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GWAS 101

1. Overview of GWAS

2. What kind of traits can be analyzed?

3. Phenotypes and Genotypes

4. The three steps of GWAS

5. A case study in Eucalyptus

6. The importance of sample size

7. Population Structure

8. Interpreting results
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GWAS according to the NIH

A genome-wide association study (GWAS) is an approach used in 

genetics research to associate specific genetic variations with particular 

diseases. 

The method involves scanning the genomes from many different people and 

looking for genetic markers that can be used to predict the presence of a 

disease. Once such genetic markers are identified, they can be used to 

understand how genes contribute to the disease and develop better prevention 

and treatment strategies.

GWAS according to me

Phenotype = Genotype + Environment
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GWAS for pathogen resistance in trees

Eucalyptus

Poplar
Beech

EucalyptusAsh
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GWAS for wood properties

Du, Qingzhang, et al. "Genome-wide association studies to improve wood properties: 

challenges and prospects." Frontiers in Plant Science 9 (2018): 1912.
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You can GWAS almost anything you can measure

Typical GWAS traits in trees

• Growth: Height, DBH, crown architecture, branching, leaf shape

• Wood properties: lignin, sugars, microfibril angle

• Metabolic: primary or secondary metabolite abundances

• Pathogens: Fungal/bacterial abundances

• Resistance: inoculation outcomes

• Adaptive: flowering time, leaf senescence

• Sustainability: water use efficiency, nitrogen use

• Gene Expression: Gene Transcript (RNAseq) abundances
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Phenotypic variation

• Without variation there is little to explore

• Variation is the source material

• Is the phenotypic variation due to:

– Genetic variation? 

– Environmental variation? 

– Both?

simple

complex

minimal

Phenotype = Genotype + Environment
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genetic variation

Chromosome copy 1

An individual will have:

Variant locus

Allele A

Allele a

or or
Which may or may not affect their 

phenotype (e.g. +/- for quantitative 

trait, or increased resistance to a 

disease)

Chromosome copy 2

Diploid “chromosome”
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genetic variation in a population

Tree 
height
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Population Genetic and Phenotypic variation

simple1 effective 
variant

phenotype

frequency



1212 Open slide master to edit

Population Genetic and Phenotypic variation

Many effective 
variants

simple

complex

phenotype

frequency
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Population Genetic and Phenotypic variation

We don’t know 

what goes in 

here!!!

phenotype

frequency

We observe this…

simple

complex
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Genome-wide variation

Chromosome copy 1

Chromosome copy 2

Across the entire genome, there may be millions 

of variant locations (e.g. SNPs) that have alleles in 

a population.

Q: Which ones have an effect on a trait ?

A: GWAS
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How a GWAS works: quantitative trait

Take a population of 

mostly un-related

individuals. Measure a 

phenotype that varies 

(e.g. Height)
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How a GWAS works: quantitative trait

SNP1

Take a population of 

mostly un-related 

individuals. Measure a 

phenotype that varies 

(e.g. Height)

Sequence the DNA of 

each of them.

Find positions in the 

genome where the 

individuals vary (e.g. 

SNPs) 

ind1
ind2
ind3
ind4
ind5
ind6
ind7
indm
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How a GWAS works: quantitative trait

SNP1

Take a population of 

mostly un-related

individuals. Measure a 

phenotype that varies 

(e.g. Height)

Sequence the DNA of 

each of them.

Find positions in the 

genome where the 

individuals vary (e.g. 

SNPs) 

Test each SNP to see if the 

alleles significantly correlate 

with the phenotypic variation. 

E.g. Does having more copies 

of the      allele equate to a 

significant linear increase in 

height?

SNP1

height

ind1
ind2
ind3
ind4
ind5
ind6
ind7
indm

y = u + bx + e
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How a GWAS works: binary trait

SNP1

Take a population of 

mostly un-related

individuals. Split them 

into two groups (e.g. 

resistant / susceptible)

Sequence the DNA of 

each of them.

Find positions in the 

genome where the 

individuals vary (e.g. 

SNPs) 

Test each SNP to see if its 

alleles have significantly 

different frequency in one 

group compared to the 

other

36% 60%
SNP1

susceptible resistant
susceptible resistant

ind1
ind2
ind3
ind4
ind5
ind6
ind7
indm
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Three main steps for GWAS

Phenotyping Genotyping

Modelling



2020 Open slide master to edit

Three main steps for GWAS

Phenotyping Genotyping

Modelling

• Field sites
• Sampling time
• Assay costs
• manpower

• Library prep costs
• Lab time
• Sequencing costs

• Statistical Power
• Computational power

How Many Accessions?

