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Problem Set 5: Linkage and Maps
Answer Key
1. In a plant, leaf color and leaf shape are controlled by two linked genes. Leaves of the wild-type plant are red. A recessive mutation in this gene causes white leaves. Wild-type leaves are pointed, and a recessive mutation in this gene causes them to be smooth. The following crosses were performed:

Cross 1:  pure breeding white, smooth X pure breeding wild type

gives F1: all red, pointed

Cross 2:  red, pointed F1 X pure breeding white, smooth (test cross)

gives F2:



40 smooth 
36 red, pointed

10 white, pointed

14 red, smooth
What is the recombination frequency between the gene for color and for shape?
The parental classes are (white, smooth) and (red, pointed). You know this for two reasons: these are the types of the parents in cross 1, and also, these are the types that occur disproportionately often in the F2.

The recombination frequency is:

  
# nonparental
x 100
= 
(10+14)
x100 =  24% r.f. = 24 m.u. = 24 cM

# progeny

   
10+14+40+36



2. In pea plants, the peas can be either rough or smooth, and either soft or hard. You do some crosses and obtain the following results.
cross 1: purebred rough, soft pea X purebred smooth, hard pea 

gives F1: 
all rough, hard 

cross 2: rough, hard F1 X smooth, soft (note: test cross, NOT self cross) 

gives F2: 
115 rough soft 
110 smooth hard 
8 rough hard 
12 smooth soft 

a) using letters of your own choosing, state the genotypes of the parents, the F1, and each phenotypic class in the F2.
Let R = rough (dominant), r = smooth (recessive)

Let H = hard (dominant), h = soft (recessive)

Parents are  RRhh  x rrHH,  I recommended that you write this way to help you visualize the two chromosomes:

Rh/Rh
x rH/rH 


 
F1 are dihybrids:   
Rh/rH    which are crossed to the tester strain rh/rh
F2 are therefore 
RH/rh
rough hard
(the gamete from the F1 is RH) nonparental



rH/rh
smooth hard
(the gamete from the F1 is rH)  parental



Rh/rh
rough soft
(the gamete from the F1 is Rh)  parental



Rh/rh
smooth soft
(the gamete from the F1 is rh)  nonparental
b) which F2 progeny inherited parental type gametes from the F1 parent, and which nonparental type?
(See labels in a).  The parental types of gametes are Rh  and rH, because these allele combinations match the chromosomes of the parents of the F1.  
c) are the genes for roughness and softness linked? If so, what is the recombination frequency (distance in centimorgans) between the genes? 
Parental types > nonparental (recombinant) types, therefore, YES they are linked

r.f. = # recombinants
  x100 
= 

8+12
 x100
=  8.2% rf = 8.2 cM

        total



8+12+112+110

3. Three genes in Drosophila with the recessive alleles l, m, and n are known to be linked. You wish to determine the map distances between them and perform the cross shown below. (Note: The genes are arbitrarily shown in alphabetical order - you need to determine the order of these genes on the chromosome) 

female


male
+ m +   x

l m n
l + n

l m n

Progeny with the following phenotypes are obtained:

# progeny

l
m
n
l,m
m,n
l,n
99


l
m
n
non
non
par
0


l
m
+
non
par
non
901


l
+
n
par
par
par

0


l
+
+
par
non
non
0


+
m
n
par
non
non
899


+
m
+
par
par
par
0


+
+
n
non
par
non
101


+
+
+
non
non
par
Total 2000

a) label the types of progeny that inherited nonparental type gametes,  that is, the recombinants.   

