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➢ 1세대 sequencing

- Sanger sequencing : Dideoxynucleotide chain termination

: ddNTP에 형광표지 부착 후 레이저로 확인하는 염기서열 분석 방법

분석 과정에 있어 비용과 시간이 많이 소요된다는 단점이 있음

➢ 2세대 NGS (short read sequencing)

- Roche 454 GS FLX, Thermo Fisher Ion PGM, Illumina genome analyzer, ABI SOLiD platform

: PCR 증폭 방식에 따라 구분 됨 ; Roche 454, Ion PGM – emulsion PCR (longest read length : 1,000bp, 400bp)

: Illumina, SOLiD solid-pahse amplification (longest read length : 300bp, 75bp)

짧은 read 길이, 라이브러리 및 PCR 증폭 필요, 반복서열이 존재할 경우 유전체 염기서열의 assembly에 영향이 커짐

➢ 3세대 NGS (long read sequencing)

- Pacific Biosciences PacBio ; SMRT (longest read length : 20,000bp)

: Sequencing 진행 전 PCR 과정을 생략하고 DNA 단일 분자를 그대로 분석하기 때문에 시간 단축 및 PCR 과정 중 오류 억제

긴 read 길이, 라이브러리만 필요

- Oxford Nanopore (longest read length : 200,000bp)

: 1,2세대의 PCR을 통한 DNA 증폭이나 3세대의 형광을 사용한 분석 방법이 생략되어 준비시간이 매우 짧고 분석 역시 실시간으로 진행 됨

Homopolymer(동일염기반복서열)과 같은 부분에서 에러율이 상대적으로 높고, 이 때문에 다른 platform을 함께 이용함 (Hybrid genome seq)

NGS generation 개요



Platform 세대 특징
Read 

length
PCR 여부 시퀀싱 비용

PacBio
sequencing

3 세대

DNA직접 이용
형광 검출

≤20,000 No PCR

CCS
(20-30Gb)

-

CLR
(250-300Gb)

-

Oxford
Nanopore

DNA직접 이용
전류량 변화

≤200,000 No PCR

- -

- -

PacBio vs Nanopore comparison



Oxford nanopore PacBio SMRT

PacBio vs Nanopore comparison



❑ CCS Mode (Circular Consensus Sequencing) 

“Circular consensus sequencing (CCS) read: The consensus sequence resulting 

from alignment between subreads taken from a single ZMW. Requires at least 

two full-pass subreads from the insert. CCS reads are advantageous for amplicon 

and RNA sequencing projects and are highly accurate (>99% accuracy, Q>20).” 

PacBio definition 

Insert Size: 10-20 kb 

❑ CLR Mode (Continuous Long Read) 

“Continuous long reads (CLR) read: Reads with a subread length approximately 

equivalent to the polymerase read length indicating that the sequence is generated 

from a single continuous template from start to finish. The CLR sequencing 

mode emphasizes the longest possible reads.” PacBio definition 

Insert Size: 25-175 kb 

99% Accurate

Single molecule;

Multiple reads

90% Accurate

Multiple molecule;

single reads

Pacific Biosciencs (PacBio) Sequel II Sequencing 



• ‘Long read’ technology

• A DNA library is prepared 

(proteins are added)

• Nucleic acids are passed through a protein 

nanopore

• As the different bases move through the 

nanopore, it creates a different electrical 

signal

• These resulting changes in the electrical 

signal is decoded(Fast5 file) to provide the 

specific DNA or RNA sequence(Fastq file)

Introduction to Oxford Nanopore Technologies

Fast5 file

Fastq file



Nanopore = ‘very small hole’_약 1.5nm 정도의 크기

Electrical current flows through the hole

Introduce analyte of interest into the hole ➔ identify  “analyte” by the disruption or block 
to the electrical current

Current 

flow

What is a nanopore?



