
Lecture 4
Quantitative traits and

Mapping, Mapping, Mapping!!!



Quantitative Traits

…traits that show a continuous variation in 
phenotype over a range,

…often result from multiple genes and are 
further termed polygenic traits.





Brassica oleracea
All these foods are the same species



Discontinuous Traits

• Discontinuous Traits,
– exhibit only a few distinct phenotypes and can be 

described in a qualitative manner,

• Mendel and others worked with “inbred” lines,
Father:  DD BB cc aa EE FF GG

Mother:  dd BB cc aa EE FF GG 



A Continuous Trait with a major 
component. Dog breed size

• “Outbred” transmission,

Father:  dd BB CC AA EE FF GG 
Mother:  DD bb CC aa EE ff gg

• Continuous Traits,

– Display a spectrum of phenotypes, and must be 
described in quantitative terms,

https://doi.org/10.1016/j.cub.2021.12.036
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F3 #1: Cross Two Individuals With 10 Cm Ears.

F3 #2: Cross Two Individuals With 17 Cm Ears.



Polygenic Traits and Mendel 

• It is possible to provide a Mendelian explanation for 
continuous variation by considering numbers of genes 
contributing to a phenotype,

– the more genes, the more phenotypic categories, 

– the more categories, the more the variation seems continuous.





Melanin Pigmentation in twins



0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

10 cm 14 cm 18 cm 22 cm 26 cm 30 cm 34 cm

Height

P
r
o

p
o

r
ti

o
n

 o
f 

th
e
 p

o
p

u
la

ti
o

n

3 Genes



0

0.05

0.1

0.15

0.2

0.25

1
0
 c
m

1
2
 c
m

1
4
 c
m

1
6
 c
m

1
8
 c
m

2
0
 c
m

2
2
 c
m

2
4
 c
m

2
6
 c
m

2
8
 c
m

3
0
 c
m

3
2
 c
m

3
4
 c
m

Height

P
r
o

p
o

r
ti

o
n

 o
f 

th
e
 P

o
p

u
la

ti
o

n

6 Genes



Continuous Variation
• Two or more genes that influence the same phenotype, often in an 

additive way,

– additive allele: contributes a set amount to the phenotype,
– non-additive allele: does not contribute to the phenotype.

• The affect of each allele on the phenotype is relatively small, and 
roughly equivalent,

• Substantial variation is observed when multiple genes control a single 
trait,

• Must be studied in large populations. 



Calculating the Number of Genes

• If you know the frequency of either extreme 
trait, then the number of genes (n) can be 
calculated using the formulae…

   1
   4n

=  ratio of F2 individuals expressing
    either extreme phenotype.



1/4 show either 
extreme trait. 

1   
4n

= 1   
41

n = 1

1   
4n

=

n = 2

1   
42

1   
16

=

The number of genes: n = 2

1/16 show either
Extreme trait.

The number of genes: n = 1



• Inbred strain #1, mean height = 24 cm,
• Inbred strain #2, mean height = 24 cm,
• F1 mean height = 24 cm,
• F2, 12 - 36 cm range, mean = 24 cm,

– 4/1000 are 12 cm, smallest class
– 4/1000 are 36 cm, largest class

a. What mode of inheritance?
b. How many gene pairs?

Quantitative.

1/4n = 1/250, n = 4

4/1000 = 1/250 are the extreme class,

solve  1/4n = ratio of extreme class

42 = 16,   43 = 64,   44 = 256, etc. 



• Inbred strain #1, mean height = 24 cm,
• Inbred strain #2, mean height = 24 cm,
• F1 mean height = 24 cm,
• F2, 12 - 36 cm range, mean = 24 cm,

– 4/1000 are 12 cm, smallest class
– 4/1000 are 36 cm, largest class

c. How much does each allele contribute?

range:  largest (36 cm) - smallest (12 cm) = 24 cm 

alleles:  4 genes, 8 potential additive alleles

24 cm   /   8 additive alleles  =  3 cm  / additive allelle 



• Inbred strain #1, mean height = 24 cm,
• Inbred strain #2, mean height = 24 cm,
• F1 mean height = 24 cm,
• F2, 12 - 36 cm range, mean = 24 cm,

– 4/1000 are 12 cm, smallest class
– 4/1000 are 36 cm, largest class

d. Indicate one possible set of P1, F1.

