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Analyzing quantitative traits with R
QTL mapping 

and 
Genome Wide Association Study (GWAS)
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Topic(s)

• QTL mapping with Rqtl

• GWAS mapping with R: MLM model
MLMM model (optional)

• GWAS mapping using tassel (optional)

• Course material (scripts, input files and docs):
https://wordpress.com/page/btiplantbioinfocourse.wordpress.com/2499
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https://wordpress.com/page/btiplantbioinfocourse.wordpress.com/2499
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QTL mapping 



Introduction Tool and dataset

QTL mapping 

http://www.rqtl.org/

Our test dataset:

Maize dataset on carotenoid traits 



Hands on #1: QTL analysis 

QTL mapping 
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QTL mapping 

Hands on #1: QTL analysis 

Different models: single locus/standard interval  (SIM) or composite interval (CIM)

zeaxantine



# Step 1: Importing  data

# Step 2: Data checking

# Step 3: Single-QTL analysis

# Step 4: composite interval mapping

# Step 5: Non-normal phenotypes

# Step 6: QTL effects

Hands on #1: QTL analysis 

QTL mapping 

-> How many individuals? Markers? Phenotypes?

-> “ASCarotFamily091014.csv”

-> Generate physical map and trait distribution plot
-> Generate trait correlation pairs

-> Type of cross?

-> plot QTL for trait #2, which chromosomes
are involved?
-> How many QTL with LOD>5?

-> plot CIM vs SIM QTL for trait #2, which are
the differences?
-> How many QTL with LOD>5?

-> How are trait distributions?

-> display effect plot, any interactions?

Steps and Questions



Mapping populations: F2, BC, DH
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GWAS



-Study the genetics underlying natural variation

-Understand the genetic architecture of traits of ecological and 
agricultural importance

-Identify the genomic regions controlling their genetic variation

Introduction 

GWAS

GWAS, what for?

Same as QTL mapping...



Introduction: GWAS dataset

GWAS

GWAS, how?

Population Genotype Phenotype

Combine Genotypic and phenotypic data within a population



Marker selection Association panel

Genotyping & QC Phenotyping & QC

Missing
data 

imputation 
with

BLUPs

Missing
data 

imputation 
with

PHASE

Population 
selection

Kinship(non)-Parametric
structure analysis

Genotypes Adjusted
phenotypes

TrialsAssay (or GBS)

Method 
developments

-MLMM
-MTMM 

(correlated traits)

Germplasm

GWAS

Validation

Step1

Step2

Step3

Step4MLM K
MLM Q+K
MLM P+K
MLMM

Correction for 
multiple testing

Step2

Step2

Hands on General framework

GWAS

Introduction: GWAS 



Direct 
association

Causal 
association

DNA

Phenotype
Indirect 
association

Astle & Balding Stat Sci. 2009

Introduction: GWAS Linkage mapping

Unobserved
causal locus

Genotyped
SNP marker

LINKAGE

DISEQUILIBRIUM
(LD)

12

GWAS

=> LD extend is key in defining genotyping density to perform GWAS

linkage study in a natural population
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GWAS

Introduction: GWAS Population structure

…with a risk false positive
13

GWAS pros/cons
Many meiotic events….



GWAS

Introduction: GWAS 



allelic frequency

GWAS

Introduction: GWAS 



allelic frequency

GWAS

Introduction: GWAS 



population stratification

GWAS

- Isolation by distance: Individuals are not independent
->  Accessions tend to cluster in subpopulations according to geographic origins

Ex: arabidopsis Ex: tomato

Þ Allelic frequencies varies between subpopulations and generate long range 
disequilibrium

Introduction: GWAS 



Linkage disequilibrium

GWAS

Introduction: GWAS 

Þ Cause/Consequence of population 
structure:

Linkage disequilibrium varies according to 
genetic groups



GWAS

ConsequencesIntroduction: GWAS 

Þ Statistical test is inflated

QQ-plot

Þ False positives are generated

Manhattan -plot



GWAS

Dealing with population structure

- Proposed in association mapping by Yu et al, (2006)

- Implemented in the EMMA R library (Kang et al, 2008): slow with large datasets

- Approximate method: 
-GRAMMAR (Aulchenko et al, 2007 http://www.genabel.org/news20120917) 
-EMMAX (Kang et al, 2010 http://csg.sph.umich.edu/kang/emmax/)
-P3D (Zhang et al, 2010 http://www.maizegenetics.net/tassel )

- Exact method:
-FMM (Astle & Balding, http://www.genabel.org/MixABEL/FastMixedModel.html )
-Fast-LMM (Lippert et al, 2011 http://research.microsoft.com/en-us/downloads )
-GEMMA (Zhou et al, 2012) http://www.xzlab.org/software.html
Etc….

