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Study Questions for Topic 7: Linkage Analysis in Mice and Men 

Reading Assignment: Chapter 5, section 5.4; Handout 2, pages 213 through 222 

Principles and Key Concepts : 
1. Principles of linkage covered earlier apply to mammalian genetics. 
2. Special statistics are required to assess recombination frequencies estimated from human pedigrees. 
3. LaD scores are used to assess the statistical significance oflinkage estimates made using information 

from human pedigrees. 
4. Groups of linked alleles on a single chromosome are referred to as a haplotype. For example, Abe 

and aBc are two different haplotypes at the same genetic locus. 
5. Within a population, some allele combinations in a haplotype are more frequent than others. For 

example, in certain populations, b may always be associated with A and C and never with a and C or A and c. 
This is referred to as linkage disequilibrium (LD). 

6. In human populations, clusters of alleles at many chromosomal locations are in linkage 
disequilibrium. These clusters are called LD groups. 

7. LD groups are haplotypes that are useful in mapping disease genes to precise chromosomal locations. 

Study guide for the Matching section oftest 7: 
The assigned reading , my Key Term List, ;:tll the study questions. 

Study guide for the short answer/problem solving section of test 7: 

Genetic Mapping using information horn pedigrees: 
- DNA markers : 5.11 
- Estimating map distance: 5.8; 5.10; NOTE: Caculate an LaD score for the genetic distance you 

estimate for 5.8 and 5.10 
- Calculating probabilities based on recombination frequencies 5.9 

Additional Questions from other sources: 
Question 7 on hemophilia and color blindness (next page of this study guide, "p 169") 
Question 7.41 and 7.42 (third page ofthis study guide, p175) 
Questions 1 through 4 (last two pages ofthis study guide) 
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7. The following pedigree shows four generations of a family 
described in J928 by M . Madl ener. The great-grandfather , I-I, has 
both color blindness and hemophilia. Let ting (represent th e allel e for 
color blindness and h represent the allele for hemophilia, what are the 
genotypes of the man's five grandchildren? Do any of the individuals 
in the pedigree provide evidence of recombination between the genes 
for color blindness and hemophilia? 

II 

III 

IV 

2 

Key to phenotypes: 

D 0 Normal 

~ Color blind and hemoph ilic 

Answer: The genes for color blindness and hemophilia are X­
linked. Because I-I has both color blindness and hemophilia, his geno­

type must be c h. His daughter, II-1 , is phenotypically normal and 

must therefore carry the nonrnurant allele s, C and H, of these two X­

linked genes. Moreover, because 11-1 inherited both C and h from her 
father, the rwo nonmutant alleles that she carries must be present on 
the X chromosome she inherited from her moth er, II-I 's genotype is 

therefore CHie b-that is, she is a coupling heterozygote for the two 
loci. rn-2 , th e first granddaughter ofI-l, is also a coupling hcterozy­
gote. We infer that she has this genotype because her son has both 

color blindness and hemophilia (c h), and her father is ph enotypically 

normal (C H). Evid ently, III-I inhe rited the cb chromosome from her 
mother. Among th e grandsons of I-I, two (III-3 and III- 5) of them 
have both hemophilia and color blindness; thus, these grandsons arc 

genotypically ch. The other grandson (III -6) is neither color blind nor 

hemophilic: his genotype is therefore C H. The genotype of the re­

maining granddaughter (1II-4) is uncertain. This woman inherited a C 
H chromosome from her father. However, the chromosome she in­
herited from her mother cou ld be CH, c b, C b, or c H . The pedigree 
does not allow us to determine which of these chromosomes she re­
ceived. The most we can say about IlI-4's genotype is that she carries 
a chromosome with the C and H alleles. 

None of the four grandchildren to whom wc can assign geno­
types provides evidence of recombination betw een the genes for color 
blindness and hemophilia, Neither do the two great-grandchildren 
shown in g'eneration IV: One of these gre at-grandchildren is geno­
typically C H; the other is genotypically c b. Thus, in the pedigree as 
a whole there is no evidence for recombination between the C and H 
genes. 

Te..~t i ng Your Knowledge 
~., ,

INTEGRAtE\DIFFERENT CONCEPTS AND. TECHNIQUES 
-> 

. .'. . . " ' , , ,. 
" \ ~. ' 

1. R. K. Sakai, K. Akhtar, and C. J. Dubash (1985, }. H ered. 
i 6:140-J41) reported data from a set of testcrosses with the mosquito 
Anopheles culidfacies; a vector for malaria in southern Asia. The data 
involved three mutations: bw tbroum eyes), c (colorless eyes), and Blk 
(black body). In each cross , repulsion heterozygotes were mated to 
mosquitoes homozygous for the recessive alleles of the genes, and the 
progeny were scored as having either a parental or a recorn bin ant 
genotype. Are any of the three g'enes studied in these crosses linked? If 
so, construct a map of the linkage relationships. 