You have to determine parental (par) and nonparental (non) separately for every gene pair, see above.  
b) Determine the order of these markers on the chromosome and the distances between them in centimorgans.
l to m: Parental gamete types are +m  and l-,  recombinant types (nonparental) are  lm and ++

From table  
# non x100 = 
99 + 101 + 0 + 0 
x100 =
10% rf = 10 cM


Total

2000


 

m to n: Parental gamete types are m+  and +n,  recombinant types are mn and ++

From table  
# non x100 = 
99 + 101 + 0 + 0 
x100 =
10% rf = 10 cM


Total

2000


 

l to n: Parental gamete types are ln  and ++,  recombinant types are  l+ and +n

From table  
# non x100 = 
0 + 0 + 0 + 0 
x100 =
0% rf  for < 0.05 cM


Total

2000


 

If you had gotten just one recombinant it would have yielded 1/2000 x 100 = .05cM  so you write this distance  as < 0.05 cM.  You can show the two genes at the same position on the map:
m

[l,n]


________|_______________|___



10cM

4. Alkaptonuria is an extremely rare disease. The gene for Alkaptonuria (ALK) has recently been shown to lie on human chromosome 9 and to be linked to the gene encoding the ABO blood group, with a recombination frequency of 11% between the loci. 

A pedigree of a family with the disease is shown below, with affected individuals indicated in black. In addition, the blood type of family members is given. 
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The two alleles at the ALK locus will be denoted ALK+ and ALK-. The three alleles at the ABO blood group locus will be denoted IA, IB (which are co-dominant) and i (which is recessive to IA and IB). 
The best way to solve this problem is to work out the genotypes of the individuals in the pedigree first. This seems to be an extremely unlucky family, or more likely, some people “marrying into” the family are really related. 

(a) What is the genotype of individual 1 at the ALK and ABO loci? 

ALK- must be recessive because affected individuals have normal parents.

At the ABO locus, individual 1 must be IA/i because she has phenotype A but she has some type O offspring. At the ALK locus she must be ALK+/ALK- because she has affected offspring but is not affected herself.  Since we know that ABO and ALK are linked, she is most likely in this chromosomal configuration:

IA 
ALK- 


i
ALK+
if it were the other way around, there would have had to be 2 separate recombination events to explain her A-type, ALK- offspring.

(b) What is the genotype of individual 2 at the ALK and ABO loci? 

At the ABO locus, individual 2 must be i/i because he has the recessive phenotype O.  At the ALK locus he must be ALK+/ALK- because he has affected offspring but is not affected himself.  Thus his genotype is:

i 
ALK- 


i
ALK+
(c) What is the genotype of individual 3 at the ALK and ABO loci? Which alleles of each gene are carried on the chromosome he inherited from his father and which alleles are carried on the chromosome he inherited from his mother? 

At the ABO locus, individual 3 must be IB/i because he inherited the B phenotype from his mother, and his father was homozygous i/i.  At the ALK locus he must be ALK+/ALK- because he has affected offspring but is not affected himself.  He must have gotten both i and ALK- from his mother because she is type O and affected. Thus his genotype is:


i 
ALK- 


IB
ALK+
It makes sense because all his progeny that inherited the B allele at the ABO locus also inherited the ALK+ allele (unaffected).
(d) Individuals 3 and 4 are expecting their fifth child. A physician draws a prenatal blood sample and determines that the child has blood type B. What is the probability that the child will have alkaptonuria? Explain your answer. 

We know the mother is ALK-/ALK- (she is affected) so everything hinges on getting the ALK+ allele from the father.  We now know that the fetus has inherited the IB allele from the father, which is a good sign. However the baby could still be affected if there was a recombination in the father. Thus the probability the child will have alkaptonuria = the probability of a recombinant gamete from the father = 11%.