Introduction: GWAS 

http://www.genabel.org/news20120917
http://csg.sph.umich.edu/kang/emmax/
http://www.maizegenetics.net/tassel
http://www.genabel.org/MixABEL/FastMixedModel.html
http://research.microsoft.com/en-us/downloads
http://www.xzlab.org/software.html


GWAS

Available tools/softwaresIntroduction: GWAS 

Tools using mixed modeling



GWAS

Visualization and model comparison

QQ-plot

Manhattan -plot

Introduction: GWAS 



Hands on # 2: MLM

GWAS

Tool and dataset

Our test dataset:

Oat dataset on yield

RR-BLUP package

More infos:
https://www.rdocumentation.org/packages/rrBLUP/versions/1.1/topics/RR.BLUP



Hands on # 2: MLM

GWAS

Steps and Questions

#Step 1: Phenotypes- Cleaning

#Step 2: Genotypes- Filtering

#Step 3: Imputation

#Step 4: Checking population structure effects

#Step 5: Matching phenotype and genotype

#Step 6: Matching genotype and map file

#Step 7: Analysis: running the model

#Step 8: QQ-Manhattan and Correlation Plots

#Step 9: Which are the hits?

-> generate histogram
-> how many observations after filtering

-> how many SNP after filtering?
-> how many individuals after filtering?

-> Kinship matrix dimensions?
-> Variance proportion explained by PC1, PC2
-> Scree plot and PCA plot
-> Dimensions pheno.GWAS object?

-> Dimensions geno.GWAS object?

-> Generate the 4 models
-> What are the differences?

-> Where are the main peaks?

-> Which test is more conservative?



Hands on #2: MLM

GWAS
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Visualization and model comparison



Hands on # 2: MLM

GWAS

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●
●●●●●
●●●●●●●●

●●●●●
●●●●●

●●●
●
●●

●

●

● ● ●

●

●

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0
2

4
6

8
10

12

Naïve model(K=NULL,n.PC=0)

expected −log pvalue 

ob
se

rv
ed

 −
lo

g 
p−

va
lu

es

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●
●●●●●●●

●●●●●●
●●●●●

●●●
●●●●

●

●

●

●
●

●

●

●

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0
2

4
6

8
10

12

Q model (K=NULL,n.PC=6)

expected −log pvalue 

ob
se

rv
ed

 −
lo

g 
p−

va
lu

es

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●

●●●●●●
●●●●●

●●●●●●
●●●

●●

●●
●
●

● ●
●

●

●

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0
2

4
6

8
10

12

K model (K=Kmat,n.PC=0)

expected −log pvalue 

ob
se

rv
ed

 −
lo

g 
p−

va
lu

es

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●
●●●●●●●●●●●●

●●
●●●●●

●●●●
●●●●●

●●

●

●

● ●
●

●

●

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0
2

4
6

8
10

12

Q+K model (K.mat,n.PC=6)

