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Independent Assortment and Linkage1 
 

Campbell, Chapter 15 
 

 
Mendel's "law " of independent assortment 
 After following the inheritance of one phenotypic trait through two 
generations and developing the law of segregation, Mendel then examined the 
inheritance of two or more phenotypic traits.  His methodology was the same as 
that described before and his results led to the following conclusion:  members 
of different pairs of factors segregate (separate) independently of one 
another when gametes are formed.  This conclusion is known as the Law of 
Independent Assortment. 
 To illustrate this law we will follow the phenotypic expression of two traits 
simultaneously.  They are: 
Seed shape -- round (R) or wrinkled r 
Seed color  -- yellow (Y) or green (y).   
 
For the parental generation, Mendel chose a pure-bred plant with both dominant 
traits and crossed it with a pure bred plant with both recessive traits. He then 
crossed the F1 among themselves. The result of this cross is shown below: 
 

 
P   

generation 

 
phenotypes of true breeding strains: 

 
 round, yellow     x     wrinkled, green 

 
genotypes   --  RRYY    X    rryy 

 
F1  

generation
: 

 
 

all round and yellow (RrYy)  X self 

 
F2 

generation 

 
9 round and yellow          (R_Y_) 
3 round and green           (R_yy) 

                     3 wrinkled and yellow      (rrY_) 
                     1 wrinkled and green         (rryy) 

 
Notice that for each separate trait, the ratios of dominant to recessive in the F2 
are 3:1 
Thus, total round phenotypes = 9 + 3 = 12 and 
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Total wrinkled individuals is 3 + 1 = 4 wrinkled  
For a 3:1 ratio.  The same result is obtained for seed color for color). 
 
Mendel's Explanation:  When a plant produces gametes, each gamete receives 
one factor (one gene) controlling each trait.  Thus: 

• The pure line parental generation plant with round and yellow seeds can 
only produce one type of gamete (RY), and 

• The pure line parent with wrinkled and green seeds can only produce (ry) 
gametes.   

 
The offspring of this parental generation cross must all be heterozygous for both 
traits (RrYy = genotype). They are called dihybrids.   
 
According to the law of independent assortment, however, these dihybrids can 
produce four different types of gametes in equal numbers.  If the pairs of 
factors segregate independently of one another, R could find itself in a gamete 
with either Y or y to produce two of the four different gametes, i. e., RY and Ry.  
Likewise, r could find itself in the same gamete with either Y or y to yield the 
other two gamete types, rY and ry.   
 
Assume that these loci are on different chromosomes.  What meiotic event 
creates these various combinations of alleles? 
 
Now, given large numbers of gametes, and if the fusion of gametes occurs at 
random, then the chance that any particular type of gamete (e.g., RY) will come 
together with any other type is exactly equal to the product of the frequency of 
each type.   
As we saw in the lat class, this cross can be illustrated by a Punnett Square. 
 
 MALE GAMETES 
 
  RY Ry rY ry 
 
 RY RRYY RRYy RrYY RrYy 
  round round round round 
  yellow yellow yellow yellow 
 
    FEMALE     Ry  RRYy RRyy RrYy Rryy 
  round round round round 
  yellow green yellow green 
 
    GAMETES    rY RrYY RrYy rrYY rrYy 
  round round wrinkled wrinkled 
  yellow yellow yellow yellow 
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 ry RrYy Rryy rrYy rryy 
  round round wrinkled wrinkled 
  yellow green yellow green 
 
If we go through the square, we notice 4 phenotypes (R_Y_, rrY_, R_yy, and 
rryy).  If we count up the number of examples of each we obtain the familiar 
9:3:3:1 ratio. 
 
The 9:3:3:1 ratio is a statistical expectation based on a large number of 
offspring produced by a dihybrid cross, i. e., a cross between individuals which 
are heterozygous for two different traits.  
 
Go to the Punnett square above and find the genotypes (there are nine of them) 
that yield these four phenotypes.  
 
Calculation of probabilities of each type of offspring without using a 
Punnett Square:  As mentioned in the last set of notes, Punnett squares are a 
useful learning tool, much like training wheels on bicycles. However, they are 
limited, they slow you down, and they can become cumbersome.   