PacBio sequencing 
원리 및 과정



PacBio CLR read _ Continuous Long Reads

- Single molecule real-time (SMRT) sequencing

- Library preparation 과정에서 만들어지는 SMRT bell이 가장 중요한 기술

- 정제된 DNA를 일정 조각으로 잘라준 후, illumina와 마찬가지로 양 말단에 adapter를 붙여주는데 이 adapter는 일종의 hairpin 구조를 가지고 있음

- Library preparation이 끝나게 되면 종 두개가 붙은 끈 모양이 되는데 denaturation을 하게 되면 원형의 library가 만들어짐

- 이렇게 만들어진 library를 SMRT cell에 전개 시키게 되는데 cell은 작은 방 아래에 효소가 고정되어 있는 구조

- 이 효소가 DNA분자를 만나게 되어 합성을 진행하고 각 dNTP에 붙어 있는 signal molecule에 따라 신호가 발생하여 sequencing 진행

- 또한 DNA 분자가 원형이므로 효소는 동일 분자를 여러 번 sequencing하게 되며 이를 통해 error가 보정 됨

- Long-read seq의 장점 : contig assembly과정에서 repeat이나 error로 인해 contig가 끊어질 확률이 줄어들기 때문에 보다 적은 contig로 유전체 sequence 확인 

가능

- 다만 illumina와 같은 platform에 비해 yield가 다소 낮음, Read length : up to ~100kb



The Benefits of HiFi Reads

✓ Long read lengths up to 25kb

✓ High read accuracy >99.9%

✓ Easy library preparation

✓ Low coverage requirements

✓ Small file size to minimize computer time

✓ A single technology solution for a range of applications

✓ Unmatched data clarity for rapid interpretation

PacBio CCS read _ Circular Consensus Sequencing

- provide base-level resolution with >99.9% single molecule read accuracy

- HiFi Read : high-fidelity long reads



➢ The PacBio SequelⅡ System, powered by 

Single molecule, real-time (SMRT) 

sequencing technology.

➢ Here’s how SMRT sequencing works…

➢ From any sample type, ranging from 

viruses to vertebrates, DNA or RNA is 

isolated.

➢ Next, a SMRTbell library is created by 

ligating adapters to double stranded DNA, 

creating a circular template.

➢ Primer and polymerase are added to the 

library that is placed on the instrument for 

sequencing.

➢ At the core of SMRT sequencing is the 

SMRT Cell, which contains millions of tiny 

wells called zero-mode waveguides, or 

ZMWS.

PacBio Sequencing – How it Works



PacBio Sequencing – How it Works

➢ A single molecule of DNA is immobilized in the ZMWs and as 

the polymerase incorporates labeled nucleotides, light is 

emitted.

➢ With this approach nucleotide incorporation is measured in 

real time.

➢ With the Sequel system you can optimize your results with 

two sequencing modes.

➢ Use circular consensus sequencing mode to produce 

highly accurate long reads, known as HiFi reads.

➢ Or use the continuous long read sequencing mode to 

generate the longest possible reads



Introduction to SMRT Sequencing

SMRTTM Cell

➢ Each SMRT Cell contains tens of thousands of zero-mode waveguides. 

(ZMWs)

➢ The ZMW provides the world’s smallest 

detection volume.

➢각각의 ZMW의 아래에서 빛을 비추며, 

빛의 파장이 커서 waveguide를 통해 밖
으로 빛이 나가지 못함.