expected −log pvalue 

ob
se

rv
ed

 −
lo

g 
p−

va
lu

es

●●
●
●

●

●

●

●
●

●
●
●

●

●
●

●
●

●●●●
●
●●●
●●

●
●

●

●

●

●
●●

●
●●
●●
●

●
●

●

●

●

●
●●●

●

●

●

●
●

●

●

●
●●●●●●
●●
●●●●
●
●
●●●●
●●
●●●●
●
●●●
●
●●
●

●

●
●
●●

●
●
●●

●●
●●●●●
●

●

●

●

●

●

●

●●

●

●●●●●●●●

●
●●●
●

●●
●
●●

●
●
●
●
●●●●●
●●

●

●●
●

●

●
●●
●●
●●
●●●
●●●●●
●●
●●
●●●●
●
●●●

●
●●●●
●
●●

●

●
●●●

●

●●●
●●●●●●
●●
●●●●

●

●●●●●
●●●
●●●
●●●
●
●●●●
●●●●
●●
●●

●
●●
●●
●

●

●
●
●

●
●●
●●●●
●
●
●
●
●
●
●
●●
●
●●●
●
●●●●●●●●●●●●●●●●●●●●●
●●
●●●●●●
●●
●

●●●●●●●●●●
●

●●

●●
●
●●●●●

●

●

●
●
●
●●
●

●●

●

●

●
●●
●●●

●

●●●
●

●●

●

●

●●●
●
●
●●
●

●

●●●●●
●●●
●

●
●
●

●●

●
●

●
●●
●●

●●●

●

●
●●
●

●

●

●●●●●●●●
●●●●●●
●
●

●●●
●
●●
●
●●●●
●
●●●●●
●
●●

●

●
●
●●
●●
●
●

●
●

●
●●

●
●●
●
●●

●●

●

●

●●
●●●●

●

●
●●●●●
●

●

●●●●●●
●
●●●
●
●
●●●
●●
●●
●●●
●
●
●
●●●●●●

●

●
●
●●●
●●●●●●●●
●
●●●●
●●●●

●
●●
●
●

●

●

●
●
●●●
●●
●●
●●●●

●

●●●
●●●●●

●
●
●
●●
●
●
●●
●●
●
●

●

●●●●●●●

●

●●●●●●
●
●
●
●

●
●
●
●●

●
●
●
●●●
●●
●
●●●●●

●

●
●

●
●
●

●

●
●

●

●●●

●

●
●

●

●●

●

●
●

●
●
●
●●●●
●●
●
●
●●
●

●

●
●●
●●
●●●

●

●
●
●
●●●●●●
●
●
●
●
●
●
●

●●●●●●
●●
●●●●●●●
●
●●
●●●●●●●●●●
●
●
●●●●●●●

●

●●
●

●●●●●●
●●●
●●
●
●●●●

●
●●●●
●●
●●
●
●●
●●●●●●●●●
●●●●●●●
●●●●
●●●
●

●●●
●
●●

●
●

●
●
●●
●●●●●●
●●●
●●●●●●●●
●
●
●●●
●
●
●

●
●●
●●●
●
●●●

●

●

●

●
●●●●
●●

●
●

●●

●●
●

●

●
●
●
●

●

●●
●●
●●
●●●●

●

●

●

●●●●●
●
●●●●●●●●●
●●●
●
●●●●●●●
●●●●●●●●●●
●
●

●
●●●

●

●●
●
●●●●●●
●
●●
●●
●●●●●●●
●
●
●

●
●●●●
●
●●●

●
●●●
●
●
●
●

●

●●●
●●●●
●
●

●

●●●

●

●●

●

●
●
●●

●

●
●●●●●●●●

●
●

●●
●
●
●●●●●

●

●
●●

●
●●
●●
●●

●

●●
●
●●●●●
●
●
●●●
●●●●
●●●●
●●●●●●●●●

●

●●●●
●●●

●

●

●

●●
●●●●●●●
●

●

●●
●
●●●●
●
●●●
●●●●●●●●●

●

●●●●●
●

●
●

●

●

●

●
●●

●●
●

●

●●●●●●●●●●●
●
●●
●

●

●●

●●
●●●●
●
●●
●
●●●
●
●●

●

●
●●●●●●

●

●●
●
●

●

●

●

●
●●●
●
●●●●

●
●●●●●●●●●
●●●●●
●
●●●●●●●
●●●●●●●●
●
●●●
●
●●●●●●
●●●●
●
●●●●
●
●●

●

●●●●●●●●
●
●●●●●●●
●
●
●●●●
●●●●●
●●●
●●
●●●●●●
●
●●
●●●●
●
●●●●●●●●●●●
●
●●

●

●●●●●●

●

●

●●●●●●●●
●
●●

●
●
●●
●
●●

●

●
●
●●●●●●●●

●
●
●
●
●●●

●

●
●●●●●
●
●
●
●●
●
●●●●

●●

●●●●●●
●
●

●
●●●
●
●

●
●●
●●●
●●
●●●●

●
●
●

●●

●
●
●
●

●

●
●
●●●●●●●●●●●
●
●

●

●●
●●
●●●●●●
●●●

●

●
●●●●●●●●
●●
●●●
●
●●●●●●●
●
●●●●
●●●●
●
●●●●●●
●●●●
●●
●
●●

●
●●
●
●
●●●●
●●
●
●

●

●

●

●●●
●

●

●●●
●
●

●

●●●●●
●
●
●●

●

●●●●
●
●
●
●●●●●●●●●
●●●●
●●●●●●
●●●●●
●●●
●●
●
●
●
●
●
●

●●
●●●●●●●●●
●●●●●●●
●
●
●●
●●

●

●●●●●●●●●●
●●●●●●●●

●●

●

●

●●●
●

●
●●●●●
●
●
●
●●●
●

●●
●
●●●●●●
●

●

●●
●
●
●●●
●

●●
●●
●

●

●
●●●●
●●●●●●●

●
●
●

●

●●●●
●
●

●
●●●
●●
●
●●

●

●
●

●

●●●●●●●●
●
●
●●●
●
●●

●

●
●●
●●
●
●

●●

●
●
●●
●●●●●●●
●
●

●●●
●

●

●●

●

●
●●●●

●

●●●●●●
●
●●●●●
●●●●●

●

●●
●
●●
●
●
●●●●●●
●

●

●●●

●
●
●●●●●
●
●●
●●●●●●
●●●●●
●
●●●
●●●●●●●●●●●●●●●
●
●
●

●

●●●●●
●●
●●●0

2
4

6
8

10
12

14

Naïve model (K=NULL,n.PC=0)

