
(3) QTL and GWAS methods	

By the end of this lecture you should be able to explain:  

 

•   Some of the principles underlying the statistical analysis of QTLs 

•   Under what conditions particular methods are suitable 

•   The core differences between QTL analysis and GWAS 

Link: Refer to Hugo’s lecture on QTL notes 



Linkage LOD addendum to lecture 2	



QTL analysis	 Detec%ng	  an	  associa%on	  between	  
phenotype	  and	  the	  genotype	  of	  markers	  	  

Markers	  
par%%on	  the	  popula%on	  into	  different	  genotypic	  groups	  based	  on	  the	  
presence	  or	  absence	  of	  a	  par%cular	  marker	  locus	  
	  



Typically: null hypothesis tested is that the mean of the trait value is independent 
of the genotype at the marker. 
 
Null rejected when the test statistic is larger than a critical value, and QTL is 
declared linked to the marker 
 
t-test, ANOVA and simple linear regression are equivalent when their hypotheses 
are testing for differences in the phenotypic means 
 
 
 
 
 
 
 

Marker	  linked	  to	  QTL	  =	  less	  chance	  of	  recombina%on	  between	  them	  
therefore	  marker	  and	  QTL	  will	  be	  inherited	  together	  
	  
When	  the	  QTL	  is	  not	  linked	  =	  independent	  segrega%on	  of	  M	  +	  Q	  
=	  nsd	  between	  group	  means	  
	  
Results	  from	  basic	  t-‐test	  
	  
Trait	  1	  SNP1	  linked	  to	  trait	  with	  A	  allele	  increasing	  the	  trait	  
	  
Trait	  2	  SNP1	  not	  linked,	  no	  significant	  differences	  between	  groups	  
	  
	  
	  

Could also use Kruskal-Wallis



Some analysis techniques (there are many, many variants): 
The statistical machinery for QTL mapping 

ANOVA (marker regression): detects marker differences when there 
       are more than two marker genotypes.  
       Produces a ranking of genotypes, in order of phenotypic effect for  
       the trait of interest, and tests for significant differences between 
       each genotype (inter-cross = F) 

Simple t-test: use to evaluate presence of a QTL through statistical 
                        differences between two marker genotypes (in a BC) 

Linear regression: most complex point analysis method, allowing 
            different characteristics of the QTL to be investigated. Inc.  

 dominance effects, additive effects 
 genotype-environment interactions, epistasis 

Simple	  in	  terms	  of	  data	  analysis,	  performed	  using	  common	  sta%s%cal	  soKware,	  gene	  order	  and	  complete	  linkage	  map	  not	  
needed	  
	  
Reduced	  power	  to	  detect	  QTL	  ~	  QTL	  posi%on	  can	  not	  be	  determined	  precisely	  
Many	  False	  posi%ves	  
	  



In ANOVA (sometimes called marker regression) the progenies are divided into two 
groups based on the genotype e.g. Fig 6.1 we see individuals with aa have sig 
higher phenotype score than those with Aa and AA - indicating that the marker is 
linked to a QTL. 

If the phenotype distributions of the phenotype classes are approximately the same 
- marker not linked to QTL 
But: the greater the distance between marker and QTL - less likely to be detected 
=recombination may occur between them | what about missing data? 



•   Allow detection of a QTL, but.... 

small effect 
tight linkage 

large effect 
loose linkage 

• A small MM-mm difference: 

Which? guide to QTL mapping: Single marker rating	

•   poor estimates of QTL location and QTL effect 
due to incomplete linkage to markerMust 
discard individuals whose genotypes are 
missing at the markerWhen markers are 
sparse, the QTL may be quite far from all 
markers 

•   can not inspect positions between 
markers ...power for QTL detection will 
decrease  

•  Simplicity 



Interval mapping: Can use probability estimates for the genotypes in 
                               intervals between markers; most popular method 

SIM: simple interval mapping 
Uses map: analyses intervals between adjacent linked markers 
 
Linked markers compensates for recombination between markers and QTL - more 
powerful than single point analysis  

•  Move the putative QTL 
position (Q) every 2 cM 
from M1 to M2 and draw the 
profile of the F value.  