5. Determine the inheritance pattern and linkage (if any) of these three traits in flies. 

The three mutant traits are Bar-eye, singed-wing, forked-antenna

Cross 1: pure-breeding bar-eye, singed-wing, forked-antenna female 
X pure-breeding wildtype (wt) male
Gives F1: many progeny-- all females bar-eyed; all males bar, singed, forked
Cross 2: One of these bar-eyed F1 females X pure-breeding wildtype male 



Gives F2 progeny phenotypic classes as follows:

	Eye type
	Wing type
	Antenna type
	# Females
	# Males

	wt
	wt
	wt
	2500
	1800

	bar
	singed
	forked
	0
	1800

	bar
	singed
	wt
	0
	450

	wt
	singed
	forked
	0
	200

	bar
	wt
	forked
	0
	50

	bar
	wt
	wt
	2500
	200

	wt
	singed
	wt
	0
	50

	wt
	wt
	forked
	0
	450


Hint: you can just consider each pair of genes separately, and then look at the three genes together.
The part shown in red below is what you would need to show to get credit on an exam. The comments in blue are to explain my process and reasoning:
First consider the bar gene:

Pure bar female x pure wild-type male

gave F1  all bar, both sexes
 
bar/+ F1 female x +/+ male

gave F2  1 bar female : 1 + female : 1 bar male : 1 + male

These data are consistent with either X-linked dominant or autosomal dominant.
Then consider the singed gene:

pure singed female  x pure wild-type male

gave F1  all singed males, all wild-type females (criss-cross, looks like sex linked)
the phenotypically wild-type F1 females x pure wild-type male 

gave F2 all wt females,  50% singed males
These data are consistent with X-linked recessive
Then consider the forked gene:


Pure forked female x pure wild-type male


Gave F1 all wt females, all forked males


The phenotypically wt F1 females x pure wt males

Gave F2 all wt females, 50% forked males.

These data are also consistent with X-linked recessive

Now consider linkage between bar and forked
We now know that bar is dominant so I will start writing it “Bar”.  We don’t know if Bar is X-linked or not, so we’ll keep them on separate “lines” but keep all the alleles inherited from the mother on the top and all the alleles inherited from the father on the bottom:

Bar  forked
female   x 
wt  wt  
male  (the ? is either a + or a Y)
Bar  forked


?    Y

F1 = 
Bar forked  females phenotypically Bar eyed, wt antennae


wt
wt

Bar forked
males: phenotypically bar eyed and forked, we don’t know if it’s

?
Y
Bar/wt on an autosome, or Bar/Y on the X.
The next cross was 

Bar forked  F1 females  x 
wt  wt males

wt
wt


?   Y

Look at the F2 males to score the gametes from the F1 females:
Bar forked
1800+50 = 1850  
parental
Bar wt

450+200 = 650  
nonparental
wt    forked
200+450 = 650
nonparental
wt   wt

1800+50 = 1850 
parental
parental > nonparental so they are linked, which means that Bar is also X-linked. 
Bar-forked distance =    #non     x 100 = 
1300 x 100 = 26 cM



  total


5000

Now that we know all 3 genes are on the same chromosome, we can take a sneak peek at the table and immediately see that the rare (double-recombinant) class is when wing type is in the nonparental relationship with both the other genes. Therefore we know that singed is in the middle:


Bar


singed


forked

_______|__________​​​_________|__________________|______
 
 <-------------------- 26 cM ------------------------->

Now consider singed and forked linkage:
singed forked  F1 females
x 
wt wt  wild males

    wt        wt



  Y

singed forked

1800+200=2000
par
singed wt

450+50=500

non
wt
forked

50+450=500

non
wt
wt

1800+200=2000
par
again par>non so linked, which we already knew.

singed-forked distance = 
   non     x 100 = 
1000 x 100 = 20 cM





 total


5000





      <-----  20cM --------->


Bar


singed


forked

_______|__________​​​_________|__________________|______

  <-------------------- 26 cM ------------------------->
Finally consider Bar and singed linkage:
    Bar singed   F1 females
x 
wt wt  wild males

    wt        wt



  Y

F2 male classes
# F2 males

type

Bar 
singed

1800+450=2250
parental
Bar 
wt

50+200=250

nonparental
wt  
singed

200+50=250

nonparental
wt
wt

1800+450=2250
parental
distance = 
   non     x 100 = 
500  x 100 = 10 cM



  total


5000

MAP:


  <-------- 10 cM ----------><-----  20cM --------->


Bar


singed


forked

_______|__________​​​_________|__________________|______


  <-------------------- 26 cM ------------------------->

The distances do not add up, because of the unobserved double crossovers between Bar and forked when we only looked at those two phenotypes.  Once you have determined the order of the genes you can correct for the double crossovers to get the distance from Bar to Forked.  As long as you explained how you got the gene order, I would accept a map as complete if you just showed the distances from Bar to singed and from singed to forked.
You were not asked to determine if there is interference, but you might be asked to do so on an exam, so I will work the answer out here:

Predicted freq of double crossovers = P(Bar-singed) x P(singed-forked) x TOTAL






= 0.1
x 0.2
x 5000 male progeny 






= 100 double crossovers
Observed frequency of double crossovers = 50 + 50 = 100.

Conclude: No interference

Problem 6. Different solution for everyone. Here’s how I solved Alfred’s map...
         a


   h


     s

-------|----------------------|----------------------------|-------------

         <------ 11 ---------><---------- 21 ----------->

a h s   x   + + +
a h s       + + +

F1 
a h s

+ + +

F1 ♀ 
x 
a h s ♂ test cross
a h s
Predict the number of progeny of each phenotypic class in the resulting F2 generation, if you counted 100,000 flies.

a h s
34936
+ + +
34937
a + +
4563
+ h s
4564
a h +
9563
+ + s
9564
a + s 
936

+ h +
937



100000 total

How I got that:
(1) figure out the double cross overs first:

if independent, expect 0.11 x 0.21 x 100000 = 2310

we have interference of 0.1891 = 1 – Obs/Exp

therefore Obs = Exp * (1-0.1891) = 1873 doubles

split them as equally as possible between the two types of gametes produced by a double crossover = 936, 937

(2) figure out the single cross overs next:
a.  a to h = 0.11 x 100000 = 11000

subtract the 1873 already included in the dco 
split the rest (9127) as equally as possible between the two types of gametes produced by a single xo btwn a and h = 4563, 4564
b.  h to s = 0.21 x 100000 = 21000

subtract the 1873 already included in the dco 

split the rest (19127) as equally as possible between the two types of gametes produced by a single xo btwn h and s = 9563, 9564

(3) figure out how many are left over (no cross overs)

100000 – (936 + 937 + 4563 + 4564 + 9563 + 9564) = 69873
split these as equally as possible between the two types of gametes produced by no crossovers = 34936, 34937

(4) check that the total comes out to 100000 as planned.
b) Pretend you don’t know the map, and use the numbers you predicted in (a) to figure out the order of the genes, the distances between them, and the interference. Do you get back the numbers you started with?
a-h distance: recombinant (nonparental) types are a+ or +h (ignore s)

4563 + 4564 + 936 + 937
x100 = 11.0 m.u.



100000


h-s distance: recombinant (nonparental) types are h+ or +s (ignore a)


9563 + 9564 + 936 + 937 
x100 = 21.0 m.u.



100000


a-s distance: recombinant (nonparental) types are a+ or +s (ignore h)



4563 + 4564 + 9563 + 9564 
x100 = 28.25 m.u.



100000


thus the map is

         <------------------- 28.25 m.u. --------------->

         a


   h


     s

-------|----------------------|----------------------------|-------------

         <------ 11 ---------><---------- 21 ----------->

The fact that the distances do not add up has nothing to do with interference! If you want, now that you know who is in the middle, you can put in the correction for double crossovers to get the corrected distance from a to s. Not required. 
As an alternative approach, you could start by concluding that h is in the middle because the most rare classes (936 and 937) are the ones for which h is nonparental relative to both of the other two genes. To get credit you’d have to SHOW your reasoning, for example, circle the two rare classes, and label them “rare = DCO therefore h in middle”. In this case you would not have to solve separately for the a-s distance at all.
Expected 0.11 x 0.21 x 100000 = 2310

Observed 936 + 937 = 1873

Interference = 1 – Obs/Exp = 1 – 1873/2310 = 0.1891


 
