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Start Finish

Time



The effects from Moore’s Law ushered in a whole new 
era of technology

By Wgsimon



Initially we expected a $1K Genome in 2040

George Church





More and more data





Flatlined a little





New human genes 
are still being found

The Next 500 Years

https://www.gencodegenes.org/

https://www.gencodegenes.org/


https://www.gencodegenes.org/

https://www.gencodegenes.org/


Every Day
is the 

Best Day



https://www.genome.gov/images/illustrations/sequencing.pdf



Kahvejian, 2008

Since DNA defines the biochemical recipe for the genesis of 

organisms, sequencing allows us to create molecular portraits 

of development and disease at single-base resolution.



https://genomemedicine.biomedcentral.com/articles/10.1186/gm205

https://genomemedicine.biomedcentral.com/articles/10.1186/gm205


https://www.genomicsengland.co.uk/





1 million U.S. Veterans WGS



POPULATION-SCALE NGS IS GLOBAL
UK Biobank
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Million Veterans 
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https://www.theguardian.com/science/2020/nov/27/nhs-to-trial-blood-test-to-detect-more-than-50-forms-of-

cancer

Offered to 165,000 

people in England 

from mid-2021 

onward; 

no signs of disease.

Followed through 

2023;

If successful, move on 

to test 1M people in 

2024-2025.



Specific genes can have significant impact

Myostatin (MSTN) homozygous nulls (-/-) give lean and large muscles

Low density lipoprotein receptor 5 (LRP5) heterozygotes (+/-) can have strong bones

C-C chemokine receptor type 5 (CCR5) homozygous nulls (-/-) have HIV protection

http://thevoiceofnetizen.blogspot.com





https://www.nature.com/articles/s41397-019-0096-y

https://www.nature.com/articles/s41397-019-0096-y


https://www.nature.com/articles/s41397-019-0096-y

https://www.nature.com/articles/s41397-019-0096-y


Our genes come from the migration patterns of  haplotypes 

throughout human history

(“Population Stratification”)



Genotype data can even predict your birthplace

Genes mirror geography within Europe

Novembre et al., 2008



Large impact for normal genomes 
and diseases, especially cancer

ICGC Goal: To obtain a comprehensive description of genomic, epigenomic, and transcriptomic (GET) changes in 

50 different tumor types and/or subtypes which are of clinical and societal importance across the globe.





We can also observe the dynamics 
and evolution of cancers

Ding L, et.al,  Clonal evolution in relapsed acute myeloid leukemia revealed by whole-genome sequencing. Nature. 2012 Jan 

11;481(7382):506-10.



And look beyond just humans

https://genome10k.soe.ucsc.edu/

https://www.hgsc.bcm.edu/i5k-pilot-project-summary



Plants as well!

http://ldl.genomics.cn/page/pa-research.jsp



The Tech



Sequencing Technologies

1. “Old School” dye-terminator sequencing 
(Sanger).  300-1000bp

2. “New School” methods
a. Emulsion PCR Pyrosequencing

b. Solid-phase amplification sequencing by 
synthesis (clonal or single molecule)

c. Sequencing by ligation

d. Single-molecule, real-time (SMRT) 
sequencing

e. Electrical sequencing



Sequencing Technologies

1. “Old School” dye-terminator 

sequencing (Sanger).  300-1000bp



Estevezj

https://commons.wikimedia.org/wiki/User:Estevezj


By 2009, 

many MPS options emerged

Michael 
Metzker, 
2010



Then, by 2014, an ecosystem of options erupted

Platform Instrument Template	Preparation Chemistry Avearge	Length Longest	Read

Illumina HiSeq2500 BridgePCR/cluster Rev.	Term.,	SBS 100 150

Illumina HiSeq2000 BridgePCR/cluster Rev.	Term.,	SBS 100 150

Illumina MiSeq BridgePCR/cluster Rev.	Term.,	SBS 250 300

GnuBio GnuBio emPCR Hyb-Assist	Sequencing 1000* 64,000*

Life	Technologies SOLiD	5500 emPCR Seq.	by	Lig. 75 100

LaserGen LaserGen emPCR Rev.	Term.,	SBS 25* 100*

Pacific	Biosciences RS Polymerase	Binding Real-time 1800 15,000

454 Titanium emPCR PyroSequencing 650 1100

454 Junior emPCR PyroSequencing 400 650

Helicos Heliscope adaptor	ligation Rev.	Term.,	SBS 35 57

Intelligent	BioSystems MAX-Seq Rolony	amplification Two-Step	SBS	(label/unlabell) 2x100 300

