Chapter 13

13.1 
If two genes are unlinked in a dihybrid cross, one expects a 9:3:3:1 ratio in the F2.  For 160 progeny, one would expect 90:30:30:10.  Testing the hypothesis of no linkage using a chi-square test, one has 2 = [(110 - 90)2/90 + (16 - 30)2/30 + (19 - 30)2/30 + (15 - 10)2/30] = 17.5, df = 3, P < 0.001.  This hypothesis is rejected as being unlikely.  It is likely that the genes are linked.

13.2
Use the 2 test to test the hypothesis that the genes are unlinked.  With this hypothesis, one would expect the cross Aa Bb x aa bb to produce four equally frequent classes of progeny (i.e., a 1:1:1:1 ratio).  With 400 total progeny, one would expect 100 progeny in each phenotypic class.  One has:

Phenotype
Observed (= o)
Expected (= e)
(o - e)2/e

A  B
122
100
4.84

A  b
118
100
3.24

a  B
81
100
3.61

a  b
79
100
4.41




2 = 16.1, df = 3

     From the 2 test, P < 0.01.  That is, there is less than a 1 percent likelihood of observing this much deviation from expected values by chance alone.  This indicates that one can reject the hypothesis of "no linkage" as being unlikely.  Note that the chi-square test neither proves that the genes are unlinked nor proves that they are linked. 

     Linkage might seem reasonable until it is realized that the minority classes are not reciprocal classes (both carry the aa phenotype).  If the segregation at each locus is considered, however, the B/–:b/b ratio is about 1:1 (203:197), while the A/–:a/a ratio is not (240:160).  The departure of the observed from expected values is thus due to a reduced number of a/a individuals.  This departure should be confirmed in other crosses that test the segregation at the A/a locus.  It would be particularly informative to check if the lack of a/a corn plants is associated with ungerminated seeds or seedlings that die before they are able to mature.   

13.3
Recombination frequency = (# recombinants/total) x 100% 



= [(190 + 210)/(308 + 190 + 292 + 210)] x 100%



= 40%

13.4
The cross is b vg+/b vg+ x b+ vg/b+ vg, which gives an F1 that is b vg+/b+ vg.  An F1 female is crossed with a homozygous recessive b vg/b vg.  The female is used as the doubly heterozygous parent, as no crossing-over occurs in male Drosophila.  The classes can be grouped in reciprocal pairs as follows:


Nonrecombinants (parentals):
grey, vestigial
1,294




black, normal
1,418


Recombinants (nonparentals):
grey, normal
283




black, vestigial
241



Total progeny
3,236

Recombination frequency = [(283 + 241)/3,236] x 100% = 16.2%  There are 16.2 map units between the genes. 

13.5
To eliminate the possibility that m is X-linked, consider what kinds of progeny you would expect if it were.  If m were X-linked, one could write the parental  cross as:  Xm/Xm vg+/vg+ x Xm+/Y vg/vg.  The F1 males would necessarily be Xm/Y vg+/vg, and so be maroon eyed.  Since the F1 are all wild type, m cannot be X-linked. 

     To eliminate the possibility that vg is linked to m, consider the kinds of progeny that could be obtained if it were.  If vg and m are linked, one could write the crosses as:


P
 EQ \F(vg+ m,vg+ m)   females  x   EQ \F(vg m+,vg m+)   males






F1
 EQ \F(vg+  m, vg    m+)   (All wild type) 

The F1 x F1 cross is  EQ \F(vg+  m, vg   m+)   females  x    EQ \F(vg+  m, vg   m+)   males

     Eggs produced by F1 females may be vg m+ (parental), vg+ m (parental), vg m (recombinant), or vg+ m+ (recombinant).  Assuming that the two genes are linked, and remembering that there is no crossing-over in Drosophila males, the F1 males' gametes must be vg m+ or vg+ m (parental types).  Note that if the two genes are on the same chromosome, no matter how far apart they are, the F1 males' gametes must be these parental types.  Since none of the F1 males' gametes are vg m, it is impossible for the progeny of the F1 cross to be homozygous vg m/vg m.  (Check this by diagramming a Punnett square.)  However, since one of the progeny of the F1 cross is both vestigial winged and maroon eyed, it must have obtained the m and vg alleles from both parents.  Given the genotype of the males, this could only occur through independent assortment, i.e., if the two genes are on different chromosomes.  Since it is not on the X or chromosome 2, the m gene must be on chromosome 3 or 4.

13.6
Because of the effects of double crossovers, larger recombination frequencies are less accurate measures of map distances than smaller recombination frequencies between close neighbors.  As a consequence, the map distances that can be derived from this data are not strictly additive (e.g., a – d  = 38 and a – e = 8, but d – e = 45).  The distances between nearest neighbors can be used to infer the following map.






[image: image1.wmf]
Remember that although recombination frequency cannot exceed 50 percent, map distances can exceed 50 map units.  Thus, the map distance between c and b can be inferred to be 66 map units (= 7 + 8 + 38 + 13), although c and b only show 50 percent recombination.   

13.7
As discussed in the solution to problem 13.6, the most accurate map distances are obtained by summing the map distances between nearest neighbors.  It is important to remember that while the percent recombination between two genes cannot exceed 50 percent, map distances can exceed 50 map units.  When the percent recombination between two genes is 50 percent, either they are far apart on the same chromosome or on different chromosomes.

     In some cases, one of these two options can be eliminated: If two genes showing 50 percent recombination both show evidence of linkage to other, intervening loci after sufficient data are gathered, these two genes lie far apart on the same chromosome.  The map distances between the two distant loci can be determined by adding up the distances between the intervening loci.

     Now consider the other option: The two genes show 50 percent recombination and no data exist to show linkage of each of them to intervening loci.  For these genes, it will not be possible to distinguish between the genes lying on different chromosomes and the genes being very far apart on the same chromosome.  

     Start this problem by constructing a map using the smallest map distances, and then building on it as you check for linkage with other genes.  The solution is:


[image: image2.wmf] 

     With only the data provided in this problem, it is not possible to tell whether these two linkage groups lie at least 50 map units apart on the same chromosome or on different chromosomes.

13.8
Determine recombination frequencies for each pair of genes by dividing the number of recombinants by the total number of progeny for that pair of genes.  One obtains:

Genes in cross
Percent of Total progeny

black, curved
22.7

black, purple
6.2

black, speck
47.6

black, vestigial
17.8

curved, purple
20.0

curved, speck
30.2

curved, vestigial
8.2

purple, speck
45.7

purple, vestigial
11.8

speck, vestigial
35.9

Now analyze the data to determine the order of the genes.  One approach is to consider that the pair with the greatest recombination frequency are the furthest apart, and then order genes from one or the other end.  The genes black and speck are furthest apart: 




[image: image3.wmf]
Now fill in the order by finding the sequence of genes that has an increasing order  of recombination with black:




[image: image4.wmf]
Next, assign map distances based on the recombination frequencies of neighboring genes:




[image: image5.wmf]
Check gene order by choosing one of the genes (e.g., curved) and verifying that the distances between that gene and the others are approximately correct.  Because of multiple crossovers, larger recombination frequencies tend to give underestimates of map distance.  The most accurate map distances between two genes can be determined by summing the map distances in all intervals between the genes.  Thus, the map distance from bl to sp is most accurately given by 56.4 (= 6.2 + 11.8 + 8.2 + 30.2) map units, and not 47.6 (= RF x 100%) map units.

13.9
First, note that since the offspring result from a testcross, the phenotypes of the offspring reflect the genotypes of the gametes of the heterozygous parent.  Consequently, these phenotypes can be used to determine the gene arrangement in the heterozygous parent.  

     Second, notice that there are eight genotypic classes that appear in two frequencies.  Four of the genotypic classes have about 460 individuals, while the other four have about 35 individuals.  This would be expected if two of the genes were linked and the third was not.  In this case, the chromosome bearing the two linked genes could undergo crossing-over, and give rise to two frequencies of gametes.  Because crossing-over between two closely linked genes is infrequent, gametes with noncrossover chromosomes are more frequent.  The third gene assorts independently.  The independent assortment of the third gene results in four, and not just two, genotypes present in each of two frequencies.

     With this information, one can proceed in either of two ways.  First, one can tabulate the data considering only two pairs of genes at one time.  This allows one to view this cross as a series of two-point crosses.

a
b
c

# progeny

a
b


470 +
 35 = 
505

+
b


460 + 
35 = 
495

a
+


475 + 
33 = 
508

+
+


455 + 
37 =
 492

a

c

470 + 
475 = 
945

+

c

35 + 
37 = 
72

a

+

33 + 
35 = 
68

+

+

455 + 
460 = 
915


b
c

470 + 
35 = 
505


+
c

475 + 
37 =
 512


b
+

460 +
 35 = 
495


+
+

455 +
 33 =
 488

     Notice that there is a 1:1:1:1 ratio in the offspring when one considers just the a and b genes, or just the b and c genes.  This is what one would expect in a dihybrid cross with two independently assorting genes.  Thus, a assorts independently of b and b assorts independently of c.  This is not the case for a and c, however.  Here, there are two frequencies of data indicative of two linked genes showing recombination.  The recombination frequency between a and c is RF = [(72 + 68)/(72 + 68 + 945 + 915)] x 100% = 7%, and there are 7 map units between a and c.  

     Alternatively, one can use the reasoning presented above to infer that the four progeny classes with about 460 individuals contain parental types of chromosomes for two linked genes, as well as an independently assorting chromosome with the third gene.  By inspection of the most frequent phenotypes, one sees that only a c and + + chromosomes are found, while the b/+ gene assorts independently from these noncrossover chromosomes.  Thus, the a and c loci are linked, and the b gene is unlinked.  The least frequent progeny classes contain a + and + c recombinant chromosomes, so that the percent recombination between a  and c is RF =  [(35 + 37 + 33 + 35)/2,000] x 100% = 7%.  Just as was seen earlier, the map distance between a and c is 7 map units. 

     One can diagram these results as:



[image: image6.wmf]
13.10
The a b+/a+ b parent will give 90 percent parental-type (a b+ or a+ b) gametes and 10 percent recombinant-type gametes (a b or a+ b+).  The genotypes of these gametes will determine the offspring phenotypes, as the a b/a b parent will give only a b gametes.  Therefore, there will be 45% a b+, 45% a+ b, 5% a b, and 5% a+ b+ offspring.

13.11
Since the genes are 7 mu apart, the female will have 93 percent parental-type gametes (46.5% a+ b and 46.5% a b+ ) and 7 percent recombinant-type gametes (3.5% a b and 3.5% a+ b+ ).  The wild-type male will give either an X chromosome bearing a+b+ or a Y chromosome.  As the genes are X-linked, the phenotype of the sons will reflect the chromosome they receive from the mother.  The phenotype of the daughters will be a+ b+, as they receive the a+ b+ X chromosome from their father.  

a.
p = 3.5% (a+ b+) + 46.5% (a b+) = 50%.

b.
p = 100%.

13.12
Use branch diagrams to assess what kind of gametes will arise from the heterozygous plants.

a.

c Wx/C wx
A/A


[image: image7.wmf]
b.

c Wx/C wx
A/a

[image: image8.wmf]

Total:
45% colorless, starchy



20% colored, waxy



30% colorless, waxy



5% colored, starchy

13.13
Let T represent tall vine, t represent dwarf, S represent spherical and s represent pear.  Then, the initial tall, spherical x dwarf, pear cross can be represented as T S/– – x t s/t s.  Since this is a testcross, the genotypes of the gametes of the (potentially) heterozygous plant can be inferred from the progeny phenotypes:


Gamete
First Cross
Second Cross

Phenotype
Genotype
#
Type
#
Type

tall, spherical
T S
81
parental
5
recombinant

dwarf, pear
t s
79
parental
4
recombinant

tall, pear
T s
22
recombinant
21
parental

dwarf, spherical
t S
17
recombinant
18
parental

In the first cross, the four classes of gametes, their phenotypes and frequencies indicate that the parental genotypes were T S/t s x t s/t s.  Similarly, the four classes of progeny and their frequencies in the second cross indicate that it is T s/t S x t s/t s.  If the two tall and spherical plants were crossed, one would have T S/t s x T s/t S.  One can diagram the expected progeny using a branch diagram:




T S/t s
T s/t S

[image: image9.wmf]


Progeny phenotypes:
54% T– S– (tall, spherical)




21% tt S– (dwarf, spherical)




21% T– ss (tall, pear)




4% tt  ss (dwarf, pear)

13.14
The frequency of recombination between two genes can be inferred from the map distance between them.  For example, the 20 mu between a and b indicate that in an AB/ab individual, gametes will have 80 percent parental-type chromosomes (40 percent each of AB, ab) and 20 percent recombinant-type chromosomes (10 percent each of Ab, aB).  The cross under consideration is AB/ab; CD/cd; EF/ef x ab/ab; cd/cd; ef/ef.  

a.
The chance of obtaining the parental-type AB, CD, and EF  chromosomes is p = 0.40 x 0.45 x 0.35 = 0.063 or 6.3%.

b.
The chance of obtaining AB, Cd, and ef chromosomes is p = 0.40 x 0.05 x 0.35 = 0.007 or 0.7%.

c.
The chance of obtaining Ab, cD, and Ef chromosomes is p = 0.10 x 0.05 x 0.15 = 0.00075 or 0.075%.

d.
The chance of obtaining aB, Cd, and ef chromosomes is p = 0.10 x 0.05 x 0.35 = 0.00175 or 0.175%.

e.
The chance of obtaining the ab, cD, and eF chromosomes is p = 0.40 x 0.05 x 0.15 = 0.003 or 0.3%.

13.15


a.
95% of the progeny will have D P or d p parental-type chromosomes, and 5% of the progeny will have D p or d P recombinant-type chromosomes.  All of the progeny will be h.  There will be 47.5% D P h, 47.5% d p h, 2.5% D p h, 2.5% d P h.

b.
23.75% d P H, 23.75% d P h, 23.75% D p H, 23.75% D p h, 1.25% D P H, 1.25% D P h, 1.25% d p H, 1.25% d p h.

13.16
Careful inspection of the data shows that the F2 males, but not the F2 females, show the yellow and white traits.  In contrast, the hairy trait is shown in an approximately 3:1 ratio in both the females and males (females = 757 normal:243 hairy; males = 757 normal:243 hairy).  This indicates that the yellow and white genes are sex linked, while hairy is not.  

     The normal phenotype of the F1 heterozygote indicates that the nonhairy, nonyellow, and nonwhite traits are dominant.  Therefore, let h and h+ represent the hairy and nonhairy traits, respectively, y and y+ represent the yellow and normal body-color traits, respectively, and w and w+ represent the white- and red-eyed traits, respectively.  Then, given the phenotypes of the parents and F1, and the sex linkage of y and w, the crosses can be written as:



P:
y+ w+/y+ w+ ; h/h females x  y w/Y; h+/h+ males



F1:
y+ w+/y w ; h+/h females x  y+ w+/Y; h+/h males 

Now determine the map distance between y and w.  This can be inferred from the frequency of recombinants among the F2 males.


Phenotype of F2 male
Genotype
X-chromosome recombinant?
Number



wild type

y+ w+/Y; h+/–

no
390



hairy

y+ w+/Y; h/h

no
130



yellow

y w+/Y; h+/–

yes
4



white

y+ w/Y; h+/–

yes
3



hairy, yellow

y w+/Y; h/h

yes
1



hairy, white

y+ w/Y; h/h

yes
2



yellow, white

y w/Y; h+/–

no
360



hairy, yellow, white

y w/Y; h/h

no
110

The recombination frequency between y and w is [(4 + 3 + 1 + 2)/1,000] x 100% = 1%, so there is 1 map unit between these genes.  Note that, since recombination can only be scored in the F2 males, the number of recombinants is divided by the number of male progeny, and not the total number of progeny.

13.17
The crosses can be denoted as:



Parental: A b/A b; C/C x  a B/a B; c/c


F1 testcross: A b/a B; C/c x  a b/a b; c/c
a.
Since the map distance between a and b is 20 mu, the F2 will have 20 percent recombinants (classes indicated by an "*") between a and b.


Genotype
Phenotype
Percent
Number



A b/a b; C/c

amiable, active, crazy
20
800



A b/a b; c/c

amiable, active, sane
20
800



a B/a b; C/c

nasty, benign, crazy
20
800



a B/a b; c/c

nasty, benign, sane
20
800



a b/a b; C/c

nasty, active, crazy
5
200*



a b/a b; c/c

nasty, active, sane
5
200*



A B/a b; C/c

amiable, benign, crazy
5
200*



A B/a b; c/c

amiable, benign, sane
5
200*

b.
If a and b had shown complete linkage, the recombinant (*) classes would be missing.

c.
No phenotypic classes would be missing if a and b were unlinked.  The frequency of each class would be identical (500, or 12.5 percent), however.

d.
If a and b were unlinked, the results of selfing a triple heterozygote (the F1) are as described previously for a trihybrid cross.  The F2 will have 8 phenotypic classes in a ratio of 27:9:9:9:3:3:3:1.  The nasty bippies must be aa in genotype, and so their distribution is a subset of these classes.  If one is only considering the nasty bippies, the other two pairs of phenotypes will be distributed in the 9:3:3:1 ratio expected from a dihybrid cross.  One will see 9 nasty, benign, crazy:3 nasty, benign, sane:3 nasty, active, crazy:1 nasty, active, sane.

13.18        Note that the number of classes of gametes is a function of how many different heterozygous loci are present.  If there are n heterozygous loci, there will be 2n possible gametes.  


PARENT

GENOTYPES
NUMBER OF DIFFERENT

POSSIBLE GAMETES
LEAST FREQUENT CLASSES


A b C

a B  c

23 = 8

none




A  b  C
a  B  c

23 = 8

A B C

a b c


A  b C D
a  B  c d

24 = 16

A B C d

a b c D


A  b  C D Ef
a  B  C d  e f 

24 = 16

A B C D e f

a b C d E f


b D
B d

22 = 4

b d

B D

13.19
The double-crossover class will always be the least frequent.  

a.
FmW, fMw
b.
MfW, mFw
c.
FwM, fWm
13.20
Notice that among the eight phenotypic classes, there are four frequencies of progeny.  This would be expected if the three genes were linked, and a triply heterozygous parent were testcrossed.  Since crossovers between closely linked genes occur less often than no crossovers, the most frequent classes of progeny will be those having nonrecombinant, or parental-type, chromosomes.  Thus, the + m + and w + f chromosomes are parental-type chromosomes and indicate that the triply heterozygous parent was obtained as follows:



P:
w + f/w + f  x  + m +/+ m +



F1:
w + f/+ m +  x  w m f/w m f
     Since recombination between closely linked genes is infrequent, the least frequent classes result from crossovers between each of the genes in the triple heterozygote, i.e., double crossovers (+ + +, w m f).  The remaining classes will have resulted from single crossovers.  