For instance, imagine using a Punnett square to solve a tetrahybrid 
cross between two individuals with the genotype AaBbCcDd. Each individual can 
make a total of 16 different types of gametes with respect to these loci.  A 
Punnett square would be 16 rows X 16 columns and would contain 256 cells!  
Obviously this is not the way to go.  
 Now, if you learned your lessons well from the last set of notes, you know 
how to calculate the probability of each phenotype or genotype for a given 
monohybrid cross.  For example, if A is dominant over a, you should immediately 
be able to tell the results and probabilities for each result of the following crosses: 
 
AA  * aa  
Aa * aa 
Aa * Aa 
(and of course AA * AA and aa * aa) 
 
If you can't answer these, go back and learn how to do so.  We will spend no 
further class time on this and it will be assumed that you know these crosses. 
 
Let's apply our knowledge of the outcomes of various crosses to the experiment 
Mendel did (page 1 of these notes).  Let's consider his F1 cross: round yellow 
(R_Y_ or simply RY) times round yellow.   Now, we have stated that the seed 
shape and seed color loci assort independently. You also know that F1 
individuals are heterozygous at both loci (since their parents were true breeding 
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and of different phenotypes with respect to both traits).  So, you should realize 
that from this cross: 
• The chance of a dominant phenotype at either locus is 3/4 
• The chance of a homozygous dominant genotype at either locus is 1/4 
• The chance of a heterozygote at either locus is 1/2 
• The chance of the homozygous recessive genotype and phenotype at either 

locus is 1/4. 
 
Before going any further, do the same for a testcross of F1 to the homozygous 
recessive parent (the definition of a testcross -- be sure you know this) 
 
Ans. (in same order as above):  0.5, 0, 0.5, 0.5 
 
Now, let's consider two loci at the same time.  Again, remember that we are 
working with loci that are not linked together -- in other words, loci that are 
either on different sets of homologous chromosomes or are a long ways 
apart on the same chromosome. In either of these cases, the loci will appear to 
assort and recombine independently of each other.  If that is the case, we know 
that the probability of two or more events occurring simultaneously with each 
other is the product of their individual probabilities.  
 Let's see if we can generate the same results we got from our Punnett 
square: 
 
Let's find the chance of getting a R_Y_ (dominant phenotype at both loci) given 
the dihybrid cross: 
 
Chance of getting R_ from a R_ X R_ cross = 3/4 
Chance of getting Y_ from a Y_ X Y_ cross = 3/4 
 
Chance of getting R_Y_ from a R_Y_  X  R_Y_  cross = or 3/4 * or 3/4 = 9/16 
 
Using this same technique, find the chance of each of the other three phenotypes 
from this dihybrid cross.  
 
Problems:   
 
DO NOT USE A PUNNETT SQUARE 
 
1. For the RrYy dihybrid cross, what is the chance of each of the following 
genotypes: 
 
RRYY, RRYy, RRyy – (go to the Punnett square on page 2 of these notes when 
finished and check your answers). 
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2. If you test cross the R_Y_ F1 that results from a cross of true breeding RY 
and ry lines, what is the chance of each of the following phenotypes: 
 
R_Y_; rryy, R_yy, rryy, rrY_, RRY_ 
 
3. Now for the big kahuna. Suppose that you cross two pure breeding strains of 
the following phenotypes: 
 
A_B_C_D_E_F_  * aabbccddeeff 
 
(a) What is (are) the phenotype(s) of the F1?  
(b) In a reciprocal cross of the F1 individuals, what are the chances of the 
following? 
A_B_C_D_E_F_, aabbccddeeff, A_bbccD_eeff? 
 
(c) What is the chance of the genotype AABBCCDDeeFf (from the same cross as 
in (b)? 
Ans:  (1) 1/16 (i.e.,1/4*1/4), 2/16 (i.e., 1/4*1/2),  1/16 (i.e.,1/4*1/4).  (2) all are1/2*1/2 except the 
last which is 0.  (3)(a) ABCDEF (b) (3/4)6, (1/4)6, 3/4*1/4*1/4*3/4*1/4*1/4. (c) 
1/4*1/4*1/4*1/4*1/4*1/2 
 
Linked vs. Unlinked Genes 
Mendel's explanation of heredity was indeed remarkable since it was based 
solely on interpretation of breeding experiments land it was done long before the 
dynamics of cell division were discovered.  During the early part of the 20th 
century, the processes of mitosis and meiosis were discovered by microscopic 
examination of cells.  Cytologists also found that genes, or Mendel's hereditary 
factors, were not free-floating particles but rather were located on 
chromosomes in the nucleus. 
 The model used by classical geneticists viewed the chromosome as a 
string of beads with each bead representing a Mendelian gene.  Mendelian 
genes differ because they influence different aspects of the phenotype.  There 
are two classes of Mendelian genes:   
• Those found closely together on the same chromosome are called linked 

genes and  
• Those found on different chromosomes are called unlinked genes.   
 
