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Agenda

* A quick introduction to genomes and genome analysis

* Sequencing technologies
e Particular focus: Nanopore sequencing and real-time analysis
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Recall: Analyzing Genomes Reveals Key Insights
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Detecting pathogens
in the environment

A0l

Rapid surveillance of
disease outbreaks



What 1s a Genome?
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DNA — The Code of Life

Cell
Chromosome (~6.4B bps)
DNA (50M — 250M bps)

Basepair (bp)
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Whole Genome Analysis is Critical

Even a single character can have
huge impact on health

Sickle cell
disease

Increased
cancer risk

Improving the

Color blindness quality of life?
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The Central Dogma of Molecular Biology

Genotypes

Replicay
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How Large Is a Human Genome?

S19}9W Q/LT~
~200 meters

Washington Monument, DC ~6.4 billion bases*

https://simple.wikipedia.org/wiki/Washington Monument

S I o RM *~200 meters = 80 characters per line, 40 lines per A4 page, each page is 0.1mm thick



https://simple.wikipedia.org/wiki/Washington_Monument

Constructing the Human Reference Genome

2022: A gapless human reference genome

The complete sequence of a human genome
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Abstract

In 2001, Celera Genomics and the International Human Genome Sequencing Consortium published their initial
drafts of the human genome, which revolutionized the field of genomics. While these drafts and the updates
that followed effectively covered the euchromatic fraction of the genome, the heterochromatin and many other
complex regions were left unfinished or erroneous. Addressing this remaining 8% of the genome, the Telomere-
to-Telomere (T2T) Consortium has finished the first truly complete 3.055 billion base pair (bp) sequence of a
human genome, representing the largest improvement to the human reference genome since its initial release.
The new T2T-CHM13 reference includes gapless assemblies for all 22 autosomes plus Chromosome X,
corrects numerous errors, and introduces nearly 200 million bp of novel sequence containing 2,226 paralogous
gene copies, 115 of which are predicted to be protein coding. The newly completed regions include all

centromeric satellite arrays and the short arms of all five acrocentric chromosomes, unlocking these complex
regions of the genome to variational and functional studies for the first time.

https://genomics.ucsc.edu/2021/06/09/the-complete-sequence-of-a-human-genome/
STO RM https://time.com/collection/100-most-influential-people-2022/...
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Humanity’s Longest Puzzle Solving Challenge

STORM

2003

~1990

THE '\ - /s
HUMAN 3%
GENOME

The Co:mplete
Human Reference
Genome

Significant resources,
expertise, and time
(yet incomplete)

2022

Dottt egorncpannoney | Pt
s s 2 e B

A FILLING
{ - THEGAPS
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uman gonome sx

The Co'mplete
Human Reference
Genome (Really)

Significant resources
and expertise

Gapless assembly of complete human
and plant chromosomes using only
nanopore sequencing

Today

The Co;mplete
Human & Plant
Chromosomes

Significant
expertise

A Corﬁplete
Human
Genome

No expertise,
Limited
resources,
quick, and
accurate

10



Genome Analysis in Real Life

_— ——
Prepared DNA
Fragments

Sample Collection /
K D m 2
T

SO @

DNA
Molecule

.

Raw Sequencing
Data

Sequencipg

q—l Computational
Steps

Genomic Analyses

Library
Preparation
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Genome Analysis Pipeline

DNA Library s . Raw
Molecule Preparation eduencing Sequencing Data
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Sequencing Data Generation

DNA Library s . Raw
Molecule Preparation equencing Sequencing Data

— P — e

1 1

>

Sequencing Data
Generation
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Recall: Generating the Entire Genomic Sequence

STORM

Whole Genome: 6.4B bps
(Non-human-readable)

Sequencing Device

m Raw Genomic Data
(Human-readable?)

1 THIS IS FINE.

Translator AN
(Basecalling)

Whole Human Genome: 6.4B bps (Human-readable)
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Genomic Data: Giant Jigsaw Puzzle to Solve

Human (Reference) Genome: 3.2 Billion bps (haploid)

?

[CGAAATGCC. . . AGATTAAATGGT. . . TGCCCTAA. . . GAATGGCGT)|
Entire Genomic Sequence of an Organism

@ Small pieces (reads)
@ Unknown origins

@ Non-identical reference genome

Large volume of data to analyze

STORM
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Solving the Puzzle: The Naive Way

Human (Reference) Genome: 3.2 Billion bps (haploid)

_GAAATGCC. . .AGATTAAACGGGCTTTICT. . .TG TAA. . .GAATGGCGT
AAATGG
P?'rW'se i ] For All Reads
Approximate String Entire Genome 2
: —_— 5 —_— O (n“mk)
Matching O(n“m) ~ 0(102)
(Alignment) -
0 (n?
(%) =Years

We will explain the practical solutions

STORM 16



Sequencing Technologies

Oxford Nanopore
Technologies (ONT)

... and more! All produce data with different properties.