Position

−l
og
10
.p
va
lu
e

0 440 880 1320 1760

Bonferroni
FDR

●
●●
●

●

●

●

●
●

●
●
●

●

●
●

●
●

●●●●
●
●●●
●●

●
●

●
●

●

●
●●

●
●●
●●
●

●
●

●

●

●

●
●●
●

●

●

●

●
●

●

●

●
●
●
●●●●●
●
●●●●
●
●●●●●

●●
●
●●●
●
●●●
●●
●
●
●
●
●
●●
●●●●

●●
●●●●●
●
●

●

●

●

●

●

●●

●

●●●●●●●●

●
●
●
●
●

●●
●
●
●

●
●
●
●
●●●●●
●●

●

●●
●

●

●
●●

●●
●●
●●●
●●
●●●
●●
●●
●●
●●
●●
●
●
●●
●●●●●●

●●
●
●●
●
●●●
●
●●●●●●

●

●●●●
●

●●●●
●●●●
●●●
●●●
●
●●●●
●●
●●●●●●

●
●●

●●
●

●

●
●●
●●
●
●●●●
●
●●
●
●
●
●●●●●●●
●
●●●
●●●●
●●●●●●●●●●●●●●●●
●●●
●●●
●●
●

●
●●●●
●
●●●●●

●●

●●
●
●●●●
●
●
●
●
●●●●
●
●●

●

●

●●●●●●

●

●●●●●●

●

●

●●●
●
●●●●

●

●●●●●

●

●●
●
●
●
●

●●

●
●
●
●
●●●

●●●

●

●
●●
●

●

●

●●●●●●●●●●●●●●
●
●

●●●
●
●●
●●●●●●●●●●
●●●●

●

●

●●●

●●

●
●

●
●

●●●

●
●●
●

●
●

●●

●

●

●
●

●●●●

●

●
●
●●
●
●●

●

●●●●●●
●

●●●
●
●
●
●●
●●●
●

●
●●●●●●
●●●
●●
●

●●●●●●●●●●●●
●

●
●
●●
●●
●●
●

●●●
●
●

●

●

●
●
●●●
●●
●●

●●●●

●

●●●
●●●●●

●
●
●
●
●
●
●
●●
●●
●
●

●

●●●●●●●

●

●●●●●●
●
●
●
●

●
●
●●
●
●
●
●
●●●
●●
●
●
●
●●●

●

●●

●●
●
●

●●
●

●●●

●

●
●

●

●●
●

●●●●●●
●
●●

●
●
●

●●●
●

●

●
●●●●

●
●

●
●

●
●
●
●●
●
●●
●
●
●
●
●
●
●

●

●●●●●●
●●
●
●●●●●●
●
●●●●●●
●
●●
●●●
●
●
●●
●●●●●

●

●●

●

●
●●●●
●●●●●●●
●●
●
●●
●
●●●

●
●●●
●●●
●●●●●
●●●●
●●
●●●●●
●●●●
●●●
●
●
●●
●
●●

●

●

●
●
●●●●●●●●
●●●
●●●●●●●●
●
●
●●●
●
●

●

●
●●
●●●
●
●●●

●

●
●
●
●●●●

●●

●
●
●●

●●●

●

●●
●
●

●

●●
●●●●
●
●●●

●

●

●

●
●
●●●
●
