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Molecular marker

● Molecular markers are DNA sequences 

in the genome which can be detected 

using suitable techniques. 

● A marker is a segment of DNA whose 

inheritance can be followed.

● DNA markers are used to detect 

polymorphism between individuals on 

the DNA level
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Bush WS, Moore JH (2012)
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Linkage and Linkage Disequilibrium

● W/in Family: 

Two genetics markers 

liked on a chromosome

● In a population: 

LD → LE (more 

recombination events)

● Linkage disequilibrium 

(LD) decays with time by 

recombination
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Quantitative Trait Loci (QTL)

● QTL are of interest for plant breeding 

for marker assisted selection (MAS)

● QTL detection power and mapping 

resolution depend on LD

● Limitations:

○ F2 or RIL population

○ Limit in mapping resolution
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Marker vs Trait

● High LD required to detect 

medium or small QTL  

● Indirect association 

between Trait & Marker

● LD is always 

population-specific
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Single nucleotide polymorphisms (SNPs)

● SNPs and short insertions/deletions 

(InDels) are the most abundant 

source of DNA polymorphisms in a 

genome

● SNPs are biallelic in most cases
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SNP discovery

● SNP is identified when a nucleotide 

from an accession read differs from 

the reference genome at the same 

nucleotide position

● In the absence of a reference 

genome → comparing reads from 

different genotypes using de novo 

assembly strategies
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Genotyping by sequencing (GBS)
● GBS is a simple, highly multiplexed system for 

constructing libraries for next-generation 

sequencing

● GBS Methods:

○ GBS – Keygene and Cornell → very often used

○ DARTseq → many breeders use it

○ RAD-seq → often used in diversity studies

● GBS is a novel application of NGS protocols for 

discovering and genotyping SNPs in crop genomes 

and populations.
He et al. 2014
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Genome-Wide Association Studies

● GWAS enabled the mapping of genomic loci 

associated with economically important traits 

(yield, resistance to biotic and abiotic stresses, 

and quality)

● Used to perform marker-assisted selection 

(MAS) in breeding programs and discover genes 

underlying phenotypic variation

● Sample size (> 100 

accession)

● Mapping panel condition

● Statistical approach

● Genetic architecture

GWAS Considerations
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Sample size & Genetic architecture

Simulations in which a single random SNP explaining 5%, 10% or 

20% of the phenotypic variance with heritability ~0.75

https://www.google.com/url?q=https://plantmethods.biomedcentral.com/articles/10.1186/1746-4811-9-29&sa=D&source=editors&ust=1623543130363000&usg=AOvVaw0rwqW3kkdSuzWKraC4E0LS
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Statistical approach

a) Linear model

b) Mixed model

● Include population 

structure

● Mixed model 

dramatically reduces 

inflation of p -values
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GWS

https://www.google.com/url?q=https://www.frontiersin.org/articles/10.3389/fgene.2020.00447/full%23B36&sa=D&source=editors&ust=1623543130487000&usg=AOvVaw3_cCUxL5d3k_kmuFzX-2yr
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GWS: genotyping methods

● Next-generation 

sequencing (NGS)

○ whole genome 

resequencing (WGR)

○ reduced 

representation 

sequencing (RRS)

● SNP arrays

● WGR is especially desirable for GWAS 

populations displaying rapid LD decay

● WGR: roughly costs $400 per sample for a 

genome of 1 Gb and 10× average sequencing 

depth

● RRS consists in sequencing only a small fraction 

of the genome → GBS, RADseq, ddRADseq

● RSS: $35 per sample independently from the 

genome size 

Three categories Selection
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Quality control procedures for crop GWAS

● Common filters:

○ Minor allele frequency (MAF)

○ Minor allele count (MAC) 

● Filter by pop type

○ Homozygous

○ Heterozygous

● Sample duplication / Ancestral 

relation (STRUCTURE - ADMIXTURE)

https://www.google.com/url?q=https://www.frontiersin.org/articles/10.3389/fgene.2020.00447/full%23T1&sa=D&source=editors&ust=1623543131052000&usg=AOvVaw3GWfzuTVu0SBwssWUJxunJ
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Bioinformatic tools

●  Variant call format (VCF)

● haplotype map (hapmap)

● pedigree/map (ped/map)

● binary (bed/bim/fam)

● Affymetrix chip (chp)

> Tools:

● PGDSpider

● TASSEL 

● PLINK

● VCFtools

Conversion of genotypic data QC tools for filtering 

https://www.google.com/url?q=https://github.com/thierrygosselin/radiator&sa=D&source=editors&ust=1623543131192000&usg=AOvVaw2kxcQv_nbLct3ykgIcZzTY
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Quinoa GWS
Phenotyping

● MET trials using LMM

● Calculation of H2 of 19 

traits

● Genotype selection

● Traits for direct and 

indirect selection

● First manuscript
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Quinoa GWS
Genotyping

● Quinoa genome ~ 1.5 Gb

● Sequencing service in 

China using GBS

● Six population from Six 

parents

● Phenotypic data from 

MET experiments

● GWS analysis at 2021
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Advances

https://www.google.com/url?q=https://journals.plos.org/ploscompbiol/article?id%3D10.1371/journal.pcbi.1007663&sa=D&source=editors&ust=1623543131427000&usg=AOvVaw34qVSLDMPBOFfNApugH-T2
https://www.google.com/url?q=https://acsess.onlinelibrary.wiley.com/doi/full/10.1002/tpg2.20009&sa=D&source=editors&ust=1623543131427000&usg=AOvVaw1odydr3-XXvUmBegJ1jXJb
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Advances

https://www.google.com/url?q=https://www.bgi.com/global/&sa=D&source=editors&ust=1623543131559000&usg=AOvVaw3qTzJXTwW3p--D2upI0-KR
https://www.google.com/url?q=https://www.technologyreview.com/2020/02/26/905658/china-bgi-100-dollar-genome/&sa=D&source=editors&ust=1623543131579000&usg=AOvVaw1Ykuj9YHG1T_p9-Av1cdBo
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