P1     AABBccdd   x   aabbCCDD 

F1     AaBbCcDd   x   AaBbCcDd 

Base Height is 12 cm, so each P1, F1 has 4 additive alleles. 













https://doi.org/10.1016/j.cell.2019.10.033



Independent assortment



Independent assortment Linkage





Recombination happens at the 4-strand stage

ascus containing four haploid ascospores (meiotic products)



Measuring distance between genes.
• Alfred Sturtevant, an 

undergraduate in Morgan’s 
lab proposed that the % 
recombinants could be used 
to measure distance between 
genes.

• Using this approach he 
constructed first genetic 
map.



Wild type
white-

The gene white makes 
a red pigment.

white+

m (Miniature wings)



parental recombinant

BUT, the ratio is not 1:1:1:1

w   m
w+ m+



Sturtevant proposed:

• Alleles that lie on the same chromosome tend to 
remain together during meiosis.

• Chiasmata (sites of attachment between 
homologs) were sites of reciprocal exchange 
between homologs, a process that he referred to 
as crossing over.

• Crossing over produced recombinant gametes.
• The closer two genes are, the less likely crossing 

over will occur between then and fewer 
recombinants will be produced.



A C

In this example, there is a 4/10 chance of 
recombination.

A B

In this example, there is a 2/10 chance of 
recombination.

a b

a c



w m /+ +  X  w m / Y 

770    red eyes, normal wings (++)
716    white eyes, miniature wings (wm)
401    red eyes, miniature wings (+ m)
318    white eyes, normal wings (w +)

white (w) and miniature (m) mapping

} P
} R

Rf = 401 + 318/ 2205 = 0.326; 32.6% recombination;
32.6 map units (mu); 32.6 centiMorgans (cM)

++
wm



w y /+ +  X  w y / Y 

1159    red eyes, brown body (++)
1017    white eyes, yellow body (wy)
12        red eyes, yellow body (+ y)

17        white eyes, brown body (w +)

white (w) and yellow (y) mapping

} P
} R

Rf = 12 + 17 / 2205 = 0.013 or 1.3 mu



y m /+ +  X  y m / Y 

759    brown body, normal wings (++)
700    yellow body, miniature wings (ym)
417    brown body, miniature wings (+ m)
329    yellow body, normal wings (y +)

yellow (y) and miniature (m) mapping

} P
} R

Rf = 417 + 329 / 2205 = 0.338 or 33.8 mu



Genetic map
y - w  1.3 mu
w - m 32.6 mu
y - m  33.8 mu

y  w                                        m

1.3
32.6

33.8

Results are consistent with the gene order: y w m







= vg-b = 17.7 m. u.252 + 241 + 131 + 118 
4197

X 100
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These double crossovers can be identified if there are markers (alleles of genes)
in the middle (in this case pr, pr+) whose recombination can be followed.  

Double crossovers between two markers can result in parental genotypes
for flanking markers, leading to an underestimate of the recombination distance. 

pr+
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A F a f

a f

Parental

Recombinant 50%

Genes far away on a chromosome act as if they are unlinked

1/4

A F
X

F1

F2

A F

a f
X

a f

a f

P

A F

a f

A

a

f

f

a f

a f

a

a

F

f

1/4

1/4

1/4

The largest map distance that can be measured between 2 genes
is 50 map units

A B C D E F

a b c d e f

20 20 20 20 20



One or more crossovers
looks, on average, like

50% recombination.



Interference

b--pr = 0.064
vg--pr = 0.123 0.123 X .064 = .0079 = .79% Expected

Observed13 + 9
4197 = 0.52%

If the probability of one recombinant in a given interval (vg--b) is p then the
probability of two such events is p X p. But this is not always the case.

The occurrence of one crossover reduces the likelihood of a second crossover
= interference

coefficient of coincidence = Frequency of observed doubles
Frequency of expected doubles

=
0.52
0.79

= 0.66

Interference = 1 - coefficient of coinc.

I = 0 = crossovers do not interfere with each other
I = 1 = There are no double crossovers



When interference is low we need some method for correcting 
for the presence of multiple crossovers in order to generate an 

accurate genetic map

Bottom line: best to measure distances over a series of small
distances rather than over one large distance



Map units/physical distance depends on the nature of the 
chromatin involved



lzg+

lzBS +

ct v Y
16 thousand progeny lz

lz

134 males and females lz+ = 8 X 10 -3 Reversion rate = 10 -6

+ +
X

+ lzg+ v

ct + + +
Yvlzg+

ct + + +

Only a few of the reciprocal recombinants (5) lzg vlzBS+

YThey are semilethal.