➢ Attenuated light from excitation beam 

penetrates the lower 20-30nm of each ZMW…

➢ …creating the world’s most powerful 

microscope with a detection volume of 20 

zeptoliters (10-21liters)

PacBio sequencing
- SEQUELⅡ



➢ As a base is held in the detection volume, a light pulse is produced

➢ This tiny detection volume provides 1000-fold improvement in the 

reduction of background noise

PacBio sequencing process

Introduction to SMRT Sequencing

1단계 2단계

➢ A DNA template-polymerase complex is 

immobilized at the bottom of the ZMW

➢ Phospholinked nucleotides are introduced 

into the ZMWs chamber

➢ Each of the four nucleotides is labeled with 

a different colored fluorophore

3단계 4단계



5단계 6단계

➢ This process occurs in parallel in up to thousands of 

ZMWs that make up the SMRT Cell

➢ This process occurs in parallel in up to thousands of 

ZMWs that make up the SMRT Cell

➢ SMRTTM Cell 8Pac ➢ Twelve Loaded SMRTTM Cell 8Pac

PacBio sequencing process

Introduction to SMRT Sequencing



PacBio CCS read _ Circular Consensus Sequencing

Scale: 15x more throughput than Sequel Ⅱe system



PacBio sequencing 사례



HASLR: Fast Hybrid Assembly of Long Reads_Long read assembly method

The read assembly process of HASLR consists of the following steps:

1. Assemble single reads (SR) using a fast SR assembler called Minia.

2. Identify unique SR contigs that are estimated to appear only once in 

the genome.

3. Map long reads (LR) to unique SR contigs and build a new data 

structure called backbone graph with edges connecting them.

4. Simplify the backbone graph to reduce the impact of misassemblies

and LR mappings to SR contigs.

5. Compute consensus sequences that fill gaps between adjacent SR 

contigs for each edge.

6. Generate the final assembly using all SR contigs and consensus 

sequences.



M 1 2 M

1.5% Agarose gel 
200v, 35min
100bp marker(M) 5ul
5ul of library

3ul used for  library QC 

Library QC Result of DNA

✓ Library Size Check 

- To verify the size of PCR enriched fragments, we check the template size 

distribution by running on a Agilent Technologies 2100 Bioanalyzer using 

a DNA 1000 chip.

Taechoo (WGS-lib) Sangju (WGS-lib)

Qubit flex fluorometer
Denovix

Nanodrop

No Sample
Con 

(ng/ul)
260/280 260/230

1 태추(단감) 42.4 1.79 1.23

2 상주(떫은감) 87.0 1.80 1.62

M 1 2

Library QC with agarose gelgDNA QC with agarose gel

Pacbio long read sequencing 1차 (A작물)

A 작물

A’ 작물

A 작물

A’ 작물

A 작물 A’ 작물



Cell Name Subread Bases Subreads Subread N50 Average Read Length

Persimmon
229,508,101,506 18,459,167 13,715 12,433

258,085,627,470 23,257,062 12,467 11,097

Total 487,593,728,976 41,716,229 26,182 23,530

Sample
No. of 

reads

Avg. 

length(bp)
Total length(bp) N50 Avg. Pass

Avg. 

Quality

Genome 

cov.*2

persimmon
1차 750,952 13,117 9,850,531,514 13,036 11 Q32 ≒11.59X

2차 955,034 11,795 11,265,292,873 11,965 15 Q35 ≒13.25X

Total 1,705,986 21,115,824,387

Statistics of sequencing raw data (long read)

. HiFi Bases : Total bases of HiFi reads.

. HiFi reads : The number of reads in the HiFi read.

. HiFi N50 : A N50 means that half of all bases reside in reads of this size or longer.

. Avg Reads Length : The mean length of HiFi reads.

. Avg Pass : The mean passes of HiFi reads.

. Avg Quality : The mean quality of HiFi reads.

Subread Stats (long read)

. Subread Bases : The number of bases in the Subread.

. Subreads : The number of reads in the Subread.

. Subread N50 : 50% of all bases come from Subreads longer than this value.

. Average Read Length : The mean length of the Subreads.