Interpretation



2121 Open slide master to edit

GWAS for oil traits in Eucalyptus polybractea
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Phenotyping

West Wyalong

Extract oil 
in ethanol

Sampled 480 
trees

M1 M2 M3 Mn

S1 0 300 12 65

S2 20 500 90 0

S3 2 50 250 0

S480 120 100 15 0

metabolite profiles
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Phenotyping
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Phenotyping pitfall – environmental variance

1 2
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Phenotyping

• Minimize environmental variance

• Randomization is necessary to avoid batch effects or 
environmental trends

• Accuracy is hugely important

• consistency 
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Genotyping

West Wyalong

Snap freeze 
with liquid 
Nitrogen

Sampled 480 
trees

snp1 snp2 snp3 snpP

S1 A/A C/T A/T G/G

S2 A/C T/T A/A G/G

S3 A/A C/C A/T G/G

S480 A/A C/C A/T T/T

Extract DNA

Genotype matrix

Detect variants

sequencing



2727 Open slide master to edit

Genotyping

West Wyalong

Snap freeze 
with liquid 
Nitrogen

Sampled 480 
trees

snp1 snp2 snp3 snpP

S1 A/A C/T A/T G/G

S2 A/C T/T A/A G/G

S3 A/A C/C A/T G/G

Sm A/A C/C A/T T/T

Extract DNA

Genotype matrix

Detect variants
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Fastq reads

Fastq reads

A

A/A

A/G

Reference genome

Genotyping
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Genotyping pitfall: More accessions or more sequencing 
depth?

• High sequencing depth 

per sample

• Higher genotype accuracy

• Lower genetic diversity

• Lower statistical power

• low depth per sample

• Lower genotype accuracy 

• Higher genetic diversity

• Higher statistical power

N accessions 2N accessions

Or…
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modeling

snp1 snp2 snp3 snpP

S1 A/A C/T A/T G/G

S2 A/C T/T A/A G/G

S3 A/A C/C A/T G/G

S480 A/A C/C A/T T/T

Genotype matrixmetabolite matrix

M1 M2 M3 Mn

S1 0 300 12 65

S2 20 500 90 0

S3 2 50 250 0

S480 120 100 15 0

snp1 snp2 snp3 snpP

S1 0 1 1 0

S2 1 2 0 0

S3 0 0 1 0

S480 0 0 1 2



3232 Open slide master to edit

modeling

snp1 snp2 snp3 snpP

S1 A/A C/T A/T G/G

S2 A/C T/T A/A G/G

S3 A/A C/C A/T G/G

Sm A/A C/C A/T T/T

Genotype matrixmetabolite matrix

M1 M2 M3 Mn

S1 0 300 12 65

S2 20 500 90 0

S3 2 50 250 0

S480 120 100 15 0

snp1 snp2 snp3 snpP

S1 0 1 1 0

S2 1 2 0 0

S3 0 0 1 0

Sm 0 0 1 2

Filtering:
• Remove rare SNPs
• Remove SNPs that are 

likely to be erroneous
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modeling

snp1 snp2 snp3 snpP

S1 A/A C/T A/T G/G

S2 A/C T/T A/A G/G

S3 A/A C/C A/T G/G

Sm A/A C/C A/T T/T

Genotype matrixmetabolite matrix

M1 M2 M3 Mn

S1 0 300 12 65

S2 20 500 90 0

S3 2 50 250 0

S480 120 100 15 0

snp1 snp2 snp3 snpP

S1 0 1 1 0

S2 1 2 0 0

S3 0 0 1 0

Sm 0 0 1 2

Y = u + b1x1 + e P-valueLinear model:
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Problem with our model

Population structure
• Samples are often genetically related to each other (even if 

you think they aren’t!), which means they are not independent 

and can cause false positive SNP associations.

SNPs phenotypecorrelated correlated

True/False 

association?

Population 

structure

correlated

Y = u + bixi + e



3636 Open slide master to edit

Problem with our model

Population structure
• Samples are often genetically related to each other (even if 

you think they aren’t!), which means they are not independent 

and can cause false positive SNP associations.

SNPs phenotypecorrelated correlated

True/False 

association?

Population 

structure

correlated

Y = u + bixi + k + e
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Results: Manhattan plot

Multiple testing 
correction threshold

sesquiterpenes
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Results
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Results: interpretation

Candidate genes!
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Next Steps

• Validation !!

• Multi-omics integration

• Try other models

• Build the story
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Thank You

• Carsten Kulheim

• William Foley

• Carlos Bustos

• Amanda Padovan

• Daniel Jacobson

• Jerry Tuskan