●●●●
●●●●●●●●●●●●●●●
●
●●●●●●●
●
●●
●
●

●
●
●●

●

●●●
●●●●●●
●
●●
●●
●●●
●
●●●
●●
●

●●●●●
●
●●●

●

●
●●●
●
●
●
●

●●●
●●●●
●

●

●

●●●

●
●●

●

●
●
●
●

●

●
●
●●●●●●●

●
●

●
●
●
●
●
●●
●
●

●

●●
●
●
●
●
●●
●●

●

●
●
●
●●●
●●●●
●●●●●●●●
●
●●
●
●●●●●●●●

●

●●●●●●
●

●

●

●

●●
●●●●●●●
●

●

●●●●●●
●●●●●●●●
●

●●
●●●

●

●●●
●●

●

●●

●

●

●

●●●
●●
●

●

●●●●●●●●●●●
●
●●
●
●
●●
●
●●●
●
●
●

●●
●●●●
●●●

●

●●●●
●●
●

●

●●
●
●

●

●

●

●
●●●
●
●●●●
●
●
●●●
●●
●
●●
●

●●●●●●●●●
●
●
●
●●●●●●●●
●
●●●●●●●●●●●●●●
●
●●●
●●●●
●

●●●●●●●●
●
●●●●●●●

●●
●●●●
●●●●●●
●●
●●
●●●●●●
●
●●
●●●
●
●●●●●●●●●●●●
●●●

●

●●●●
●●

●

●

●●●●●●●●
●
●●

●
●
●
●●
●
●

●

●●●
●
●●●●●●

●●

●
●
●●●

●

●●
●●●●
●
●●
●●
●
●●●●

●●

●●●●●●●
●
●
●
●
●

●
●

●
●
●
●●●●●
●
●
●●

●
●
●

●●

●●

●

●

●

●
●
●●●●●●●●●●●
●●
●
●●
●●●●●●●●
●●
●
●

●
●●●●●●●●●
●
●●●
●●●
●●●●
●
●
●●
●●●●
●●
●●●●
●●●
●●●●
●●
●
●●
●
●●
●
●
●
●●●
●●
●
●

●

●

●
●●●
●

●

●●●
●
●

●

●●●●●
●
●
●
●

●

●●●●
●
●

●

●●
●
●●●●
●
●●●●●●●●●●●
●●●●
●●●●●●
●
●
●
●
●
●

●●
●●●●●●●●●
●●●●●●●
●
●
●●
●●

●

●●●●●
●
●●●●
●
●●●●●●●

●●

●

●

●●●
●
●●●
●●●
●

●●
●●
●
●
●●
●
●●
●●●
●●

●

●●
●
●
●●●
●
●●
●
●

●

●

●●●●●
●●●●●●●

●
●
●
●●●●●
●
●
●
●●
●
●●
●
●
●

●

●
●

●

●●●●●●●
●●
●

●
●●
●●●
●

●
●●●●●●
●●
●
●●●
●
●●
●●●●
●
●
●●●●

●

●●

●

●
●●●●

●

●●●
●●●
●
●●●●●
●●●●●

●
●●●
●●
●
●
●●●●●●
●

●

●●●

●●
●●●●●
●●●●
●●●
●●
●●●
●●
●
●●●
●●●●●●
●●●●●●●●●
●
●●

●

●●
●●●
●●
●●●0

2
4

6
8

10
12

14

Q model (K=NULL,n.PC=6)