Pacbio long read sequencing (A작물)

Samples Sequencing file No. of reads
Avg. length 

(bp)
Total length (bp) GC(%)*1 Q30(%)*2

Genome 

cov.*3

Sangju

Sangju_1.fastq 175,321,935 151 26,473,612,185

37.73 91.79 ≒62.29X

Sangju_2.fastq 175,321,935 151 26,473,612,185

Total 2ea 764,234,058 115,399,342,758 

Statistics of sequencing raw data (short read)

1) GC (%): GC content.

2) Q30 (%): Ratio of bases that have phred quality score of over 30.

3) Genome cov.: 각 샘플의 Total read length를 expected genome size (850Mb)로 나눈 

값.

A 작물

A 작물

A 작물

A 작물

A 작물



Sample Total contigs Assembled genome size (bp) GC (%) MIN (bp) MAX (bp) AVG (bp) N50 (bp)

Sangju 46,185 2,531,609,098 36.71 464 1,196,160 54,814 83,023

Sample Total contigs Assembled genome size (bp) GC (%) MIN (bp) MAX (bp) AVG (bp) N50 (bp)

Sangju 46,135 2,531,362,472 36.71 513 1,196,142 54,868 83,014

Statistics of Sangju’s genome polishing

Statistics of Sangju’s genome assembly

➢ Assembly polishing 과정까지 거친 최종 assembly 결과, 46,135개 contig로 구성된 약 2.5Gb의 서열을 확보. 

Pacbio long read sequencing (A작물)

A 작물

A 작물

A 작물

A 작물



➢ SMRT Cell: Consumable substrates comprising arrays of zero-mode waveguide nanostructures.

➢ Adapters: Exogenous nucleic acids that are ligated to a nucleic acid molecule to be sequenced. For example, 

SMRTbellTM adapters are hairpin loops that are ligated to both ends of the double stranded DNA insert to produce a 

SMRTbellTM sequencing template. When adapter sequences are removed from a HiFi read, the read is split into 

multiple subreads.

➢ Movie: Real-time observation of a SMRT Cell.

➢ zero-mode waveguide (ZMW): A nanophotonic device for confining light to a small observation volume. This can be, 

for example, a small hole in a conductive layer whose diameter is too small to permit the propagation of light in the 

wavelength range used for detection. Physically part of a SMRT Cell.

➢ Sequencing ZMW: A ZMW (zero-mode waveguide) that is expected to be able to produce a sequence if it is 

populated with a polymerase. ZMWs used for automated SMRT Cell alignment are not considered sequencing ZMWs.

➢ Run: Specifies.

➢ The wells and SMRT Cells to include in the sequencing run.

➢ The collection and analysis protocols to use for the selected wells and cells.

Pacbio Sequel Sequencing_General terminology



Nanopore sequencing 
원리 및 과정



- 직경이 1.5nm인 α-hemolysin 나노포어를 이용하여 DNA 혹은 RNA가 

나노포어를 통과하는 것을 측정

- 나노포어 양쪽에 전압을 걸어주면 용액 내의 이온들에 의해 전류가 흐

르는데 (-)전극 쪽 챔버에 음전하를 띠고 있는 DNA 용액을 넣으면 

DNA가 나노포어를 통과하여 (+)극 쪽으로 이동하게 됨

- DNA에 의해 이온들이 통과할 수 있는 공간이 줄어들기 때문에 이온전

류가 감소하게 되며, 통과 후에는 초기 상태의 이온전류값으로 돌아온

다. 

- 전류 pulse 혹은 blockade 전류 측정을 통해 DNA length, structure 등

을 분석할 수 있다

Long-read sequencing _ Nanopore 



Long-read sequencing _ Nanopore 

- Membrane에 나노미터 수준의 채널을 형성한 후 DNA 단일 가닥을 

통과 시킬 때, 염기서열에 따라 막 간의 전위차가 변하는 것을 

측정하여 sequencing 함

- Membrane 바깥 쪽에서 이중 나성의 DNA가 helicase에 의해 단일 

가닥으로 풀리며 채널속으로 일정한 속도로 이동하도록 구성 되어 

있으며 채널 안에 약 4개 염기 정도가 들어가기 때문에 실제로 

측정한 전위차는 한 개 염기에 해당하는 것이 아니라 4개 

염기단위로 얻어짐

- 이러한 방식으로 얻은 data로부터 단일 염기서열을 복구하는 

소프트웨어가 중요한 역할을 함

- 다른 sequencing과 달리 template DNA에 상보적인 화학 반응을 하지 않아 DNA를 있는 그대로 측정할 수 있으며 한번에 수만의 염기를 

