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Next-generation sequencing
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Sequencing Length, Throughput & Quality

Sanger sequencing

Next-generation sequencing (NGS): illumina platform, Thermo
Fisher

3rd or 4th generation sequencing: Pac Bio Science, Oxford 
Nanopore

~ 1000 bps

~ 600 bps

~ 10K – 1 M bps

Low throughput

High throughput

Medium throughput

*

*

High sequencing quality

High sequencing quality

Acceptable sequencing quality

*

*



豪傑使長槍、君王用短劍

6

「十八般武器」是傳統兵器總稱。各有形
製、功能不同，如「刀」下就有九環刀、
雁翎刀、青龍偃月刀等。

「十八般武器」分成「九長、九短」，
「九長」是：刀、槍、棍、鉞、叉、钂、
鉤、槊、戟。「九短」是：刀、劍、鞭、
槁、枴、斧、棒、鎚、杵。

七十二路「楊家槍法」，出槍長，
且虛實，有奇正，進其銳，退其速，
其勢險，其節短，穩如山，動如雷。

楊鐵心-耍長槍

武器使用的訣竅，依不同功能而設計不同，
如「槍」用於遠刺；「劍」以刺、割為主。

曹操-青釭劍

劉備-雙股劍

孫權-青冥劍



Short-read vs. long-read sequencing 
Which one is better?

• The most frequently asked questions in sequencing. 
• The sequencing read length depends on the instrument and 

chemistry used. 
• The range of the read length of a short-read sequencing instrument 

is between 100 and 600 bps, while that of a long-read sequencing 
instrument varies between 10 to 15 kbps. 

• The choice you make depends on the goal of your experiment; one 
isn’t considered universally superior to the other.
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Short-read long-read



DNA sequencing technologies and applications

Nature 1–9 (2017) doi:10.1038/nature24286 4
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Applications of Next-generation Sequencing

Agrigenomics

Agrigenomics Research

Microbial Genomics

Metagenomics 
Research

Microbiota
Genomics in 
Drug Development

Forensic Genomics

Complex
Disease Genomics

Reproductive Health

Human Genetics Research

Oncology
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http://mi.caspur.it/workshop_NGS09/docs/Cappelletti_NGS09.pdf
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Next-generation sequencing (NGS)
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From www.illumina.com



TechBlog: The nanopore toolbox. 16 Oct 2017, Posted by Jeffrey Perkel 10



Oxford Nanopore Technology (ONT)

https://nanoporetech.com/resource-centre/videos/minion-introduction

◼超長讀長，取長補短

◼隨測隨停，通量靈活

◼鹼基修飾，實時讀取

◼ RNA分子，直接測序
11



Assessing the quality of a 
Sequencing Read
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Phred quality scores