     To help you determine which gene is in the middle in this an in subsequent problems, consider the example shown below, which shows a double crossover between two nonsister chromatids having the gene order B/b – A/a – C/c.  Relative to the parental-type chromosomes, the recombinant chromosomes have the middle A/a alleles switched:




[image: image10.wmf]
     In three-point crosses, comparison of one of the double-crossover classes (the least frequent classes) with one of the parental classes (the most frequent classes) can allow you to infer which gene is in the middle.  Depending on how they are chosen, one of two scenarios will be found.  In one scenario, alleles at two genes will be identical, while alleles at the third gene will be different.  In another scenario, alleles at two genes will be different, while alleles at the third gene will be identical.  In each case, the third gene is the gene in the middle.  The middle gene is unlike the other two because its alleles have been "switched."


Use this strategy and compare one of the parental-type chromosomes and one of the double-crossover chromosomes.  This indicates that the m gene is in the middle:


One parental-type chromosome:
w
+
f

One double-crossover chromosome:
w
m
f


Comparison of alleles:
same
different
same

     As m is unlike the other two, it is in the middle.  While the genes are written in the correct order in this problem, this may not always be the case.  (Always determine the correct order before proceeding.)

     Now, diagram the crossovers in the triple heterozygote to infer the progeny classes that are associated with each crossover type:




[image: image11.wmf]
With this information, one can re-evaluate the progeny, and determine how much recombination occurred in each gene interval:



+
m
+
218
parental



w
+
f
236
parental



+
+
f
168
single crossover between w, m


w
m
+
178
single crossover between w, m


+
m
f
95
single crossover between m, f


w
+
+
101
single crossover between m, f


+
+
+
3
crossover between w, m, and between m, f


w
m
f
1
crossover between w, m, and between m, f

Total
1,000


Number of recombinants in w, m interval:  168 + 178 + 3 + 1 = 350


Recombination frequency between w, m = (350/1,000) x 100% = 35%


Number of recombinants in m, f interval:  95 + 101 + 3 + 1 = 200


Recombination frequency between m, f = (200/1,000) x 100% = 20%


This information can be represented in the following map:
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13.21


a.
First, use the symbols for the genes to write out the crosses that were done.  It does not matter, at this point, what order you assign to the genes.  Just be consistent in the order you choose so that you don’t get confused.


P:  + + dp/+ + dp (female)  x  b hk +/b hk + (male)


F1 testcross: + + dp/b hk + (female)  x  b hk dp/b hk dp (male)


Now rewrite the data to reflect parental-type, single-crossover (SCO) and double-crossover (DCO) classes (based on frequency of each class).


Phenotype
Gamete Genotype
Number

Class


dumpy

+
+
dp
305

parental


black, hooked

b
hk 
+
301

parental


hooked, dumpy, black

b
hk 
dp
172

SCO


wild type

+
+
+
169

SCO


dumpy, hooked

+
hk
 dp
21

SCO


black

b
+
+
19

SCO


hooked

+
hk
+
8

DCO


dumpy, black

b
+
dp
6

DCO


Now determine the gene order by comparing one of the double crossovers to one of the parental types (see solution to Problem 13.20, above):



parental-type genotype:
+
+
dp


DCO genotype:

+
hk
+




same
different
different


The b gene is unlike the other two, so it is in the middle.  The correct gene order is dp – b – hk.  Continue to use this gene order.  The F1 female that was testcrossed was dp + +/+ b hk.  Consequently, the dp b hk and + + + progeny are single crossovers between dp and b, while the dp + hk and + b + progeny are single crossovers between b and hk.  Recombination frequencies (RF) can be calculated as:



RF(dp – b) = [(172 + 169 + 6 + 8)/1,001] x 100% = 35.5%



RF(b – hk) =[(21 + 19 + 6 + 8)/1,001] x 100% = 5.4%


(Remember to include the double crossovers in this calculation, as each double crossover has a crossover in the interval being considered.)  The map distance between dp and b is 35.5 mu and the map distance between b and hk is 5.4 mu.  The map distance between dp and hk is 35.5 + 5.4 = 40.9 mu.

b.
The coefficient of coincidence (c.o.c.) is



c.o.c. = frequency observed doubles/frequency expected doubles



= (14/1,001)/(0.355 x 0.054)



= 0.014/0.01917



= 0.73



Interference
= 1 - c.o.c. 




= 1 - 0.73 




= 0.27

13.22



a.
a + c  and + b + (least frequent).

b.
+ b c  and a + + (most frequent).

c.
locus c (see solution to Problem 13.20, above, for determining the middle locus).
13.23
The differential appearance of the traits in males and females indicates that the traits are sex linked, i.e., they are X-linked.  The female progeny are normal, since they received their father's X chromosome, which was + + +/Y.  As they are phenotypically normal, they are not helpful in a mapping analysis.  The male progeny received an X chromosome from the mother, and therefore can be used to analyze the results of recombination in the mother.  

     The most frequent progeny classes in the males are + b c and a + +.  These are the parental-type chromosomes.  The least frequent classes (the double-crossover classes) are + + + and a b c.  Comparison of these two classes indicates that gene a is in the middle, and the correct order is b – a – c (or c – a – b) (see solution to Problem 13.20, above, for determining the middle locus).  The parental genotypes (with the correct gene order) were c + b/+ a + (female) x + + +/Y (male).  Now analyze the data to determine which progeny classes result from crossing-over in each gene interval and calculate the recombination frequencies in each interval.  (SCO = single crossover; DCO = double crossover).



Gamete Genotype
Number
Class



c + b
839
parental



+ a +
825
parental



+ a b
86
SCO (a – b)



c + +
90
SCO (a – b)



c a +
81
SCO (c – a)



+ + b
75
SCO (c – a)



c a b
1
DCO (a – b, c – a)



+ + +
3
DCO (a – b, c – a)



Total
2,000


     Note that, since recombination cannot be scored in the female progeny, and only the 2,000 male progeny are being considered, the total that is used as the divisor in the calculation of recombination frequency (RF) is 2,000.




RF (a – b) = [(86 + 90 + 1 + 3)/2,000] x 100% = 9.0%




RF (c – a) = [(81 + 75 + 1 + 3)/2,000] x 100% = 8.0%

With this information, draw the following map:





[image: image12.wmf]
To calculate the coefficient of coincidence (c.o.c.), compare the frequency of actual double crossovers to that expected based on the crossover frequency observed in each interval.  


c.o.c. = observed DCO frequency/expected DCO frequency




= [(3 + 1)/2,000]/(0.09 x 0.08)




= 0.002/0.0072




= 0.28

13.24


a.
There are 20 map units between j and b, so there will be 20 percent recombinant-type and 80 percent parental-type gametes.  In a J B/j b parent, j b gametes are half of the parental-type gametes, or 40 percent of the total gametes.

b.
There are 65 map units between A and M, so these loci will show independent assortment, as the frequency of recombinant-type gametes cannot exceed 50 percent.  In an a M/A m parent, the A M gametes are half of the recombinant-type gametes.  There will be 25 percent A M gametes.

c.
In a j B d/J b D individual, J B D gametes are produced by a double crossover:  a crossover in the interval j – b, and a crossover in the interval b – d.  As there are 20 map units between j and b, and 10 map units between b and d, the frequency of double crossovers is expected to be 0.20 x 0.10 x 100% = 2%.  J B D gametes are half of the double crossovers produced, so will be seen 1 percent of the time.

d.
In a j B d / J b D individual, J B d gametes are one-half of the gametes produced by a single crossover in the interval j – b.  Since there are 20 map units between these genes, 10 percent of the gametes will be J B d. 

e.
By the reasoning in (c), j b d gametes will be seen 1 percent of the time in a j B d/J b D individual.  To obtain a j b d/j b d genotype, one must obtain such gametes from both parents.  The frequency of this is (0.01 x 0.01) x 100% = 0.01%.

f.
Based on the map distances, one expects 10 percent recombination between a and k and 50 percent recombination between k and f.  (Again, note that even though k and f are more than 50 map units apart, one observes only 50 percent recombination between these two genes.)  In an A K F/a k f individual, an A k F gamete results from a double crossover: one crossover between a and k (10 percent chance) and one crossover between k and f (50 percent chance).  The chance of both crossovers occurring simultaneously is 0.10 x 0.50 = 0.05, or 5%.  Since A k F gametes are half of the double crossovers produced, they will be 2.5% of the total.

13.25
First, consider what happens when a female that is heterozygous for an X-linked lethal is crossed to a normal male.  One can diagram such a cross as:



P:
l/+ female x +/Y male



F1:
females: l /+ and +/+ (phenotypically normal)




males: +/Y (normal) and l/Y (dead, not recovered)

     In such a cross, one-half of the male progeny are not recovered due to the presence of the lethal allele.  Only progeny bearing the + allele are recovered.  Thus, the 499 males that are recovered in this cross are half of the expected male progeny.

     Second, consider that the lethal-bearing chromosome can be recovered in the female progeny.  Since the lethal allele is a recessive mutation, it is "rescued" by the normal + allele contributed to the female progeny by the father's X chromosome.  However, as the father's X chromosome bears the + alleles of each gene, the females are phenotypically normal and are not helpful in a recombination analysis.  

     Now, analyze the phenotypes of the male progeny that are recovered to infer map distances and the gene order.  Since one-half of the male progeny are not recovered, each of the four classes seen represents one of the two reciprocal classes of progeny recovered in a three-point cross.  Include the third (l/+) locus and assign each genotype to a progeny class based on its frequency:


Male progeny:
405
a
+
+
parental type


44
+
b
+
single crossover



48
+
+
+
single crossover


2
a
b
+
double crossover

    Comparison of the parental and double-crossover classes indicates that b is in the middle, and the correct order is a – b – l (see solution to Problem 13.20, above, for determining the middle locus).  Since one of the parental-type chromosomes was a + +, the other must have been + b l, the reciprocal.  The heterozygous female was therefore a + +/+ b l.     

    The 44 + b + progeny are obtained from gametes arising from single crossovers between b and l.  They are half of the total single crossovers in that interval.  The other half were not recovered, as they bore the l allele.  Similarly, the 48 + + + progeny are half of the single crossovers in the interval a – b.  This information can be used to calculate recombination frequencies (RF) and draw a map.


RF (a – b) = [(48 + 2)/499] x 100% = 10%


RF (b – l) = [(44 + 2)/499] x 100% = 9.2%
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13.26
Since the male parent is triply recessive, the phenotypes associated with the female parent's gametes will be evident equally in males and females.  The map distances between the loci give the frequency of recombinants (i.e., crossovers) in each gene interval.  There will be 14 percent recombinants in the a – c interval (7% each of a c  and + +), and 12 percent recombinants in the c – b interval (6% each of + + and c b).  These recombinants will be distributed between both single- and double-crossover classes.

     The coefficient of coincidence gives the percentage of expected double crossovers that are observed.  The expected double crossovers can be calculated based on the recombination frequency in each of the two gene intervals, and is (0.12 x 0.14) x 100% = 1.68%.  Since the coefficient of coincidence is 0.3, only 30 percent of the expected double crossovers are observed, or 1.68% x 30% = 0.50% (0.25% each of a c b and + + +).  

     The remaining recombinants will be single-crossover classes.  This can be calculated by considering that some of the crossovers in each gene interval contribute to the double-crossover classes, and each double crossover has a crossover in each gene interval.  This means the frequency of single crossovers in each gene interval is equal to the difference between the frequency of crossovers in that interval and the frequency of double crossovers.  Consequently, there will be 14% – 0.5% = 13.5% single crossovers in the a – c interval (6.75% each a c + and + + b), and 12% – 0.5% = 11.5% single crossovers in the c – b interval (5.75% each a + +  and + c b).  

     The remaining progeny [100% – (13.5% + 11.5% + 0.5%) = 74.5%] will be parental types (37.25% a + b and 37.25% + c +).  The types or progeny are therefore:

Genotype
Percent
Number

a + b
37.25
745

+ c +
37.25
745

a c +
6.75
135

+ + b
6.75
135

a + +
5.75
115

+ b c
5.75
115

a c b
0.25
5

+ + +
0.25
5

13.27
The crosses under consideration are:



P:
h le Ch/h le Ch  x H Le ch/H Le ch


F1:
h le Ch/H Le ch x  h le ch/h le ch
To be profitable, the farmer needs 25 percent of the progeny to be either h le ch/h le ch or H le ch/h le ch.  Hence, he is concerned with the probability of obtaining a h le ch or a H le ch gamete from an h le Ch/H Le ch individual.  Gametes that are h le ch arise from a single crossover between le and ch.  Since there are 32 mu between le and ch, there will be 16 percent h le ch individuals (one-half of the recombinants between le and ch).  Gametes that are H le ch arise from a crossover in each interval.  Since there is no interference, their frequency will be half of the expected double-crossover frequency, or (0.5 x 0.32 x 0.26) x 100% = 4.16%.  The expected frequency of h le ch and H le ch gametes is 4.16% + 16% = 20.16%.  The farmer should stop breeding and cut his losses.

13.28
Since all of the genes have a dominant phenotype, and crosses are made to a homozygous recessive strain, the data can be analyzed as a series of two-point testcrosses as follows: 


Cross
Genes Involved
# Recombinants
Total
Recombination Frequency (%)
Apparent

Map

Distance


1

Fu, Ki

2/200
1
1 mu


2

Fu, H-2

8/200
4
4 mu


3

T, H-2

300/2,500
12
12 mu


4

Fu, T

24/300
8
8 mu

Two maps are consistent with these data.
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13.29


a.
Approach this problem by considering two genes at a time.  Then one has:


Gene Pair
# Parental-Type Progeny
# Recombinant-Type Progeny

Recombination Frequency (%)
Linked?


a, b
902
98

9.8

yes


a, c
973
27

2.7

yes


a, d
957
43

4.3

yes


a, e
497
503

50.0

no


b, c
875
125

12.5

yes


b, d
945
55

5.5

yes


b, e
497
503

50.0

no


c, d
930
70

7.0

yes


c, e
498
502

50.0

no


d, e
496
504

50.0

no


The genes a, b, c, and d are linked, while e is unlinked to the other four genes.  Use the smallest distances as the most accurate map distances.  One has:
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b.
Rewrite the parental cross using the correct gene order:



 EQ \F(b+ d  a+ c, b  d+ a  c+)   \F(e, e+)   x   EQ \F(b d a c,b d a c)   \F(e,e) 


To obtain a b+ d+ a+ c+ fly, there must be crossovers between b and d, d and a, and a and c.  Two reciprocal crossovers will be found: one-half of the progeny will be b+ d+ a+ c+ and one-half of the progeny will be b d a c.  Among these progeny, one-half will be e+ and one-half will be e.  


p(b+ d+ a+ c+ e+)
= p(triple crossover) x 1/2 x 1/2



= (0.055 x 0.043 x 0.027) x 0.25 



= 1.6 x 10-5.

13.30



a.
The cross is w +/w + (white female) x + cho/Y (chocolate male), and the F1 females are w +/+ cho (red).  Since the w and cho genes are 11.5 map units apart, the F1 females will have 11.5 percent recombinant-type gametes (5.75% each ++ and w cho) and 88.5 percent parental-type gametes (44.25% each w + and + cho).  When these gametes are combined with those of wild-type (50% each + + and Y) or white-eyed (50% each w + and Y) males, one obtains the progeny shown in the following branch diagrams.


Cross: w + /+ cho x + + /Y



Gametes of 



w +/+ cho
++/Y
Progeny




[image: image13.wmf]



Result:  50% red females
2.875% red males 



25% white males



22.125% chocolate males


Cross:  w + /+ cho x  w + /Y



Gametes of 



w +/+ cho
w +/Y
Progeny




[image: image14.wmf]


Result:
25% red females
2.875% red males





25% white females
25% white males



22.125% chocolate males

b.
The initial cross is {w +/Y; +/+} x {+ cho/+ cho; st/st} with F1 females being {w +/+ cho; +/st}.  These trihybrid females will have eight types of gametes: 88.5 percent will be parental types (22.125% each of {w +; +}, {w +; st}, {+ cho; +}, {+ cho; st}), and 11.5 percent will be recombinants between w and cho (2.875% each of {+ +; +}, {+ +; st}, {w cho; +}, {w cho; st}).  The results obtained when the F1 female is crossed to a true-breeding scarlet male (with {+ +; st} and {Y; st} gametes) are shown in the following branch diagrams:

Cross:  w +/+ cho; st/+ x + + /Y; st/st

Gametes of 

w +/+ cho; st/+
+ +/Y; st/st
Progeny

[image: image15.wmf]

Result:  25% red females
1.4375% red males



25% scarlet females
1.4375% scarlet males



36.0625% white males



11.0625% chocolate males

13.31
First, use the chi-square test to evaluate the hypothesis that there is no relationship between chestnut coat color and "class."  If, by using the chi-square test, we are able to reject this hypothesis, further investigation into the potential linkage of the coat color gene and a "class" gene would be warranted.  In the statement of the problem, two assumptions are stated concerning the mates of Sharpen Up.  In the initial chi-square test proposed here, these are the major assumptions.  Other needed assumptions follow from the hypothesis of the chi-square test.  However, evaluation of linkage of the chestnut gene and a "class" gene require a number of additional assumptions.  These will be discussed below. 


Given a hypothesis that there is no relationship between "class" and chestnut coat color, then the likelihood of obtaining a "classy" horse in a mating with Sharpen Up is uniform with regard to coat color.  Then, since 83 "classy" horses were produced from a total of 367 + 260 = 627 progeny, the chance of obtaining a "classy" horse from a mating with Sharpen Up is 83/627 = 0.1324 = 13.24%, independent of coat color.  To perform the chi-square test, we need to determine the expected number of "classy" chestnut and "classy" bay horses, and compare this to the observed number of "classy" chestnut and "classy" bay horses.


Assumption I: Sharpen up is mated equally frequently to homozygous bay, heterozygous bay/chestnut and homozygous chestnut mares.  Chestnut is recessive to bay, so let chestnut be represented by c and bay by C.  Since Sharpen Up is chestnut, the three types of crosses occurring equally frequently are cc x CC, cc x Cc, and cc x cc.  The first cross will produce no cc progeny; the second will produce 50% cc progeny; the third cross will produce 100% cc progeny.  If each crosses occurs equally frequently, [(0 x 1/3) + (1/2 x 1/3) + (1/3)] = 1/2, or 1/2 x 627 = 314 of the progeny were chestnut.  [In this answer, fractions of a horse will be rounded up or down to the nearest "whole" horse.]  The remaining 627 – 314 = 313 progeny were bay.