Linked genes occupy different positions (called loci) on the same chromosome in 
addition to controlling different aspects of the phenotype. Study the diagram 
below. 
 
 Chromosome 1. OOOOOOOOOOOOOOOOOOOOOOO 
    A       B 
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 Chromosome 2. OOOOOOOOOOOOOOOOOO 
      X           Y 
 
 Each O represents a locus on each chromosome that appears as a string 
of loci.  Genes A and B are linked together on Chromosome 1, while genes X and 
Y are linked on Chromosome 2.  Genes A and C, B and D, C and B, and A and D 
are all unlinked because they are located on different chromosomes.   
 
In the case above, chromosomes 1 and 2 are obviously not be members of a 
homologous pair of chromosomes – one is larger than the other.  
Let's say that two chromosomes are members of a homologous pair and that one 
contains alleles A and B and the other contains the same loci but alleles a and b.   
Are A and b linked?  The answer is no.  
On the other hand, are loci A and B linked? The answer is yes.  
Thus, when speaking about loci, the same loci are linked on different 
chromosomes that make up a homologous pair but when speaking about alleles, 
they are linked if on the same chromosome. 
 
This distinction between linked and unlinked genes is important because the 
chromosome theory of inheritance states that chromosomes (actually 
parts of them as we will see) and not individual genes follow Mendel's law 
of segregation.  So that you will appreciate this fact and understand the 
mechanistic basis for Mendel's two laws, we will examine the cellular basis of 
gamete formation (meiosis).  To assist your understanding of the details of 
meiosis, I will contrast this form of cell division with another (mitosis). 
 
Gametic Variation and Linked Genes 
 According to the chromosome theory of inheritance, genes are 
located on chromosomes and it is the chromosomes and not the genes 
that segregate during meiosis.  Unlinked genes can segregate independently 
of one another because they are located on nonhomologous chromosomes, but 
linked genes cannot because they reside on the same chromosome and are 
inherited as a unit.  Hence, linkage reduces gametic variability.  Had Mendel 
chosen two phenotypic traits controlled by two tightly linked loci for his dihybrid 
cross, his results would have been quite different.  With linked loci he would have 
obtained only two different gametes rather than the four described in the Punnett 
Square illustrated in our discussion of the law of independent assortment.  
Consider the following. 
 Assume that two loci, A and B, are linked. Let's consider the parents. 
Therefore their genotypes and gametes will be the following (go to the next 
page): 
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Now, so far there is no difference as compared to a situation where the loci were 
independently assorting.  Notice that the gametes of one parent has the 
genotype AB and the other ab.  Furthermore, notice that all the offspring of a 
reciprocal cross will have the genotype AaBb and the phenotype AB.  
 Now, recall that if we testcross F1 AaBb individuals and if the A and B 
loci are independent, then we expect a 1:1:1:1 ratio of phenotypes (AB, Ab, aB, 
ab).  But what happens if they are linked as shown above.  Let's consider two 
scenarios: 
Scenario #1 – NO CROSSOVERS between the loci. As we have learned in 
class, in some species (e.g., male Drosophila) there is no crossing over. 
Moreover, we also learned that crossovers are very rare if two loci are very close 
together -- the likelihood increases with distance. So, what will happen in this 
case?  Follow the diagram below: 
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Thus, the gametes AB and ab will be the only types produced and they will be 
produced in equal numbers.  What will be the result of testcrossing these F1 
individuals? Clearly, there will be only two genotypes and phenotypes instead of 
four: AaBb and aabb in a ratio of 1:1.   
 
If you have any trouble with this, try drawing it out.  
 
This is very different from the four phenotypes at a 1:1:1:1ratio that we would 
have expected if the genes were not linked (independent).  Thus, when loci are 
totally linked, they behave like they are one big gene (albeit it with two very 
different effects in this case) and their inheritance can be followed the same 
general way. 
 