Phred Quality Score
Probability of 

incorrect base call
Base call accuracy

10 1 in 10 90 %

20 1 in 100 99 %

30 1 in 1000 99.9 %

40 1 in 10000 99.99 %

50 1 in 100000 99.999 %

Genome Res. March 1, 1998 8: 186-194; doi:10.1101/gr.8.3.186

)(log10 10 PQ −= Q: Phred quality score
P: Base Call error rate

15



Read of fastq format

@SRR001666.1 071112_SLXA-EAS1_s_7:5:1:817:345 length=36

GGGTGATGGCCGCTGCCGATGGCGTCAAATCCCACC

+SRR001666.1 071112_SLXA-EAS1_s_7:5:1:817:345 length=36

IIIIIIIIIIIIIIIIIIIIIIIIIIIIII9IG9IC

Phred Q score

http://en.wikipedia.org/wiki/FASTQ_format 16



Platform 

Comparison

Illumina Thermo Fisher Pacific Biosciences Oxford Nanopore

Sequencing by 

Synthesis 
Yes Yes Yes No

DNA Size Selection Yes Yes Yes No

Post-library 

Amplification
Yes Yes No, Single Molecule No, Single Molecule

Detection Fluorescent 

Imaging

Ion 

Semiconductor

Fluorescent 

Imaging

Ionic 

Current Change

Sequencing Rate 

(s/base)
2 – 20 sec 30 sec 0.25 sec 0.002 sec

Running Time Fixed Fixed Fixed Run & Stop

DNA Sequencing Yes Yes Yes Yes

Direct DNA 

Modification Detection
No No Yes Yes

Direct RNA 

Sequencing
No No No Yes

Read Length Short, 

up to 300 bp X 2

Short, 

up to 600 bp

Long, 

Average 6-8 Kb

Long, 

Average 6-30 Kb

Total Reads (M) 4 – 800 (PE) 2 – 130 0.3 – 0.5 0.3 – 0.5

Total Base (Gb) 1.2 - 120 0.3 – 25 /Chip 5 – 8 /SMRT Cell 2 – 10 /Flow Cell

Instrument Cost 

(USD)
20K – 275K 200 – 300K 350K 1K – 125K

Sequencing Platform Comparison



What Short Read NGS Cannot Do?

18
complex structural variations

Expert Opin Drug Metab Toxicol. 2016;12(2):135-47.Hum Genomics. 2015; 9(1): 10.

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

ome_Structural_Variation



Structural Variants are More Impactful than SNP

Expert Opin Drug Metab

Toxicol. 2016;12(2):135-47.

19

Nat Rev Genet. 2016 Aug 16;17(9):507-22.



We Need a Deeper Genome

LOW *DIAGNOSTIC YIELD OF CURRENT STATE-OF-THE-ART NGS BASED TEST

*Diagnostic Yield: the likelihood that a test or procedure will provide the information needed to establish a diagnosis

Hum Genomics. 2015; 9(1): 10.

20
https://www.youtube.com/watch?v=

WYvuAtQo-_g



HUMAN GENOMIC REGIONS UNRESOLVED BY SHORT SEQUENCING READS

◼Repeated regions 
(simple repeats, tandem 
repeats, transposon-
related repeats)

◼Highly polymorphic

regions (HLA) –
haplotype phasing

◼Structural variants 
(relocation, inversion, 
duplications)

◼Un-sequencable regions 
by NGS (AT or GC rich 
regions)

What’s Beyond Short Read NGS?

https://www.yourgenome.org/stories/third-generation-sequencing
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How “Long Reads” can Help?

heterozygous 2,184 bp deletion 

Genet Med. 2018 Jan;20(1):159-163. 22



Features and Limitations of 
Nanopore Sequencing

• Very long read-length

• Low capital investment

• Single molecule, PCR-free

• Real-time & urgent applications

• Lower throughput

• Higher cost per GB than NGS

• Lower sequencing quality then NGS

• Hard calling genetic variants and mutations

23

Joshua Quick, 

University of Birminham, 

Feb 15, 2018

Clive G. Brown, 2016



• For medical applications

• For academic research applications

• Key questions
• How to choose platforms?

• Will it be appropriate to integrated two different 
platforms for an application?

24



Strategy for Selecting Seq. Platforms

High sequencing quality (Q30), 

short reads (100 bps)

Low sequencing quality (Q10), 

long reads (> 10 Kbps)

High cost

(per GB)

Low cost, sample 

pooling applications

(per GB)

● ONT MinION (real-time)

● Illumina HiSeq

● Illumina NextSeq

● Illumina MiSeq

● Thermo Fisher, Ion 

● Pac Bio

(Q20)

● ONT GridION

(real-time)

⚫ 16 S Metagenomics

⚫ Genomics

⚫ Target region sequencing

⚫ Metagenomics

⚫ Cancer panel sequencing

⚫ Microbial identification

⚫ Genomics

⚫ Genomics

⚫ NIPT

⚫ Liquid biopsy, 

cfDNA sequencing

⚫ Bisulfide conversion 

free, Methylated 

DNA sequencing

⚫ RNA-seq

⚫ Exome-seq

⚫ Human resequencing 

(WGS)

