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우리의 주제

생물정보학으로 뭘 하나요?

육종에 디지털을 어떻게 적용하나요?

생물정보학과 디지털육종을 어떻게 연결하나요?
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강의의 목적

생물정보학 분야에서 일하려면 뭘 준비해야 하나요?

디지털육종을 위해 할 수 있는 일이 뭔가요?

생물정보학과 디지털육종, 하려면 뭘 준비해야 하나요?
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1952

(The Chemical Basis of Morphogenesis)

• ' '

•

• https://namu.wiki/w/ %20
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(Medical Research Council; MRC)

3

(Genetic Codon) 
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(Cow)

• B (1951 , 30 amino acid )
• A (1952 , 21 amino acid )

• 1975 (Alan Coulson) DNA ' '(Plus and 
Minus technique) φX174
DNA .

• 1977 (Chain-termination method), 
DNA 

.

• https://namu.wiki/w/ %20
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(National Center for Biotechnology 
Information, NCBI)

1988

• PubMed: DB
• GenBank: DB
• SRA: Archive DB

,

Entrez 

• https://ko.wikipedia.org/wiki/ _
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Human
Genome
Project
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2000  

J. Craig Venter 
(left) 

Bill Clinton 
(center)

Francis S. Collins 
(right)

• https://www.genengnews.com/insights/the-human-genome-project-in-2020-hindsight/



• https://www.stressmarq.com/june-26-2000-dna-sequence-released-by-human-genome-
project/?v=3e8d115eb4b3
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2003 Human Genome Project 



The complex interactions in biological systems

17
• Dunn WB et al. Chem Soc Rev. 2011



Bioinformatics
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• https://www.youtube.com/watch?v=FJ5iN-v0MFM



Bioinformatics
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• https://www.youtube.com/watch?v=FJ5iN-v0MFM

오늘 이야기의 포커스는

유전체학(Genome)
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Next-Generation Sequencing (NGS)

21
• https://www.pacb.com/blog/the-evolution-of-dna-sequencing-tools/



NGS
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1

2

3

4

5

• Ang MY et al. Clin Chim Acta. 2019;498:38-46



NGS
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• Ang MY et al. Clin Chim Acta. 2019;498:38-46



NGS 
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• https://m.ibric.org/miniboard/read.php?id=2278&Board=report



NGS
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• Jiang et al. Ccf Transactions High Perform Comput 3, 344‒352 (2021).



NGS 
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NGS 

27

68Gb / 1h



NGS 
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68Gb / 1h
Oryza sativa genome size = 389 Mb

이틀에 벼 250 품종(30X 기준)을

한 번에 읽어 버릴 수 있다.프로젝트당 평균 100Gb 정도 생산…

프로젝트당 최소 3 weeks 분석…

68Gb / 1h
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Short Reads
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5’
3’

3’
5’AdapterAdapter

Read 1 Read 2

Inner distance

Insert size

Fragment length



Short Reads
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Short Reads

32



Short Reads
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Short Reads
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FASTQ

35

5’
3’

3’
5’AdapterAdapter

Read 1 Read 2

Inner distance

Insert size

Fragment length

• https://www.drive5.com/usearch/manual/fastq_files.html

Read 1 file (FASTQ) Read 2 file (FASTQ)



FASTQ
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5’
3’

3’
5’AdapterAdapter

Read 1 Read 2

Inner distance

Insert size

Fragment length

• https://www.drive5.com/usearch/manual/fastq_files.html

Read 1 file (FASTQ) Read 2 file (FASTQ)

Sequencing data = 100Gb 

보통 331,125,827개
reads,

파일 라인수 = 2,649,006,61
6 라인
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NGS ( )
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v Pipeline for GWASv Pipeline for QTL-mapping



NGS ( )
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v Pipeline for GWASv Pipeline for QTL-mapping

Variant Dete
ction

(변이 추출)



(Variant)

40
• https://www.pacb.com/?page_id=9004



SNP 
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··· G T G A A C T T G A G A A C T A C G T G A ···