읽을 수 있음

- 특별한 기기가 필요하지 않고 실제 sequencing이 일어나는 membrane을 포함한 flowcell이 있는 카트리지만 필요로 함

- Sequencing의 특징 상 특히 반복 서열에 취약하며 error rate가 높은 편임

- 실시간으로 시퀀싱 되는 것은 전류의 흐름을 측정하여 Fast5 파일로 저장되며, Fast5 파일은 인코딩을 통해 최종적으로 Fastq 파일로 저장

됨



Device
No. flow cells 

per run
Throughput

Theoretical 
maximum 

output
Cost 국내가격

MinION 1 512 channels 50 Gb
From $1,000 
(starter pack) 250만원 정도

(flow cell 1개)
Mk1C 1 512 channels 50 Gb

From $4,000 
(starter pack)

GridION 5
5 x 512 

channels
250 Gb

From $49,000 
(starter pack) 740만원 정도

(flow cell 4개)

PromethION 24 or 48
10,700+ 
channels

2,596+ Gb
From $100,455 
(starter pack)

➢ MinION

➢ GridION

➢ PromethION

Oxford Nanopore Technologies



Nanopore_Nucleotide recognition

Structures of haemolysin mutants. 

➢ 그림 a는 WT-(M113R/N139Q)6(M113R/N139Q/L135C)1변이형의 구조

를 보여주고 있슴.

➢ 위치 135에 공유 결합된 사이클로덱스트린과, 139번 잔기의 글루타민, 

그리고 사이클로덱스트린의 이산화황 결합부와 이차수산화물 간의 

수직 거리를 보여줌.

➢ 그림 b는 b 배럴의 근접한 부분을 확대하여, 이 연구에서 검사된 변이

체들의 나이트로겐-나이트로겐 거리를 보여줌.

➢ 변이체들은 표준 단일 문자 아미노산 코드를 사용하여 기술됨.

Nucleotide event distributions with the permanent adapter.

➢ WT-(M113R/N139Q)6(M113R/N139Q/L135C)1-am6amDP1bCD 포어에서 dGMP, dTMP, 

dAMP 및 dCMP의 분별력을 나타내는 색상이 추가된 핵산 이벤트 분포가 포함되어 있

슴. 

➢ 각 뉴클레오타이드의 잔류 전류 분포를 나타내기 위해 가우시안 피팅의 중심에서 세 표

준 편차를 더한 색상이 추가된 dGMP, dTMP, dAMP 및 dCMP 결합 이벤트의 잔류 전류 

히스토그램도 포함되어 있슴.

➢ 이 데이터는 400mM KCl, 25mM Tris HCl, pH 7.5에서 +180mV의 전압과 함께 10mM 

dGMP, 10mM dTMP, 10mM dAMP 및 10mM dCMP가 존재하는 상황에서 측정함.