⚫ Sequencing for 

identify haplotypes

⚫ Companion 

Diagnostics

25



Exploring 
Human Genome 
Structural Variants (SV)

Application-1

27



Human SV – Current Knowledge

Catalog of Human SV: 

◼ Illumina WGS (~100 bp reads, mean 7.4X coverage)

◼ 26 human populations

SV (Structural Variation) Mostly SNP

Individual Level: 
~ 4 K

~ 18.4 Mbp

~ 4 M

~ 4 Mbp

“…although SNPs contribute more eQTLs overall, our results 

suggest that SVs have a disproportionate impact on gene 

expression relative to their number.”

“We further expand the number of candidate SVs in strong

LD with GWAS hits by ~30% (39/136 novel associations 

implicating SVs as candidates) and find that GWAS haplotypes 

are enriched up to threefold for common SVs, which 

emphasizes the relevance of ascer-taining SVs in disease 

studies.”

“…while many SVs in our callset are statistically phased, the 

diploid nature of the genome is non-optimally captured by current 

analysis approaches, which mostly rely on mapping to a haploid 

reference. We envision that in the future, the use of technology 

allowing substantial increases in read lengths over the current 

state-of-the-art will enable genomic analyses of truly diploid 

sequences to facilitate targeting these additional layers of genomic 

complexity.”

28

Nature. 2015 Oct 1;526(7571):75-81.



Human Genome Assembly by ONT Reads

The Final Assembled 

Genome: 

◼ 41 FC (Regular), 5 FC (Ultra-long)

◼ 91.2 Gb, ~30X

◼ Ultra-long Reads, N50 > 100 Kb, up to 
882 Kb

◼ 2,867 million bases 

◼ Covering 85.8% of reference genome 

◼ Assembly accuracy: 99.8% 
( incorporating complementary short-
read data )

◼ NG50 ~3 Mb

◼ With Ultra-long reads, NG50 ~6.4 Mb

◼ With Ultra-long reads, achieved 
phasing of the entire 4 Mb MHC locus

29

Nat Biotechnol. 2018 Apr;36(4):338-345.



Ultra-long Reads, Assembly and Telomeres

• A 16-Mbp ultra-long read contig and associated 

haplotigs are shown spanning the full MHC region.

• Heterozygous SNPs were called using Illumina data

• Phased using the ultra-long nanopore reads

• Generate two pseudo-haplotypes

haplotig (contigs with the same haplotype)

• The first time the MHC has been assembled and 

phased over its full length in a diploid human genome.

Two reads provide evidence for an array of 

eight repeat copies and one read supports six 

copies, suggesting heterozygosity.

• FISH (fluorescent in situ hybridization) estimates 

and direct cloning of telomeric DNA suggests that 

telomere repeats (TTAGGG) extend for multiple 

kbs at the ends of each chromosome.

• Evidence for telomeric arrays that span 2–11 kb 

within 14 subtelomeric regions for GM12878.

30

Nat Biotechnol. 2018 Apr;36(4):338-345.



One remarkable molecule: Filaggrin

• Ichthyosis vulgaris (尋常魚鱗病); Eczema (濕疹)

• The CNV allele frequencies in the Irish population were found to be 33.9% 
10 repeats, 51.5% 11 repeats and 14.6% 12 repeats. Shortest genotype 
(10,10): Eczema risk: 1.67

• When null mutations are excluded, each additional filaggrin repeat gained 
decreases the odds ratio for atopic eczema by 0.88.

• Filaggrin CNV makes a significant, dose-dependent contribution to eczema 
risk

Eczema (濕疹)Ichthyosis vulgaris (魚鱗病)

J Invest Dermatol. 2012 31



Processing and function of Profilaggrin

FLG helps upkeep the structural 
integrity of the skin in mammals.

Filaggrin were shown to guard skin 
from UV and contribute to the natural 
moisturizing factor of the skin.