•  The peak of the profile 
corresponds to the best 
estimate of the QTL position M1                         M2                  M3   M4                               M5 
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Testing position 

Model tests for the presence of 1 QTL at steps within the 
interval in a one dimensional linear scan across the 
genome, testing the same null hypothesis each time 

�
Single QTL model �



Interval mapping implementation	

Interval mapping by regression 
(QTL Express) 

F-ratio 
** 

* * 
** 

** ** 
0 

•   Carry out a QTL scan step-wise: once a significant QTL has been identified,  

    other markers tested for their ability to explain the residual variation 

 
•   Known QTL are said to be “fixed” or “co-factors” in the regression 



Estimating the QTL position: Likelihood maps	
L	
Ll	

•   (LO / LA ) = ratio of the likelihood of the null hypothesis (no QTL in the marker  
    interval) to the likelihood of the alternative hypothesis (QTL present) 

Estimated QTL location
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  LOD (Log of the Odds) 
 = log10  (LO / LA ) Support intervalSupport interval

LOD or LRS (=4.6xLOD) �



Map sorted genotype data = graphical genotypes	

•   Format and check the data 
•   Calculate all pairwise recombination frequencies 
•   Assign markers to linkage groups then map markers within each linkage group 



Quantitative trait loci analysis & association mapping 	



• Confidence interval 

• Threshold of 3 (QTL at position 1000 x more likely than 

no QTL), simulations confirmed this to be accurate 

 

• Permutation test 

•  QTL intervals can be plotted on a map. 

• For selection it is good to use two markers - one on 

each side 

• Less chance of recombination breaking link 



•   Advantages: 

•   Disadvantages: 

Which? guide to QTL mapping: Interval mapping rating	

 
          -  if there is more than one QTL on a chromosome, the test statistic at the 
             position being tested will be affected by all QTL and their estimated positions 
   
          -  not efficient to use only two markers at a time for testing 

          -  even when there is no QTL within an interval, the likelihood profile on the 
             interval can still exceed the threshold if there is a QTL nearby 

-  the position of the QTL can be inferred by a support interval 
 
-  the estimated position and effects of the QTL tend to be asymptotically 
   unbiased if there is only one segregating QTL on a chromosome 
 
- method requires fewer individuals? 
 
- take appropriate account of missing genotype data  



Multiple QTL mapping	

•  The first scan of QTL analysis usually searches for single QTLs 

•  Might have opposite effects - can you distinguish them? 

•  Might have the same effect - QTL ghosts! 



Multiple interval mapping	

  Method: 
•   Build regression models which include all QTLs (detected first by CIM) 

•   Use information content (IC) theory to evaluate alternative models 

•   Allows simultaneous detection and estimation of additive, dominance 
   & epistatic effects 

•   Uses multiple marker intervals simultaneously 

•   Aims to map multiple QTLs in a single step 



CIM or MQM �

error term (e) in the 
CIM model 
= true experimental 
error + variation at 
other loci (or genetic 
background 
segregation)   

Some of the variability between lines that share a 
common QTL genotype at QTL locus 1 is due to 
the fact that they have different genotypes at QTL 
locus 2 somewhere else in the genome. 



Permutation testing to determine 
experiment-wide signficance thresholds	

•   Multiple testing problem: how often are random QTL effects of a 
             certain magnitude detected in similar datasets? 

•   Method:      -  create a large number of ‘random empirical’ datasets 

-  take your marker data and randomly reassign the 

   phenotypes back to the marker genotypes 

-  repeat the QTL detection process 

-  record the highest LR produced for a ‘random QTL’ 

   anywhere in the map 

-  repeat the whole process > 1000 times 

top 5% of 
random 

95% of 
random -  record the magnitude of the lowest ‘random QTL’ observed 

   in the top 5% of LR results = threshold 



•  If genome sequenced:  
– Test candidate genes in interval 

QTL to gene	

•  To confirm identity: 
– Look for mutations in gene in varieties 
– Transfer gene into elite species and determine consequences 

•  If genome not sequenced:  
– Find syntenic region in sequenced genome 



•  Replication of results is often poor 

•  QTL mapping in populations can only uncover the genetic variation 
contributed by the parents (usually x 2) 

•  When isolated in inbred lines, QTLs often show strong interaction  
   effects (G x G, G x E), that are not apparent in a normal analysis 

Potential problems with QTL analysis methods	

•  Most traits show several (4-30) QTLs of 10-30cM 

•  Detected QTLs = 5-50% of the observed phenotypic variation 



Understanding detection vs. localisation	

•   Effect of linkage:  for d = 0.05, 0.1, 0.2,  
   increase in sample size (over c = 0) is 1.2, 1.6, 2.8 

•   One major problem is that most QTL studies are vastly underpowered 

•   Darvasi & Soller (1997) give an appropriate expression for the sample size 
    required for a 95% position confidence interval (CI)  
  CI = 1500/(nδ)2

•   For a QTL with d = 0.25, 0.1, and 0.05,  
    the sample sizes needed for a  
   1cM CI are 1500, 3800, and 7600... 
    but typical n = only 350! 