Position

−l
og
10
.p
va
lu
e

0 440 880 1320 1760

Bonferroni
FDR

●
●●
●
●

●

●
●
●
●
●

●
●

●
●

●●

●●
●
●
●
●●●
●●

●
●

●

●

●

●
●●

●●●
●●
●

●
●

●

●

●

●
●●
●

●
●

●

●
●

●

●

●
●●●●●●
●●●●●●●●
●●●●
●●
●●●●
●
●●●
●
●●
●

●

●
●
●●

●
●
●●

●
●
●●●●●
●

●

●

●

●

●

●

●●
●
●●●●●●●●

●
●●●
●

●
●
●
●●

●
●
●
●
●●●●●
●●

●

●●
●

●

●

●
●
●●

●●
●●●
●●
●●●
●●
●●
●●●●
●
●●●

●
●●●●
●
●●

●

●
●●●

●

●●●●●●●●●
●●
●●●●
●

●●●●●
●●●
●●●●●●
●
●●●●
●
●●●
●●
●●

●
●
●●●
●

●

●
●
●
●●
●
●●●●
●
●

●
●●●●
●
●●
●●●
●
●●●●●●●●●●●●●●●●●●●●●
●●
●●●
●●●
●●
●

●●●●●●●●●●
●

●●

●●
●
●●●
●
●

●
●

●
●
●
●●
●

●●

●

●

●
●●
●●●

●

●●●

●

●●

●

●

●●●
●
●
●●
●

●

●●●
●●●●●
●
●
●
●

●
●

●
●

●
●●
●●

●●●

●

●
●●
●

●
●

●●●●●●●●
●●●●●●
●
●

●●●●●●
●
●●●●
●●●●●●
●●●

●

●
●
●●
●
●
●
●

●
●

●
●●

●
●●
●

●●

●●

●

●

●●
●●●●

●

●
●●●
●
●
●

●

●●●●●●
●
●●●
●●●●●
●●
●
●●●●
●
●

●
●●●●●●

●

●
●
●●●
●
●●●●●●●
●
●●●●
●●●●

●
●●
●
●

●

●

●
●
●●●
●●
●●

●●●●

●

●●●
●●●●●

●
●
●
●●
●
●
●●
●●
●
●

●

●●●●●●●

●

●●●●●●
●
●
●
●

●●
●
●●

●
●
●
●●●
●●
●
●●●●●

●

●
●

●●
●

●

●●

●

●●●

●

●
●

●

●●

●

●●

●
●
●
●●●●
●●
●
●
●●
●
●

●●●
●
●
●●●

●

●
●
●
●●●●●●
●
●
●
●
●
●
●

●●●
●
●●
●●
●●●●●●●
●
●●●●●●
●
●●●●●
●
●
●●●●●●●

●

●●
●

●●●●●●
●●●
●●
●
●●●●

●
●●●●
●●
●●
●
●●
●●●
●●●●●●
●●●●●●●
●●●●
●●●
●

●●●
●
●●

●
●

●
●
●●
●●●●●●
●●●
●●●●●●●●
●
●
●●●
●
●
●

●
●●●●
●
●
●●●

●

●

●
●
●●●●
●●

●
●

●
●

●●
●

●

●●

●

●

●

●●
●●
●●
●●●●

●

●

●

●●●●●
●
●●●●●●●●●
●●●
●●●●●●●●
●●●●●●●●●●
●
●

●●●●

●

●●
●

●●●●●●
●
●●
●●
●●●●●●●
●
●●

●●●●●
●
●●●

●
●●●
●
●
●
●

●

●●●
●
●●●
●
●

●

●●●

●

●●

●

●
●
●●

●

●
●
●●●●●●●

●
●

●●
●
●●●●●●

●

●●●

●
●●
●●
●●

●

●●
●
●●●
●●
●
●
●●●●●●●●
●
●●
●●●●●●●●●

●

●●●●
●●●

●

●

●

●●
●●●●●●●
●

●

●●
●
●●●●
●
●●●
●●●●●●●●
●

●

●●●
●●
●
●
●

●

●

●

●
●●

●●
●

●

●●●●●●●●●●●
●
●●
●

●

●●

●●
●●●●
●
●●
●
●●●
●●●

●

●
●●●●●●

●

●●●●

●

●

●

●
●●●
●
●●●●

●
●●●●●●●●●●●●●●
●
●●●●●●●
●●●●●●●●
●
●●●
●
●●●●●●
●●●●
●●●●●
●
●●

●

●●●●●●●●
●
●●●●●●●
●
●
●●●●
●●●●●
●●●
●●
●●●●●●●
●●
●●●●
●
●●●●●●●●●●●
●
●●
●
●●●●●●

●

●

●●●●●●●●
●
●●

●
●
●
●
●
●●

●

●
●
●●●●●●●●

●●
●
●
●●●

●

●
●●●●●
●
●
●
●●
●
●●●●

●
●

●●●●●●●

●

●

●●
●
●
●
●
●
●
●●●●●
●●●●

●
●
●

●●

●
●
●
●

●

●
●
●●●●●●●●●●●
●
●
●

●●
●●●
●●●●●●
●●

●

●
●●
●
●●●●●
●●
●●●
●
●●●●●●●
●
●●●●
●
●●●
●●●●
●
●●
●●●●
●●
●
●●

●
●●
●
●
●●●●●
●
●
●

●

●

●

●●●
●

●

●●●
●
●

●

●
●
●●●
●●●●

●

●●●●
●
●
●
●●●●●●●●●
●●●●●
●●●●●
●●●●●
●●●
●
●
●
●
●
●
●●
●●
●●●●●●●●●
●
●●●●●●
●
●
●●
●●

●

●●●●●●●●●●
●●●●●●●●

●●

●

●

●●●
●

●
●●●●●
●
●●
●●●
●

●●
●
●●●●●●
●

●

●●
●
●
●●●
●
●●
●●
●

●

●●●●●
●●●●●●●

●
●
●

●
●
●
●●●●

●
●●●
●●
●
●●

●
●
●

●

●●●●●●●●●
●
●●●
●
●●

●

●
●●●●●●

●●

●

●●●●●
●●●●●
●
●
●●●
●

●

●●

●

●
●●●●

●

●
●●●●●
●
●●●●●
●●●●●

●

●●
●
●●
●
●
●●●●●●
●

●

●●●

●
●
●●●●●
●
●●
●●●●●●●●●●●
●
●●●
●●●●●●
●●●●●●●
●
●
●
●●

●

●●●●●
●●

●●●0
2

4
6

8
10

12
14

K model (K=K.mat,n.PC=0)