Genome Biol. Evol. 2016, 8(10):3240–3255

32

http://www.researchperspectives.org



Structure of FLG and Copy number

Genome Biol. Evol. 2016, 8(10):3240–3255

• Filaggrin repeats were shown to be copy number variable ranging from 
10 to 12 copies among human populations.

• The copy number of these repeats was negatively associated with atopic 
dermatitis susceptibility. 

• However, a comprehensive documentation of the global distribution of 
FLG genetic variation free of ascertainment bias has yet to be compiled.

Complete copy: 10 Incomplete copy: 0.5Incomplete copy: 0.5

33



Tandem Repeats Variations

J Invest Dermatol. 2012 Jan;132(1):10-1.

Pediatr Dermatol. 2017 May;34(3):e140-e141.

Br J Dermatol. 2016 May;174(5):1098-100. 34



Conventional Short Reads Alignment

One Critical Issue

All short reads were aligned to ONE hg19 
reference sequence containing 10 repeats

Cannot make high confidence variant calls in the 
repeat region using short reads



Long Range PCR for full length of Filaggrin

hFLG (13969 bp in total)

hFLGv (6480 bp in total)

PCR Amplification

Romero V et al BMC Evolutionary Biology 17:10, 2017

10 kb

HanB NA12878

image_IM009993
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Preliminary Results

Sample HanB1 HanB2 HanB3 NA12878

Reads (Q>=7) 3,182 6,246 49,346 277850

Align to FLG ref 4262 5068 34558 9169

>10,000 bp 686 724 3762 2443

Both F and R 

found

323 445 1780 1533

TRN Determined (11+1/12+1) (11+1/12+1)

(with noise)

(11+1/12+1) (10+1/12+1)

10 + 0.5 + 0.5 = 10 + 1

36



12+1 copy12+1 copy

10+1 copy11+1 copy

Identifying the copy number of FLG gene

Blast result

37

HanB



Full genotyping for high 
polymorphic loci in  
Pharmacogenomics

Application-2

38



Haplotypes (Full genotyping of a high 
polymorphic locus)

◼ A haplotype is a group of genes within an organism that 
was inherited together from a single parent

◼ The term "haplotype" can also refer to the inheritance of a 
cluster of single nucleotide polymorphisms (SNPs)

◼ There are highly polymorphic (more haplotypes) on genes 
of CYP or HLA

♀♂

Posterity

Parents

39

Filippo Geraci and Marco Pellegrini



Human Leukocyte Antigen (HLA)

◼ The human leukocyte antigen (HLA) genes are the human 
versions of the major histocompatibility complex (MHC)

◼ HLA system is the locus of genes that encode for proteins on 
the surface of cells that are responsible for regulation of the 
immune system in humans

Gene
Number of Alleles 

(Haplotypes)

HLA-A 4,081

HLA-B 4,950

HLA-C 3,685

HLA-DQA1 94

HLA-DQB1 1,178

HLA-DPA1 64

HLA-DPB1 963

HLA-DRB1 2,146

Nucleic Acids Research. 2015 43:D423-431



Cytochrome P450 Enzymes 

◼ Cytochrome P-450 mixed-function oxidase (CYP)
• abundant in the liver and other organs
• responsible for the metabolism of many drugs and 

environmental chemicals (antiarrhythmics, adrenoceptor
antagonists, tricyclic antidepressants)

◼ Genetic polymorphisms of CYP2D6, CYP2C9, and 
CYP2C19 have been well studied

Genetic polymorphism
cause

Enzymatic activity↓↓

metabolize a particular drug 
X

DRUG TOXICITY

41



Examples of Haplotype-Drug Associations
Gene Haplotypes or genotypes Phenotypes Related Drug Clinical Interpretation