Scenario #2: Linked loci but with crossing over.  This time, the loci are once 
again on the same chromosome but are located far enough apart that crossovers 
occur. Thus, when crossovers occur the following happens: 
 

F1 A
B

a
b

F2 Gametes

A
B

a
b

non-recombinants
(1:1)

knp

A
b

a
B

recombinants
(1:1)  

 
First, notice what NON-RECOMBINANT types are. They are chromosomes that 
are identical to those of their parents. Notice that they will be equal to each other.   
 
Next look at the RECOMBINANT types. They are the result of a crossover 
between locus A and locus B.  Whenever such a crossover occurs between two 
chromosomes with different alleles, the results will be detectable by creating new 
combinations such as Ab and aB instead of AB and ab (non-recombinants). 
Notice that whenever recombinant types appear that they will appear in equal 
numbers to each other (one Ab to each aB).  
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Now, what happens if we test cross in this case? We will get four phenotypes 
and genotypes but they will not occur at the 1:1:1:1 ratio that occurs in 
independent assortment.   Instead, we will get equal numbers of AaBb (AB) and 
aabb (ab) and usually much fewer numbers of Aabb (Ab) and aaBb (aB) 
individuals -- but aB and Ab will occur in equal frequency with respect to each 
other.   
The AB and ab F2 individuals are referred to as non-recombinants since they 
came from gametes where no crossing over had occurred between the A and B 
loci.  Likewise, the Ab and aB individuals are referred to as recombinants since 
they came from gametes derived from crossover events.  
 
Furthermore notice that in terms of frequencies:  AB = ab > aB = Ab 
 
or put things more broadly: 
 
freq. of non-recombinant types > freq. of recombinant types 
 
Why did we not consider the possibility of crossovers in the other parent involved 
in these crosses?  Hint: these were testcrosses -- what was the genotype of the 
other parent? 
 
Crossover Frequency and Genetic Maps:  How frequently recombination 
occurs to produce these combinations depends upon how far apart the two loci 
are on the same chromosome.  Breaks during synapsis occur at random, 
hence, the farther apart two loci are, the greater the probability that they will 
recombine.  So, we can get some idea of how far loci are apart on a chromosome 
based on the frequency of crossovers that involve these loci.  
 
Note that crossovers do not occur in the same place each time.  But crossovers 
that occur anywhere between two loci can result in recombinations.  
 
The crossover frequency is the rate at which crossovers occur. It is calculated as: 
 

� 

Crossover Frequency =  recombinant individuals
total  

 
So, to calculate recombinants, the crucial piece of data is being able to identify 
the recombinant types.   
 Consider the following example. Suppose that two pure breeding lines with 
respect to the Y and Z loci (where there is simple dominance) are crossed to give 
an F1 where all individuals (of course) have the phenotype YZ.  These are then 
testcrossed with the following results: 
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YZ = 99 
Yz = 43 
yZ = 50 
yz = 89 
 
Notice that from the crosses outlined above we expect that YZ and yz are non-
crossover types. In fact, they are close to equal to each other and they are more 
common than the other two types. Notice that we also expect that Yz and yZ will 
be crossover types in this experiment and in fact they are also nearly equal to 
each other and as expected are less common than the non-crossover types.   

Let's find the frequency of crossovers.  There are a total of 281 offspring in 
the F2 and 93 (43 Yz and 50 yZ) are crossover types.  Thus, the crossover 
frequency is 93/281 = 0.33.  In other words, one in three offspring is a result of a 
crossover; put another way, one in three homologous pairs of chromosomes 
crosses between these two alleles over in meiosis 1 
 Now, try this one. This concerns loci K and L that we know from other 
techniques to be on the same chromosome. We start with true breeding strains 
KL and kl, get an F1 and test cross it. This time we get 100 each of KL, kL, Kl, 
and kl. Which are the recombinant types in this case?  The answer is Kl and kL 
(go back and look at the crosses).  If we calculate a recombination frequency we 
get 50%.  Notice that the ratios of the genotypes are exactly what we would have 
expected from these crosses if these alleles had been located on non-
homologous chromosomes: 1 to 1 to 1 to 1!  The only reason you know that 
crossing over had occurred was because you were told that K and L are on the 
same chromosome.  So, the lesson is this: a crossover frequency of 50% is what 
you also get in independent assortment. If the loci are actually on the same 
chromosome you will only see a crossover frequency when the alleles are a long 
ways apart.  What this means, of course, is that if loci are far enough apart, 
crossovers are inevitable and the loci assort independently even though they are 
on the same chromosome. 
 Crossover frequencies can be used to determine genetic maps. The maps 
can be obtained by a simple bit of deduction.  Let's say we have loci A, B and C.  
We find the following: 
 
