
Relationship between genotype 
d h t i t i i land phenotype is non-trivial

Simplified regulatory network of a eukaryotic cell



Most traits in nature show 
continuous variationcontinuous variation
= Quantitative traits

UCONN “living histogram”



The mean: a measure of 
central tendencycentral tendency

Mean
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The variance measures the 
dispersion of the data

Mean 

var iance  s2 
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
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
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(xi x)

standard deviation  s  s2



Normal distribution is a convenient 
t d ib t l i tiway to describe natural variation

Probability mass function

  mean
 2  var iance var iance



Many observed 
di t ib ti fdistributions of 

quantitative 
t ittraits 

approximate the 
th lthe normal 

If sample size is 
large:g

“Central limit 
theorem”theorem



Conditions leading to a normalConditions leading to a normal 
distribution:

• Underlying processes are random
• There are are many differentThere are are many different 

independent processes
• Outcomes of different processes are• Outcomes of different processes are 

additive (=they simply sum up, no 
complex interaction)complex interaction)



Galton’s quincunx
• http://www.jcu.edu/math/isep/quincunx/

quincunx.htmlq



Resemblance to a multi-hybridResemblance to a multi hybrid 
cross?

A/a;B/b X A/a;B/b

A aLOCUS 1 MOM

A a A aLOCUS 1 DAD

B B B Bbb b b
LOCUS 2 MOM

B B B Bbb b b

B b B b B b B b B b B b B b B b
LOCUS 2 DAD



Direct correspondence to a multi-p
hybrid cross with additive alleles

1 0 LOCUS 1 MOM

E.g. Red fruit color in Wheat

1 0 1 0 LOCUS 1 DAD

1 01 01 0
LOCUS 2 MOM

1 01 01 01 0 LOCUS 2 DAD

2 doses 0 doses4 doses 3 dose 1 dose



Tri-hybrid crossTri hybrid cross

Fruit color in wheat



Randomly segregating polygenes will produce normal distributions



Does this explain all observedDoes this explain all observed 
normal distributions?

• What factors determine body heightWhat factors determine body height 
in humans?



Quantitative genetics

• Describes variation
• Partitions variation into genetic and non-Partitions variation into genetic and non

genetic contributions
• Asks how many and what genes• Asks how many and what genes 

underlie a quantitative trait



A model of additive variationA model of additive variation

1 2 3 4 5 6 7 8 9
Locus

m
os

om
e

1 2 3 4 5 6 7 8 9
Mom’s + + - + + - + - +

ou
s 

ch
ro

m

Dad’s - - - + - + + - -

H
om

ol
og

o

• The phenotype is simply the sum of all +
• In this case 9• In this case 9
• How many potential phenotypes are there?



Each phenotype can have multiple underlying genotypes 
with the same number of additive doseswith the same number of additive doses

• But if mating is random we expect this distribution of phenotypes



E.g. phenotype 12E.g. phenotype 12
1 2 3 4 5 6 7 8 9

Mom’s + + + + + - + + +
Dad’s - - + + - + + - -

1 2 3 4 5 6 7 8 9
Mom’s + + - + + - + + +Mom s + + + + + + +
Dad’s - + + + - - + + -

1 2 3 4 5 6 7 8 9
Mom’s - - + + + + + + -
Dad’s - - + + + + + + -

Etc., etc…



Each mating 
b tbetween 

individuals is a 
multi-hybrid 

crosscross

Example of tri-hybrid 
crosscross



Individuals of phenotype 12 can have 
ff i ith diff t h t i loffspring with different phenotypic values

1 2 3 4 5 6 7 8 9
Mom’s + + + + + - + + +
Dad’s - - + + - + + - -

1 2 3 4 5 6 7 8 91 2 3 4 5 6 7 8 9
Mom’s + + - + + - + + +
Dad’s - + + + - - + + -

X

1 2 3 4 5 6 7 8 9
Mom’s - + - + - - + + +
Dad’s - - + + - - + + -

Phenotype 9



Select phenotype >/= 12 (i.e. only individuals that breed)

70% + alleles



The mean of the population has shifted in the next generation

9 12.579



The shift in the population proportion of + has been completely 
converted into an equivalent change of the mean

9 12.579

50% 70%
12 57/9 = 70%/50% = ca 1 412.57/9 = 70%/50% = ca. 1.4



What may be the reason for 
i l t i ?incomplete conversion?