ATM WT/WT rs11212617 CC genotype Metformin NORMAL RESPONSE

CYP1A2 *1A/*1F Ultrarapid Metabolizer Cyclobenzaprine INCREASE DOSE

CYP2A6 *1/*1 Normal Metabolizer Nicotine NORMAL RESPONSE

CYP2C19 *1/*2 Intermediate Metabolizer Sertraline USE CAUTION

CYP2C9 *1/*1 Normal Metabolizer Warfarin NORMAL DOSE

CYP2D6 *4/*35 Intermediate Metabolizer Codeine CONSIDER ALTERNATIVES

CYP3A4 *1A/*1B Intermediate Metabolizer Alfentanil DECREASE DOSE

CYP3A5 *1A/*3A Expresser Sirolimus NORMAL RESPONSE
CYP4F2 *1/*1 Normal Metabolizer Phenprocoumon NORMAL RESPONSE

DDRGK1 WT/c.510+364T>G rs6051639 AC genotype Ribavirin USE CAUTION

DPYD
*5/*9A/c.496A>G/IVS10-
15T>C

Normal Metabolizer Capecitabine NORMAL RESPONSE

F2 WT/WT Wild Type
Oral-
Contraceptives

NORMAL RESPONSE

F5 WT/WT
Non Factor V Leiden 
Carrier

Eltrombopag NORMAL RESPONSE

G6PD WT/WT Normal G6PD Efficiency Chlorpropamide NORMAL RESPONSE

HLA-B 15:02/08:20 15:02 carbamazepine CONSIDER ALTERNATIVES

42https://www.fda.gov/Drugs/ScienceResearch/ucm572698.htm



Platform for full genotyping of HLA loci

PROs:

Reduced Cost;

Higher Resolution;

CONs:

~ 3 days; 

Phasing

DNA extraction

Long Range PCR amplification

Fragmentation Library preparation

ONT Sequencing

PROs:

Fast;

Fully Resolved;

CONs:

Bioinformatically

Challenging

A B

Hum Immunol. 2016 Nov;77(11):1016-1023.

43



Pharmacogenomic Biomarkers in Drug Labeling

ALK CYP2B6 F2 HPRT1 NPM1 ROS1

BCHE CYP2C19 F5 IFNL3 PDGFRA SERPINC1 

BCR-ABL1 CYP2C9
FIP1L1-

PDGFRA
IL12A PDGFRB SLCO1B1

BRAF CYP2D6 FLT3 IL12B PGR TPMT

BRCA CYP3A5 G6PD IL23A PML-RARA TPP1

CASR DMD GALNS IL2RA POLG UGT1A1

CD274 DPYD HLA-A KIT PROC VKORC1

CFTR EGFR HLA-B MS4A1 PROS1

CYB5R ERBB2 HLA-DQA1 MYCN RAS

CYP1A2 ESR HLA-DRB1 NAGS RET

https://www.fda.gov/Drugs/ScienceResearch/ucm572698.htm

High polymorphic genes associated with drugs 
efficacy and adverse events

44



ONT NGS

low (Q10) Quality Very High (Q30)

Very Long Read Length short

1kb ~ 882kb1 0.5 kb

1Nature Biotechnology 36, pages 338–345 (2018).

Long read & Short read

The deep color region meant 

bad quality region.
45



Long Read Length High Quality

Hybrid correction (Polished)

High quality & long read length

46



Sequencing Analysis Work Flow

ONT Reads

Cluster NGS Reads

based on linkage info from ONT

NGS Reads

Corrected ONT Reads

Consensus Reads 
Cluster ONT Reads

based on heterozygous and SV

Clustered ONT Reads Clustered NGS Reads

Clustered 

Consensus Reads

Store into

HLA database

|    |       |                   ||           

|    |          |    |          |

|   |          |            |

|    |       |                   ||           

|    |          |    |          |

|   |          |            |

Group B

|       |                    |           
|                              |

|   |             |             

Group A

|        |                |           
|      |

|                     |

Allele A

Allele B

Group A Group B

Polish by NGS

Polish by NGS
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Short ReadLong Read