Repulsion Progeny Percent 

Cross Heterozygote Parental Recombinant Recombination 

In» +/+ c 850 503 3i .2 

2 bto + /+ Blk 750 23i 24.0 

3 C +/+ Blk 629 183 22.5 

Answer: In each cross , the frequency of recombination is less 
tban 50 percent, so all three loci are linked . To place them on a linkage 
map , we estimate th e distances between each pair of genes from the 
observed recombination frequencies: 

1r",'-24.0-Blk~22,5-( 
I I 

37.2 

Notice that th e recombination frequency between ln» and c 
(3i.2 percent, from Cross I) is substantially less than the actual 
distance between these genes (46.5). This shows that for widely 
separated genes, the recombination frequency underestimates the 
true map distance . 

2. Sing ed bristles (sn), crossveinless wings (tv), and vermilion eye 
color ("u) are due to recessive mutant allele s of three X-l inked genes in 
Drosophila melanogaster . When a female heterozygous for each of the 
three genes was testcrossed with a singed, crossveinless, vermilion 
male, the following progeny were obtained: 

Class Phenotype Number 

singed, crossveinless, vermilion 3 

2 crossveinless, vermilion 392 
3 vermilion 34 

4 crossveinl ess 61 

5 singed, crossveinle ss J2 

6 singed , vermilion 65 

i singed 410 

8 wild-type 3 
--

Toral : 1000 
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7.39 The order of three genes and the centromere on one 
chromosome of Neurospora is centromere - X--:Y-2.. A cross be­
twe en -I- -I- -I- and x y z produced an ascus with the following ordered 
array of ascospores (only one member of each spore pair is shown): 
(-I--I- z) (+ Y z) (x + +) (x y +). 

(a)	 Is this ascus most likely the result of a meiotic event in which 
0, 1, 2, or 3 crossovers occurred? 

(b)	 In what intcrval/s) did the crossover/s) most likely occur? 
(c)	 If double or triple crossovers were involved, were they two­

strand, three-strand, or four-strand multiple crossovers? 

7.40 The followi 11g tetrads were produced by a cross of a 
Neurospora strain that had white spores (w) and a nutritional require­
ment for the amino acid arginine (/trg) with a strain that had dark 
spores and no arginine requirement: 

Spore	 Tetrads 

Pairs 1 2 3 4 5 6 

1-2 warg warg 'W arg warK w+ w+ 

3-4 w arg w-l- +mg ++ w+ ++ 

5-6 ++ + a/'g ++ -I- flrg + org 711 arg 
7- 8 + + ++ w+ w+ + OFg + flrg 
No. 5S 14 JS 2 1 10 

Total = 100 

(a) What is the map distance between the arg locus and the centro­
mere? (b)What is the Illap distance between the 7~' and mg loci? (c) t\re the 
ill'g and 'W loci found on the same or different arms of the chromosome? 

7.41 The following pedigree, described in l937 by C. L. Birch, 
shows tbc inheri tance of X-Iinked color blindness and hemophilia in a 
family. What is the genotype of 11-2?Do any of her children provide 
evidence for recom bination between the genes for color blindness and 
hemophilia? 

Key to phenotypes: 

o 0 Normal 

Color blind II 

lI1 Hemophilic 

III 

7.42 The following pedigree, described in 1938 by B. Rath, 
shows the inheritance of X-linked color blindness and hemophilia in a 
family. What are the possible genotypes of II-I? For each possible 
genotype, evaluate the chi ldren of II -1 for evideuce of recornbination 
between the color blindness and hemophilia genes. 

Key to phenotypes : 

o 0 Normal 

II 

III 

Color blind 

7.43 A normal woman with a color-blind father married a nor­
mal man, and their first child, a boy, had hemophilia. Both color blind­
ness and hemophilia are due to X-linked recessive mutations, and the 
relevant genes are separated by 10 eM. This couple plans to have a 
second child. 'W hat is the probability that it will have hemophilia? 
color blindness? both hemophilia and color blindness? neither hemo­
philia nor color blindness? 

7 .44 '1\"'0 srrains ofmaize, MI and M2, are homozygous for four 
recessive mutations, a, b, c, and d, on one of the large chromosomes in 
the genome. Strain ViTI is homozygous for the dominant alleles of 
these mutations. Hybrids produced by crossing Ml and \VI yield 
many different classes of recombinants, whereas hybrids produced by 
crossing M2 and "'VI do not yield any recombinants at all . What is the 
difference between Ml and M2? 

7 .45 A Drosophila geneticist has id entified ~ strain of flies with 
.l large inversion in the left arm of chromosome 3. This inversion 
includes two mutations, C (cbo11)' body) and cd tcardinnl eyes) , and is 
flanked by two other mutations, .W (stripe thorax) on the right and 
1"0 (rough eyes) on the left:. The geneticisr wishes to replace the c 
and cd mutations imide the inversion with their wild-type alleles; 
he plans to accomplish this by recombining the multiply mutant, 
inverted chromosome with a wild-type, inversion-free chromo­
some. What event is the geneticist counting on to achieve his 
objective? Explain . 