Directional Selection is shifting 
the mean of a trait distribution

• + = favorable alleles



Quantitative genetics can describe to 
h t d t it d t l tiwhat degree a trait responds to selection  

Selecting for oil content in cornSelecting for oil content in corn



“Recreating” extinct speciesRecreating  extinct species

Aurochs (Bos primigenius)Aurochs (Bos primigenius)
Last one killed in 1627



Is theIs the 
Aurochs still 

around?



Crosses and breeding of 
domestic cattle produced thedomestic cattle produced the 

Heck cattle



Why could the phenotype ofWhy could the phenotype of 
the Aurochs be recreated?

Was the A rochs res rrected?Was the Aurochs resurrected?

How can this example inform 
d t di f t lour understanding of natural 

evolution?evolution?



Impact of the environmentImpact of the environment



Including the environment in our model

• There is an environmental error when converting 
doses into phenotype



Genotypes with different doses underlie each phenotype

A t l 61%Actual: 61% +
From phenotype: 73% +

• When selecting individuals the allele frequency will be different from what 
could be expected from the phenotypes



The selective shift is not fully realized

Selection differential



The selective shift is not fully realized

Selection differential

Selection responsel



Heritability provides information on 
the potential for artificial selection 



Using variancesUsing variances

VX Vg Veg
Total phenotypic variance = Genetic variance + Environmental variance

What fundamental assumption 
do we make about the 
relationship of genetics and 
environment?
What consequences does thisWhat consequences does this 
have for experimental design?



Heritability (broad-sense)

V V
H 2 

Vg 
VgH 

VX


V VVX Vg Ve

H it bilit i th ti f th t t l h t i iHeritability is the proportion of the total phenotypic variance 
that is explained by genetic factors. 



N tNature vs. 
Nurture:Nurture:
Heritability 

estimates derivedestimates derived 
from twin studies



Common misconceptions 
about heritabilityabout heritability

• Heritability describes the contribution of genetics toHeritability describes the contribution of genetics to 
the phenotypic VARIANCE in the POPULATION, 
not to the actual trait value of an individual

GENETICS

ENVIRONMENT



Common misconceptions 
about heritability

Varies with population compositionp p p

H 2 Vg VgH  g

VX

 g

Vg Ve
Varies with environment

X g e

• Heritability is not a constant property of a certain trait but its 
estimate varies with population composition and the 
environmentenvironment



Selection experiments in controlled 
environmentsenvironments 

Original population

Selected parents x x

Offspring

??



S l tiSelection 
experiments in 

controlled 
environments e o e ts

• Alternative: environment 
alone causes variation



Selection experiments can 
estimate narrow-sense 

heritability (h2)
• Selection differential = difference 

b t l ti d thbetween population mean and the 
mean of the selected parents in a 
selection experiment

• Selection response = difference 
between the mean of the originalbetween the mean of the original 
population and the mean of the 
offspring of the selected parents

selection response  h2  selection differential
selection responseh2 
selection response

selection differential

What does h2 describe?