Intelligent	BioSystems MINI-20 Rolony	amplification Two-Step	SBS	(label/unlabell) 2x100 300

ZS	Genetics N/A Atomic	Lableing Electron	Microscope N/A N/A

Halcyon	Molecular N/A N/A Direct	Observation	of	DNA N/A N/A

Platform Instrument Template	Preparation Chemistry Avearge	Length Longest	Read

IBM	DNA	Transistor N/A none Microchip	Nanopore N/A N/A

NABsys N/A none Nanochannel N/A N/A

Bionanogenomics N/A anneal	7mers Nanochannel N/A N/A

Life	Technologies PGM emPCR Semi-conductor 150 300

Life	Technologies Proton emPCR Semi-conductor 120 240

Life	Technologies Proton	2 emPCR Semi-conductor 400* 800*
Genia N/A none Protein	nanopore	(a-hemalysin) N/A N/A
Oxford	Nanopore MinION none Protein	Nanopore 10,000 10,000*
Oxford	Nanopore GridION	2K none Protein	Nanopore 10,000 500,000*
Oxford	Nanopore GridION	8K none Protein	Nanopore 10,000 500,000*

*Values	are	estimates	from	companies	that	have	not	yet	released	actual	data

Optical	Sequencing

Electical	Sequencing

Table	1:	Types	of	High-Throughput	Sequencing	Technologies

Mason, Porter, Smith, 2014





Consideration of each platform



2. Reversible Terminator Bases are Essential 
Technology Used in Many Chemistries
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© Illumina, Inc.http://www.illumina.com/technology/sequencing_technology.ilmn



Sequencing by Synthesis (SBS)

Michael Metzker, 2010



Now three kinds of chemistry



Cluster 
amplification

FLOWCELL

Linearize DNA

Read 1

FLOWCELL

Sequence 1st strand 

Read 2

FLOWCELL

Sequence 2nd strand 

FLOWCELL

Linearize DNA

FLOWCELL

Strand re-synthesis 

1st 
cut

2nd 
cut

Paired-End Sequencing allows for 
two looks at a sequence

© Illumina, Inc.



Indexed sequencing method is now 
standard for single and paired reads

© Illumina, Inc.



Pacific Biosciences 
Single Molecule Real-Time (SMRT) Sequencing

Metzker, 2010
https://www.pacb.com/videos/video-overview-of-smrt-technology/

https://www.pacb.com/videos/video-overview-of-smrt-technology/


Single Molecule Kinetics Allow for the 
Direct Detection of Methylation
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Approach: Kinetic detection of methylated bases during SMRT DNA sequencing

Example: N6-methyladenosine (mA)

Flusberg et al., 2010.



Kinetics can detect other base modifications
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Kinetics allow one to watch protein 
translation as it occurs

Uemura et al, Nature, 2010Uemura et al., 2010



“Post-Light,”
Semi-Conductor Sequencing:

Thermo Fisher’s Personal Genome Machine (PGM), the Proton I and Proton II, and S5

Essentially, 

Millions of

very small

pH meters Purushothaman et al, 2005

IonTorrent, Inc.



Latest Ion Platforms
Thermo Fisher’s Ion S5 & S5 XL



MinION
PromethION

Exonuclease-Seq Strand-Seq

2014:Sequencing with 

a  protein nanopore



http://blogs.nature.com/naturejobs/2017/10/16/techblog-the-nanopore-toolbox/



2022

https://nanoporetech.com/



They are small



Base space is now “squiggle space”



You can do it anywhere

https://www.nature.com/articles/nature16996

https://www.nature.com/articles/nature16996




Scott Tighe



Lake Fryxell,  Antarctica
Scott Tighe

Sequencing HW DNA in the field with the Oxford Nanopore
Sarah Johnson (PI) expedition G062 team



Zero-G Pipetting:
Hardest Lab Job Ever

Dr. Andrew Feinberg





McIntyre ABR et al., Nature Microgravity, 2016.





SpaceX CRS-7 blows up







SpaceX CRS-9: perfect launch 

and booster return

July 18, 2016











Flight data shows very good accuracy (89-92%) for 2D reads

Plus, good read accuracy (76-79%) for 1D reads

for the template/complement measures.