Using the assumption that the frequency of "classy" horses is uniform, the frequency of "classy" horses is 13.24 percent.  Then, under assumption I, the expected number of "classy" chestnut progeny = 314 x 0.1324 = 42 and the expected number of "classy" bay progeny = 313 x 0.1324 =  41.  The observed numbers of "classy" horses were 45 chestnut and 38 bay.  For these values, 2= [(45 – 42)2/42 + (38 – 41)2/41] = 0.43, df = 1, 0.50 < P < 0.70.  Under assumption I then, the hypothesis that chestnut coat color and "class" are unrelated is accepted as possible.


Assumption II: Sharpen up is mated equally frequently to heterozygous bay/chestnut and chestnut mares.  The first cross, Cc x cc, will produce 50 percent cc (chestnut) progeny and the cc x cc cross will produce 100 percent cc (chestnut) progeny.  Thus, if both types of crosses occur equally frequently, 75 percent, or 0.75 x 627 = 470, of the progeny were chestnut under assumption II.  The remaining 627 - 470 = 157 progeny were bay.


If the frequency of "classy" horses is 13.24 percent, then under assumption II we would expect 470 x 0.1324 = 62 chestnut, "classy" progeny and 21 bay, "classy" progeny.  The observed numbers of "classy" horses were 45 chestnut and 38 bay.  For these values, 2= [(45 – 62)2/62 + (38 – 21)2/21] = 18.4, df = 1, P < 0.001.  Under assumption II then, we would reject the hypothesis that the chestnut coat color gene and "class" are unrelated as being unlikely.  It would be reasonable to consider the hypothesis that a gene closely linked to chestnut might contribute to "class."


Notice that the evidence for a relationship between chestnut coat and "class" hinges on knowing what alleles at the chestnut/bay gene were present in the mares bred to Sharpen Up.  This information is available (although not in this problem).  It would be a valuable exercise to consider what additional assumptions would be required to specifically test for linkage to a "class" gene.  The following might be necessary: assumptions about the number of alleles in the population of horses, the dominance relationship(s) between them, and whether they are in repulsion or in coupling with the chestnut allele.  Needless to say, this is a complex endeavor.

13.32
First, write out the strains that were crossed and the kinds of progeny that are possible.



pan +  x  + lys 

pan
+
parental-type spore

+
lys
parental-type spore

pan
lys
recombinant-type spore

+
+
recombinant-type spore

Notice that, since spores that are pan or lys require supplements to grow, the only spores that can grow on minimal medium are wild-type, or + + spores.  All parental-type spores and half of the recombinants cannot grow.  Thus, the 30 spores that grew are half of the recombinants.  Therefore, there were a total of 60 recombinants in 750 progeny tested, giving a map distance of (60/750) x 100% = 8 mu.

13.33
First, consider the results of the set of crosses to the wild type.





albino x  +  50% albino, 50% +

The observation of equal frequencies of parental-type spores in the progeny indicates that the albino strains have an allele that behaves in a Mendelian fashion.  That is, for each of the four strains, the albino and + alleles segregate from each other as would be expected of alleles at one gene.  The question now becomes whether each of the albino strains results from a mutation in the same or a different gene.  This issue can be resolved by considering the second set of crosses and the possibility that the different strains are mutant at different genes.  If different strains have mutations at different genes, the wild-type spores that are found represent half of the recombinant types of spores, as shown below:



1 x 2:
a1
+
x
+
a2

975 albino (a1 a2, a1 +  or + a2)



25 wild type (+ + )



1 x 3:
a1
+
x
+
a3

1,000 albino (a1 a3, a1 +   or + a3)










0 wild type (+ + )



1 x 4:
a1
+
x
+
a4

750 albino (a1 a4, a1 +  or  + a4)










250 wild type (+ + )

In the cross of 1 x 2, the appearance of 25 wild-type spores indicates that there are a total of 50 recombinant spores (5%).  Hence, genes 1 and 2 are linked, and 5 map units apart.  In the cross of 1 x 3, there are no recombinant spores, and so these albino alleles appear to be at the same gene, and may be identical.  In the cross of 1 x 4, there are a total of 500 recombinant spores (50%) and so genes 1 and 4 appear to be unlinked.  There are therefore three different genes, with genes 1 (= 3) and 2 being linked.

13.34   Notice that there are 8 classes of progeny which appear in four frequencies, reminiscent of a three-point cross with three linked loci.  Therefore, treat this as you would a three-point cross.  Comparison of one of the parental types ( + thi  met) to one of the double recombinants (arg + met) tells us that met is in the middle, between arg and thi.  Rewrite the progeny types as (SCO = single crossover):


parental
+
met
thi
56


parental
arg
+
+
51


SCO between arg – met
arg
met
thi
26


SCO between arg – met
+
+
+
29


SCO between met – thi
arg
+
thi
17


SCO between met – thi
+
met
+
14


double crossover
arg
met
+
3


double crossover
+
+
thi

4








200

The map distance between arg and met is [(26 + 29 + 3 + 4)/200] x 100% = 31 mu, and the map distance between met and thi is (17 + 14 + 3 + 4)/200 = 19 mu.  Therefore, we have the following map:


[image: image16.wmf]
13.35
A solution to parts (a) and (b) can follow from trying to diagram a number of different crossovers and their resolution (by following a chromosome "through" the crossover from left to right).  It is also possible to reason through these as follows: In part (a), four recombinant gametes are needed.  The crossover shown occurs between two nonsister chromatids, and gives two of these.  A crossover between the remaining two nonsister chromatids would give two more, making a total of four.  In part (b), four nonrecombinant gametes are needed.  The crossover shown gives two recombinant gametes, and so a second crossover must be drawn between these same two nonsister chromatids to change them back to nonrecombinant-type chromosomes.  Shown below is a diagram of a four-strand double crossover, the solution to (a), and a two-strand double crossover, the solution to (b), with resolution for the crossover events.  Note that the diagram shown in (b) is equivalent to a two-strand double crossover between any two nonsister chromatids.

a.




[image: image17.wmf]
b.




[image: image18.wmf]
13.36
As the initial cross is p– a x p+ , there are 20 PD tetrads, 18 NPD tetrads, and 8 T tetrads.  Since the number of PD and NPD tetrads is approximately equal, these two genes assort independently and therefore are on different chromosomes.  (Note that once tetrad types are assigned, determination of linkage is much easier than in nontetrad analysis.  Simply ask if PD = NPD!)

13.37
Categorizing these unordered asci shows that there are 110 PD, 6 NPD, and 45 + 39 = 84 T tetrads.  Since PD >> NPD, the loci are linked.  The percent recombination between them is given by:


RF = [(1/2 T + NPD)/(total # asci)] x 100%



 = [[(1/2 x 84) + 6]/(110 + 6 + 45 + 39)] x 100%



 = (48/200) x 100%



 = 24%

The map distance between leu and rib is 24 mu.

13.38
To solve this problem, consider only one pair of loci at a time, determine the gene–gene and gene–centromere distances for that pair, and then relate the findings for both pairs of loci.  For the a and b loci, one can assign the type of tetrad and the segregation pattern (MI = alleles segregated during meiosis I, MII = alleles segregated during meiosis II) as shown below:

45

T
5

T
146

PD
1

PD
10

T
20

PD
15

PD
58

T

a  b
a  b
a  b
a  b
a  b
a  b
a  b
a  b

+  b
a  +
a  b
+  +
a  +
+  +
a  b
+  b

a  +
+  b
+  +
a  b
+  b
a  b
+  +
a  +

+  +
+  +
+  +
+  +
+  +
+  +
+  +
+  +

MII  MI
MI  MII
MI  MI
MII MII
MI  MII
MII MII
MI  MI
MII MI

For the cross a b x + + then, there are (146 + 1 + 20 + 15) = 182 PD, (45 + 5 + 10 + 58) = 118 T, and 0 NPD tetrads.  Since PD >> NPD, the loci are linked.  The recombination frequency between them is given by:


RF
= [(1/2T + NPD)/total # asci] x 100%



= [(1/2 x 118)/300] x 100%



= 19.7%

The recombination frequency of a and b with the centromere is given by:


RF (gene–centromere) = (1/2 MII type patterns/total) x 100%


RF (a–centromere)
= [1/2(45 + 1 + 20 + 58)/300] x 100%



= 20.7% 


RF (b–centromere)
= [1/2(5 + 1 + 10 + 20)/300] x 100%



= 6%

For the cross b + x + c, we have:

45

T
5

T
146

PD
1

T
10

PD
20

PD
15

T
58

PD

 b  +
 b  +
b  +
b  +
 b  +
 b  +
 b  +
 b  +

b  c
+  +
b  +
+  +
+  c
+  c
b  c
 b  +

+  +
b  c
+  c
b  c
 b  +
 b  +
+  +
+  c

+  c
+  c
+  c
+  c
+  c
+  c
+  c
+  c

MI  MII
MII MI
MI  MI
MII MI
MII MII
MII MII
MI MII
MI MI

There are (146 + 10 + 20 + 58) = 234 PD, (45 + 5 + 1 + 15) = 66 T and 0 NPD tetrads.  Since PD >> NPD, b and c are linked.  The recombination frequency between them is given by:


RF
= [(1/2 x 66)/300] x 100%



= 11%

The recombination frequency of c with the centromere is given by:


RF (c–centromere)
= [1/2(45 + 10 + 20 + 15)/300] x 100%



= 15%

For the cross a + x + c, we have:

45

PD
5

PD
146

PD
1

T
10
T
20

PD
15

T
58

T

 a  +
 a  +
 a  +
a  +
a  +
 a  +
 a  +
 a  +

+  c
 a  +
 a  +
+  +
a  c
+  c
a  c
 +  +

 a  +
+  c
+  c
a  c
+  +
 a  +
+  +
a  c

+  c
+  c
+  c
+  c
+  c
+  c
+  c
+  c

There are (45 + 5 + 146 + 20) = 216 PD, (1 + 10 + 15 + 58) = 84 T and 0 NPD tetrads.  Since PD >> NPD, a and c are linked.  The recombination frequency between them is given by:


RF
= [(1/2 x 84)/300] x 100%


= 14%

Using the calculations above, a – b is 19.7 map units, a – c is 14 map units, b – c is 11 map units, and b – centromere is 6 map units.  Thus, the gene order is centromere – b – c – a, and one has the following map (taking into consideration that, due to increasing numbers of multiple crossovers, more accurate RFs are obtained over smaller intervals):


[image: image19.wmf]
13.39
The cross is w/Y (white male) x wch/wch (cherry female), and so the female progeny are heterozygous at the white gene and are w/wch.  As shown in the diagram in the "Thinking Analytically" section of this chapter, when a single mitotic crossover occurs between a gene and its centromere in a heterozygote, the two daughter cells produced are each homozygous for a different allele.  That is, this type of mitotic recombination event in an a/+ heterozygote will produce aa and ++  daughter cells in an a/+ background.  By analogy to this event (draw it out), if mitotic recombination occurred in a w/wch individual during the development of the eye, and crossovers occurred between the white gene and the centromere (which is most of the X chromosome), w/w and wch/wch cells would be produced in a w/wch background.

     The alleles at the white gene control the amount of pigment deposited in cells of the eye and show partial dominance.  In phenotypically white w/w homozygotes, 0.44% of wild-type pigment levels are found, while in cherry-colored wch/wch homozygotes, 4.1% of wild-type pigment levels are found.  It is reasonable to expect that w/wch heterozygotes will have pink eyes, and have about 2.0% of wild-type pigment levels.  If mitotic recombination occurs, twin spots will be seen: In a pink background (w/wch), one will see neighboring white (w/w) and cherry (wch/wch) twin spots.  These cells in the spots have descended from a cell in which there was a mitotic recombination event.

13.40
The tetrad is not a PD, NPD or T tetrad.  The tetrad shows evidence of gene conversion of both alleles:  The wild-type y1+ allele has undergone conversion to y1, and the wild-type y2+ allele has undergone conversion to y2.  When a heteroduplex is formed that contains a mismatch needing repair, the mismatch can be repaired to either the wild-type or the mutant allele.  If strand exchange occurred and subsequent branch migration through the y gene generated mismatches at both the y1 and y2 sites, the strands could have been repaired to cause the indicated gene conversion events. 

Chapter 14

14.1
The frequency with which a recipient is converted to a donor reflects the frequency with which a complete F factor is transferred.  In F+ x F– crosses, only the F factor is transferred, and this occurs relatively quickly.  In Hfr x F– crosses, transfer starts at the origin within the F element, and then must proceed through the bacterial chromosome before reaching the F factor.  In order for the entire F factor to be transferred, the whole chromosome would have to be transferred.  This would take about 100 minutes, and usually, the conjugal unions break apart before then.

14.2
The diagram below shows the gene sequence in the original F+ strain, and the locations of the four different F factor insertions.  (Note that only one insertion exists in a particular Hfr strain.)

[image: image20.wmf]
14.3


a.

i.
True.  The graph indicates that a+ is transferred last, starting about 16 minutes after conjugal pairing.  The genes are transferred linearly in the order h+ (starting at 0 minutes), e+ (starting at 2 minutes), b+ (starting at 9 minutes), g+ (starting at 12 minutes) and then a+.   

ii.
False.  The data show that a+ took the longest time to be transferred and so was the last gene to be received.  The correct order of gene transfer was h+ (first), e+, b+, g+, and a+ (last).

iii.
False.  In order for the recipient cell to be transformed to F+ or Hfr, it must receive a complete copy of the F factor.  Since only part of the F factor is transferred at the beginning of conjugation, and e+ is transferred quite quickly after conjugal pairing, most e+ strr recombinants will have only a small part of the donor chromosome.  The remaining part of the F factor is only transferred after the entire bacterial chromosome is transferred.  Because of turbulence, the conjugal pairing is almost always disrupted before transfer of an entire chromosome is completed.  Hence, the chance that complete transfer will occur is quite remote.

iv.
True.  The graph shows that a+ is not transferred until after about 16 minutes has elapsed.

b.
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14.4
Strain A is thy– leu+, while strain B is thy+ leu–.  To test if DNA from A can transform B, one is interested in whether one can transform the leu– allele of B to leu+.  To do this, add DNA from strain A to a leucine–fortified culture of B.  Incubate long enough for transformation to occur, then plate out these potentially transformed B cells on minimal medium or on medium supplemented only with thymine.  As shown in the table below, one can select for transformants by plating on such media, as growth on such media requires leu+.



Medium Type





Strain
Minimal
Plus leucine
Plus thymine
Plus thymine & leucine


leu+ thy+
+
+
+
+


leu+ thy–
–
–
+
+


leu– thy+
–
+
–
+


leu– thy–
–
–
–
+

14.5



a.
To initially select for c+ strR recombinants, plate the progeny on minimal medium without compound C, but supplemented with streptomycin and compounds A, B, D, E, F, G, and H.  To assess the complete genotype of the c+ strR recombinants, replica plate them onto different minimal media supplemented with streptomycin and all but two of the compounds (compound C and one other).  For example, to test if a c+ strR colony was also a+, replica plate it onto a medium that lacked compound A, but was supplemented with streptomycin and B, D, E, F, G, and H.  If the colony were able to grow on this medium, it would be a+ c+ strR.  If it were unable to grow, it would be a c+ strR.
b.
Strain #1:  Since no c+ recombinants are ever obtained, strain #1 is unable to transfer c+.  This means it is either (1) F–; (2) Hfr, but with the F factor inserted either far from c+, or close to it but in an orientation so that genes are transferred in a direction opposite to c+; (3) F', with c+ in the bacterial chromosome.  It should not be F+, as then, at a very low frequency, some c+ recombinants would be obtained.



Strain #2:  Since c+ recombinants are obtained at 6 min., and g+, h+, a+ and b+ recombinants are obtained at subsequent time intervals, strain #2 is Hfr.  The genes are transferred in the following order: c+, g+, h+, a+ and b+.  From the times of their transfer, the map position of the genes is: origin (0) – c+ (6) – g+ (8) – h+ (11) – a+ (14) – b+ (16).  The location of genes d+, e+, and f+ cannot be precisely determined; since they are not transferred in an Hfr x F– cross, they are either far away from the F factor insertion site, or close to it but near the fertility genes, which are only rarely transferred by an Hfr strain. When the recombinants obtained from the strain #2 x F– mating at the 16-minute time period are crossed to an ampR F– strain, c+ is not transferred.  If these recombinants cannot conjugate with F–, this indicates that although strain #2 is fertile, it did not transfer a complete F factor.  It therefore must be Hfr.


Strain #3:  Strain #3 transfers c+ within 1 minute and g+ by three minutes.  From analysis of the strain #2  F– cross, we knew that these genes are 2 minutes apart.  This data supports this conclusion.  Since no other recombinants are obtained, no other genes are transferred.  This suggests that strain #3 is F', and that the segment of DNA containing c+ and g+ is in the F' factor.  If this is the case, the complete F factor will be transferred in a strain #3 x F– cross if the mating is allowed to proceed long enough.  This is observed: c+ recombinants from the strain #3 x F– cross obtained at 16 minutes are able to transfer c+ to an F– ampR strain.  Therefore, strain #3 is F'. 

c.
Information known with certainty is diagrammed below.  The location of genes in strains #1 and #3 is inferred from crosses with strain #2.  The location of genes d+, e+, and f+ is unknown.  


[image: image21.wmf]
14.6


a.
Prepare a set of bacterial plates with five different media, each containing minimal media supplemented with ampicillin and all but one of leucine, arginine, lysine, purine and biotin.  Mix the Hfr strain with the F– strain.  After, say, 2 min. and 5 min., remove some of the bacteria from the mating, violently shake them, and plate them on each of the media.  This will select for growth of ampR recombinants that are able to grow in the absence of one supplement.  For example, plating on medium with ampicillin, leucine, arginine, lysine and purine will select for bio+ ampR recombinants. Incubate the plates to let colonies grow, and identify the plate that has the most colonies after the shortest mating interval.  This will identify the prototrophic gene transferred first, and so identify the gene closest to the origin of replication of the F factor.  If, say, only plates lacking leucine have growth after 2 min., then leu+ is closest to the F–factor origin of replication.  

b.
The strR gene could be far from the origin of replication of the F factor in the Hfr chromosome.  Alternatively, the strR gene might be on a separate plasmid unable to be transferred to the F– cell (perhaps it is a defective F factor). 

14.7


a.
GT

b.
ST

c.
ST

d.
GT

e.
GT

f.
B

g.
B

h.
B

i.
N

14.8
The notation aceF represents a specific insertion site for an F factor.  This table shows that cells selected for transduction of F+ were isolated and then tested for the cotransduction of dhl or leu.  It shows that in one experiment, of the aceF+ transductants that were isolated, 88 percent were also transduced with the dhl marker.  In another experiment, of the aceF+ transductants that were isolated, only 34 percent were also transduced with the leu marker.  

     In order to obtain a transductant, a double crossover must occur between the transduced, donor DNA and the host chromosome.  The closer two loci are together on the same chromosome, the greater the probability that they will both be included within the limits of a double crossover.  Therefore, two loci that are closer together will show a greater frequency of cotransduction: dhl is closer to aceF+ than leu.    