How can we interpret narrow-sense 
heritability? 

ddh2 
additive_ genetic _ var iance
total_ phenotypic _ var iance

additive genetic var


additive_ genetic _ var
additive_ gen _ var dominance _ var environmental_ var iance

Va a

Va Vd Ve

• h2 = proportion of of the complete phenotypic variance that is 
due to additive genetic variance (selectable variance)

• Vg has been split upg p p



Genetic Interactions: 
D i d E i t iDominance and Epistasis

• D = Dominace alleles at same locusD  Dominace, alleles at same locus
• Epsilon=Epistatsis, between alleles at 

different loci



Dominance varianceDominance variance

B1/B2 has the same phenotype asB1/B2 has the same phenotype as 
B2/B2.
But crossing B1/B2 X B1/B2 will also 
produce B1/B1 offspring. The p p g
offspring population will have fewer 
flowers than the parental population.



Epistatic interactionsEpistatic interactions
• Beware: Epistasis in evolutionary biology implies any kind of 

non-additive interaction…not only genes in pathways

Additive interaction Pairs of mutations in Drosophila have epistatic effects





What if we cannot make 
controlled crosses?



We can also describe co-variation 
between different traitsbetween different traits

Yellow-bellied toad



… and co-variation in the same 
trait in different generationstrait in different generations 



Estimating heritabilityg y

Slope = heritability



How are parent offspring-regression and selection experiments related?
Why does h2 equal the slop of a parent-offspring regression? 



Narrow sense heritability

• Proportion of phenotypic variance 
explained by additive genetic variationp y g
– Causes offspring to resemble parents

h2 = VA / VP = VA / VA + VD + VI + VEh  VA / VP  VA / VA  VD  VI  VE

Additive Epistasis

Dominance

p



Violating the assumptions: environmentViolating the assumptions: environment 
covaries with family
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Midparent
(mom+dad/2)

M (

Environmental gradient
(environment differs between families)



Familiality: Related individuals have 
i il h tsimilar phenotypes

Does familiality equal heritability?Does familiality equal heritability? 



Key Concepts

• When components of variation are 
additive, genetic and environmental 

i t t t l h t i ivariance sum to total phenotypic variance
• Heritability is the proportion of phenotypic 

variance due to genetic differencesvariance due to genetic differences
• Broad sense heritability includes:

Additive effects– Additive effects
– Dominance effects
– Epistatic effectsEpistatic effects
– Maternal/Paternal environmental effects



Modes of selectionModes of selection



Modes ofModes of 
selection



Cumulative effects of directionalCumulative effects of directional 
selection can be large



Disruptive selection



Evolutionary response toEvolutionary response to 
selection

• How much the population changes 
depends on:p
– Selection differential (S)
– HeritabilityHeritability



Fisher’s fundamental theorem

W  varA (W ) /W
• The change in mean fitness of a population is due to the 

additive genetic variance in fitness divided by the current 
average fitnessaverage fitness

• The higher the variance in fitness due to heritable additive 
factors the greater the effect of natural selection



Quantitative trait locus 
(QTL)analysis links traits with 

genesgenes



QTL analysis of coat color in micey



QTL analysis of coat color inQTL analysis of coat color in 
mice



Much of variation in coat color 
explained by differences in two 

genesg

Corin also explains a small amount of variationCorin also explains a small amount of variation



Expression of Agouti during 
development influences coat 

colorcolor



Genetic manipulation of darkGenetic manipulation of dark 
mice makes them lighter 



QTL analysis of traits in Mimulus



Key Concepts

• QTL analysis identifies regions of the 
genome associated with phenotypic g p yp
variation



Environmental influences onEnvironmental influences on 
quantitative traits

VP =  VG +  VEP G  E

Total phenotypic Variance due to Variance due toTotal phenotypic 
variance in 
population

Variance due to 
genetic 
differences

Variance due to 
environmental 
differencesp p



Phenotypic plasticityyp p y

A i l t d diff t• A single genotype produces different 
phenotypes depending on the environment



Reaction normReaction norm



All genotypes may not respond toAll genotypes may not respond to 
the environment in the same way

Genotype x yp
environment 
interaction



Phenotypic plasticity inPhenotypic plasticity in 
Caenorhabditis elegans



Plasticity can evolve



Rapid change can lead to mismatch 
between plastic traits and 

environment


