore Using a Viterbi Algorithm 
Timp et al. (2012) Biophysical Journal

Possible k-mers

Certain k-mers can be 
eliminated based on 
possible transitions



Nanopore Basecalling
Raw Signal

Events

0
TCCA
AGCA
GTCT
GATT

1
CCAT
TGGC
ATTA
ATTG

2
CATG
TTAC
ACGT
GTCT

3
TACA
TCCA
GACG
ACGG

GATTACA

Possible k-mers

“DNA Base-Calling from a Nanopore Using a Viterbi Algorithm”
Timp et al. (2012) Biophysical Journal

Final sequence determined 
by most probable k-mers



From squiggle to basepair: computational approaches for improving nanopore sequencing read accuracy
Rang et al ( ) Genome Biology. https://doi.org/ . /s - - -

Basecaller/Pore Timeline
Development of both pore chemistry and basecalling 
algorithms is responsible for improvement in accuracy



Basecaller Comparison

https://github.com/rrwick/Basecalling-comparison



New Pore Chemistries

Standard pore 
chemistry

“R ”

ONT is developing alternate pore 
chemistries to improve accuracy, 
particularly for homopolymers

From  London Calling Keynote
https://vimeo.com/



DNA Modification Detection
Like PacBio, ONT can detect methylation from raw signal
• Or any other modification that changes ionic current

Piercing the dark matter: bioinformatics of long-range sequencing and mapping
Sedlazeck et al. ( ) Nature Reviews Genetics. :



Direct RNA-seq
Standard RNA sequencing 
(RNA-seq) requires creation of 
complementary DNA (cDNA)

ONT recently introduced direct 
RNA sequencing 

Allows detection of RNA 
modifications, and potentially 
secondary structure

Nanopore native RNA sequencing of a human poly(A) transcriptome
Workman et al. BioRxiv (https://www.biorxiv.org/content/ . / v )



ReadUntil Sequencing
ONT machines can stop sequencing a read and immediately 
start on another in real-time
• Each channel has four pores, non-active pores have reads docked

Can potentially avoid sequencing unwanted reads
• For example: reads that align to the human genome, reads that do not align to a 

database of pathogens, reads that align to a region already sequenced to a 
desired depth

MinION has up to  active channels, each reading  bp/sec
• Actual number of active channels is variable

All pores empty

Sequencing targeted read

Aligning signal

Ejecting read

All pores dead



TRADEOFFS OF DIFFERENT TECHS.
• Illumina sequencing is cheap & ubiquitous 

• Can sequence very deeply, good for measuring abundance 
• Error rate is very low, can be good for detection of small variants 
• Can be combined with other technologies (e.g. linked-reads) 

to provide many different types of information 
• Reads are short (<=350bp each, fragments <= 1000bp), making 

assembly difficult 
• Library prep (prior to sequencing) can introduce many biases

• ONT sequencing is getting cheaper 
• Can sequence very long reads, transformative for assembly 
• Can be good for detection of large (e.g. structural) variants 
• Error rate is much higher than with short reads (getting better) 
• Fewer individual reads raise challenges in quantification-related 

tasks
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