14.9
The frequency of cotransduction gives an indication of the closeness of each pair of genes: the higher their cotransduction frequency, the closer the two genes.  The pryD and cmlB genes show the highest cotransduction frequency, and are the closest together.  This eliminates (c) as a possibility.  The genes aroA and pyrD show the lowest cotransduction frequency, and so, they are the furthest apart.  This eliminates (b) as a possibility.  The aroA and cmlB genes show an intermediate cotransduction frequency, as would be expected if cmlB were between aroA and pyrD.  Thus, the correct answer is (a). 

14.10     Notice that in this cross, by selecting for trp+, one selects for recombinants.  The frequency of the different classes of recombinants can be affected by two factors:  the distance between genes and the number of crossovers that are needed to obtain a particular genotype.  Since the bacterial chromosome is circular, recombinants are only obtained by either two, or some multiple of two, crossovers.  Obtaining four crossovers will be less common than obtaining two crossovers, and so a genotype that requires four crossovers to be produced is likely to be the least common.  In this case, with the parents being trp+ pyr+ qts and trp pyr qts+, the gene order that requires a quadruple crossover to produce the least frequent trp+ pyr qts class is trp – pyr – qts.  The other three transductant classes can be generated by double crossovers.  Try drawing this out.

14.11

The higher the frequency of cotransduction, the closer the loci.  Thus, the relative proximity of the loci to each other is:

cheB – eda
closest together

cheA – eda


cheA – supD


cheB – supD


eda – supD
furthest apart

A gene order that is consistent with these relationships is eda – cheB – cheA – supD.
14.12
The plaques produced on E. coli K12() are r+, while those on E. coli B may be either r+ or r–.  Thus, the total number of progeny can be inferred from the number of plaques formed on E. coli B.  Since E. coli B is coinfected with rIIx and rIIy, the only way to obtain an r+ progeny phage is to have a crossover within the rII locus.  The progeny resulting from a crossover would be 1/2 r+ and 1/2 rIIxy recombinants.  The number of recombinant phage is twice the number of r+ phage, which can be assayed for by growth on E. coli K12().  

# recombinant progeny in 1 mL
= 2 x (number of r+ phage/mL)



= 2 x (470/0.2)



= 4,700/mL. 

total # of progeny in 1 mL
= (dilution factor) x (# progeny phage/mL)



= 1,000 x (672/0.1) 



= 6.72 x 106/mL.

RF
= [4,700/(6.72 x 106)] x 100%


= 0.07%.

The map distance between rIIx and rIIy is 0.07 mu.  

14.13    Recall that, as discussed in Chapter 13, the most accurate map distances are those obtained over the shortest intervals.
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14.14
Analyze the data as you would a set of two-factor crosses:


Cross
Number of Progeny
# Recombinants
mu



c + x + mi

2,577

159
6.2



c + x + s

1,413

39
2.8



co + x + mi

12,324

652
5.3



mi + x + s

1,270

121
9.5


Two maps are compatible with these data:
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14.15
Between any two rII mutants rIIx and rIIy there are two products of intragenic recombination: rII++ and rIIxy.  Thus, the frequency of wild-type recombinants is half the total recombinant frequency.  These data give the following map:
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14.16
 If no r+ recombinants are obtained, the deletion removes the site of the point mutant.  If r+ recombinants are obtained, the site of the point mutation is not within the boundaries of the deletion.  To determine the deleted region then, define the region that includes all of the point mutations unable to recombine with the deletion.  Check your answer by verifying that all of the point mutations outside of this region do recombine with the deletion.

[image: image22.wmf]
14.17    First define where the point mutants lie using a systematic approach that utilizes two facts: (1) if a point mutant  is able to recombine with a deletion mutant, it must lie outside of the deleted region and (2) if a point mutant is unable to recombine with a deletion mutant, it must lie within the deleted region.  This means that a point mutant must lie within a region remaining intact in each of the deletions with which it does recombine, and conversely, it must lie in a deleted region that is shared by each of the deletions with which it does not recombine.  Employ both of these inferences to define the region in which the point mutant lies.

     Then determine the positions of the A and B cistrons.  Use the fact that if two mutants are unable to grow on E. coli K12() ("0"), the mutants cannot together provide the functions to complete the rII pathway.  Either the rIIA or rIIB function is missing.  Consequently, both mutants must be defective in the same function.  In other words, the mutants do not complement each other.  For example, if a mutant does not complement a known rIIA mutant (i.e., there is no growth on E. coli K12(), ("0"), then the mutation is in the A cistron.  Note that deletions can affect both the A and B cistrons, while point mutations can only affect one or the other cistron.




[image: image23.wmf]
14.18
When two haploid strains mate to form a diploid cell, each contributes its genome.  Consequently, there are two sets of genes in a diploid cell, and complementation between two mutants can be observed.  If two mutations are in the same unit of function (i.e., the same gene), then they will not complement when together in a diploid cell and the mutant phenotype will be exhibited.  If two mutations are in different genes, they will complement each other in a diploid cell and the wild-type phenotype will result. 

     In the data presented here, mutations 1 and 3, and mutations 1 and 4 complement each other, indicating that mutations 1 and 3 are in different genes, and mutations 1 and 4 are in different genes.  On the other hand, mutations 1 and 2, and mutations 3 and 4 fail to complement each other.  Thus, mutations 1 and 2 are in one gene, while mutations 3 and 4 are in a different gene.  There are two genes.

14.19
Mutants that fail to complement each other are in the same gene.  Mutants G and B fail to complement each other, mutants C and E fail to complement each other, and mutants A, F and D fail to complement each other.  Therefore there are three genes, with mutants G and B in one, mutants A, F, and D in a second, and mutants C and E in a third.

14.20


a.
True.  In the cross w1/w1 x w2/w2, the offspring are w1w2.  That they are white eyed indicates that w1 and w2 are mutations in the same function, i.e., the same gene.  Thus, w1 and w2 are allelic genes.

b.
False.  If the genes were nonallelic, each mutation would be in a different function.  The two mutations would each be in different steps of a pathway, with each mutant retaining the function of a different step.  Since the progeny obtain a set of genes from each mutant parent, they would have the function of both steps, and have red eyes.  Since they have white eyes, this statement is false.

c.
True.

d.
True.  A complementation test examines whether two mutations affect the same function.

e.
True.  The F1 is a trans-heterozygote.

f.
True.  If two genes affect the same function, they are allelic.

      The complementation test indicates that the two mutations affect the same function, and are therefore alleles at the same gene.  However, it does not indicate whether they are identical alleles or not.  To evaluate if two allelic mutations lie in exactly the same position in a gene, one needs to assess whether recombination can occur between them.  If two alleles are identical, and lie in the same site, intragenic recombination between them cannot occur.  If they lie in different sites, intragenic recombination can occur, giving rise to wild-type recombinant chromosomes.  The appearance of wild-type F2 progeny results from intragenic recombination, as illustrated below.

If w1 and w2 lie in different sites in the same gene, the cross and the F1 progeny can be written as 




P: 
 EQ \F(w1  +,w1  +)  x  EQ \F(+  w2,+  w2) 
F1:
 EQ \F(w1  +,+  w2) 
A rare intragenic crossover between the two mutant sites can be diagrammed as follows:
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This crossover gives rise to gametes that are w1 w2 and + +.  The w1 w2 gamete would not be detected (w1 w2/w1 + and w1 w2/+ w2 flies are white eyed, as are their noncrossover siblings), but a + + gamete would give rise to a red-eyed offspring that has a genotype of + +/w1 +  or + +/+ w2.  It is interesting to note that from the frequency of the white-eyed progeny, one can determine the recombination frequency (RF) between the two point mutants, just as in Benzer’s cis-trans tests in the rII region of T4.

RF (w1, w2) = [(2 x 10)/20,010] x 100% = 0.1%.  The w1 and w2 mutation sites are 0.1 mu apart.

14.21
First think about why the parents might be white and have mostly white offspring.  Presumably, the parents are white because they lack a functional gene that makes a product (an enzyme perhaps) that produces black pigment.  If the parents were white because they lacked the function of two different genes needed for black pigment production, a cross between them would produce black, and not white offspring.  Since most of their offspring are white, it is likely that they each lack an identical function needed for black pigment production.  Consider the options for how this could occur, and then consider how a black offspring might arise under each option.  

     Option 1: Each parent is homoallelic at a gene that results in white, and not black pigmentation. If this is the case, one can denote the cross as a1/a1  a2/a2, and all progeny are a1/a2.  Since the parents are homoallelic, no intragenic recombination will occur.  In this case, an a+ allele could arise by a rare, new mutation (a reversion mutation), which would restore the function of the gene in the black pigment pathway.  The offspring would be a++/ (a1 or a2), and be black.

     Option 2: At least one parent is heteroallelic at a gene that results in white, and not black pigmentation.  In this case, one can denote the cross as a1/a x a–/a–, where a– represents any mutant, nonfunctional allele at this gene (the two a– alleles need not be identical).  In the heteroallelic parent a1/a2, a rare intragenic crossover between the sites of the a1 and a2 mutations will result in a+ and a1,2 alleles, so that an a+/a– offspring will be produced.  This offspring will have a+ gene function, and so will be black. 

14.22


a.
There are at least two options.  First, the enzyme could be composed of multiple polypeptide subunits.  The mutants are at different genes, each of which encodes a polypeptide that is part of the multimeric enzyme.  Second, the enzyme is composed of just one type of polypeptide, but the polypeptide is modified before it becomes active as an enzyme.  One mutant is at a gene that encodes the polypeptide that will be modified to become the enzyme; the second mutant is at a gene that encodes a protein that modifies the enzymatic polypeptide and which is required to make it functional (e.g., it could be a protease that cleaves a pro-enzyme, making it active as an enzyme; it could be a kinase that phosphorylates a non-active form of the enzyme, making it active.)

b.
Under the first option in (a), the two mutants will lie at the same position in the metabolic pathway, as they affect the same enzymatic step.  Under the second option in (a), this may appear to be the case as well, depending on how the pathway is experimentally established.  If the two mutants are positioned in the pathway by testing for growth after supplemental nutrients are added and by the accumulation of precursor compounds, the two mutants will appear to lie at the same step.  However, the second mutant, at the gene which normally encodes a product to activate the enzyme, is actually positioned before the gene for the enzyme.  It would not sit in the linear pathway that depicts the enzymes involved in biosynthesis of tryptophan, but rather as a branch leading to the production of the enzyme it activates. 

14.23



a.
Cross each mutation to the wild-type, deep-red strain and observe the phenotypes of the progeny.  A dominant mutation, by definition, is one that appears in a heterozygote.  If the progeny show deep-red eyes, the mutation must be recessive.  If the progeny show brownish eyes, the mutation is dominant.

b.
Set up pairs of crosses between the mutants to perform complementation tests.  Mutations that affect the same gene function will produce brown-eyed progeny when crossed and belong to the same complementation group.  Mutations that affect different functions will produce deep-red-eyed progeny when crossed and belong to different complementation groups.  Counting the number of different complementation groups will give the number of genes that are affected.

c.
Allelic mutations are those that are members of the same complementation group, as determined in (b).  

d.
One could assess if a particular mutant is allelic to a known eye-color gene by performing complementation tests between it and mutants at all known eye-color genes.  This would involve crossing the mutant to mutants from a collection of strains with known eye-color mutations and observing the progeny of each cross.  If the progeny have a mutant eye color, one would infer that the mutations carried in the two strains are allelic.  However, this would be a tremendous amount of work.  There are many eye-color mutations and this would require a large number of crosses.  It would be faster to first determine which of the six mutations are allelic, and then choose a representative allele from each complementation group and identify its chromosomal location using a set of two- and/or three-point mapping crosses.  Once this is done, examine published genetic maps of the Drosophila genome (e.g., at http://www.flybase.org) and ask if any known eye-color mutations lie in the same region.  Then, obtain strains with these eye-color mutations and perform complementation tests between these mutant strains and a representative mutant from each complementation group identified with the new eye-color mutations.

Chapter 15

15.1
The nuclear genome is organized into linear chromosomes that are long double-stranded DNA molecules packaged by histone and nonhistone chromosomal proteins.  Both mitochondrial and chloroplast genomes are circular, supercoiled, double-stranded DNA molecules and are not complexed with packaging proteins.  While there is some variation in the size of chloroplast genomes (80 to 600 kb) and mitochondrial genomes (<20 kb in animals, 80 kb in yeast, 100 to 2,000 kb in plants), these extracellular genomes are not nearly as large as most eukaryotic chromosomes.  Unlike nuclear chromosomes that contain diverse genes and noncoding sequences, mitochondria contain similar, unique genes, with larger mitochondrial genomes containing more noncoding sequences.  Diploid, mitotically active eukaryotic cells have two copies of each chromosomal homolog that divide in an exquisitely organized mitosis.  On the other hand, extranuclear genomes can exist in a variable number of copies per cell and can replicate independently in many phases of the cell cycle.  A single yeast mitochondrion, for example, can have 10–30 nucleoid regions, each containing four to five mitochondrial DNA genomes.

15.2
In addition to being relatively AT-rich, mitochondrial DNA is circular, supercoiled, and has a fixed size.  Its sequence is partially or completely known in a number of organisms, including yeast.  There are several alternative approaches to determine if the minor peak fraction contains mitochondrial DNA.  A first approach is to compare the properties of DNA in the minor peak fraction to DNA obtained from isolated mitochondria.  Separate mitochondria from nuclei by differential centrifugation or by using sucrose density gradients.  Then isolate and characterize the DNA from these two organellar fractions.  Assess the density of the DNAs in CsCl density gradients and visualize the DNAs using electron microscopy.  DNA associated with the mitochondrial fraction should be circular.  DNA associated with the nuclear fraction will not be circular.  If the minor peak is from mitochondria, purified DNA from mitochondria, separated in a CsCl density gradient, should have an identical density to that of the minor peak.    

     A second approach is to grow the yeast in the presence of an intercalating agent such as acridine, and see whether this treatment causes the minor peak species to disappear.  If it does, the minor peak is organellar in origin.  

    A third approach is to isolate the minor peak, label it with 3H, and hybridize this labeled DNA to DNA within suitably prepared yeast cells.  Then, using autoradiography and the electron microscope, determine whether the label is found over the nucleus or the mitochondria.  

     A fourth approach is to isolate DNA from the minor peak and study its homology to that of other yeast mitochondria (for example, perform a comparative DNA sequence analysis). 

15.3
Human mitochondrial DNA contains the genes for the 12S and 16S mitochondrial rRNAs; 22 tRNAs; cytochrome b; and some of the polypeptide subunits of cytochrome c oxidase (COI, COII, COIII), NADH-dehydrogenase (ND1-6), and ATPase (ATPase 6 and 8).  See Figure 15.3.

15.4
That most nuclear and mitochondrial mRNAs are polyadenylated suggests that polyadenylation serves some function that is basic and very likely important, perhaps related to mRNA stability or translation.  However, the features unique to polyadenylation of mitochondrial transcripts give little insight into a general function.  For example, polyadenylation is necessary in some mitochondrial mRNAs to complete a missing part of a UAA stop codon, but this function is not required for nuclear mRNAs.  Since mitochondrial mRNAs do not exit the mitochondrion, the 3' poly(A) tail is presumably not needed for transport between cellular compartments.  Experiments in which Xenopus oocytes were injected with globin mRNA with and without a poly(A) tail have suggested that one more general function of the tail is to confer stability on eukaryotic mRNAs.  This view has been supported by investigations that have shown that shortening of the poly(A) tail plays a significant part in the control of mRNA degradation.  Additional insights into the function of poly(A) tails have come from observations on the control of translation of maternally deposited mRNAs that are stored in oocytes.  Here, the length of the poly(A) tail is regulated cytoplasmically, and stored mRNAs have shorter poly(A) tails than actively translated mRNAs.  A longer poly(A) tail is able to promote the initiation of translation.

15.5


a.
Mitochondrial ribosomes are sensitive to most inhibitors of bacterial ribosome function, such as chloramphenicol.  However, they are generally insensitive to antibiotics to which cytoplasmic ribosomes are sensitive, such as cycloheximide.  Selective use of antibiotics that inhibit translation by mitochondrial vs. cytoplasmic ribosomes has shown that components 2, 5, and 6 of cytochrome oxidase are synthesized on mitochondrial ribosomes, while components 1, 3, 4, and 7 are synthesized on cytoplasmic ribosomes. See Figure 15.4.

b.
Studies on the role of the mitochondrial genome in Alzheimer's disease can be made by comparative analysis of cytochrome oxidase activity in cybids made with platelets from diseased individuals and in cybids made with platelets from age-matched control individuals.  It is important to assess a number of different enzyme activities associated with mitochondrial proteins to ensure that the deficits in cytochrome oxidase were specific.

c.
As discussed in the text, the cells of individuals with diseases resulting from mitochondrial DNA defects have a mixture of mutant and normal mitochondria—that is, they show heteroplasmy.  Thus, assays in cybids are measurements of the enzyme activity present in a population of mitochondria in a cell.  It would be unlikely that each of the mitochondria of an affected individual has an identical defect.

15.6
While plant mitochondria use the universal nuclear genetic code, mitochondria from other organisms, including humans, utilize a code that differs in codon designation.  In addition, the mitochondrial code typically has more extensive wobble, so that many fewer tRNAs are needed to read all possible sense codons.  In humans, only 22 mitochondrial tRNAs are needed, as opposed to the 32 required for nuclear mRNAs.  [There is some variability between mitochondrial codes of different organisms, as well as between the nuclear codes of different organisms (e.g., ciliated protozoa do not use the universal nuclear code).]  Fewer mitochondrial tRNAs confer the advantage that fewer tRNA genes are needed in the mitochondria, allowing for a smaller mitochondrial genome.  

15.7
Compare these protein-synthesizing systems from three perspectives: the ribosomes used in translation, the mechanisms of translation initiation, elongation and termination, and the nature of the genetic code.

     Mitochondrial and chloroplast ribosomes are different from each other as well as from cytoplasmic ribosomes.  Cytoplasmic ribosomes are 80S, with 60S and 40S subunits.  Human mitochondrial ribosomes are 60S, with 45S and 35S subunits.  Chloroplast ribosomes are 70S, with 50S and 30S subunits, and are similar in size to prokaryotic ribosomes.  Mitochondrial ribosomes lack the 5S and 5.8S rRNA components of cytoplasmic ribosomes, and have a 16S rRNA and 12S rRNA in the large and small subunits, respectively.  Chloroplast ribosomes have a 23S, 5S, and 4.5S rRNA in the large subunit, and a 16S rRNA in the small subunit.  The number of ribosomal proteins found in the chloroplast and mitochondrial ribosomes is not well defined.  With a few exceptions (Neurospora, yeast), the proteins of mitochondrial ribosomes are distinct from those in cytoplasmic ribosomes.  It is known that most mitochondrial ribosomal proteins are encoded by nuclear genes, and chloroplast ribosomal proteins are encoded by both nuclear and chloroplast genes.