Flight Data Read Accuracy
(%

 o
f 
re

a
d
s
)

1-2% better than ground data



Almost perfect when compared to PacBio



The first genome sequence and 
assembly off Earth

https://www.nature.com/articles/s41598-017-18364-0

https://www.nature.com/articles/s41598-017-18364-0


Bacteria are splattered 
with epigenetic marks



Calling current (pA) differences, 
similar to PacBio



Certain positions of the pore and more 
informative then others





Is a 2.6 minute genome possible?
No today, but if the physics holds up…

Parameter

DNA 

fragment 

(avearge 

bp)

Pore Speed 

(bp/s)

# 

nanopores

% of Pores 

Functional

transit 

time 

(seconds)

transit 

time 

(minutes)

run time 

(hours)

max # 

molecules 

/ pore / 

run

% of time 

pores 

have DNA

actual # 

molecules/ 

pore/run

# of bases sequenced 

per device

Run Cost 

($)
$ / Mb $ / Gb

Hours for 

30X WGS of 

3.1Gb
Model

10,000       100 512 0.5 100 1.67 6 216 80% 172.8 442,368,000               1,000$     2.26$      2,260.56$  1261.4 T1

10,000       100 512 0.5 100 1.67 24 864 80% 691.2 1,769,472,000            1,000$     0.57$      565.14$     1261.4 T2

10,000       100 512 0.5 100 1.67 48 1728 80% 1382.4 3,538,944,000            1,000$     0.28$      282.57$     1261.4 T3

10,000       100 512 0.5 100 1.67 6 216 80% 172.8 442,368,000               1,000$     2.26$      2,260.56$  1261.4 S1

100,000     100 512 0.5 1000 16.67 6 21.6 80% 17.28 442,368,000               1,000$     2.26$      2,260.56$  1261.4 S2

1,000,000  100 512 0.5 10000 166.67 6 2.16 80% 1.728 442,368,000               1,000$     2.26$      2,260.56$  1261.4 S3

10,000       100 512 0.5 100 1.67 6 216 80% 172.8 442,368,000               1,000$     2.26$      2,260.56$  1261.4 S&T1

100,000     100 512 0.5 1000 16.67 24 86.4 80% 69.12 1,769,472,000            1,000$     0.57$      565.14$     1261.4 S&T2

1,000,000  100 512 0.5 10000 166.67 48 17.28 80% 13.824 3,538,944,000            1,000$     0.28$      282.57$     1261.4 S&T3

10,000       100 50000 0.5 100 1.67 6 216 80% 172.8 43,200,000,000           1,000$     0.023$    23.15$       12.9 P&T1

10,000       100 100000 0.5 100 1.67 6 216 80% 172.8 86,400,000,000           1,000$     0.012$    11.57$       6.5 P&T2

10,000       100 150000 0.5 100 1.67 6 216 80% 172.8 129,600,000,000         1,000$     0.008$    7.72$         4.3 P&T3

10,000       100 50000 0.5 100 1.67 6 216 80% 172.8 43,200,000,000           10,000$   0.23$      231.48$     12.9 P&T1

10,000       100 100000 0.5 100 1.67 24 864 80% 691.2 345,600,000,000         20,000$   0.06$      57.87$       6.5 P&T2

10,000       100 150000 0.5 100 1.67 48 1728 80% 1382.4 1,036,800,000,000      30,000$   0.03$      28.94$       4.3 P&T3

10,000       100 50000 0.5 100 1.67 6 216 80% 172.8 43,200,000,000           10,000$   0.23$      231.48$     12.9 PS&T1

10,000       1000 100000 0.5 10 0.17 24 8640 80% 6912 3,456,000,000,000      20,000$   0.01$      5.79$         0.6 PS&T2

10,000       10000 150000 0.5 1 0.02 48 172800 80% 138240 103,680,000,000,000   30,000$   0.00$      0.29$         0.04 PS&T3
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Bionanogenomics - Irys System



The new Illumina iSeq100 can sequence in 
<6h.



Emerging Technologies



Roche’s nanopore tech

https://sequencing.roche.com/en/science-education/technology/nanopore-sequencing.html

Sequencing by eXpansion (SBX)

Xpandomer synthesis is based on four easily differentiated X-NTPs (also called High Signal-to-Noise Reporters), 

one for each DNA base



The race for long is on

https://nanoporetech.com/about-us/news/longer-and-longer-dna-sequence-more-two-

million-bases-now-achieved-nanopore

http://longreadclub.org/

https://nanoporetech.com/about-us/news/longer-and-longer-dna-sequence-more-two-million-bases-now-achieved-nanopore
http://longreadclub.org/


https://www.bgi.com/us/company/news/bgi-unveils-new-high-throughput-sequencing-

system/

https://www.bgi.com/us/company/news/bgi-unveils-new-high-throughput-sequencing-system/


T-1000?