Polished

Long Read

Consensus allele sequences

Construction of HLA-A alleles of HanB
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Top alignment to IMGT:
The allele type of HLA-A, 

HLA-B and HLA-C form HanB

HLA-A*02:10

HLA-A*24:02:01:01

HLA-B*15:32:01

HLA-B*40:06:01:01

HLA-C*04:01:01:14

HLA-C*08:01:01:01

49



Constructing Database in Different Populations

“Several studies47–49 have reported the risk of inaccuracies and confounding in genetic 

association studies in populations even with relatively small genetic differences. In this 

line, based on our data, we can further advocate caution in using a generic Japanese 

panel (e.g., JPT in the HapMap) for imputation of SNPs and HLA alleles in samples 

from Okinawa Prefecture.”

“we reconstruct full MHC 

haplotypes from de novo 

assembled trios…. We report 

100 full MHC haplotypes and 

call a large set of structural 

variants in the regions for future 

use in imputation with GWAS 

data.”

“This is the first case study of HLA typing using second 

and third generation NGS technologies for an Indian 

population. The PacBio platform is a promising platform 

for large-scale HLA typing for establishing an HLA 

database for the untapped ethnic populations of India.”

50

Sci Rep. 2015 Dec 9;5:17855.

Genome Res. 2017 Sep;27(9):1597-1607.

J Clin Cell Immunol 2016, 7:2



Significant Implications of HLA Haplotyping

Common Allele/Haplotyping

Allelic Expression

Immunotherapy(Antibody 

based and Cell based)

Nat Commun. 2017 Aug 30;8(1):385.

Bioinformation. 2017; 13(3): 94–100.

Science. 2018 Feb 2;359(6375):582-587.



Polished Long 

Read

Full-length alleles

Alleles database 

Precision 

Medicine

Allele 

genotyping

Haplotype 

genotyping

Annotation

databases

Long Read Short Read



Platform 

Comparison

Illumina Thermo Fisher Pacific Biosciences Oxford Nanopore

Sequencing by 

Synthesis 
Yes Yes Yes No

DNA Size Selection Yes Yes Yes No

Post-library 

Amplification
Yes Yes No, Single Molecule No, Single Molecule

Detection Fluorescent 

Imaging

Ion 

Semiconductor

Fluorescent 

Imaging

Ionic 

Current Change

Sequencing Rate 

(s/base)
2 – 20 sec 30 sec 0.25 sec 0.002 sec

Running Time Fixed Fixed Fixed Run & Stop

DNA Sequencing Yes Yes Yes Yes

Direct DNA 

Modification Detection
No No Yes Yes

Direct RNA 

Sequencing
No No No Yes

Read Length Short, 

up to 300 bp X 2

Short, 

up to 600 bp

Long, 

Average 6-8 Kb

Long, 

Average 6-30 Kb

Total Reads (M) 4 – 800 (PE) 2 – 130 0.3 – 0.5 0.3 – 0.5

Total Base (Gb) 1.2 - 120 0.3 – 25 /Chip 5 – 8 /SMRT Cell 2 – 10 /Flow Cell

Instrument Cost 

(USD)
20K – 275K 200 – 300K 350K 1K – 125K

Sequencing Platform Comparison



Applications Requiring Throughput (coverage)

• Liquid biopsy for diagnosis and prognosis

• Liquid biopsy for reproductive and genetic health

• Human genome resequencing

• Signal counting applications, such as gene expression 
profiling

• Detection of DNA mutation (diagnostic testing)

55https://www.inivata.com/liquid-biopsy/

Liquid biopsy Resequencing Coverage



Applications Requiring Long Reads

• Genome assembly (New resolution)

• Detection of structural variations

• Full genotyping of highly polymorphic loci

56

https://www.youtube.com/watch?v=5wvGapmA5zM

Genome assembly

Methods. 2016 Jun 1;102:36-49.

Structural variation detection
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