     Translation initiation in mitochondria (except for plant and yeast mitochondria) is quite different from initiation in the cytoplasm.  Animal mitochondrial mRNAs lack a 5' cap and have virtually no 5' leader sequence.  Therefore mitochondrial ribosomes bind to mitochondrial mRNAs and orient translation initiation differently than cytoplasmic ribosomes.  Initiation in plant and yeast mitochondria is more like cytoplasmic translation initiation: Although there is no 5' cap, there is a 5' leader and translation initiation may be at the first AUG.  In chloroplasts, translation initiation is much like in bacteria.  A formylmethionyl tRNA is used to initiate all proteins, and the formylation reaction is catalyzed by a transformylase in the chloroplast.  Both mitochondria and chloroplasts use their own translation initiation factors, elongation factors, and release factors that are distinct from those used in the cytoplasm.  In some ways, translation in both chloroplasts and mitochondria is similar to translation in prokaryotes.  Chloroplast and mitochondrial ribosomes are both insensitive to cycloheximide, an inhibitor of cytoplasmic ribosomes, but sensitive to nearly all antibiotics that inhibit prokaryotic translation.

     The genetic code used by both chloroplast and cytoplasmic ribosomes is the universal code, while the code used by mitochondria is different.  Mitochondria have fewer tRNAs, and there is considerably more wobble.

15.8
Non-Mendelian inheritance due to extranuclear genes can be distinguished from nuclear inheritance by four characteristics.  First, reciprocal crosses of extranuclear genes give different results because uniparental inheritance is typically seen.  These results are distinct from the results of reciprocal crosses of sex-linked nuclear genes, and from the results of reciprocal crosses of autosomal nuclear genes (which give the same results regardless of sex type).  Second, extranuclear genes cannot be mapped to chromosomes in the nucleus.  New extranuclear mutations do not show linkage to any known nuclear linkage group.  Third, ratios typical of Mendelian segregation are not found.  Fourth, extranuclear inheritance is indifferent to nuclear substitution.  

15.9
Maternal effect is the determination of gene-controlled characters by the maternal genotype prior to the fertilization of the egg cell.  A maternal effect is seen when nuclear genes of the mother function to specify some characteristic of the zygote.  For example, a maternal effect could result from a maternally transcribed gene whose product was localized at one pole of the embryo and was responsible for the polarity of the developing embryo.  

     In contrast to nuclear genes that can function in the mother, the genes involved in non-Mendelian inheritance are extranuclear and are found in mitochondria and chloroplasts.  If the mitochondria are inherited with transmission of the mother's cytoplasm, mitochondrial genes will show maternal inheritance, a type of extranuclear inheritance.

15.10
Both offspring have the same hybrid nuclear constitution, but differ in the maternal cytoplasm they inherited.  Thus, factors in the cytoplasm are likely to be the cause of the phenotypic difference that is seen.  The two possible types of cytoplasmic factors are those that would cause a maternal effect and those that are inherited maternally.  If the difference in phenotype is due to a maternal effect, the difference is due to the deposition in the oocyte of gene products from the mother's nuclear genome.  For these results to be explained by a maternal effect, one would have to hypothesize (1) that a such a maternally contributed gene product affected plastid color, and (2) that this product was different in O. hookeri and O. muricata.  If the difference in phenotype is due to maternal inheritance, the plastids contributed by one female parent would have to be different from the plastids contributed by the other.  Specifically, yellow plastids would have been contributed by the O. hookeri female and green plastids would have been contributed by the O. muricata female.  

     It is noteworthy that in most angiosperms (flowering plants), the plastids are inherited only from the maternal parent.  Thus, maternal inheritance of plastids would explain the results presented in this problem.  However, in the genus Oenothera, biparental inheritance (inheritance from both the male and the female parent) of plastids has been reported (see text).  If biparental inheritance does not occur all of the time (i.e., maternal inheritance occurs some of the time), many progeny would be just as described in the results presented here.  When plastids are contributed biparentally, and the plastids contributed by the male and female parent segregate to different daughter cells during mitosis, a green patch of tissue would be seen in the yellow progeny from the cross O. hookeri female x O. muricata male, and a yellow patch of tissue would be seen in the green progeny from the cross O. muricata female x O. hookeri male.

15.11


a.
The tudor mutation is a maternal effect mutation.  Homozygous tudor mothers give rise to sterile progeny, regardless of their mate.  

b.
The "grandchildless" phenotype results from the absence of some maternally packaged component in the egg needed for the development of the F1's germ line.

15.12


a.
Let the normal cytoplasm be denoted by [N], and the male-sterile cytoplasm be denoted by [Ms].  The cross can be written as [Ms] rf/rf  female x [N] Rf/Rf male.  The F1 would be [Ms] Rf/rf, and be male-fertile.

b.
The cross is [Ms] Rf/rf female x [N] rf/rf  male.  Half of the progeny would be [Ms] Rf/rf and half would be [Ms] rf/rf.  Thus, half of the progeny will be male-fertile and half will be male-sterile.

15.13



a.
The phenotypic results indicate that half of the progeny are [poky] and half are fast-[poky].  This means that all of the progeny have the [poky] mitochondrial phenotype (by maternal inheritance) and that the F gene must be a nuclear gene segregating according to Mendelian principles.  Using the symbolism given above, the cross can be written as F [poky] female x  + [N] male, and is expected to give half F [poky] and half + [poky] progeny.  Considering the phenotypes, the [poky] progeny are + [poky] and the fast-[poky] progeny are F [poky].

b.
The cross could be written as + [N] female x  F [poky] male.  The progeny will be half + [N] and half F [N].  These two genotypes are both normal, and have indistinguishable phenotypes.

15.14
Petites are a class of mutations that affect mitochondrial function.  Neutral petites are able to grow on a medium that will support fermentation, but cannot grow on a medium that supports only aerobic respiration because they lack nearly all of their mitochondrial DNA.  Nuclear petites result from a nuclear mutation that affects mitochondrial function (e.g., in a nuclear gene that encodes a subunit of a mitochondrial protein).  These mutations, if crossed to a wild-type (grande) strain, will show a typical 2:2 Mendelian segregation pattern.  Neutral and suppressive petites result from mutations in the mitochondrial genome.  They show uniparental inheritance (but not maternal inheritance): When crossed to a normal cell, and (grande) diploids go through meiosis, a 0:4 ratio of petite:grande is seen.  Suppressive petites, unlike neutral petites, do have an effect on the wild type.  A diploid formed from a suppressive petite and a normal cell will have respiratory properties intermediate between the petite and normal.  Mitosis in this diploid results in mostly petites (up to 99%) with a respiratory-deficient phenotype, and meiosis results in a 4:0 ratio of petite:grande.  At a molecular level, the suppressive petite mutations result from partial deletions of the mitochondrial DNA.   

15.15
Nuclear genes will show Mendelian segregation, so that +/petite should show 2:2 segregation.  One should see 1/2 petite and 1/2 wild-type (grande) progeny.

15.16
This problem is formally very similar to determining the mode of inheritance for yeast petite mutants.  Acriflavin intercalates between base pairs, and might be used to introduce petite-like mutations.  If the tiny phenotypes are due to a nuclear gene, then meiosis in cells formed from a cross of tiny x wild type should result in a 2:2 segregation of tiny:wild-type ascospores.  If, in contrast, an extranuclear gene is involved, one would expect a 0:4 or 4:0 ratio, and see only wild-type or tiny progeny.

15.17
Since ma-l is sex linked, we know it is nuclearly inherited.  One can therefore diagram the crosses and the results.  In the first cross, ma-l+/ma-l  x  ma-l/Y gives 1/4 ma-l/ma-l females, 1/4 ma-l+/ma-l females, 1/4 ma-l+/Y males, and 1/4 ma-l/Y males.  To explain why the half of the total F1 progeny that are ma-l hemizygotes or homozygotes do not have light-colored eyes, consider the possibility of a maternal effect.  The parental female was ma-l+/ma-l, and so could have provided normal xanthine dehydrogenase (or stable, normal xanthine dehydrogenase mRNA, or the biochemical product of the xanthine dehydrogenase reaction) to the embryo.  The results of the crosses indicate that this maternally transmitted product is sufficient for the F1 progeny to have a normal phenotype.  When the F1 females are backcrossed to the ma-l males, two different crosses are possible.  One is ma-l+/ma-l x ma-l/Y.  Just like the initial cross, this will give all wild-type progeny.  The other cross is ma-l/ma-l x  ma-l/Y, which will give all maroon-like progeny (as the mother can no longer supply the ma-l+ product to her progeny).

15.18
If the mutation is a sex-linked, male-lethal mutation, the first cross can be diagrammed as L/L x  +/Y, giving L/+ (females) and L/Y (dead males).  If the F1 females are crossed to normal males, the cross is L/+ x  +/Y.  The progeny are 1/4 L/+ (normal females), 1/4 +/+ (normal females), 1/4 +/Y (normal males), and 1/4 L/Y (dead males), a 2:1 ratio of females to males.  If the male lethality was associated with a maternally inherited factor lethal to males, the F1 females should possess this factor (as they received cytoplasm from their mother).  Consequently, just like their mother,  the F1 females should have no male offspring when mated to wild-type males.

15.19
When melanogaster females are crossed with simulans males, melanogaster cytoplasm is given to the offspring.  Female progeny will have an X from the melanogaster as well as the simulans parent, while male progeny will have an X from the melanogaster parent but only a Y (with few structural genes) from the simulans parent.  Female progeny survive selectively because of nuclear gene products provided on the simulans X needed for hybrid survival in melanogaster cytoplasm.  When a simulans female is crossed with a melanogaster male, simulans cytoplasm is given to the offspring.  Female progeny will have a melanogaster as well as a simulans X, while male progeny will have a simulans X and a melanogaster Y.  Since few or no females are recovered, it appears that the melanogaster X encodes products that (generally) cause lethality in the simulans cytoplasm.  

15.20
In part (a), all of the progeny would inherit the sigma factor from the (sensitive) female parent.  Consequently, all the progeny will be sensitive.  In part (b), the resistant female parent lacks the sigma factor.  All of the progeny will also lack the factor, and so be resistant.  

15.21


a.
Mitochondrial RFLP data can be helpful to trace the maternal line of descent.  If Carlos is the son of Mr. and Mrs. Mendoza, then Carlos and Mrs. Mendoza should have identical (or at least highly similar) RFLPs.  If, on the other hand, Carlos is the son of Mrs. Escobar's murdered daughter, then Carlos and Mrs. Escobar should have identical (or at least highly similar) mitochondrial RFLPs.  If Mrs. Escobar and Mrs. Mendoza have different mitochondrial RFLPs, it can be determined which of them contributed mitochondria to Carlos.

b.
Only Carlos, Mrs. Escobar and Mrs. Mendoza need to be tested.  The potential grandfathers need not be tested, as they will not have given any of their mitochondria to Carlos.  In addition, Mrs. Sanchez need not be tested, as her son, even if he was Carlos' father, would not have given him mitochondria (see, however, the text for exceptions to maternal inheritance).  Only individuals who might have contributed mitochondria maternally need to be tested.  If the DNA markers were nuclear, then anyone claiming to be related to Carlos should be tested.

c.
If Mrs. Mendoza and Mrs. Escobar do not differ in mitochondria RFLPs, the data will not be helpful.  This could be because the RFLPs are not very polymorphic, and many individuals share the same RFLPs.  In this case, it would be helpful to use nuclear markers and test all the “relatives.”  If the mitochondrial RFLPs do differ, and Carlos matches Mrs. Mendoza, the case should be dismissed.  If Carlos matches Mrs. Escobar, then the Escobar and Sanchez couples are indeed the grandparents, and the Mendozas have claimed a stolen child.  

15.22



a.
The analysis of mitochondrial DNA is a powerful tool in analyzing maternal lineages in humans.  By following the inheritance of a set of polymorphisms linked to mitochondrial DNA, maternal lineages can be followed.  

b.
In cases such as this one, it is important to relate these findings to independent assessment methods (language, archeological evidence).  This is because DNA polymorphisms can arise at multiple points in a maternal lineage, and taken alone, are not proof of a historical relationship. 

c.
This region lacks coding sequences, and is used to regulate mitochondrial DNA replication.  Thus, it may have fewer constraints that force conservation of its DNA sequence.

d.
There are at least three explanations:  a single origin of the deletion in Asia, with migration to Africa; a single origin in Africa, with migration to Asia; or independent, identical mutations in both Africa and Asia.  If either of the first two explanations were correct, then DNA in the tRNA.Phe to tRNA.Thr region would be relatively similar in sequence in those African and Asian populations with the deletion.  If the third explanation were correct, then DNA in the tRNA.Phe to tRNA.Thr region would be relatively dissimilar in those African and Asian populations with the deletion.  (The latter is seen.)

15.23


a.
Since II-4 is a male, he will not contribute any of his mutant mitochondria to his offspring.  All of his offspring will have normal mitochondria from their mother, and be normal.

b.
Since II-2 is a female, all of her progeny will obtain her mutant mitochondria, and hence all will be affected.  All of her sons will be affected.

c.
All of the daughters will be affected, as all will have mutant mitochondria from their mother.

15.24
If the coil direction were controlled by an extranuclear gene, then the progeny would always exhibit the phenotype of the mother, owing to maternal inheritance.  If the trait were determined by a nuclear gene that did not show a maternal effect, then one would expect a "true-breeding" individual to give rise to individuals just like itself.  Since neither of these are observed, these data are best explained by considering a nuclear gene that shows a maternal effect.  In this case, the shell-coiling phenotype is determined by the genotype of the mother.  One can infer the maternal genotype from the progeny phenotype.  If dextral is D, and sinistral is d, the F1 genotype must have been dd, as it only gives sinistral offspring.  Since the F1 itself has a dextral pattern, its maternal parent must have had a D allele.  To give the F1 a d allele, the maternal parent must have been Dd.  The paternal parent must have had a d allele, and could have been either dd or Dd.

15.25



a.
It would be necessary to show that individuals with BWS have the loss of expression of a parental allele that contributes to the onset of BWS.   From what is described in the question, there is a tumor suppressor gene (tumor suppressor genes function to suppress cell division and inhibit tumor growth) that if not expressed, could result in tumor formation.  In addition, the region appears to be subject to imprinting because of the expression pattern of genes in the region in tumors, and the expression pattern of KVLQT1 in some tissues of normal individuals.  It could be that the loss of expression of one tumor suppressor allele would give rise to tumor formation due to the sole expression of a mutant allele.  This hypothesis would need to be evaluated, however.

b.
The molecular basis for imprinting is a decrease in the expression of a specific allele due to the heritable methylation of that allele in one parent.  To demonstrate imprinting, it is necessary to identify which of a paternally or maternally inherited allele is transcribed.  This can be done if the parental alleles are polymorphic, and the differences between them can be detected by analysis of their mRNA or protein products.

c.
It would be necessary to demonstrate that only one of the two parental alleles is expressed in the heart of diseased individuals.  For example, if the mutation caused imprinting to occur abnormally, the levels of mRNA for the KVLQT1 gene could be lowered, and this might lead to the disease state.  It would be important to distinguish between decreased levels of expression of the KVLQT1 gene due to abnormal imprinting of one allele, and decreased levels of expression due to some other reason (e.g., a mutation affecting transcriptional control).  

d.
In both situations, a region of a chromosome appears to be subject to imprinting, as the alleles of multiple genes in the region contributed by one parent are not expressed.

Chapter 16

16.1
The addition of lactose to E. coli cells brings about a rapid synthesis of these three enzymes by the induction of a single promoter that lies upstream of the genes for these three enzymes.  The three genes are part of a lac operon that is transcribed as a single unit.  When lactose is added, it is metabolized (isomerized) to allolactose, which binds to a repressor protein.  Without bound allolactose, the repressor protein blocks transcription from the lac promoter.  Hence, the lac operon is normally under a negative control mechanism.  When allolactose is bound, the repressor protein is inactivated and is unable to bind to the operator site to block transcription.  As a result, RNA polymerase binds to the promoter and initiates transcription of a single mRNA that encodes all three proteins.  

     One of the enzymes that is synthesized, -galactosidase, cleaves lactose to produce glucose and galactose (which is converted to glucose in a subsequent enzymatic step).  Consequently, if glucose is present in the medium, it is redundant to induce the lac operon.  Glucose blocks induction of the lac operon by utilizing a positive control mechanism.  In this catabolite repression, glucose causes a great reduction in the amount of cAMP in the cell.  For normal induction of the lac operon, cAMP must complex with a CAP (catabolite gene activator protein) that, in turn, binds to a CAP site upstream of the lac promoter and activates transcription.  In the absence of cAMP, the cAMP-CAP complex is absent, and so transcription cannot be activated.

16.2
Polygenic mRNAs contain coding information for more than one protein.  These mRNAs are transcribed from operons that contain several genes encoding related functions such as catalyzing steps of a biosynthetic pathway.  One advantage conferred by utilizing such mRNAs is that cells can regulate all of the steps of a pathway coordinately.  By using a polygenic mRNA, the synthesis of each of a set of enzymes acting in one pathway can be produced by a single regulatory signal.

16.3
One possibility is that the repressor protein bound by the inducer cannot bind to the operator (i.e., the repressor is nonfunctional and the strain is I_), so that its presence or absence makes no difference.  Another possibility is that there are base-pair alterations in the operator region that make it unrecognizable by the repressor protein (i.e., the operon is constitutively expressed and the strain is Oc).

16.4


a.
A missense mutation results in partial or complete loss of -galactosidase activity, but no loss of permease and transacetylase activities.  A nonsense mutation is likely to have polar effects unless the mutation is very close to the normal chain-terminating codon for -galactosidase.  If the nonsense mutation in the DNA occurred near the terminus of the lacZ gene, the ribosome would continue to slide along the polygenic mRNA toward the lacY gene.  However, it would typically dissociate before reaching the start codon for permease because of the greater distance.  Thus, few ribosomes would be translating the genes lying downstream of the lacZ gene, leading to decreased permease and transacetylase production.

16.5
The use of partial diploids allowed observation of the consequences of placing sequences in trans and in cis.  Partial diploids were used to show that some regulatory sequences must lie in cis to lacZ (the lacO region upstream of the lacZ gene) to exert a regulatory effect.  For example, Oc mutations are cis-acting: they cause constitutive activation of the lac promoter they lie upstream from, but do not activate any other promoter.  Partial diploids also were used to show that the lacI gene encoded a trans-acting factor (a diffusible product that could bind to the lacO region) and that promoter function did not require a diffusible substance.  For example, a lacI+ gene on a plasmid could function in trans to regulate a lac promoter in cis to a lacI– gene.