STORM
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Different Raw Sequencing Data

STORM

/ IIIuina (SBS) \

Multiple images

K % .BCL/.CBCL /

PacBio (SMRT)
o

Fluorescence pulses

= I .BAM

Nanopore

s

Electrical Signals

= I .POD5

>
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Sequencing using the Illumina Machines
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Sequencing using the Illumina Machines
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Glass flow
cell surface

Optical @
Sensor %
d
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Billions of Short Reads
ATATATACGTACTAGTACGT

TTTAGTACGTACGT
ATACGTACTAGTACGT

\CG TACGTA

ACGTACTAGTACGT

TTAGTACGTACGT
TACGTACTAAAGTACGT
\TACGTACTAGTACGT

TTTAAAACGTA

GTACTAGTACGT

GGGAGTACGTACGT 4\
v

Sequenced bases form
a read
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Different Raw Sequencing Data

STORM

¢ ”

Multiple images Fluorescence pulses

K % .BCL/.CBCL /\ % .BAM

/ IIIuina (SBS) v PacBio (SMRT)\

/

Nanopore

/AN

s

Electrical Signals

= I .POD5

>
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PacBio HiFi Sequencing

Start with high-quality Circularized DNA
double stranded DNA ' is sequenced in
repeated passes

Prepare SMRTbell libraries 7™,

a : S The polymerase reads
are trimmed of adapters
to yield subreads D]
. Consensus and
Anneal primers and ‘ N o i methylation status are
bind DNA polymerase ‘kg,;*" e called from subreads

HiFi read
(99.9% accuracy)

Repeated passes over the same DNA insert produce one HiFi read
STORM



Different Raw Sequencing Data

STORM

lllumina (SBS)

Multiple images

= I .BCL/.CBCL

/ PacB
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Nanopore Sequencing

STORM

Current (pA)
(0¢]
(6]

TGAAA GCTAACA AA TGAT
0 10 20 30 40
Time (ms)

G

O
(6}

Array of microscaffolds

Sensor chip

MinION

Flow cell

Wang+, "Nanopore sequencing technology, bioinformatics and applications," Nature Biotechnology, 2021.
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Nanopore Sequencing: The Original Idea
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David Deamer’s handwriting on nanopore sequencing (June 25, 1989)
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Deamer+, "Three decades of nanopore sequencing," Nature Biotechnology, 2016.
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Recall: Generating Electrical Signals from DNA

Single Nanopore

Nanopore Raw Signals Real-Time

Sequencer g . :
| u \_T.J (~5000 signals/sec) Analysis
" » | — E E
" 6 """"" I_I.II_“_LH_J_I'['_/JL—H-FJ

STORM
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Recall: Benefits of Real-Time Analysis

STORM

@ Reducing latency by overlapping analysis with sequencing

Time

\ 4

Sequencing ]l Analysis

!

Reduced Latency

Sequencing & Real-Time Analysis <

@ Reducing sequencing time and cost by stopping sequencing early

Sequenced Bases

\ 4

Completely Sequenced Read

i

Reduced Sequencing Time (and Cost)

Partially Sequenced Read |-

A

Sequencing is stopped early with a real-time decision

27



Recall: A Common Genome Analysis Pipeline

Raw Basecalling Basecalled _
Signals (Translator) (Translated) Analysis
Reads
IJV\FW —_— - —> |AAATGTGGTCCATTG| —» n
> l ==

Noisy \ Al Models ) Highly accurate

Raw Signals reads

[l [erv] &

STORM 28



Can We Survive Without Translation?

Noisy
Raw Signals

J

STORM

Read
Mapping

Reference Genome

\ TGCGTAGCAGCGTAATAG. . .

How to communicate
without an accurate
translator?

\.

J
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Reference-to-Signal Conversion

e Goal: Convert the reference sequence into expected current levels.
* K-mer model: A lookup table of expected signals for all k-mers.

* Slide the k-mer window along the reference to synthesize a signal.

Reference Genome Reference Signals
.|CTGCGTIAGCAGCGTAATAG. . . - .8 0.24,
T 1 T > K-mer model ‘—»
AAAAAA | -0.29
T TA : ; »0 . 24
TTTTTT| ©.04
TA "\ K-mer | Signal g i

Expected Signal

STORM 30



Processing Raw Nanopore Signals

* K bases influence the signal at a time.
* Observation: Signal levels change as DNA moves through the pore.