Read1 G T A C T A G A G A A C T A C G G A

Read2 G T A A C T A G A G A A C T A C G A

Read3 T G A A C T A G A G A A C T A T G A

Read4 G T G A A G A G A A C T A C G T A A

Read5 G T G T A G A G A A C T A C G T A

Read6 G T G C T A G A G A A C T A C G T A A

Read7 G T A C T A G A G A A C T A T A A

Read8 T G A A C T A G A G A A C T A C G T A

Read9 T G A A C T A G A G A A C T A C G G A

Reference Genome

Homoz
ygous 

SNP

Hetero
zygous

 SNP

My Sample

• Sachidanandam R et al. Nature. 2001;409(6822):928-933



SNP 
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··· G T G A A C T T G A G A A C T A C G T G A ···

Read1 G T A C T A G A G A A C T A C G G A

Read2 G T A A C T A G A G A A C T A C G A

Read3 T G A A C T A G A G A A C T A T G A

Read4 G T G A A G A G A A C T A C G T A A

Read5 G T G T A G A G A A C T A C G T A

Read6 G T G C T A G A G A A C T A C G T A A

Read7 G T A C T A G A G A A C T A T A A

Read8 T G A A C T A G A G A A C T A C G T A

Read9 T G A A C T A G A G A A C T A C G G A

Reference Genome

Homoz
ygous 

SNP

Hetero
zygous

 SNP

My Sample

• Sachidanandam R et al. Nature. 2001;409(6822):928-933

Whole-Genom
e에 SNP가 고르게 분포되어 있음.



IGV
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v SNP (Homozygous & Heterozygous)

v Insertion (Homozygous)

v Deletion (Homozygous)



NGS SNP à
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MAS

MAB

• https://jgeb.springeropen.com/articles/10.1186/s43141-021-00231-1
• http://www.knowledgebank.irri.org/ricebreedingcourse/Marker_assisted_breeding.htm



NGS 
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Genome-wide 
association mapping

Sequence Alignment and
Marker Discovery

Diversity analysis

NGS for Marker Discovery

Genomic selection Marker-assisted 
selectionQTL mapping

Amplicon Sequencing

Designing genome specific 
primer

PCR amplication

Sequencing of amplicons

Whole Genome 
Sequencing

Library preparation

Library sequencing

Transcriptome Sequencing

cDNA synthesis

PCR amplication

Sequencing of amplified 
cDNA fragments

Reduced Representation 
Sequencing

Restriction site based 
Reduction of complexity

PCR amplication of 
resulting fragment

Sequencing of amplified 
fragments

W
GS
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• https://www.researchgate.net/figure/Illustration-of-reduced-representation-sequencing-amplicon-sequencing-and-transcriptome_fig1_289685635



NGS 
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Genome-wide 
association mapping

Sequence Alignment and
Marker Discovery

Diversity analysis

NGS for Marker Discovery

Genomic selection Marker-assisted 
selectionQTL mapping

Amplicon Sequencing

Designing genome specific 
primer

PCR amplication

Sequencing of amplicons

Whole Genome 
Sequencing

Library preparation

Library sequencing

Transcriptome Sequencing

cDNA synthesis

PCR amplication

Sequencing of amplified 
cDNA fragments

Reduced Representation 
Sequencing

Restriction site based 
Reduction of complexity

PCR amplication of 
resulting fragment

Sequencing of amplified 
fragments

W
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• https://www.researchgate.net/figure/Illustration-of-reduced-representation-sequencing-amplicon-sequencing-and-transcriptome_fig1_289685635

그 외에도 GBS, Target
ed Sequencin

g, MIG-seq이 있음.



Sequencing (1/2)
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WGS

GBS Restriction Enzyme site

RNA-seq Gene



Sequencing (2/2)

48

WGS GBS RNA-seq

Restriction Site coding 

genome 10X ~ 30X / 1Gbp / 2Gbp ~ 5Gbp /

-

sequencing OK sequencing

~ ~ ~

80 / 16 / 80 /

X X O
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Next-Generation
Sequencing

Marker-assisted
selection (MAS) Marker-assisted

backcrossing (MAB)

• Bora et al. Biotech 6, 50 (2016). 

• https://privefl.github.io/bigsnpr/articles/how-to-PCA.html

• https://www.intechopen.com/media/chapter/62375/media/F1.png

• Hasan et al. J Genet Eng Biotechnol 19, 128 (2021).

Association Mapping

QTL Mapping

• https://www.nature.com/scitable/content/33150/10.1038
_35047544-f3_mid_1.jpg

Linkage Map

• https://www.researchgate.net/figure
/Genetic-linkage-map-of-Sr13-
compared-to-the-consensus-map-of-
chromosome-6A-a-
Genetic_fig1_279961814



4. NGS ?

50

Ⅰ.