16.6
In order to observe such a phenotype, there are three requirements: (1) a functional lacZ and a nonfunctional lacY gene must both lie downstream of a functional operator and promoter, (2) a nonfunctional lacZ and a functional lacY gene must lie downstream of an inducible (i.e., O+) promoter, and (3) a functional repressor gene must be present in the cell (I+).  A genotype that satisfies these requirements is the partial diploid lacI+ lacOc lacP+ lacZ+ lacY–/lacI+ lacO+ lacP+ lacZ– lacY+.  Only one lacI+ gene is required, so one may be lacI–.

16.7


a.
lacOc mutants are mutants in the operator region that is normally bound by the repressor protein.  lacOc mutants result from a DNA alteration that precludes the repressor protein from binding the operator.  Since the repressor normally blocks transcription initiation from a downstream promoter, lacOc mutants result in constitutive transcription at that promoter.  Since the operator acts only on an adjacent, and not any other, promoter, mutations in the operator are only cis-dominant.  The lacOc has no effect on other lactose operons in the same cell because lacOc does not code for a product that could diffuse through the cell and affect other DNA sequences.

b.
In wild-type strains, lacI encodes a repressor that can block transcription at the lac operon by binding to an operator region.  By binding the operator, the repressor blocks RNA polymerase from binding to the promoter.  This activity of the repressor can be altered if allolactose is present, which binds to the repressor and inhibits it from binding the operator.  The superrepressor (lacIs) mutation results in a repressor protein that can bind the operator, but cannot bind allolactose.  Once it binds to the operator, it cannot leave the operator, and transcription is always blocked.  This results in a dominant mutation, since even if normal repressor molecules (made by lacI+) are present, the superrepressor molecules do not vacate the operator region, and the operon cannot be induced.  On the other hand, lacI– mutants either do not make repressor protein, or make repressor that is unable to bind to the operator.  In a partial diploid that has both lacI– and lacI+ genes, repressor proteins are made (by lacI+) and are capable of diffusing to any lac operator region to regulate a lac operon.  Hence, lacI– is recessive to lacI+ because the defect caused by the absence of the repressor proteins in lacI– mutants can be overcome by the synthesis of diffusible repressor protein from the lacI+ gene.

c.
The lacI gene is constitutively expressed at a low level.  Mutations in the repressor gene promoter result in either an increase or a decrease in the level of expression of the repressor gene.  They will not affect the structure of repressor molecule, but will affect its cellular concentration.  If the mutation causes a complete loss of expression of the repressor protein, it would have the same phenotype as an I– mutant, since no functional repressor would be produced.  These mutants would result in constitutive expression of lacZ, lacY, and lacA,  and be recessive to I+ in partial diploids.  If the promoter mutation only partially decreases transcription below normal levels, there will be increased expression of lacZ, lacY, and lacA in the absence of inducer. If the promoter mutation increases transcription above normal levels (the lacIQ and lacISQ mutations presented in the text) a large number of repressor molecules will be produced.  Such mutants will reduce the efficiency of induction of the lac operon by allolactose, and will be trans-dominant.

16.8





Inducer Absent:

Inducer Present:




Genotype
-galactosidase
Permease
-galactosidase
Permease


a.
I+ P+ O+ Z+ Y+
–
–
+
+


b.
I+ P+ O+ Z– Y+
–
–
–
+


c.
I+ P+ O+ Z+ Y–
–
–
+
–


d.
I– P+ O+ Z+ Y+
+
+
+
+


e.
Is P+ O+ Z+ Y+
–
–
–
–


f.
I+ P+ Oc Z+ Y+
+
+
+
+


g.
Is P+ Oc Z+ Y+
+
+
+
+


h.
I+ P+ Oc Z+ Y–
+
–
+
–


i.
I-d P+ O+ Z+ Y+
+
+
+
+


j.
I– P+ O+ Z+ Y+
–
–
+
+



I+ P+ O+ Z– Y–






k.
I– P+ O+ Z+ Y–
–
–
+
+



I+ P+ O+ Z– Y+






l.
Is P+ O+ Z+ Y–
–
–
–
–



I+ P+ O+ Z– Y+






m.
I+ P+ Oc Z– Y+
–
+
+
+



I+ P+ O+ Z+ Y–






n.
I– P+ Oc Z+ Y–
+
–
+
+



I+ P+ O+ Z– Y+






o.
Is P+ O+ Z+ Y+
+
+
+
+



I+ P+ Oc Z+ Y+






p.
I–d P+ O+ Z+ Y–
+
+
+
+



I+ P+ O+ Z– Y+






q.
I+ P– Oc Z+ Y–
–
–
–
+



I+ P+ O+ Z– Y+






r.
I+ P– O+ Z+ Y–
–
+
–
+



I+ P+ Oc Z– Y+






s.
I– P– O+ Z+ Y+
–
–
–
–



I+ P+ O+ Z– Y–






t.
I– P+ O+ Z+ Y–
–
–
+
–



I+ P– O+ Z– Y+





16.9 First consider the data in general terms.  Mutations in genes A or B result in a loss of one, but not both enzyme activities.  These are likely to be structural genes for the enzymes (B = enzyme 1, A = enzyme 2).  The mutations in genes C and D result in loss of both enzyme activities, suggesting that these genes or regions regulate or affect both genes.

a.
Gene B is likely to be the gene for enzyme 1, since only a mutation in gene B produced a loss of enzyme 1 activity with no effect on enzyme 2 activity.  (By similar logic, gene A codes for enzyme 2.)

b.
1.
False.  A mutation in D leads to the constitutive synthesis of both enzymes 1 and 2, so D cannot be a structural gene for either enzyme.


2.
True.  D could encode a repressor.  Suppose the repressor acted as the lac repressor does in the lac operon.  If mutations in D inactivated the repressor, then an absence of repressor would lead to constitutive activation of the operon.  In this model, D– mutants would be recessive to D+ mutants, which is seen in the analysis of  partial diploids (A– B+ C+ D+/A+ B– C+ D– shows inducible activity of both A+ and B+).


3.
False.  If D was needed to induce the sug operon, D– mutants should produce no enzymes.  This is not observed.


4.
False.  One does see that D– mutants are constitutive, as would be expected if a D– operator region could not be bound by a repressor to repress transcription.  However, not all of the results support this view.  If D was an operator, consider what phenotype would be expected in the partial diploid A– B+ C+ D+/A+ B– C+ D–.  If D– was a defective operator, this partial diploid would express the A+ gene (enzyme 2) constitutively, in a cis-dominant manner, and not in an inducible manner.  This is not seen.  What is seen is a trans-dominant effect where the A+ gene is inducible.  Thus, D is not an operator.


5.
False.  Since the products of genes A and B are not inducible in C– mutants, one might speculate that gene C produced a cytoplasmic product that was required to induce genes A and B.  However, consider the partial diploid data.  In two of the partial diploids (A+ B– C– D+/A– B+ C+ D+ and A– B+ C– D+/A+ B– C+ D+), the wild-type genes on the C– chromosome are not expressed, even though a C+ gene is on another chromosome.  This indicates that C shows cis-dominance, and not trans-dominance.  If C+ encoded a cytoplasmic factor, it would diffuse and be capable of acting in a trans-dominant fashion.  Since it does not, C does not encode a cytoplasmic, trans-acting factor.


6.
True.  The cis-dominant effects that C– mutants show in partial diploids could be explained if the mutations were in the controlling end of the sug operon, in a region such as the promoter.

16.10



a.
An ochre suppressor mutation will allow reading of the UAA codon, and have a 3'-AUU-5' anticodon.  Because the 5'-U in the anticodon can wobble base pair with either a 3'-A or 3'-G in a codon, the ochre suppressor will also allow reading of the UAG codon, and be an amber mutant suppressor.  An amber suppressor mutation will allow reading of a UAG codon, and will have a 3'-AUC-5' anticodon.  It will be able to suppress only amber mutants.  Thus, amber mutants will be those suppressible by all given suppressors, while ochre mutants will be those suppressible by only a subset of suppressors.  Mutants 1 and 4 appear to be amber mutants, while mutants 2 and 3 appear to be ochre mutants.

b.
An ochre suppressor will allow growth of all four polar mutations, while an amber suppressor will allow growth of only 1 and 4.  Therefore, 1B, 4A, and 4B are amber suppressors, while 1A, 2A, 3A and 3B are ochre suppressors.  2B is unlike either of these two groups, and will be discussed in part c.

c.
Since 2B suppresses 1, 2, and 4, it is probably an ochre suppressor.  3 might not be suppressed because of the mechanism of suppression.  Any of a number of tRNA molecules could have been mutated to have an anticodon that will base pair with an ochre triplet (UAA).  It is likely that this tRNA will bring an amino acid to the ochre triplet that is different from that coded by the wild-type message.  In some cases, this could result in a nonfunctional -galactosidase enzyme.  In turn, this would lead to the cell being unable to grow on lactose as a sole carbon source, so that suppression would not be seen.  The hypothesis that nonfunctional -galactosidase protein would be made can be tested.  One can generate antibodies to wild-type -galactosidase protein, and use them to immunoprecipitate -galactosidase protein from mutant cells.  The hypothesis would be supported if protein can be precipitated, even though no enzyme activity can be detected.  

d.
The fact that ochre suppressors suppress amber mutants but amber suppressors do not suppress ochre mutants can be explained by the wobble hypothesis (see pp. 428–429 and Figure 14.11).  A 5'-U in the tRNA anticodon can pair with either a 3'-A or 3'-G in the codon.  Thus, a 5'-UAG-3' amber mutant codon and a 5'-UAA-3' ochre mutant codon can both be read by a 3'-AUU-5' ochre suppressor anticodon.  This allows ochre suppressors to suppress both ochre and amber nonsense mutants.  On the other hand, 5'-C in the tRNA anticodon can only pair with a 3'-G in the codon.  Thus, a 3'-AUC-5' amber suppressor anticodon can only pair with a 5'-UAG-3' amber mutant codon.   

16.11
The CAP, in a complex with cAMP, is required to facilitate RNA polymerase binding to the lac promoter.  The RNA polymerase binding occurs only in the absence of glucose, and only if the operator is not occupied by repressor (i.e., lactose is also absent).  Suppose the CAP gene is mutated so that it could no longer bind to the CAP site.  In this case, RNA polymerase would not be able to recognize and bind to the promoter, and the operon would not be expressed.  Such a mutation could be distinguished from other mutations that eliminate operon expression (e.g., Is, P–) by several means.  First, it should be recessive to a normal allele in partial diploids, and not show cis- or trans-dominance.  Second, it should map to a location other than the lac operon.

16.12
Both inducible and repressible operons allow sensitive control of transcription.  They differ from each other in the details of how such control is achieved.  In the lac operon, a repressor protein bound to an operator blocks transcription unless lactose is present.  Thus, if lactose is absent, the system is OFF.  When lactose is added, it is converted to allolactose and acts as an effector molecule to release the repressor from the operator, so that RNA polymerase can transcribe the operon.  In the trp operon, the control strategy is the opposite.  When tryptophan is abundant in the medium, the operon is turned off, as it is unnecessary to synthesize the enzymes needed to build tryptophan.  Tryptophan also acts as an effector molecule.  It binds to an aporepressor protein and converts it into an active repressor.  This repressor is capable of binding the trp operator to reduce transcription of the trp operon protein-coding genes by RNA polymerase.  Transcription of the trp operon is reduced by about 70 percent in the presence of tryptophan, while the aporepressor has no affinity for the operator in the absence of tryptophan.  

     The trp operon also can be regulated by attenuation, a mechanism that controls the ratio of the transcripts that include the five structural genes to those that are terminated before the structural genes.  Under conditions where some tryptophan is present in the medium, short 140-bp transcripts are produced, and transcription is attenuated.  Under conditions of tryptophan starvation or limitation, full-length transcripts are produced.  A model for how attenuation occurs is described in text Figures 16.16, 16.17, and 16.18.

16.13
For a wild-type trp operon, the absence of tryptophan results in antitermination; that is, the structural genes are transcribed and the tryptophan biosynthetic enzymes are made.  This occurs because a lack of tryptophan results in the absence of, or at least a very low level of, Trp-tRNA.Trp. In turn, this causes the ribosome translating the leader sequence to stall at the Trp codons (see Figure 16.17a).  When the ribosome is stalled at the Trp codons, the RNA being synthesized just ahead of the ribosome by RNA polymerase assumes a particular secondary structure. This favors continued transcription of the structural genes by the polymerase.  If the two Trp codons were mutated to stop codons, then the mutant operon would function constitutively in the same way as the wild-type operon in the absence of tryptophan.  The ribosome would stall in the same place, and antitermination would result in transcription of the structural genes.

     For a wild-type trp operon, the presence of tryptophan turns off transcription of the structural genes.  This occurs because the presence of tryptophan leads to the accumulation of Trp-tRNA.Trp, which allows the ribosome to read the two Trp codons and stall at the normal stop codon for the leader sequence.  When stalled in that position, the antitermination signal cannot form in the RNA being synthesized; instead, a termination signal is formed, resulting in the termination of transcription.  In a mutant trp operon with two stop codons instead of the Trp codons, the stop codons cause the ribosome to stall, even though tryptophan and Trp-tRNA.Trp are present.  This results in an antitermination signal and transcription of the structural genes.

     In sum, in both the presence and the absence of tryptophan, the mutant trp operon will not show attenuation.  The structural genes will be transcribed in both cases and the tryptophan biosynthetic enzymes will be synthesized.  Only if an amber suppressor mutation were present in the cell would attenuation be restored.  An amber suppressor mutation results when a tRNA has a mutant anticodon that recognizes the amber (UAG) nonsense codon.  In this case, the operon will be attenuated under the control of the amino acid that binds the suppressor tRNA. 

16.14
Mutations that cause the loss of activity in just one enzyme are mutations in structural genes, similar to lacZ and lacY mutations.  Mutations that cause loss of all seven enzymes could be mutations in the promoter, similar to Plac– mutations.

16.15
When  infects a cell and its genome circularizes, phage growth begins when RNA polymerase binds the lambda early operon promoters PL and PR and transcribes mRNA for the N and cro genes, respectively.  N acts as a transcription antiterminator, and extends RNA synthesis to other genes that include the gene cII.  The cII protein turns on cI, the gene for the lambda repressor, as well as genes O and P, whose products are needed for DNA replication, and gene Q, whose product is needed for transcription of the late genes used in lysis and to produce phage particle proteins.  Once the lambda repressor and Cro are produced, there is competition between them to set a genetic switch that determines whether a lysogenic or a lytic pathway will be taken.  A lysogenic pathway is taken if the lambda repressor dominates, while a lytic pathway is taken if Cro dominates.  The events that occur under Cro or repressor domination are diagrammed in text Figure 16.21.

     In a cell that will undergo lysogeny, the cII protein (stabilized by the cIII protein) will stimulate transcription of mRNA from PRE and from PI.  This results in synthesis of repressor and of integrase.  Lambda repressor binds to two operators: OR and OL.  This binding blocks transcription from PR and PL and so blocks production of Cro and N.  It also stimulates transcription from PRM and the production of additional lambda repressor molecules.  The stable repression of transcription from PR together with the integrase-catalyzed integration of the lambda chromosome into the E. coli host chromosome leads to the establishment of lysogeny.  If the lambda repressor is not present in high enough concentration, or is cleaved and inactivated, the absence of repressor at OR leads to the binding of RNA polymerase at PR and transcription of the cro gene.  When the Cro protein is produced in increasing amounts, it acts to decrease transcription from PR and PL, which reduces synthesis of the cII protein, and block synthesis of repressor from PRM.  By this means, an increase in Cro protein blocks production of the lambda repressor.  It allows enough transcription from PR for Q proteins to accumulate and stimulate the late gene transcription that is needed for starting the lytic pathway.  In this way, the competition between the Cro and lambda repressor proteins for the operator sites determines how the genetic switch is set.

16.16
The lambda repressor binds to the operator OR.  When the lambda repressor is bound, it stimulates synthesis of more repressor mRNA from the promoter PRM.  Eventually however, at very high concentrations of lambda repressor, OR will be bound by lambda repressor in a way that blocks further transcription from the promoter PRM.  This maintains repressor concentrations in the cell.  In the absence of repressor binding to O​R, RNA polymerase transcribes cro mRNA from the promoter PR.  As the concentration of Cro protein produced from this mRNA increases, Cro binds to the operator OR, and decreases synthesis from PR and PL.  Not only does this serve to block synthesis of lambda repressor mRNA from PRM, it will eventually block synthesis of cro mRNA as well.  Thus, just as the lambda repressor regulates the ability of RNA polymerase to transcribe its own cI gene from PRM, Cro regulates the ability of RNA polymerase to transcribe cro from PR.  See Figure 16.21.

16.17
The cI gene product is a repressor protein that acts to keep the lytic functions of the phage repressed when lambda is in the lysogenic state.  A cI mutant strain would lack the repressor and be unable to repress lysis, so that the phage would always follow a lytic pathway.
16.18


a.
No.  The repressor is necessary to keep the lytic function of the phage repressed, and allow the phage to enter lysogeny.  In the presence of a ci mutation, only the lytic pathway can be taken.

b.
Yes.  A normal repressor will be made from the wild-type c+ gene.  This repressor is diffusible, and will act in a trans-dominant manner to repress lytic growth.

c.
No.  UV irradiation of lysogenic bacteria destroys repressor function, which in turn leads to induction, including excision of lambda and lytic growth.  In a cIN mutant, the repressor would not be destroyed following UV irradiation, so that the prophage would not be excised and lysogeny would be retained.

Chapter 17

17.1 


a.
Promoter and enhancer elements bind specific regulatory proteins.  The proteins that bind to promoter elements are crucial for determining whether transcription can occur, while those that bind enhancer elements determine whether transcription  will be at a minimal or a maximal level. 

b.
Structural motifs important for DNA binding include the helix-turn-helix, the zinc finger, the leucine zipper, and the helix-loop-helix.  

c.
When a protein is bound to an enhancer element, its effect on transcription is dependent in part on the regulatory proteins bound at other enhancer and promoter elements in the region.  A negative regulatory protein can bind to an enhancer element and silence transcription.  However, if a negative regulatory protein is bound to an enhancer element, and a positive regulatory protein is bound to a promoter element, the net result will depend on their interaction.  Either the effect of one protein may modulate the effect of the other, or their interaction may result in an effect that neither alone can cause.     

d.
Transcriptional specificity is generated through the combinatorial use of a set of transcription factors.  Some factors are common to many cells, while others have a more restricted spatial and/or temporal distribution.  The transcription of defined arrays of genes in different cells at different times is controlled by the subset of regulatory proteins present in a eukaryotic cell at a particular time.

