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Assignment 1 Feedback
I will try to finish grading today, but here is some 
general feedback from what I’ve seen:
• Provide EXACT commands/code for each question

– Include it in the corresponding answer, not at the end

• Command-line-based solutions (and brevity in 
general) is encouraged
– Many people submitted dozens of lines of code for 

what could be done with a few piped commands

• Mark the pages for each answer on Gradescope
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The advantages of SMRT sequencing
Roberts, RJ, Carneiro, MO, Schatz, MC (2013) Genome Biology. 14:405
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10X Genomics Linked Reads

(Zheng et al, 2016)

1. High molecular weight DNA is 
diluted and isolated within oil 
emulsion droplets

2. Within each droplet, short 
fragments are randomly 
amplified and tagged with 
barcode sequences for 
standard Illumina sequencing

3. Reads sharing the same 
barcode can then be localized 
to the same original template 
molecule

4. The resulting “linked reads” can 
be used for phasing variants or 
identifying SVs

https://www.youtube.com/watch?v=nk2kXM59LRM

https://www.youtube.com/watch?v=nk2kXM59LRM


Haplotype Phasing

Piercing the dark matter: bioinformatics of long-range sequencing and mapping
Sedlazeck et al. (2018) Nature Reviews Genetics. 19:329



Uncertain Future for 10X



PacBio Single Molecule Real Time Sequencing
(SMRT-sequencing)
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The advantages of SMRT sequencing
Roberts, RJ, Carneiro, MO, Schatz, MC (2013) Genome Biology. 14:405



PacBio: SMRT Sequencing
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http://www.youtube.com/watch?v=v8p4ph2MAvI

Imaging of florescent phospholinked labeled nucleotides as they are incorporated 
by a polymerase anchored to a Zero-Mode Waveguide (ZMW).

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


SMRT Sequencing Data
TTGTAAGCAGTTGAAAACTATGTGTGGATTTAGAATAAAGAACATGAAAG
||||||||||||||||||||||||| ||||||| |||||||||||| |||
TTGTAAGCAGTTGAAAACTATGTGT-GATTTAG-ATAAAGAACATGGAAG

ATTATAAA-CAGTTGATCCATT-AGAAGA-AAACGCAAAAGGCGGCTAGG
| |||||| ||||||||||||| |||| | |||||| |||||| ||||||
A-TATAAATCAGTTGATCCATTAAGAA-AGAAACGC-AAAGGC-GCTAGG

CAACCTTGAATGTAATCGCACTTGAAGAACAAGATTTTATTCCGCGCCCG
| |||||| |||| ||  ||||||||||||||||||||||||||||||||
C-ACCTTG-ATGT-AT--CACTTGAAGAACAAGATTTTATTCCGCGCCCG

TAACGAATCAAGATTCTGAAAACACAT-ATAACAACCTCCAAAA-CACAA
| ||||||| |||||||||||||| || ||    |||||||||| |||||
T-ACGAATC-AGATTCTGAAAACA-ATGAT----ACCTCCAAAAGCACAA

-AGGAGGGGAAAGGGGGGAATATCT-ATAAAAGATTACAAATTAGA-TGA
 ||||||   ||     |||||||| || |||||||||||||| || |||
GAGGAGG---AA-----GAATATCTGAT-AAAGATTACAAATT-GAGTGA

ACT-AATTCACAATA-AATAACACTTTTA-ACAGAATTGAT-GGAA-GTT
||| ||||||||| | ||||||||||||| ||| ||||||| |||| |||
ACTAAATTCACAA-ATAATAACACTTTTAGACAAAATTGATGGGAAGGTT

TCGGAGAGATCCAAAACAATGGGC-ATCGCCTTTGA-GTTAC-AATCAAA
|| ||||||||| ||||||| ||| |||| |||||| ||||| |||||||
TC-GAGAGATCC-AAACAAT-GGCGATCG-CTTTGACGTTACAAATCAAA