+

Therefore, recombination can also occur within a gene

The unit of recombination is the basepair



Chi-Square Test

• A fundamental problem is genetics is determining 
whether the experimentally determined data fits the 
results expected from theory (i.e. Mendel’s laws as 
expressed in the Punnett square).  

• How can you tell if an observed set of offspring counts 
is legitimately the result of a given underlying simple 
ratio?  For example, you do a cross and see 290 purple 
flowers and 110 white flowers in the offspring.  This is 
pretty close to a 3/4 : 1/4 ratio, but how do you 
formally define "pretty close"?  What about 250:150? 



Goodness  of Fit

• Mendel had no way of solving this problem.  Shortly after the 
rediscovery of his work in 1900, Karl Pearson and R.A. Fisher 
developed the “chi-square” test for this purpose.

• The chi-square test is a “goodness of fit” test: it answers the 
question of how well do experimental data fit expectations.

• We start with a theory for how the offspring will be distributed: 
the “null hypothesis”.  We will discuss the offspring of a self-
pollination of a heterozygote.  The null hypothesis is that the 
offspring will appear in a ratio of 3/4 dominant to 1/4 recessive.



Formula• First determine the number of 
each phenotype that have been 
observed and how many would be 
expected given basic genetic 
theory.

• Then calculate the chi-square 
statistic using this formula.  

• The “Χ” is the Greek letter chi; 
the “∑” is a sigma; it means to 
sum the following terms for all 
phenotypes.  “obs” is the number 
of individuals of the given 
phenotype observed; “exp” is the 
number of that phenotype 
expected from the null hypothesis.

• Note that you must use the 
number of individuals, the counts, 
and NOT proportions, ratios, or 
frequencies.

∑
−

=Χ
exp
exp)( 2

2 obs



Example
• As an example, you count F2 offspring, and get  290 purple and 110 

white flowers.  This is a total of 400 (290 + 110) offspring.

• We expect a 3/4 : 1/4 ratio.  We need to calculate the expected numbers 
(you MUST use the numbers of offspring, NOT the proportion!!!); this 
is done by multiplying the total offspring by the expected proportions.  
This we expect 400 * 3/4 = 300 purple, and 400 * 1/4 = 100 white. 

• Thus, for purple, obs = 290 and exp = 300.  For white, obs = 110 and 
exp = 100.

• Now it's just a matter of plugging into the formula:  
         C2 = (290 - 300)2 / 300 + (110 - 100)2 / 100 
              =  (-10)2 / 300 + (10)2 / 100 
              =  100 / 300 + 100 / 100 
              = 0.333 + 1.000 
              = 1.333.  
 
• This is our chi-square value: now we need to see what it means and 

how to use it.



Chi-Square Distribution
• Although the chi-square 

distribution can be derived 
through math theory, we can 
also get it experimentally: 

• Let's say we do the same 
experiment 1000 times, do the 
same self-pollination of a Pp 
heterozygote, which should give 
the 3/4 : 1/4 ratio.  For each 
experiment we calculate the chi-
square value, them plot them all 
on a graph.

• The x-axis is the chi-square 
value calculated from the 
formula. The y-axis is the 
number of individual 
experiments that got that chi-
square value.



Chi-Square Distribution, p. 2
• You see that there is a range 

here:   if the results were perfect 
you get a chi-square value of  0 
(because obs = exp).  This rarely 
happens: most experiments give 
a small chi-square value (the 
hump in the graph).  

• Note that all the values are 
greater than 0:  that's because 
we squared the (obs - exp) term: 
squaring always gives a non-
negative number.  

• Sometimes you get really wild 
results, with obs very different 
from exp: the long tail on the 
graph.  Really odd things 
occasionally do happen by 
chance alone (for instance, you 
might win the lottery). 



The Critical Question
• how do you tell a really odd but correct result from a WRONG result?  

The graph is what happens with real experiments: most of the time the 
results fit expectations pretty well, but occasionally very skewed 
distributions of data occur even though you performed the experiment 
correctly, based on the correct theory.

• The simple answer is: you can never tell for certain that a given result 
is “wrong”, that the result you got was completely impossible based on 
the theory you used.  All we can do is determine whether a given result 
is likely or unlikely.  

• Key point: There are 2 ways of getting a high chi-square value: an 
unusual result from the correct theory, or a result from the wrong 
theory.  These are indistinguishable; because of this fact, statistics is 
never able to discriminate between true and false with 100% certainty. 