BGI – NGS streets



Hybridization -Assisted Nanopore Sequencing (HANS):

-1 million bases per second

-Variable probe length can be used for HANS

-Long Reads (100kb)

-Single molecule



Single-atom labeling and then visualization with EM

-Long Reads (20kb)

-Single molecule



GenapSys

(1M, 16M or 144M)



New Kid on the Block:
Element Biosciences

https://www.elementbiosciences.com/technology



Surface-anchored amplification 
sites

https://www.elementbiosciences.com/technology



Each Platform has various sources of 
noise, and thus Error

• De-Phasing
– Lagging strand dephasing from incomplete extension
– Leading strand dephasing from over-extension

• Dark Nucleotides
• Polymerase errors (10-5 to 10-7)
• Single molecule challenges

– High noise
– Polymerase “wiggling” from tail

• Platform-specific errors
– Illumina more likely to have error after ‘G’
– PCR-based methods miss GC- and AT-rich regions



How can we be sure we sequenced 
correctly?

https://www.nature.com/collec

tions/seqc2



Test them!

https://www.nature.com/articles/s41587-021-01049-5



What do you do with the reads?



Alignment to the genome





The reads: FASTQ

The most common format is FASTQ, based off

the FASTA data format:

>SequenceID

CGTAGTCTATATATGCGCGAATGCGTA

But….

FASTQ also includes quality information:

@Sample_Info

CCTTGCTGCC

+

3.6;#$!>><



Understanding FASTQ

For Illumina, sequences have an ID:

@HWUSI-EAS100R:6:73:941:1973#0/1 

HWUSI-EAS100R the unique instrument name

6 flowcell lane

73 tile number within the flowcell lane

941 'x'-coordinate of the cluster within the tile

1973 'y'-coordinate of the cluster within the tile

#0 index number for a multiplexed sample (0 for no indexing)

/1
the member of a pair, /1 or /2 (paired-end or mate-pair 
reads only)



Understanding Quality Scores

Q-values are the probability (p) of a base being 
incorrect.  From Sanger sequencing:

Qvalue=-10log10p

So, if your p=0.1, then Qvalue = (-10log10(0.1))

= (-10(-1)) = 10

If your p=0.01, then     Qvalue = (-10log10(0.01))

= (-10(-2)) = 20

If p=0.001, then Qvalue = (-10log10(0.001))

= (-10(-3)) = 30



Understanding Quality Scores

Q-values are the probability (p) of a base being 
incorrect, but it is most efficient to represent this 
with a single bit in ASCII (American Standard Code 
for Information Interchange) format.

The first 32 symbols in ASCII are control characters, 
so we start at 33.



Phred-Based Base Quality

If your ASCII character is ‘B’, then 66-64=2, so  

P=10-Q/10

-0.2 = log10p

10-0.2  =p, so p=0.63, or 63% change of an incorrect base.

If your ASCII character is ‘h’, then 104-64=40, so  

40 = (-10log10p)

-4.0 = log10p

10-4 =p, so p=0.0001, or 0.01% change of an incorrect base.



https://jimb.stanford.edu/giab/



Metagenome in a bottle

https://www.zymoresearch.com/collections/zymobiomics-microbial-

community-standards



Whole Genome
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Short Reads
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Variant Calling in… 
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Variant Calling in… 
Medically Relevant Genes
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Metagenomic Samples 
are relatively similar
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https://www.nature.com/articles/s41587-021-01049-5



Bacterial Normalized Coverage across GC
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https://www.nature.com/articles/s41587-021-01049-5



All Code and Data Available!

https://github.com/jfoox/abrfngs2/

https://www.nature.com/articles/s41587-021-01049-5



Many platforms are cycle-dependent 
on error rate - ILMN

© Illumina, Inc.



Element looks better so far



Many Options for Alignment - 2009



Many Options for Alignment - 2022



Many common methods are BW-based

Trapnell and Salzberg, 2010



Burrows-Wheeler Transformation (BWT)

Burrows M, Wheeler DJ. “A Block Sorting Lossless Data Compression Algorithm.” Technical Report 124. Palo 

Alto, CA: Digital Equipment Corporation; 1994. 

http://bio-bwa.sourceforge.net/

Li H. and Durbin R. “Fast and accurate short read alignment with Burrows-Wheeler transform.” (2009) 

Bioinformatics, 25, 1754-60.

•First discovered in 1983 by Wheeler at AT&T Bell Labs

• Used for compression in 1994. 

• First implemented for aligners with “Bowtie”
Ben Langmead, Cole Trapnell, Mihai Pop,

and Steven Salzberg

•Allows for fast searching with a small memory footprint



Questions?