CLI vs. GUI
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Linux

(Python, Java)Program 



NGS
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v WGS (Whole Genome Sequencing) v GBS (Genotyping-By-Sequencing)



Pre-processing

q

§ Removal of technical sequences

§ Quality and length filtering

q

§ Trimmomatic
A flexible trimmer for Illumina sequence data

§ FASTQC
A quality control tool for high throughput sequence data.

§ FASTX-Toolkit
The FASTX-Toolkit is a collection of command line tools for Short-Reads FASTA/FASTQ files preprocessing.

§ SolexaQA
SolexaQA calculates sequence quality statistics and creates visual representations of data quality for second-generation sequencing 
data.

55

v FASTQC

v Trimmomatic 결과 예시

• https://hbctraining.github.io/Intro-to-rnaseq-hpc-salmon/lessons/qc_fastqc_assessment.html
• http://www.usadellab.org/cms/uploads/supplementary/Trimmomatic/TrimmomaticManual_V0.32.pdf



Trimmomatic

q Trimmomatic
§ Phred33

§ Remove adapters (ILLUMINACLIP:TruSeq3-PE.fa:2:30:10)

§ Remove leading low quality or N bases (LEADING:3)

§ Remove trailing low quality or N bases (TRAILING:3)

§ Scan the read with a 4-base wide sliding window, cutting when the average quality per base drops below 15 (SLIDINGWINDOW:4:15)

§ Drop reads below the 36 bases long (MINLEN:36)

56

## Trimmomatic

java -jar /home/Trimmomatic-0.39/trimmomatic-0.39.jar PE -threads 10 -phred33 seq_1.fq.gz seq_2.fq.gz seq_paired1.fq

seq_paired1_un.fq seq_paired2.fq seq_paired2_un.fq ILLUMINACLIP:/home/Trimmomatic-0.39/adapters/TruSeq3-PE.fa:2:30:10 
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36



Read Alignment

q Read Alignment / Read Mapping 
§ Read alignment (mapping) sequencing reads reads

q

§ BWA (Burrows-Wheeler Aligner)

BWA is a software package for mapping low-divergent sequences against a large reference genome, such as the human genome.

§ Bowtie2
Bowtie 2 is an ultrafast and memory-efficient tool for aligning sequencing reads to long reference sequences.

§ HISAT2
The HISAT2 is a fast and sensitive alignment program for mapping next-generation sequencing reads (both DNA and RNA) to a 

population of human genomes as well as to a single reference genome.

§ RUM, STAR, TopHat2, …

57



Alignment Tools

58
• https://www.elucidata.io/blog/bulk-rna-sequencing-a-comparison-of-the-most-popular-tools-and-pipelines



Read Alignment 
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Read alignment ‒ IGV (Genome)



Read Alignment 
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Read alignment ‒ IGV (RNA)



Variant Detection

q Variant Detection 
§ Read alignment (mapping) (SNP, In/Del )

q

§ SAMTools

Provides various utilities for manipulating alignments in the SAM/BAM format.
Find variants

§ GATK
A genomic analysis toolkit focused on variant discovery

61



Variant Detection 

62

Variant Detection -

IGV

VCF (Variant Call Format)

• https://davetang.github.io/learning_vcf_file/



Variant Detection 
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Variant Detection -

IGV

SNP matrix



VCF (Variant Call Format)
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• https://davetang.github.io/learning_vcf_file/



VCF BCF
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Variant Filtration

q Variant Filtration 
§ SNPs Low quality

§ Number of alleles: It is possible to filter out the non-biallelic or the monomorphic SNPs.

§ High Coverage: It can be false positives due to repetitive regions.

§ Missing genotypes

§ Minor Allele Frequency (MAF)

§ Observed Heterozygosity

§ By genome localization: exon, UTR, etc,.

§ Amino-acid change: We can select the SNPs with large impacts in the coded proteins.

§ Linkage Disequilibrium: If we have genotype a segregant population it could be useful to filter out the SNPs that are not in 
linkage disequilibrium with their closest SNPs.