• Using the example here, how can you tell if your 290: 110 offspring 
ratio really fits a 3/4 : 1/4 ratio (as expected from selfing a 
heterozygote) or whether it was the result of a mistake or accident-- a 
1/2 : 1/2 ratio from a backcross for example?  You can’t be certain, 
but you can at least determine whether your result is reasonable.



Reasonable
• What is a “reasonable” result is subjective and arbitrary.

• For most work (and for the purposes of this class), a result is said to 
not differ significantly from expectations if it could happen at least 1 
time in 20.  That is, if the difference between the observed results and 
the expected results is small enough that it would be seen at least 1 
time in 20 over thousands of experiments, we “fail to reject” the null 
hypothesis.

• For technical reasons, we use “fail to reject” instead of “accept”.

• “1 time in 20” can be written as a probability value p = 0.05, because 
1/20 = 0.05.

• Another way of putting this.  If your experimental results are worse 
than 95% of all similar results, they get rejected because you may have 
used an incorrect null hypothesis.



Degrees of Freedom
• A critical factor in using the chi-square test is 

the “degrees of freedom”, which is essentially 
the number of independent random variables 
involved.

• Degrees of freedom is simply the number of 
classes of offspring minus 1.  

• For our example, there are 2 classes of 
offspring: purple and white.  Thus, degrees of 
freedom (d.f.) = 2 -1 = 1.



Critical Chi-Square
• Critical values for chi-square are found on tables, 

sorted by degrees of freedom and probability levels.  
Be sure to use p = 0.05.

• If your calculated chi-square value is greater than the 
critical value from the table, you “reject the null 
hypothesis”.

• If your chi-square value is less than the critical value, 
you “fail to reject” the null hypothesis (that is, you 
accept that your genetic theory about the expected 
ratio is correct). 



Chi-Square Table









Null hypothesis: the genes are unlinked





Another Example: from Mendel
phenotype observed expected 

proportion
expected 
number

round 
yellow

315 9/16 312.75

round 
green

101 3/16 104.25

wrinkled 
yellow

108 3/16 104.25

wrinkled 
green

32 1/16 34.75

total 556 1 556



Finding the Expected Numbers
• You are given the observed numbers, and you determine 

the expected proportions from a Punnett square.
• To get the expected numbers of offspring, first add up the 

observed offspring to get the total number of offspring.  In 
this case, 315 + 101 + 108 + 32 = 556.

• Then multiply total offspring by the expected proportion:  
       --expected round yellow = 9/16 * 556 = 312.75
       --expected round green = 3/16 * 556 = 104.25
       --expected wrinkled yellow = 3/16 * 556 = 104.25
       --expected wrinkled green = 1/16 * 556 = 34.75
• Note that these add up to 556, the observed total offspring.



Calculating the Chi-Square Value

• Use the formula.
• X2 = (315 - 312.75)2 / 312.75  
       +  (101 - 104.25)2 / 104.25  
       +  (108 - 104.25)2 / 104.25
       + (32 - 34.75)2 / 34.75  
     
     =  0.016 + 0.101 + 0.135 + 0.218 
     = 0.470.

∑
−

=Χ
exp
exp)( 2

2 obs



D.F. and Critical Value
• Degrees of freedom is 1 less than the number of 

classes of offspring.  Here, 4 - 1 = 3 d.f.
• For 3 d.f. and p = 0.05, the critical chi-square 

value is 7.815.
• Since the observed chi-square (0.470) is less than 

the critical value, we fail to reject the null 
hypothesis.  We accept Mendel’s conclusion that 
the observed results for a 9/16 : 3/16 : 3/16 : 1/16 
ratio.

• It should be mentioned that all of Mendel’s 
numbers are unreasonably accurate.



Chi-Square Table



Chi-Square Distribution, p. 2
• You see that there is a range 

here:   if the results were perfect 
you get a chi-square value of  0 
(because obs = exp).  This rarely 
happens: most experiments give 
a small chi-square value (the 
hump in the graph).  

• Note that all the values are 
greater than 0:  that's because 
we squared the (obs - exp) term: 
squaring always gives a non-
negative number.  

• Sometimes you get really wild 
results, with obs very different 
from exp: the long tail on the 
graph.  Really odd things 
occasionally do happen by 
chance alone (for instance, you 
might win the lottery). 



Which is the right gene??











Cut genomic DNA

Create library of genomic DNA
Insertions in plasmid vector

Transform into wild type yeast

Which plasmid results in a mutant
phenotype









Chromosomes are mosaics of ancestral chromosomes