Position

−l
og
10
.p
va
lu
e

0 440 880 1320 1760

Bonferroni
FDR

●
●●
●
●

●

●
●
●

●
●

●

●

●
●

●●

●●
●
●
●
●●●
●●

●
●

●
●

●

●
●●

●
●●
●●
●

●
●

●

●

●

●
●●
●

●

●

●

●
●

●

●

●
●
●
●●●●●
●
●●●●●●●●●●
●●
●●●●
●
●●●
●●
●
●
●
●
●
●●
●●●●

●●
●●●●●
●

●

●

●

●

●

●

●●

●
●●●●●●●●

●
●
●
●
●

●●●●
●

●
●
●
●
●●●●●
●●

●

●●
●

●

●
●●
●●

●●
●●●
●●
●●●
●●
●
●
●●●●
●●
●●
●●
●●●●●
●

●●
●
●
●
●
●●●
●●●●●●●

●

●●●●
●
●●●●
●●●●
●●●
●●●
●
●●●●
●
●●●
●●
●●

●
●●
●●
●

●

●
●●
●●
●●●●●
●
●
●
●●●●●●●●●●
●
●
●
●
●●
●●
●
●●●●●●●●●●●●●●
●
●●●
●●●
●●
●

●●●●●
●
●●●●●

●●

●●
●
●●●●●
●
●
●
●●●●
●

●●

●
●

●●●●●●

●

●●●
●
●●

●

●

●●
●
●
●●●●

●

●●●●●

●
●●
●
●
●
●

●●

●
●
●
●●
●●

●●●

●

●
●●
●

●

●
●●●●●●●●●●●●●●
●
●

●●●
●
●●
●●●●●●●●●●
●●●●

●

●
●●●
●●

●
●

●
●

●
●●

●
●●
●

●
●

●●

●

●

●
●

●●●●

●

●●
●●●●●

●

●●●●●●
●
●●●
●
●
●
●●
●●●
●
●●●
●●
●●
●●●
●●
●

●●
●
●●●●●●●●●●

●
●●●
●●
●
●●

●●●●
●

●

●

●
●
●●●
●●
●●

●
●●●

●

●●●
●●●●●

●
●
●
●●
●
●
●●
●●
●
●

●

●●●●●●●

●

●●●●●●
●
●
●
●

●●
●●●

●
●
●●●●
●●
●
●
●
●●●

●
●●

●●
●
●
●●
●

●●●

●

●
●

●

●●

●

●●●●
●●
●
●●

●
●
●

●●●
●

●

●
●●
●●

●
●

●
●

●
●●
●●
●
●●●
●
●
●
●
●
●
●

●●●
●
●●
●●
●
●●●●●●
●
●●●●●●
●
●●
●●●
●
●
●●
●●●●●

●

●●

●

●
●●●●●
●●●●●●
●●
●
●●
●

●●●

●

●●●
●●●
●●●●●
●●●●
●●●●●●●●●
●●
●●●
●
●
●●
●
●●

●
●

●
●
●●●●●●●●●●●
●●●●●●●●
●
●
●●●
●
●

●

●
●●
●●●
●
●●●

●

●

●
●
●●●
●

●●

●
●
●●

●●●

●

●●
●
●

●

●●
●
●●●

●●●●

●

●

●

●
●
●●●
●
●●●●
●●●●●●●●●●●●●●●
●
●●●●●●●
●
●●
●
●

●
●
●●

●
●●●
●●●●●●
●
●●●
●
●●●
●
●●●
●●
●

●●●●●
●
●●●

●

●
●●●
●
●
●

●

●●●
●
●
●●
●

●

●

●●●

●
●●

●

●
●
●
●

●

●
●
●●●●●●●

●

●

●●
●
●●●●
●
●

●

●●●

●
●
●
●●
●●

●

●
●
●
●●●
●●●
●
●
●●●●●●●
●●●
●
●●●●●●●●

●

●●●●●●
●

●

●

●

●●
●●●●●●●
●

●

●●●●●●
●●●●●●●●
●
●●●●●

●

●●●

●●

●
●●

●

●

●

●●●
●●
●

●

●●
●
●●●●●●●●
●
●●
●
●
●●
●
●●●
●
●
●

●●
●●●●
●●●

●

●●●●
●●
●

●

●●
●
●

●

●

●

●●●●
●
●●●●
●
●
●
●●
●●
●
●
●●
●●●●●●●●●
●
●
●
●●●●●●●●
●
●●●●●●
●
●●●●●●●
●
●●●
●●●●
●
●●●●●●
●●
●
●●●●●●●