17.2
Eukaryotic organisms need to make enormous numbers of ribosomes.  Since the "final product" of an rDNA gene is an rRNA molecule, one means of making a large quantity of rRNA is to transcribe many rDNA templates.  Given a fixed transcription rate, an increase by a factor of n rDNA templates will increase the number of final products by a factor of n.  Unlike the rRNAs, the ribosomal proteins are made by translating mRNAs.  Since the ribosomal protein genes can be transcribed into stable mRNAs that can be translated over and over again, it is unnecessary to have multiple copies of these genes.  Synthesis of multiple stable mRNA copies of a ribosomal-protein gene allows production of enough template to ensure adequate ribosomal protein synthesis.  Put another way, since the final product is a protein, it is sufficient to amplify the mRNA template, and translate it repeatedly. 

17.3
Transcriptionally active chromatin has a looser structure than transcriptionally inactive chromatin.  Thus, DNase I sensitivity can identify chromatin that is transcriptionally active.  Considering when and where the protein products appear, the following patterns of DNase I sensitivity are expected.
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17.4


a.
The acetylation of histones can destabilize higher-order chromatin structure.  As the DNA associated with nucleosomes becomes more accessible to transcription factors, the generally repressive action of histones on transcription is overcome and the rate of transcription is increased.  In this case, the four MSL-proteins and an acetylated histone H4 appear to be necessary to decondense the chromatin structure of the X chromosome of the male.  This leads to an increase in the rate of transcription of genes on the single X chromosome of the male to a level equal to the rate of transcription of genes on the two X chromosomes of a female.

b.
The protein products of the msl loci may be involved in maintaining the looser chromatin structure and/or in increasing the rate of transcription once the chromatin has been decondensed.

c.
Since mutations at any of the msl genes cause the remaining MSL-proteins not to bind the X chromosome of the male, it would appear that each is required for the binding of the others.  This suggests that the four genes produce proteins that act together as one complex.

17.5


a.
A somatic mutation is rather unlikely.  Since humans are diploid, the single 2.2 kb band in the white blood cell DNA indicates that both chromosomes have the same restriction sites.  The liver cells have two bands whose sizes add up to the size of the band in white blood cells.  Thus, it would appear that the liver has an additional site on both chromosomes, not just one chromosome (heterozygous cells would have three bands).  For this to occur by a mutational mechanism, two different somatic mutations would have had to occur in the same site, in a cell that gave rise to all cells of the tissue being examined (or in all cells of the tissue), an unlikely event. 

b.
MspI recognizes the same CCGG sequence as HpaII, but unlike HpaII, it will cleave the methylated sequence CmCGG as well as the unmethylated CCGG.  That both liver cells and white blood cells show the same 2-band pattern when digested with MspI, but not HpaII, indicates that there is a central methylated site in white blood cells, but not in liver.  Increased DNA methylation has, in some instances, been correlated with a decrease in transcriptional activity.  However, not all methylated DNA is transcriptionally silent.

17.6 



a.
In fragile X syndrome, the expanded CGG repeat results in hypermethylation and transcriptional silencing.  In Huntington disease, the expanded CAG repeat results in the inclusion of a polyglutamine stretch within the huntingtin protein, which causes it to have a novel, abnormal function.  

b.
A heterozygote with a CGG repeat expansion near one copy of the FMR-1 gene will still have one normal copy of the FMR-1 gene.  The normal gene can produce a normal product, even if the other is silenced.  (The actual situation is made somewhat more complex by the process of X-inactivation in females, but in general, one would expect that a mutation that caused transcriptional silencing of one allele would not affect a normal allele on a homolog.)  In contrast, a novel, abnormal protein is produced by the CAG expansion in the disease allele in Huntington disease.  Since the disease phenotype is due to the presence of the abnormal protein, the disease trait is dominant.

c.
Transcriptional silencing may require significant amounts of hypermethylation, and so require more CGG repeats for an effect to be seen.  In contrast, protein function may be altered by a relatively smaller sized polyglutamine expansion.

17.7 


a.
A hormone is typically a low-molecular-weight chemical messenger synthesized in low concentrations in one tissue or cell and transmitted in body fluids to another part of the organism.  Hormones act as effector molecules to produce specific effects after binding to a receptor in target cells that may be remote from the hormone's point of origin.  Hormones function to regulate gene activity, physiology, growth, differentiation, or behavior.

b. and c.  Steroid hormones and peptide hormones employ two fundamentally different mechanisms to regulate gene expression.  Steroid hormones traverse the cell membrane and bind to a cytoplasmic steroid hormone receptor (SHR).  The complex of the hormone and receptor protein then acts directly to regulate gene expression.   The complex binds to specific steroid hormone response elements (HREs) near genes to regulate their transcription.  The stability of a gene's mRNA and the processing of precursor mRNAs can be affected as well.



Polypeptide hormones, such as insulin and certain growth factors, bind to receptors that reside on cell surfaces.  The activated, bound receptor then transduces a signal via a second-messenger system inside the cell.  Some activated receptors increase the activity of the membrane-bound enzyme adenylate cyclase, which results in an increase in cAMP levels.  Increased intracellular levels of cAMP send an intracellular signal (a second messenger) to activate other cellular processes that ultimately lead to an alteration in patterns of gene expression.

17.8
The data indicate that the synthesis of ovalbumin is dependent upon the presence of the hormone estrogen.  These data do not address the mechanism by which estrogen achieves its effects.  Theoretically, it could act (1) to increase transcription of the ovalbumin gene by binding to an intracellular receptor that, as an activated complex, stimulates transcription at the ovalbumin gene; (2) to stabilize the ovalbumin precursor mRNA; (3) to increase the processing of the precursor ovalbumin mRNA; (4) to increase the transport of the processed ovalbumin mRNA out of the nucleus; (5) to stabilize the mature ovalbumin mRNA once it has been transported into the cytoplasm; (6) to stimulate translation of the ovalbumin mRNA in the cytoplasm; and/or (7) to stabilize (or process) the newly synthesized ovalbumin protein.  Experiments in which the levels of ovalbumin mRNA were measured have shown that the production of ovalbumin mRNA is primarily regulated at the level of transcription.

17.9
Two mechanisms are those controlling choice of poly(A) site and choice of splice site.   An example of regulation by choice between alternative poly(A) sites is the production of IgM in B lymphocytes.  In two different developmental stages of B lymphocytes, two different poly(A) sites are used, leading to IgM molecules that are either secreted or membrane bound.  This results from the developmental repression of one component (CstF-64) of the three-polypeptide CstF (cleavage stimulation factor) complex that functions in poly(A) addition.  Its repression causes the formation of a CstF complex with a lower affinity for one poly(A) site, and the use of an alternative site.

     An example of gene regulation by differential mRNA splicing is the regulation cascade that governs sex determination in Drosophila.  Here, an X:A ratio of 1.0 leads to female development as a result of a cascade of alternative female-specific pre-mRNA splicing at a set of regulatory genes that includes Sxl, tra, and dsx.  An X:A ratio of 0.5 leads to male development when a male-specific pattern of splicing occurs at these genes.  

17.10



a.
Mature mRNAs that are to be stored in the cytoplasm for future translation are rapidly deadenylated after nuclear pre-mRNA processing and transport into the cytoplasm.  They have short poly(A) tails that are 40–60 As long.  Actively translated mRNAs typically have longer poly(A) tails that are about 200 As long.

b.
When a stored mRNA is activated, a cytoplasmic polyadenylation enzyme recognizes an adenylate/uridylate (AU)-rich element (ARE; consensus sequence UUUUUAU) in the 3' untranslated region of the mRNA upstream of the AAUAAA polyadenylation sequence and adds about 150 As.

c.
The ARE discussed in part (b) is used as a signal for both deadenylation and cytoplasmic polyadenylation, and so controls mRNA translatability at different times and in opposite ways.

d.
There are two major mRNA decay pathways, one of which is deadenylation dependent and one of which is deadenylation independent.  In the former pathway, the poly(A) tails are deadenylated by a poly(A) nuclease until the tails are too short (5-15 As) to bind to the poly(A) binding protein (PAB). Once the tail is almost removed, the 5' cap structure is removed by a decapping enzyme, and the mRNA is degraded from the 5' end by a 5'-to-3' exonuclease.  

17.11
a.
In bacterial operons, a common regulatory region controls the production of single mRNA from which multiple protein products are translated.  These products function in a related biochemical pathway.  Here, two proteins that are involved in the synthesis and packaging of acetylcholine are both produced from a common primary mRNA transcript.   

b.
Unlike the proteins translated from an mRNA synthesized from a bacterial operon, the protein products produced at the VAChT/ChAT locus are not translated sequentially from the same mRNA.  Here, the primary mRNA appears to be alternatively processed to produce two distinct mature mRNAs.  These mRNAs are translated starting at different points, producing different proteins.

c.
At least two mechanisms are involved in the production of the different ChAT and VAChT proteins: alternative mRNA processing and alternative translation initiation. After the first exon, an alternative 3' splice site is used in the two different mRNAs.  In addition, different AUG start codons are also employed.

17.12
Development is a process of regulated growth and cellular change.  It results from the interaction of the genome with the cytoplasm and external environment.  It involves a programmed sequence of phenotypic changes that are typically irreversible.  Differentiation refers to an aspect of cellular change in development and involves the formation of distinct types of cells, tissues, and organs through the regulation of gene expression.  Differentiation is thus a part of development and leads to cells that have characteristic structural and functional properties.

17.13
Totipotency refers to the capacity of a nucleus to direct a cell through all of the stages of development.  A nucleus taken from the cell of a differentiated tissue is said to be totipotent if, when it is injected into an enucleated egg, it can direct the development of the organism to the adult stage.  If the egg is able to develop into an adult, the differentiated nucleus must have retained all of the genetic information needed to direct development again from the start.  In 1975, Gurdon demonstrated that the nucleus of a skin cell of an adult frog was at least partly totipotent.  When injected into an enucleated egg, such a nucleus could direct development to the tadpole stage.  More recently, Wilmut and his colleagues demonstrated that a mammalian nucleus was totipotent.  They showed that the nucleus of a mammary epithelium-derived cell could direct the development of a sheep to the adult stage.

17.14


a.
Based on the work of Wilmut and his colleagues, the nose cells would first be dissociated and grown in tissue culture. The cells would be induced into a quiescent state (the G0 phase of the cell cycle) by reducing the concentration of growth serum in the media.  Then, they would be fused with enucleated oocytes from a donor female, and allowed to grow and divide by mitosis to produce embryos.  The embryos would be implanted into a surrogate female.  After the establishment of pregnancy, its progression would need to be maintained.

b.
While the nuclear genome would generally be identical to that in the original nose cell, cytoplasmic organelles would presumably derive from those in the enucleated oocyte.  Hence, the mitochondrial DNA would not derive from the original leader.  In addition, since telomeres in an older individual are "shorter," one might expect the telomeres in the cloned leader to be those of an older individual.

c.
In mature B cells, DNA rearrangements at the heavy- and light-chain immunoglobulin genes have occurred.  One would expect the cloned leader to be immunocompromised, as he would be unable to make the wide spectrum of antibodies present in a normal individual.

d.
The production of Dolly was significant because it demonstrated the apparent complete totipotency of a nucleus from a mature mammary epithelium cell.  The other six lambs developed from the transplanted nuclei of embryonic or fetal cells, which one might expect to be less determined and have a higher degree of totipotency due to their younger developmental age. 

e.
There is no way to predict the psychological profile of the cloned leader based on his genetic identity.  Even identical twins, who are genetically more identical than such a clone, do not always share behavioral traits.  

17.15
The evidence for differential gene activity during development is vast.  Classic lines of evidence stem from (1) studies on the differential expression of the  and  classes of globin genes during development, (2) differential puffing patterns in the polytene chromosomes in Dipteran insects, and (3) the studies on genes that are expressed in a temporal and spatially specific manner during the development of Drosophila.  See text.  

17.16
If LDH were a trimer that could be composed of two different polypeptides, four kinds of molecules could be produced: A3, A2B, AB2, and B3.
17.17
Distinct genes code for -like and -like globin polypeptides which form different types of hemoglobin at different times during human development.  In the embryo, hemoglobin is initially made in the yolk sac and consists of two  polypeptides and two  polypeptides.   polypeptides are -like, while  polypeptides are -like.  At about three months of gestation, hemoglobin synthesis switches to the fetal liver and spleen.  Here, hemoglobin is made that consists of two  polypeptides and two -like polypeptides, either two A polypeptides or two G polypeptides.  Just before birth, hemoglobin synthesis switches to the bone marrow, were  polypeptides and  polypeptides are predominantly made, along with some -like  polypeptides.

17.18
All of the -like genes (the ,  genes and three pseudogenes) are located in a gene cluster on chromosome 16, while all of the -like genes (, G, A, ,  genes and one pseudogene) are located in a gene cluster on chromosome 11.  At a very general level, the organization of the two gene clusters is somewhat similar.  Both sets of genes are arranged in the chromosome in an order that exactly parallels the time genes are transcribed during human development.  In both gene clusters, the genes transcribed in the embryo are at the left end of the cluster; the genes transcribed in the fetus are to the right of these; and the genes transcribed in the adult are farthest to the right.  This is intriguing since the genes are also transcribed in different tissues. 

17.19
There are a number of possibilities.  One is that the -globin genes in bone marrow are under negative regulation by -globin (or some metabolite of it).  When -globin is not formed, the -globin gene is derepressed.

17.20
Polytene chromosomes occur in Dipteran insects, such as Drosophila.  Polytene chromosomes are formed by endoreduplication, in which repeated cycles of chromosome duplication occur without nuclear division or chromosome segregation.  Since they can be 1,000 times as thick as the corresponding chromosomes in meiosis or in the nuclei of normal cells, they can be stained and viewed at the light microscope level.  Distinct bands, or chromomeres, are visible, and genes are located both in bands and in interband regions.  A puff results when a gene in a band or interband region is expressed at very high levels in a particular developmental stage.  Puffs are accompanied by a loosening of the chromatin structure that allows for efficient transcription of a particular DNA region.  When increased transcriptional activity at the gene ceases at a later developmental stage, the puff disappears, and the chromosome resumes its compact configuration.  In this way, the appearance and disappearance of puffs provides a visual representation of differential gene activity.

17.21
That RNA molecules are present in puffs can be demonstrated by feeding or injecting Drosophila larvae with radioactive uridine, an RNA precursor.  After this treatment, salivary glands are dissected from larvae and a spread of the polytene chromosomes is subjected to autoradiography to detect the location of the incorporated uridine.  Silver grains are evident over puffed regions, indicating that they contain RNA.  Evidence that the RNA is single-stranded might be obtained by treating such spreads with an RNase that was capable of digesting only single-stranded RNA.  The radiolabel should be recovered in the solution, and not remain bound to the salivary gland chromosome.  A lack of signal on puffs following autoradiographic detection (compared to controls) would provide evidence that the RNA in puffs is single-stranded.

17.22
Experiment A results in all of the DNA becoming radioactively labeled.  The distribution of radioactive label throughout the polytene chromosomes indicates that DNA is a fundamental and major component of these chromosomes.  The even distribution of label suggests that each region of the chromosome has been replicated to the same extent.  This provides support for the contention that band and interband regions are the result of different types of packaging, not different amounts of DNA replication.

     Experiment B results in the radioactive labeling of RNA molecules.  The finding that label is found first in puffs indicates that these are sites of transcriptional activity, and arises from molecules that are in the process of being synthesized.  The later appearance of label in the cytoplasm reflects the completed RNA molecules that have been processed and transported into the cytoplasm where they will be translated.

     Experiment C provides additional support for the hypothesis that transcriptional activity is associated with puffs.  The inhibition of RNA transcription by actinomycin D blocks the appearance of signal over puffs, indicating that it blocks the incorporation of 3H-uridine into RNA in puffed regions.  The fact that the puffs are much smaller indicates that the puffing process itself is associated with the onset of transcriptional activity for the gene(s) in a specific region of the chromosome. 

17.23
Since no new mRNA is synthesized during this time period, preexisting, maternally packaged mRNAs that have been stored in the oocyte must be recruited into polysomes as development begins following fertilization.

17.24
The ability to make 106 to 108 different antibodies arises from the combinatorial way in which antibody genes are generated in different antibody-producing cells during their development, and not the existence of this many separate antibody genes in each and every mammalian cell.  A template that exists in germ-line cells is processed differently during the development of different antibody-producing cells to generate antibody diversity.  

     Antibody molecules consist of two light (L) chains and two heavy (H) chains.  The amino acid sequence of one domain of each type of chain is variable, and generates antibody diversity.  In the germ-line DNA of mammals, coding regions for these immunoglobulin chains exist in tandem arrays of gene segments.  For light chains, there are many variable (V) region  gene segments, a few joining (J) segments and one constant (C) gene segment.  Somatic recombination during development results in the production of a recombinant V-J-C DNA molecule which, when transcribed, produces a unique, functional L chain. From a particular gene in one cell, only one L chain is produced.  A large number of L chains are obtained by recombining the gene segments in many different ways.  Diversity in these L chains results from variability in the sequences of the multiple V segments, variability in the sequences of the four J segments and variability in the number of nucleotide pairs deleted at the V-J joints.  H chains are similar, except that several D (diversity) segments can be used between the V and J segments, increasing the possible diversity of recombinant H chain genes.  The type of C gene segment chosen for the constant domains of the H chain determines whether the antibody is IgM, IgD, IgG, IgE, or IgA.

17.25


a.
Not considering the variability in the number of nucleotide pairs deleted at the VK-JK joint, there are 300 (VK segments) x 4 (JK segments) = 1,200 different light chain combinations.  This number is a lower bound for an estimate, since significantly more variability can be obtained by using imprecise V-J joining.

b.
Not considering the imprecise joining of gene segments that comprise the chain's variable region, there are 200 (VH segments) x 12 (D segments) x 4 (JH segments) = 9,600 different heavy chain combinations for each of the eight types of Ig (IgM, IgD, IgG3, IgG1, IgG2b, IgG2a, IgE, or IgA; see p. 566).  If all possible types of Ig are considered, there are 9,600 x 8 (CH segments) = 76,800 heavy chain combinations.  As in part (a), this is a lower bound for an estimate of heavy chain variability.

c.
IgG has four C segments (ba; see p. 566).  An estimate of the minimal number of combinations for IgG molecules would be 1200 x 9,600 x 4 = 4.608 x 107.

17.26
An imaginal disc is a larval structure in Drosophila and other insects that undergo a metamorphic transformation from a larva to an adult.  During metamorphosis in the pupal period, it will differentiate into an adult structure.  It is essentially a sac of cells, a disc, that is set aside early in embryonic development.  The disc increases in cell number by mitosis, but remains undifferentiated during larval growth.  Although the disc remains undifferentiated up until the time hormonal signals activate the differentiation of adult structures during the pupal period, its fate is determined very early in development.  Thus, separate imaginal discs are destined to differentiate into different adult structures, such as legs, eyes, antennae, and wings.  