* Goal: Segment the trace into events that reflect local sequence.

l I l

. I e
G |0
1Y 1§ |

-0.06| |[-0.22
[TGCGIC|] [ATGCGT]
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Recall: Noise in Raw Electrical Signals

Raw
Signals:

Raw
Signals:

STORM

Single Nanopore

Nanopore
Sequencing Device @ .7

similar raw signals

Observation: Identical molecules generate

___ sequencng (TGLGTHGTA

[-0.06¢ -0.22, -0.75, 0.96 , -0.49]
Similarity Search

[-0.05, -0.21, -0.76, 1.01, -90.51]
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Source of Noise in Nanopore Sequencing

* Stochastic thermal fluctuations in the ionic current
 Random ionic movement due to inherent thermal energy (Brownian motion)

 Variations in the translocation speed
* Mainly due to the motor protein

* Environmental factors
* Temperature: Affecting enzymes including the motor protein
* pH levels: Affecting charge and the shape of molecules

* Maybe: Aging & material-related noise between nanopores

STORM
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Various Nanopore Chemistries

ATC

TCACCECCACETCCAAA

R9.4.1

1 1
- —
R10 : ' :

* Dual reader head in R10
* Motor protein with more consistent translocation speed in R10

STORM
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Proteomics with Nanopores

a Load PASTOR _Primary capture Electrical unfolding Secondary capture  Refolding Read linker Unfolding attempt Read folded domain  Read tail Open pore
> > 7 > >
C X Unsuccessful /
ssrA ClpX motor \ unfolding attempi /
Blocking domain ~_ _-

translocation

T Motor-driven
(trans to cis)

translocation
(cis to trans)

Voltage-driven l

b Unfolding  Unfolding Unfolding Unfolding c
50 " attempt 1 attempt 2 attempt 3 attempt 4 ix .
—_— ’ "’ v . i < Ty
3 40 % vii Vil a3 o, 3 Wi 3 abial
+«= 30 € Ally
5 20 é L il LW racuEiR L Y L e T
. iV - 5 2 2 \a W 2 W
o 10 Translocation ©
0 J T T T T T T T T T T T
0 500 1,000 0 250 500 750 0 250 500 750
Time (ms) Time (ms) Time (ms)

STO RM Motone+, “Multi-pass, single-molecule nanopore reading of long protein strands”, Nature 2024.



Recall: A Common Genome Analysis Pipeline

/ Basecalling \

Raw
Signals (Translator)
] q .ﬁ
>
Noisy > Al Models >
Raw Signals
[l [erv] &

STORM

Basecalled

(Translated) Analysis

Reads
AAATGTGGTCCATTG| —>»

Highly accurate
reads

36



Basecalling Overview

Raw Signal Dorado SUP v5.2.0 - Schematic

Neighboring Positions s
Transition Scores

From ACGTA
s ™ ~ = / N s N (%)
CNN x5 Transformer x 18 CRF Head Stay
—» > — —» Emit A
. Emit C
Local Features Context Finer Time Grid State Transitions
\_ y, \_ V, Ny \S. >, Emit G
65 Samples - Stride 12 Emit T
Frame 7

Example Scores
Transition Scores By Frame
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CTC-CRF Decoding

Transition Scores By Frame

N

Frame 1/ 24

CRF Decoder

<

Beam Search

\

STORM

Previous Candidates

| B |
| B |

12

Same Score Frames - lllustrative Example

18

Candidate Paths

Bases So Far

Context State

24

3 Shown
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Questions?
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Genome Analysis Pipeline

DNA Library s . Raw
Molecule Preparation eduencing Sequencing Data
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Next Lecture

* Reminder: Finalize your paper selection by today 11:59pm!
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Basecalled

Sequencing Data

Denoised Raw
Sequencing Data

AA TATATGGTA -2.1, 2.3, |
P Indexing l P Seeding l P Chaining & Alignment
Target Seq. [ Hash Table | Query Seq. [ Target Seq. Target
! 0x00[2,64,... ! ali
[ Sketch ) rooxe1[1,101,... 2l  Sketching  JMI=§ [L' ........... >
o v v o g| -1 1 1e U S
@ loxFF[13,21 i ol
l l l Hash| Positions | l l>‘| C ’. Alignment
~(LE)—exoe1l 0x00~—(sEL Seed Matches Matrix
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Solving the Puzzle: The Practical Way

Goal: Quickly and accurately reduce the search space

__________________________

GEEE?G : AGATfEEE@GGG TTTCT. . . TGCCICTAA GAAIQG GT
e w - N
tn S
Tich T ARAT]
AAATGG
Read Mapping
Indexing Seeding ( Chaining Alignment \
[ Reference Genome | [ HashTable | | Read | | | [ 1
0x00|2,64,... [+ ]
+[0x01[T, 01, =
I%l g @X:FF 13,21 )
|Hash | Positions |

0x01

K Hash Matches DP CaIcuIationsy
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