Crossovers between A and B = 10% 
Crossovers between B and C = 35% 
Crossovers between A and C = 25% 
 
Let's draw a line representing a chromosome and arbitrarily place one gene (A) 
on it: 
 
       ______________________A_____________________ 
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Now let's add gene C.  We know that recombination is roughly equally likely to 
occur anywhere. C and A recombine at 25% and so it is a good ways away: 
 
                           <----------  25 ------> 
 
     _______C_______________A____________________ 
 
Now, where do we put locus B? It recombines 35% with C so it could be either 
way to the "left" of C or way to the right. Which is correct? Well, it also 
recombines 10% of the time with respect to A and therefore it is relatively close to 
A. Furthermore, we have said before that crossovers become more likely with 
distance and essentially add. Therefore it must be to the "right" of A: 
 
                           <----------  25 ------> <-- 10 --> 
 
     _______C_______________A_______B_____________ 
 
                          <--------------------35 ------------> 
 
How do we know that loci that appear to assort independently are on the same 
chromosome? This one is easy.  Let's suppose that loci A and B have 
recombination frequencies of 50%. They are most likely not on the same 
chromosome but there is a chance that they are. Now, suppose that we find that 
both A and B recombine with C at frequencies less than 50%. For instance 
suppose that recombination of A and B = 50%; of A and C = 35% and B and C = 
25%.  We would come up with the following map: 
        
            <------------ 35  ------------>   <-----------25 ------> 
____A___________________C______________B_______ 
 
So why isn't the recombination frequency (crossover frequency) between A and B 
equal to 35 + 25 = 60%. Recall that the highest crossover frequency you can 
get occurs when there is certainty of a crossover between two loci. At this 
value the recombination frequency is 50% and the results look like 
independent assortment.  We only know that A and B are linked because the 
crossover frequency between both of them and C is less than 50%! 
 
Questions (from this and the previous set of notes): 
 
1.  Mendel's study of heredity explains the genetic basis of individual variation.  
Describe his procedure and reasoning, the pattern he discovered, his hypothesis 
to explain this pattern, the predictions his hypothesis generated and the way he 
tested his hypothesis.  Explain the role of induction, deduction and 
experimentation in his study. 
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2.  Distinguish between each of the following: 
 
a.  continuous (quantitative) and discontinuous (qualitative) variation (also see 
notes from the second lecture topic in the course) 
b.  genotype and phenotype 
c.  trait and character state of a trait 
d.  allele and genotype 
e.  dominant and recessive alleles 
f.  dominant homozygotes, heterozygotes and recessive homozygotes in both 
phenotype and genotype 
g.  genotypic and phenotypic ratios 
h.  monohybrid and dihybrid crosses 
i.  law of segregation and law of independent assortment 
j.  particulate and blending inheritance 
k.  gametes & genotypes produced by monohybrids and dihybrids 
 
3.  Identify each of the following: 
 
a.  P, F1, and F2 generations 
b.  test cross 
c.  gamete 
d.  3:1 ratio 
e.  1:2:1 ratio 
f.  9:3:3:1 ratio 
g.  Punnett Square 
 
 
4. Explain Mendel's laws in term of meiosis and how the chromosome theory of 
heredity modified Mendel's view of how genes were segregated into gametes. 
 
5.  The crossover frequency between loci A and B is 10%.  Assume we start with 
two pure breeding lines Ab and aB.   
 (a) What is (are)the genotype(s), phenotype(s) and their ratios in the F1? 
 (b) Suppose the F1 is testcrossed -- given the proportions and frequencies 
of each phenotype and genotype in the F2.  
 
6.  Make a genetic map based on the following crossover frequencies: A to B = 
10%, A to C = 5%, A to D = 30%, B to C = 15%, B to D = 20%, and C to D = 
35%. 