     Homeotic mutants alter the identity of particular segments, transforming them into copies of other segments.  Homeotic mutations thus affect the determination, or fate of a disc.  Mutations in the Antennapedia gene complex can, for example, transform the fate of cells of the antenna disc so that a leg is formed where an antenna should be.  The general inference from such observations is that homeotic genes normally play a pivotal role in establishing the segmental identity of an undifferentiated cell.

     Transdetermination is a phenomenon seen in disc transplantation studies.  When a disc is transplanted from a larva to an adult abdomen, it can grow and be 'incubated' without differentiating.  It can be repeatedly transplanted to new abdomens for incubation, and remain undifferentiated.  If it is later transplanted back to a larva that is allowed to undergo metamorphosis, it will differentiate into an adult structure.  In rare instances, the determined fate of the disc is altered so that the disc differentiates to another fate.  The disc does not totally de-differentiate, and its fate is not totally random.  Rather, it takes on another determined fate.  For example, a leg disc may become an antennal structure, or a wing structure, but not a genital structure.  This process of selective switching of fate is referred to as transdetermination.    

17.27


a.
As the polarity of an individual, differentiated structure is altered, a is likely to be a segmentation gene.  In particular, it is likely to be a member of the subclass of segmentation genes known as segment polarity genes.

b.
The abnormal appearance of progeny of homozygous mothers, but not homozygous fathers, suggests that homozygous mothers produce abnormal oocytes.  This view is bolstered by the phenotype of the abnormal progeny.  Progeny with defect(s) at one end could arise if a maternally produced gradient in the oocyte was abnormal.  Thus, b is likely to be a maternal effect gene.

c.
The absence of a set of segments is characteristic of the phenotypes of gap gene mutants, a subclass of segmentation gene mutants.

d.
It would appear that the fate of the eye disc has been changed to that of a wing disc.  The segmental identity of cells is controlled by homeotic genes, and so d is likely to be a homeotic mutation.

e.
In mutant e, a set of segments is missing (T2 and T3).  Thus, like c, e is likely to be a mutant in a gap gene, a subclass of segmentation gene mutants.

17.28 Preexisting mRNA that was made by the mother and packaged into the oocyte prior to fertilization is translated up to the gastrula stage.  After gastrulation, new mRNA synthesis is necessary for the production of proteins needed for subsequent embryonic development.

17.29 This experiment demonstrates the phenomenon of determination and when it occurs during development.  The tissue taken from the blastula/gastrula has not yet been committed to its final differentiated state in terms of its genetic programming; that is, it has not yet been determined.  Thus, when the tissue is transplanted into the host, it adopts the fate of nearby tissues, and differentiates in the same way as they do.  Presumably, cues from the tissue surrounding the transplant determine its fate. 

     In contrast, tissues in the neurula stage are stably determined.  By the time the neurula developmental stage has been reached, a developmental program has been set.  In other words, the fate of neurula tissue transplants is determined.  Upon transplantation, they will differentiate according to their own set genetic program.  Tissue transplanted from a neurula to an older embryo cannot be influenced by the surrounding tissues.  It will develop into the tissue type for which it has been determined; in this case, an eye.

Chapter 18
18.1
Hereditary cancer is associated with the inheritance of a germ-line mutation, sporadic cancer is not. Consequently, hereditary cancer "runs" in families.  For some cancers, both hereditary and sporadic forms exist, with the hereditary form being much less frequent.  For example, retinoblastoma occurs when both normal alleles of the tumor suppressor gene RB are inactivated.  In hereditary retinoblastoma, a mutated, inactive allele is transmitted via the germ line.  Retinoblastoma occurs in cells of an RB/+ heterozygote when an additional somatic mutation occurs.  In the sporadic form of the disease, retinoblastoma occurs when both alleles are inactivated somatically.

18.2
Two identical mutated alleles can arise by chromosome nondisjunction during mitosis (this is similar in mechanism to nondisjunction during meiosis II, illustrated in Figure 11.5; mitotic recombination, illustrated in Figures 13.23 and 13.25; or gene conversion by mismatch repair, illustrated in Box Figure 13.2.

18.3
Retroviruses are viruses that have two copies of an RNA genome within a protein core surrounded by a membranous envelope.  Transducing retroviruses carry an oncogene from a host cell, while nontransducing retroviruses do not.  Consequently, transducing retroviruses may be capable of transforming cells to a cancerous state. 

18.4
Tumor growth induced by transforming retroviruses results either from the activity of a single viral oncogene or from the activation of a proto-oncogene due to the nearby integration of the proviral DNA.  The oncogene can cause abnormal cellular proliferation via the variety of mechanisms discussed in the text.  The expression of a proto-oncogene, normally tightly regulated during cell growth and development, can be altered if it comes under the control of the promoter and enhancer sequences in the retroviral LTR.  


Although DNA tumor viruses do not carry oncogenes, they are capable of transforming cells through the action of a gene or genes within their genomes.  For example, in a rare event, the DNA virus can be integrated into the host genome, and the DNA replication of the host cell may be stimulated by a viral protein that activates viral DNA replication.  This would cause the cell to move from the G0 to the S phase of the cell cycle.  

     For both transducing retroviruses and DNA tumor viruses, an abnormally expressed protein(s) leads to the activation of the cell from G0 to S, and abnormal cell growth.

18.5


a.
Studies of hereditary forms of cancer have led to insights into the fundamental cellular processes affected by cancer.  For example, substantial insights into the important role of DNA repair and the relationship between the control of the cell cycle and DNA repair have come from analyses of the genes responsible for hereditary forms of human colorectal cancer.  For breast cancer, studying the normal functions of the BRCA1 and BRCA2 genes promises to provide substantial insights into breast and ovarian cancer.  

b.
Genetic predisposition for cancer refers to the presence of an inherited mutation that, with additional somatic mutations during the individual’s lifespan, can lead to cancer.  For diseases such as retinoblastoma, a genetic predisposition has been associated with the inheritance of a recessive allele of the RB tumor suppressor gene.  Retinoblastoma occurs in RB/+  individuals when the normal allele is mutated in somatic cells and the pRB protein no longer functions.  Because somatic mutation is likely, the disease appears dominant in pedigrees.  


     Though there is a substantial understanding of the genetic basis for cancer and the genetic abnormalities present in somatic cancerous cells, there are also substantial environmental risk factors for specific cancers.  Environmental risk factors must be investigated thoroughly when a pedigree is evaluated for showing a genetic predisposition for cancer.

18.6
Cellular proto-oncogenes have important roles in regulating normal cellular processes such as cell division and differentiation.  Viral oncogenes are mutated, abnormally expressed forms of proto-oncogenes that cause neoplastic growth.  Viral oncogenes lack introns and, as shown in Figure 18.10, are often fused to viral genes.

18.7
Tumors result from multiple mutational events that typically involve both the activation of oncogenes and the inactivation of tumor suppressor genes.  The analysis of hereditary adenomatous polyposis, an inherited form of colorectal cancer, has shown that the more differentiated cells found in benign, early-stage tumors are associated with fewer mutational events, while the less differentiated cells found in malignant and metastatic tumors are associated with more mutational events.  Although the path by which mutations accumulate varies between tumors, additional mutations that activate oncogenes and inactivate tumor suppressor genes generally result in dedifferentiation and increased cellular proliferation.

18.8
If FeSV contributed to the feline sarcoma, evidence of the presence of FeSV should be found in the neoplastic tissues (muscle and bone marrow).  The Southern blot provides this evidence, as a 1.2-kb DNA fragment hybridizes to the fes cDNA probe in the lanes with DNA from muscle and bone marrow as well as in the control lane with FeSV cDNA.  The difference in size of the 1.2-kb hybridizing fragment and the size of the 1.0-kb fes proto-oncogene HindIII-cut cDNA probe reflects their different origins.  The fes proto-oncogene is found normally in a cat, while the FeSV fes oncogene is found in a retrovirus.  The size of the fragment in the retrovirus may reflect a polymorphic HindIII site and/or a gene rearrangement.  Clues to the origin of the 3.4-kb DNA fragment come from observing that it is found in all of the cat tissues and the realization that the fes proto-oncogene functions normally in the cat, and so its DNA should also be present in all tissues.  Thus, the 3.4-kb DNA fragment is most likely a genomic sequence present in all tissues.  Since the fes proto-oncogene has a 1.0-kb HindIII fragment, the mRNA of this gene is very likely spliced to remove an intronic region(s), 2.4 kb in size.

18.9
The high degree of conservation of proto-oncogenes suggests that they function in normal, essential, conserved cellular processes.  Given the relationship between oncogenes and proto-oncogenes, it also suggests that cancer occurs when these processes are not correctly regulated.

18.10
HIV-1 is a retrovirus that infects, and then kills cells of the immune system, particularly helper T cells.  This leads to disabling of the immune response and an increase in susceptibility to certain types of cancer.  In contrast to the mechanism by which cancer occurs following infection with HIV-1, an oncogenic retrovirus transforms the growth properties of infected cells to neoplastic growth.

18.11
One mechanism by which a transducing retrovirus causes cancer is for the viral oncogene it carries to be expressed under the control of retroviral promoters.  A second mechanism involves insertional mutagenesis that results when the proviral DNA of a retrovirus integrates near a proto-oncogene. In this event, the expression of the proto-oncogene can be controlled by the promoter and enhancer sequences in the retroviral LTR.  As these sequences do not respond to the environmental signals that normally regulate proto-oncogene expression, overexpression of the proto-oncogene is induced.

18.12


a.
Proto-oncogenes encode a diverse set of gene products that include growth factors, receptor and non-receptor protein kinases, receptors lacking protein kinase activity, membrane-associated GTP-binding proteins, cytoplasmic regulators involved in intracellular signaling, and nuclear transcription factors.  These gene products all function in intercellular and intracellular circuits that regulate cell division and differentiation.  

b.
In general, mutations that activate a proto-oncogene convert it into an oncogene.  Since (i), (iii), and (viii) cause a decrease in gene expression, they are unlikely to result in an oncogene.  Since (ii) and (vii) could activate gene expression, they could result in an oncogene.  Mutations (iv), (v), and (vi) cannot be predicted with certainty.  The deletion of a 3' splice-site acceptor would alter the mature mRNA and possibly the protein produced, and may or may not affect the protein's function and regulation.  Similarly, it is difficult to predict the effect of a nonspecific point mutation or a premature stop codon.  The text presents examples where these types of mutations have caused the activation of a proto-oncogene and resulted in an oncogene.

18.13
Using the method of Harris, one could experimentally fuse cells from the two cell lines and then test the resultant hybrids for their ability to form tumors.  If the uncontrolled growth of the tumor cell line was due to a mutated pair of tumor suppressor alleles, the normal alleles present in the normal cell line would "rescue" the tumor cell-line defect.  The hybrid line would grow normally and be unable to form a tumor.  If the uncontrolled growth of the tumor cell line was due to an oncogene, the oncogene would also be present in the hybrid cell line.  The hybrid line would grow uncontrollably and form a tumor. 

18.14
A proto-oncogene can be changed into an oncogene if there is an increase in the activity of its gene product or an increase in gene expression that leads to an increased amount of gene product.  This can result from point mutation, deletion, gene amplification, and chromosomal translocation.

18.15
One hypothesis is that the proviral DNA has integrated near the proto-oncogene, and the expression of the proto-oncogene has come under the control of promoter and enhancer sequences in the retroviral LTR.  This could be assessed by performing a whole-genome Southern blot analysis to determine whether the organization of the genomic DNA sequences near the proto-oncogene have been altered. 

18.16
When unphosphorylated, pRB inhibits cell cycle progression by binding to a complex of the transcription factors E2F and DP1.  This ensures that the cell remains in G1 or in the quiescent G0 state until it is ready to proceed to S.  When progression into S phase is signaled, pRB is phosphorylated by a cyclin/Cdk complex.  This prevents it from binding to E2F, which in turn allows E2F to activate transcription at genes needed for cell cycle progression.  After S phase, pRB is dephosphorylated.  

a.
If pRB were constitutively phosphorylated, it would never bind to E2F, there would be no inhibition of cell cycle progression at G1/S, and neoplastic growth would occur.   

b.
If pRB was never phosphorylated, cells would be stalled in the G0 phase (and presumably, eventually undergo apoptosis).  

c.
If a truncated protein were produced, it would be unable to bind to E2F and DP1, and (regardless of its phosphorylation state) would be unable to inhibit cell cycle progression.  Just as in part (a), this would result in neoplastic growth.

d.
Higher levels of normal pRB could result in a longer cell cycle.  If more pRB were present in the cell, more unphosphorylated pRB would be available to bind to E2F during G1.  In this event, if an unphosphorylated pRB molecule that was bound to a particular E2F molecule were phosphorylated by a cyclin/Cdk complex and the E2F molecule were released, another unphosphorylated pRB molecule present in the cell could bind to the same E2F molecule.  This would prevent this particular E2F molecule from participating in activating the gene expression needed for progression into S phase.  Only when enough pRB molecules are phosphorylated will a sufficient number of E2F molecules be released to provide for transcriptional activation.  Since the number of pRB molecules is increased relative to the number of cyclin/Cdk complexes, it will take longer for the cyclin/Cdk complexes to phosphorylate enough pRB molecules to effect transcriptional activation.  If pRB levels are so high that the cyclin/Cdk complex is unable to phosphorylate enough of the pRB molecules present, cells could be stalled in the G0 phase, just as in part (b).

e.
Lower levels of normal pRB might result in a shorter cell cycle.

18.17


a.
The p53 gene product has multiple functions in tumor suppression.  One of its chief roles is to maintain cells in G0/G1 arrest until DNA damage has been repaired, and, if such damage cannot be repaired, to signal cells to undergo apoptosis.  Alterations in p53 function can lead to cancer in three ways:  failure to hold cells in G0/G1 arrest, failure to allow DNA repair prior to S (thus allowing mutations to be transmitted to the next generation), or failure to induce apoptosis appropriately.

b.
Cancerous cells typically have a number of genetic abnormalities, or lesions.  The p53 mutation may not be the initial genetic abnormality that occurred.  Rather, it may have occurred subsequent to a mutation(s) that led to the activation of an oncogene, the introduction of a mutator gene, or the inactivation of alleles at a tumor suppressor gene.  Hence, the p53 mutation may not be the primary genetic lesion.  Most cancers develop as a result of the accumulation of mutations in a number of genes, often over extended periods of time (decades).  Such mutations accumulate in part due to the lack of successful DNA repair at the G1/S  checkpoint in the cell cycle.

18.18


a.
The fact that some translocations are found as the only cytogenetic abnormality in certain cancers most likely means that they represent a key event in tumor formation.  It does not necessarily mean that they are the primary cause of the tumor, or the first of many mutational events.

b.
A chimeric fusion protein may have different functional properties than either of the two proteins from which it derives.  If it results in the activation of a proto-oncogene product into a protein that has oncogenic properties, or if it results in the inactivation of a tumor suppressor gene product, it could play a key role in the genetic cascade of events leading to tumor formation.

c.
Before drawing conclusions as to whether these chromosomal aberrations inactivate the function of tumor suppressor genes, or activate quiescent proto-oncogenes, it is necessary to have additional molecular information on the effects of the translocation breakpoints on specific transcripts.  Finding that the translocation breakpoints result in a lack of gene transcription or in transcripts that encode nonfunctional products would support the hypothesis that the translocation inactivated a tumor suppressor gene.  Finding that the translocation breakpoints result in activation of gene transcription or in the production of an active fusion protein would support the hypothesis that the translocation activated a previously quiescent proto-oncogene.

d.
One hypothesis is that the various fusion proteins that result from different translocations involving the EWS gene somehow result in the transcription activation of different proto-oncogenes, and this leads to the different sarcomas that are seen.  (Sarcomas are cancers found in tissues that include, among others, muscle, bone, fat, and blood vessels.)  

e.
If translocation breakpoints are conserved within a tumor type, molecular-based diagnostics can be developed to identify the breakpoints relatively quickly from a tissue biopsy.   For example, if the genes at the breakpoints have been cloned, PCR methods can be used to address whether the gene is intact or disrupted, using the DNA from cells of a tumor biopsy.  Primers can be designed to amplify different segments of the normal gene.  Then, PCR reactions containing these primers and either normal, control DNA or tumor-cell DNA can be set up to determine if each segment of a candidate gene is intact (a PCR product of the expected size is obtained) or disrupted (no PCR product will be obtained, because the gene has been rearranged).  



Such molecular analyses would provide fast, accurate tumor diagnosis.  If the different tumor types respond differentially to different regimens of therapeutic intervention, then a more rapid, unequivocal diagnosis of a particular tumor type should allow for the earlier prescription of a more optimized regime of therapeutic intervention.  In addition, understanding the nature of the normal gene products of the affected genes may allow for the development of sarcoma-specific therapies.

18.19
Apoptosis is programmed, or suicidal, cell death.  Cells targeted for apoptosis are those that have large amounts of DNA damage and so are at a greater risk for neoplastic transformation.  (During the development of some tissues in multicellular organisms, cell death via apoptosis is a normal process.)  Apoptosis is regulated by p53, among other proteins.  In cells with large amounts of DNA damage, p53 is stabilized.  This leads to the activation of WAF1, whose product, p21, causes cells to arrest in G1 by binding to cyclin/Cdk complexes and blocking the kinase activity needed for progression from G1 to S.  If the DNA damage cannot be repaired, apoptosis will be induced by p53.  

18.20
To proceed from G1 into S, one or more G1 cyclins bind to the cyclin-dependent kinase CDC28/cdc2 and activate it.  The cyclin-dependent kinase then phosphorylates key proteins that are needed for progression into S.  In the presence of heavy DNA damage, p53 is stabilized.  The p53 protein acts as a transcription factor to activate WAF1, which produces p21.  The p21 protein binds to cyclin/Cdk complexes and blocks the kinase activity required to activate the genes needed for the cell to make the transition from G1 to S. Thus, stabilization of p53 leads to cell cycle arrest at the G1/S cell cycle checkpoint.  This G1 arrest allows the cell time to induce the necessary repair pathways and repair the DNA, or, if damage is too severe, to undergo apoptosis.  

18.21
Radiation and chemical carcinogens increase the amount of DNA damage in cells.  If this damage is not repaired, or is repaired incorrectly, somatic mutations result.  Increasing the amount of DNA damage therefore increases the chance of somatic mutation.  Mutations in oncogenes or tumor suppressor genes will contribute to the induction of cancer.  

     Direct-acting chemical carcinogens bind to DNA and act as mutagens.  In contrast, procarcinogens are converted metabolically to active derivatives, so-called ultimate carcinogens, most of which also bind to DNA and act as mutagens.  Radiation carcinogens act directly to cause mutation in DNA.
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