ATCCAGTGGAAAATATAATTTATGCAATCCAGGAACTTATTCACAATTAG
||||||| |||||||||  |||||| ||||| ||||||||||||||||||
ATCCAGT-GAAAATATA--TTATGC-ATCCA-GAACTTATTCACAATTAG

Sample of 100k reads aligned with BLASR requiring >100bp alignment
Average overall accuracy: 83.7%, 11.5% insertions, 3.4% deletions, 1.4% 

mismatch

PacBio RS II

CSHL/PacBio
0 10k 20k 30k 40k



Single Molecule Sequences



“Corrective Lens” for Sequencing



“Corrective Lens” for Sequencing

If you are starting with 16% error, how much can we improve?



Consensus Accuracy and Coverage

Coverage can overcome random errors
• Dashed: error model from binomial sampling; solid: observed accuracy 
• For same reason, CCS is extremely accurate when using 5+ subreads

coverage



Circular Consensus Reads
High-quality reads produced by 
sequencing the same molecule 
multiple times

Higher accuracy for low-coverage 
sequences like somatic variants or 
lowly expressed transcripts in 
RNA-seq, more interpretable 
alignments, faster assembly

Limits read length, very expensive, 
calling consensus is currently slow

https://www.biorxiv.org/content/10.1101/519025v2

https://www.biorxiv.org/content/10.1101/519025v2


PacBio Assembly Algorithms
PacBioToCA
& ECTools

Hybrid/PB-only Error 
Correction

Koren, Schatz, et al (2012) 
Nature Biotechnology. 
30:693–700

Canu/FALCON 
& Quiver/Arrow

PB-only Correction & Polishing

Chin et al (2016) 
Nature Methods. 13:1050–1054

PBJelly

Gap Filling 
and Assembly Upgrade

English et al (2012) 
PLOS One. 7(11): e47768

< 5x > 50xPacBio Coverage



Recent Long Read Assemblies

Third-generation sequencing and the future of genomics
Lee et al (2016) bioRxiv 
doi: http://dx.doi.org/10.1101/048603

Assemblytics: a web analytics tool for the detection of 
variants from an assembly 
Nattestad & Schatz (2016) Bioinformatics. 
doi: 10.1093/bioinformatics/btw369

Insertions

Repeat Expansion

Tandem ExpansionTandem Contraction

Repeat Contraction

Deletions

Structural Variants in CHM1 



Methylation Detection
• Methylation - an epigenetic modification that can 

have a variety of effects, such as gene repression
• Can detect methylation from raw PacBio signal



PacBio Roadmap

PacBio Sequel II

$350k instrument cost
841 lbs

~$6k / human @ 50x

SMRTcell v2

1M Zero Mode Waveguides
~15kb average read length

~10 GB / SMRTcell
~$1000 / SMRTcell









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

https://www.youtube.com/watch?v=CE4dW64x3Ts


Oxford Nanopore MinION
• Thumb drive sized sequencer 

powered over USB
• Contains 512 channels
• Four pores per channel, only 

one pore active at a time

• Early access began in 2014
• Officially released in 2015 

(the same year I met Mike!)



“Ultra-Long Read” Assembly



Current Nanopore Assembly



Current Nanopore Assembly
Same group recently reported 
a read 2.3 million bases long!

No theoretical upper limit



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 (2018) Genome Biology. https://doi.org/10.1186/s13059-018-1462-9

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



New Pore Chemistries

Standard pore 
chemistry

“R9”

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

From 2018 London Calling Keynote
https://vimeo.com/272526835

https://vimeo.com/272526835


https://f1000research.com/articles/6-1083/v1



https://f1000research.com/articles/6-1083/v1



More Throughput

MinION
Quick Mobile 
Sequencing

$1k / instrument
5-6 GB / day

PromethION
High Throughput Desktop 

Sequencer
$75k / instrument
>>1000GB / day



MinION + GridION PromethION

74GB

Part of collaboration 
between JHU and CSHL 
to sequence 100 tomato 
genomes in 100 days

Nanopore Performance at CSHL
Sara Goodwin



MinION + GridION PromethION

74GB

130GB

Nanopore Performance at CSHL
Sara Goodwin



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. (2018) Nature Reviews Genetics. 19:329



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/10.1101/459529v1)



Less Throughput (coming soon)

https://nanoporetech.com/products

https://nanoporetech.com/products


Extremely Portable Sequencing!