66



5. Marker Filtration ( )
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Filtering

68



Filtering
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Bad



Filtering

70

Good



Filtering
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Filtering
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Filtering

73



Filtering

74



Filtering
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Filtering
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(KASP )

77



Summary

q NGS sequencing , .

q NGS .

q NGS , MAS, MAB, , , QTL-mapping, GWAS

q NGS WGS, RNA-seq, GBS

q NGS Pre-processing, Read Alignment, Variants Detection, 
.

78
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q

§ ( )

§ ( ) 

§ ) , , , , , ( ), , 

q

§ ( )

§
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q

§ ( ) ~

§ .

80
• http://www.incodom.kr/



81
• https://climatescience.org/advanced-food-selective-breeding
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• https://climatescience.org/advanced-food-selective-breeding
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• https://climatescience.org/advanced-food-selective-breeding
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MAS

MAB

• https://jgeb.springeropen.com/articles/10.1186/s43141-021-00231-1
• http://www.knowledgebank.irri.org/ricebreedingcourse/Marker_assisted_breeding.htm



(AI) 
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q ( )
§ .

§ , . 

§ ) :

q

§ . 

§ ) : , , , , 

§

§ AI 

q

§ NGS .

87
• http://www.incodom.kr/
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(1 )

q

§ , ICT 

§ .

q

§ ' '-' '

§ , , 

q

§

§ , , → 

q

§

§ AI 

89
• http://www.incodom.kr/



(2 )

q

§ -

§ 75% , 25%

§ )

- 1 30 , 30

- 25% 

q

§ True Positive, False Negative Specificity Sensitivity

§ , or

90
• http://www.incodom.kr/



(3 ~ 4 )

q (3 )
§

§ 1 30 , 30

q (4 )
§ F1 

§ · F1 

§ ) F1 2,000 , ( : 30 )

- 2,000 

- F1 

§ F1 

91
• http://www.incodom.kr/
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• http://www.newsam.co.kr/mobile/article.html?no=32851
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• BIO ECONOMY BRIEF. “ ”. Nov. 2022. Issue 170.
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• BIO ECONOMY BRIEF. “ ”. Nov. 2022. Issue 170.
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• http://www.kfdn.co.kr/60796



2.

96

Ⅱ.



97

, /

/ QTL

GWAS



1 ‒

98

II. 

I. ?

1.
2.
3.

4. (MAS, MAB)

1. SNP ‒ HRM, KASP 
2. SNP, In/Del ‒ CAPS, SCAR, gel base PCR 
3. SSR

v BARCODE SNP 

v CAPS 



2 - (Genetic Analysis)

99

I. ?
SNP In/Del

, , , .

II.

1. (PCA)
2. (PCoA)
3. MDS plot

4. (Phylogenetic tree)
5. (STRUCTURE)
6. FST
7. Nucleotide diversity 
8. Pairwise distance

9. Heterozygosity 
10. AMOVA 

v

v

v
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v PCoA 분석 결과 v Phylogenetic Tree 분석 결과
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3 ‒ QTL mapping

101

I. QTL mapping ?

1.
2. .
3. . .

QTL-mapping vs GWAS

:Alseekh et al. 2018: https://www.pngwing.com/en/free-png-nrwdn



QTL-mapping ( )
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v Fusarium v



4 ‒ GWAS 

103

( ) ( ) 

. GWAS
.

I. GWAS (Genome-wide Association Study) ?

II. ?
a. GAPIT 

R package , , 
.

b. TASSEL

Windows 
.

c. PLINK
GWAS . , 

. 

GAPIT 

TASSEL



GWAS 
( )
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v
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• https://royalsociety.org/topics-policy/projects/gm-plants/how-does-gm-differ-from-conventional-plant-breeding/
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• https://royalsociety.org/topics-policy/projects/gm-plants/how-does-gm-differ-from-conventional-plant-breeding/
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QTL-mapping
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1. 

2. 