Å =0.1nm



Library preparation workflow for ONT sequencing

a, Special experimental techniques for ultralong genomic 

DNA sequencing, including HMW DNA extraction, 

fragmentation and size selection. 

b, Full-length cDNA synthesis for direct cDNA sequencing 

(without a PCR amplification step) and PCR-cDNA 

sequencing (with a PCR amplification step). 

c, Direct RNA-sequencing library preparation with or 

without a reverse transcription step, where only the RNA 

strand is ligated with an adapter and thus only the RNA 

strand is sequenced. 

d, Different library preparation strategies for DNA/cDNA 

sequencing, including 2D (where the template strand is 

sequenced, followed by a hairpin adapter and the 

complement strand), 1D (where each strand is ligated with an 

adapter and sequenced independently) and 1D2 (where each 

strand is ligated with a special adapter such that there is a 

high probability that one strand will immediately be captured 

by the same nanopore following sequencing of the other 

strand of dsDNA); SRE, short read eliminator kit



Nanopore sequencing 사례



Nanopore long read sequencing

➢ Nanopore sequencing - 실시간 channel activation
➢ Nanopore sequencing - 실시간 전류의 흐름을 측정하여 

Fast5 포맷으로 변환 중

총 pore의 수는 512개/1 채널(총 4채널)



Nanopore long read sequencing (효모 예시)

➢ 시간당 생산되는 누적 output reads ➢ 시간당 생산되는 누적 output bases



Nanopore long read sequencing (효모 예시)

➢ Nanopore flowcell : max 2048 pore를 가짐

➢ 1차로 check flowcell에서 pore의 수가 800개 이상이면 시퀀싱 

진행이 가능하며 평균 1000개 이상의 pore 수를 가짐

➢ 시퀀싱이 진행될 때는 약 200여 개의 pore가 교대로 돌아가면서 

활성화 됨. 



- Sample
Total 

contigs

Assembled genome 

size (bp)
GC (%) MIN (bp) MAX (bp) AVG (bp) N50 (bp)

Hybrid genome 

assembly
Yeast 14 27,244,164 50.78 525,906 2,615,776 1,946,011 2,241,297

Assembly 

polishing
Yeast 14 27,233,536 50.78 525,634 2,614,699 1,945,251 2,240,454

➢ Assembly polishing 과정까지 거친 최종 assembly 결과는 14개의 contig로 구성된 약 27Mb의 서열을 확보

Sample File Name No. of reads Avg. Lenth (bp) Total length (bp) MIN (bp) MAX (bp) GC (%) Genome cov.

Yeast Nanopore 1,148,484 3,484 4,001,375,261 1 181,293 49,35% 333.45X

Sample File Name No. of reads Avg. Lenth (bp) Total length (bp) Trimmed/raw (%) Genome cov.

Yeast
Paired 1.fastq 15,216,459 121.73 1,852,238,616 69.51%

308.91X
Paired 2.fastq 15,216,459 121.89 1,854,733,374 69.60%

Total 30,432,918 3,706,971,990

▪ Statistics of sequencing raw data (long read)

▪ Statistics of sequencing raw data (short read)

▪ Statistics of Hybrid genome assembly

Nanopore long read sequencing (효모 예시)



PacBio vs Nanopore comparison

PacBio Sequel-Ⅱ Revio Nanopore

생산량 10-15Gb 보장 70-90Gb 생산 10-20Gb 생산

1cell 비용(VAT별도) 7백만원 5백만원 2백만원

라이브러리 제작 70만원 70만원 1백만원

Base quality 99.9% ≥ Q30 90% ≥ Q30 99.9% ≥ Q30

Run time(hours) 30 24 72

(실제 정보와 약간의 차이가 있을 수 있음)

➢ 최근 3세대 시퀀싱 기술인 long read를 이용한 분석의 중요성이 높아지면서 PacBio와 Nanopore사의 시퀀싱을 활용한 연구가 매우 활발

히 진행되고 있음.

➢ Long read sequencing의 발전은 가장 큰 단점으로 얘기하는 base quality가 과거에 비해 좋은 품질로 개선 되어가고 있으며, short read와 

함께 assemble을 진행하는 방식인 hybrid assembly tool_HASLR 프로그램 등의 개발로 인하여 게놈 draft 서열 연구에 보다 효과적으로 

사용할 수 있음.

HASLR: Fast Hybrid Assembly of Long Reads_Long read 
assembly method
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