Ebola Surveillance
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Ebola Surveillance



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 512 active channels, each reading 450 bp/sec
• Actual number of active channels is variable

All pores empty

Sequencing targeted read

Aligning signal

Ejecting read

All pores dead



Utility for Nanopore Current ALignment to Large Expanses of DNA
AKA UNCALLED

● Probabilistically considers all possible k-mers 
that the streaming signal could represent

● Finds seeds in the reference consistent with 
those k-mers using an FM index

● Clusters seeds into potential alignments until 
one or more locations has sufficient support

Goal: align reads as fast as ONT 
machines can sequence them

Started in 2017 as my final 
project for this class! 
(with Taher Mun and Yunfan Fan)



UNCALLED Signal Processing
● Stretches of similar signal are 

collapsed into events
○ Averages out noise and reduces 

amount of signal to process

● Ideally each event represents a 
single k-mer, but many errors occur
○ ~50% of events are stays
○ ~1% of events are skips
○ A read’s event length is usually ~2x 

greater than its basepair length

● Probability of each event matching 
every k-mer is then computed
○ Expected current for each k-mer 

modeled by normal distribution

○ ONT releases 6-mer models (I use 5-mers)



FM Index
• Used by many aligners such as 

BWA, Bowtie, and HISAT
• Finds exact string matches 

of arbitrary length
• Time to align is constant 

with respect to reference size
• Very small memory footprint
• UNCALLED uses BWA’s FM index

– Interchangeable - started with my own implementation

You will learn more about this soon!



UNCALLED Algorithm

TGCAAGCATGCT

TGCAAGCATGCT

TGCAAGCATGCT

Conceptually all possible paths through the 
FM index form a forest of trees
Traversing trees is cache-inefficient. Instead 
every path is stored in a fixed-length buffer

● Stores cumulative log probabilities/event types
● Whole buffer must be copied when a path splits

Once a buffer is full:
● Report a seed alignment
● Erase oldest event, making room for next
● Buffers keep rolling across read until no possible 

extension exists



E. coli Alignments
Aligned 21K E. coli reads to the E. coli reference genome

• Reads provided by Winston Timp’s lab
Used minimap2 alignments as ground truth

• FPs and TNs include reads that failed to be basecalled or were unaligned 
according to minimap2

• Some “false positives” could be alignments found by UNCALLED that 
minimap2 couldn’t find

P N

T 81.82% 7.99%

F 1.15% 9.04%

50% of “FPs” were 
unaligned by m.m.2 

or not basecalled 



E. coli Timing



E. coli Timing

~8.8 pores/core



Mock Community Abundance Estimates

1,136 bp/sec
~2.5 pores/core
3.5x slower than E. coli
reference 12.9x larger



Class Project
• UNCALLED has come a long way since the class project
• How we split the work between the three of us:

– Collecting/parsing raw nanopore signal data
– Signal processing/k-mer matching
– FM Index construction/basic search algorithm

• All of us brainstormed how the algorithm should work
• We did not have a functional aligner in the end

– Created a signal-based FM index (later turned out to be unnecessary)
– Figured out how to compute event/k-mer match probabilities 

(but messed up signal normalization)
– Could produce seed alignments based on a very simple algorithm 

(but had no way to filter the many many false positives)
• Despite the incompleteness it was a successful project!



VolTRAX - Library Prep (+ sequencing?)



Basecaller Comparison

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

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


Welcome to Applied Comparative Genomics
https://github.com/schatzlab/appliedgenomics2

019

Questions?