3. 1 2 QTL mapping

4. QTL mapping QTL 
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Germplasm1 A T A C G

A G C

T T A G G A

C C T

A T C T

T A G G A

A A G T A

A C C T A

T T T

G G T A

A T C G A

A T C C T

Germplasm2

Germplasm3

GermplasmN

…

…

…

…

…

…

…

…
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Germplasm1 A T A C G

A G C

T T A G G A

C C T

A T C T

T A G G A

A A G T A

A C C T A

T T T

G G T A

A T C G A

A T C C T

Germplasm2

Germplasm3

GermplasmN

…

…

…

…

…

…

…

…



111

Germplasm1 A T A C G

A G C

T T A G G A

C C T

A T C T

T A G G A

A A G T A

A C C T A

T T T

G G T A

A T C G A

A T C C T

Germplasm2

Germplasm3

GermplasmN

…

…

…

…

…

…

…

…

Ref. (A) 2 2

Alt. (T) 1 1
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Germplasm1 A T A C G

A G C

T T A G G A

C C T

A T C T

T A G G A

A A G T A
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T T T

G G T A

A T C G A

A T C C T

Germplasm2

Germplasm3

GermplasmN

…

…

…

…

…

…

…

…

Ref. (A) 0 2

Alt. (T) 4 1
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Germplasm1 A T A C G

A G C

T T A G G A

C C T

A T C T

T A G G A

A A G T A

A C C T A

T T T

G G T A

A T C G A

A T C C T

Germplasm2

Germplasm3

GermplasmN

…

…

…

…

…

…

…

…

Ref. (C) 2 3

Alt. (G) 2 1
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Ref. (A) 2 2

Alt. (T) 1 1

Ref. (A) 0 2

Alt. (T) 4 1

Ref. (C) 2 3

Alt. (G) 2 1

v Marker 1 v Marker 2 v Marker 3

Fisher’s Exact Test
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Ref. (A) 2 2

Alt. (T) 1 1

Ref. (A) 0 2

Alt. (T) 4 1

Ref. (C) 2 3

Alt. (G) 2 1

v Marker 1 v Marker 2 v Marker 3

Ref. (A) 0 8

Alt. (T) 4 1

v Example

• p-value = 0.006993

• p-value = 1.0 • p-value = 0.1429 • p-value = 1.0



4.
(Genome-Wide Association Studies)
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Ⅱ.
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• Myles et al. 2009
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• Myles et al. 2009



Genome-Wide Association Studies (GWAS)
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v GWAS :
variation variation

v GWAS key factors
• Germplasm (population)
• Genetic markers

• Statistical models
• Phenotype

Germplasm

Variation in
Genotype

Variation in
PhenotypeStatistical

Model

Association



Linkage mapping Association Mapping
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Linkage Mapping Association Mapping
•
• density genetic marker
• Fine-Mapping QTL 

• allele diversity
• . → 
• Pedigree , mapping

.
• allele diversity
•
• Recombination event , mapping

.

• phenotype .
• QTL
• density genetic marker
• validation



GWAS
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v GWAS key factors
• Germplasm (population)
• Genetic markers
• Statistical models
• Phenotype

Germplasm

Variation in
Genotype

Variation in
PhenotypeStatistical

Model

Association

Y = SNP + Q (or PCs) + eGLM (General Linear Model)

(observation)

(fixed)
Population Structure

(fixed)

(error)



GWAS
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v GWAS key factors
• Germplasm (population)
• Genetic markers
• Statistical models
• Phenotype

Germplasm

Variation in
Genotype

Variation in
PhenotypeStatistical

Model

Association

• Kinship
•

Y = SNP + Q (or PCs) + Kinship + eMLM (Mixed Linear Model)

(observation)

(fixed)
Population Structure

(fixed)

(error)

Y = SNP + Q (or PCs) + eGLM (General Linear Model)

Unequal Relatedness
(Random)

(Yu et al. 2005, Nature Genetics)



GWAS

123



GWAS 
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https://zzlab.net/GAPIT/

※ GAPIT R R studio

https://www.maizegenetics.net/tassel

※ TASSEL default 

https://zzlab.net/GAPIT/
https://www.maizegenetics.net/tassel


GAPIT 
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• https://zzlab.net/GAPIT/gapit_help_document.pdf



GWAS
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Genomic Selection
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• Tong H & Nikoloski Z. J Plant Physiol. 2021



q NGS , MAS, MAB, , , QTL-mapping, GWAS

q .
§ , /

§

§ / QTL 

§ GWAS 

q GWAS (Genome-Wide Association Study) 
GAPIT, TASSEL, PLINK .

q GAPIT GLM, MLM, CMLM, gBLUP, Enriched CMLLM, SUPER, MLMM, FarmCPU, cBLUP and sBLUP, BLINK
.
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