Power and repeatibility: the Beavis effect 	

•   QTLs with low power of detection tend to have their effects 
   overestimated, often very dramatically 

•   The Beavis effect raises the real concern that many QTL of apparent  
    large effect may be artifacts 
 
•   Under an infinitesimal model this is especially a concern since it  
   suggests that a few discrete loci account for much of the variation  

•   e.g. a QTL accounting for 0.75% of total F2 variation has 
    only a 3% chance of being detected with 100 F2 progeny  
    (markers spaced at 20 cM) 

•   But when such a QTL is detected, the average estimated  
    total variance it accounts for is 15%! 



•   ‘Environmental’ variance – minimise this or record differences as fixed effects 

•   ‘Heritability’ – proportion of total variance that is genetically determined  

In practice, the power of QTL analysis depends on:	

   
•   Number of recombinants (# individuals, # generations, RF) 

•   Marker density – rarely limiting with interval mapping 

•   Accuracy of marker genotyping 

•   Accuracy of trait data – check for systematic errors 

•   Some methods are also sensitive to the distribution of trait data  
   (i.e. consider transformation to get a more normal distribution) 





•   Uses a random sample of individuals from the population  
- applicable for human studies (see the HapMap project) 

Improving on QTL mapping: Association Mapping 	

 
•   Natural populations of a species; ecotypes 

•   All existing individuals descend from one original population ( = Most Recent 
    Common Ancestor, MRCA), that evolved through mutation & selection 

•   Since this original founding event, many crossing-overs have occurred 

•   This method uses historical recombinants: linkage disequilibrium analysis 



Improving on QTL mapping: Association Mapping 	

•   Key is the expected number of recombinants; c = recombination fraction 
                  Probability (number recombinants) in n individuals is (1-c)n 

•   LD mapping uses the ‘historical recombinants’ in a sample; t = time to 
MRCA 
                  Probability (number recombinants) = (1-c)2t 

•   Hence, if t is large, many more expected recombinants in random 
    sample and hence more power for very fine mapping (i.e. c < 0.01) 

•   Since the linkage disequilibrium region is very small, this approach has more 
   power for fine mapping (get closer to the important gene), even with small 
    sample sizes 

•   To perform association mapping with linkage disequilibrium you 
    need dense markers (normally limited to sequenced model organisms) 



Material for association mapping	

•   MAGIC lines: Multi-parent Advanced Generation Intercross 
•   Give genetic map resolution of about 300kb or 50 genes 
•   Kover et al (2009)  
~ Mackay and Powell (2006) Methods for linkage disequilibrium mapping in crops. Trends in Plant Science 12: 57-63 
~ 19 genetically diverse founders | Intercrossed for 4 generations | inbred for 6 generations = 1026 MLs 
~MLs are homozygous - replication 
 
Rafalski(2010) Association genetics in crop improvement. Current Opinion in Plant Biology 13:174-180Zhu et al 
(2008) Status and prospects of association mapping in plants. The Plant Genome 1:2-20 



•   Can have marker-trait associations in the absence of linkage 
 
•   e.g. if a marker predicts group membership, and being in that group gives 
    you a different trait value, then a marker-covariance will occur 
 
•   Since a sample population actually 
    consists of several distinct 
    subpopulations we have lumped together 
    marker alleles may provide information 
    as to which group an individual belongs 
 
=stratification (population substructure) 
 

Which? guide: association mapping rating	



Two ways to adjust for population stratification	

•  (1) Use molecular makers to 

         classify individuals into groups 

         Then run association mapping 

         within each group (structured AM) 

group 1 

group 2 

group 3 

group 4 



Two ways to adjust for population stratification	

•  (2) Use a simple regression approach,  

         adding additional markers as  

         cofactors for group membership, 

        removing the group effect 

group 1 

group 2 

group 3 

group 4 

•  Generate a Q matrix using STRUCTURE 
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