●●
●●●●●●
●
●●●●
●
●●
●●●●●●●●●
●●●
●
●●●●●●●●●●●●
●●●

●

●●●●
●●

●

●

●●●●●●●●
●
●●

●
●
●
●
●
●
●

●

●●●
●
●●●●●●

●●

●
●●●●

●

●●
●●●●
●
●●
●
●●●●●●

●●
●●●●●●●

●

●

●●●
●
●
●
●
●
●●●●●
●●
●●

●
●
●

●●

●●

●

●

●

●
●
●●●●●●●●●●●●●
●
●●
●●●●●●●●●
●
●
●
●
●●●●●●●●
●●
●
●
●
●●●
●●●●
●
●
●●●●●●●●
●●●●
●●●
●
●●●
●●
●
●●
●
●●
●
●
●
●●●●
●
●
●

●

●

●
●●●
●

●

●●●
●
●

●

●
●
●●●
●●●
●

●
●●●●
●●
●

●●
●
●●●●
●
●●●●●●●●●●●
●●●●
●●●●
●●
●
●

●
●
●●

●●●
●
●●●●●●●
●●●●●●●
●
●
●●
●●

●

●●●●●●●●●●
●●●●●●●●

●●

●

●

●●●
●
●
●●●●●
●

●●
●●●
●
●●
●
●●
●
●●
●●

●

●●●●
●●●
●
●●
●
●

●

●

●●●●●●●●●●●●

●
●
●
●●●●●
●
●
●
●●●
●
●
●
●●

●

●
●

●

●●●●●●●
●●
●
●
●●
●●●

●

●
●●●●●●
●●
●

●●●
●●●
●●
●●
●
●●
●●●

●

●●

●

●
●●●●

●

●●●
●●●
●
●●●●●
●●●●●

●
●●●
●●
●
●
●●●●●●
●

●

●●●

●
●
●●●●●
●●●●
●●●●●
●●●
●●
●
●●●●●●●●●
●●●●●●●
●
●
●
●●

●

●●●●●
●●

●●●0
2

4
6

8
10

12
14

Q+K model (K=K.mat,n.PC=6)

Position

−l
og
10
.p
va
lu
e

0 440 880 1320 1760

Bonferroni
FDR

3) Fit models (QQ plot) 4) Identify associations (manhattan plot)

Visualization and model comparison



Conclusions

GWAS

GWAS and QTL

• Two mapping techniques with distinct designs but similar 
goals

• Both can be applied in various research context a molecular 
data types (SNP chip, GBS, WGS) , phenotypes 
(metabolome, RNAseq, agronomic traits)

• Choice of  one or the other depends Trait architecture and 
available resources 

• Generic approaches that can be customized accordingly



Conclusions

GWAS

GWAS and QTL



Model:
Segura et al, Nat. Gen., 2012
Multi-locus mixed-model (MLMM)
R 

Dataset:
Sauvage et al, Plant Phys. 2014

-> 160 tomato accessions
-> 6000 SNP
-> 20 metabolic traits

Hands on # 3: MLMM (optional) Tool and dataset

GWAS



Multi locus Model approach

GWAS

Hands on # 3: MLMM



modeling

GWAS

Multi locus Model: multiple testing

Hands on # 3: MLMM



Hands on #3: MLMM

GWAS

Visualization and model comparison



#Step 1:

Load datasets (phenotype, genotypes, relationship matrix, snp file)

#Step 2:
Perform GWAS using different models:
Test thresholds and traits:

#Step 3:

Display results  using  Manhattan plot, QQ-plot and histograms at different steps

GWAS

#Step 4:

Draw first conclusions on trait architecture

Hands on #3: MLMM



- Most GWAS are based on single SNP tests ( ‘large p, small n’ problem)

- ‘ Wrong model’ for phenotypic traits with a polygenic inheritance 

- Similar approach as composite interval mapping in  QTL mapping (Jansen & Stam, 1994)

- Increase power

- Clarify/solve synthetic association 

GWAS

Multi locus Model specificities: take home

Hands on #3: MLMM



Hands on #4: TASSEL (optional)

GWAS

http://www.maizegenetics.net/tassel

Test dataset :
1-Genotypes*:

GWAS_genotype.map
GWAS_genotype.ped

2- Phenotypes*:
GWAS_phenotypes_tassel

3- Relationship matrix + covariates
GWAS_structureQ1_tassel
GWAS_kinship_tassel