. . '{, ..:So,:, " , " .. \. '."',,, ' 
".\.' ':..at http://wWw.ncbi.nlm.nth.govl ' :ii:;:> 

Chromosome maps were first developed by T. H. Morgan and his 
students, who used Drosophila as an experimental organism. 

1. Find th e genetic map positions of the genes ts (white eyes), m 

(miniature wings), and f (forked bristles) on the X chromosome (also 
denoted as chromosome 1) of Drosophila melanocastcr. 

2. Find the positions of these three genes on the eytogen etic rnap 
of the X chromosome of D. melanogaster. 

Hint: At the web site, click On Genomic Biology and then un­
der Genome resources, click on Insects. From there, open the pnge 
011 Drosopbila 'lIle/rl1!ogl7ster, and then under Rel ated Resources in the 
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In the example of AMD, a complex disease , a 
genome-wide association study led to the identification 
of strongly assoc ia ted , common SNPs that in turn were 
in LD with a common coding SNP in the complement 
factor H gene that appears to be the fu nc tion a l va riant 
involved in the disease. This discovery, in turn, led to 

the identification of other SNPs in the complement 
cascade that can also predispose to or protect against 
the disease . Taken together, these results give important 
clues to th e pathogenesis of AMD and sugges t that the 
complement pathway might be a fru itful target for 
novel therapies . We expect that many more genetic 
variants responsible for complex diseases w ill be suc­
cessfully identified by genome-wide association with 
HapMap markers, thereby providing us with powerful 
insights and potential th erapeutic targets for many of 
the co m mon diseases that cause so much morbidity and 
mortality in rhe population. 

o	 GENERAL REFERENCES 

Gibson G, Muse SV: A Primer of Genome SCience, 2nd ed. Sunder­
land, Mass, Sina uer Associates , 2004. 

Terwilliger JD, Ott J' Handbook of Human Geneti c Linkage. Balti ­
more, Md, Johns Hopkins Urnversiry Press, 1994. 

Th e International H apMap Consortium: A haplotype map of the 
human genome . Nature 437:1299 ·1320, 2005. 

o	 REFERENCES FOR. SPECiFiC TOPICS 

Cho lH: Significant role of genetics in IBD: the NOD2 gene. Rev 
Gastroenre rol Disord 3:S18 -S22, 20 03 . 

de Bakker PI, Yelen sky R , Pe'er I, et a l: Effici ency and pow er in 
genet ic associ at ion stud ies. N ar Genet 37:121 7-1223, 1005. 

Go ld B, Merriam ]E, Z ernanr 1, Ct al. Vari ation In factor B (BF) and 
co mplement component 2 (C2) gene s is associated with age­
rel ated ma cular degen erati on. Nat Genet 38:458 -462 ,20 06. Epub 
March 5, 2006. 

Hugot JP: Inflammatory bowel disease: a complex group of genet ic 
disorders. Best Pract Res Clin Gastroenterol 18:451 -4 62 , 1004. 

Kerern E: Pharrnacologr cal induction of C FT R function in patients 
wuh cystic fibrosis: mutation-sp ecific therapy. Pediarr Pulmonol 
40:183 -]96 , 2005. 

Klein RJ, Z eiss C, Chew EY, er al: Complement factor H polymor­
phism in age-related macular degeneration. SCIence 308: 385-3 89, 
20 05. 

Kong A, Cudbjartsscn DF, Sain z J, et a l: A high -res olution recorn­
bin an on map of th e human genome. Nat Genet 31:241-247, 
2002. 

Kruglyak L: Power tools fo r human genet ics. Nat Genet 37:1299­
1300, 2005 . 

Lander E, Kruglyak L: Generic dissection of complex trait s: gu ide ­
lines for iruerp reting and reporrmg hnkage results. N at Genet 
11:241 -147,1995. 

Lander ES, Schork NJ: Genetic dissecnon of complex traits . Science 
265 :2 03 7·2048 , 1994. 

Ri sch	 N, Merikangas K: The future of genet ic studies of complex 
human diseases. SCIence 273: 1516-1517, 1996. 

e	 USEFUL \A/EBSiTES 

GDB Human Genome Database. bttpiltunow.gdb.orgfhugol 
lnrernanonal HapMap Project. hup Llunow.bapmap.ovgi 

1.	 The Huntington disease (HD) locus was found to be 
tightly linked to a DNA polymorphism on chromosome 
4. In the same study, howev er, linkage was ruled out 
between HD and the locus for the MNSs blood group 
polymorphism, which also maps (Q chromosome 4. 
What is the explanation? 

2. Linkage between a polymorphism in the a-globin locus 
on the short arm of chromosome 16 and an autosomal 
dominant disease was analyzed in a series of Brit ish and 
Dutch families , with the following data: 

e 0.00 om 0.10 0.20 0.30 0.40 
LOD scores (2) -= 23 .4 24 .6 19.5 12.85 5.5 
2 m.. == 25.85 at 8m , . '" 0.05 

How would you interpret these data? What does 
the value of Z := -= at e := 0 mean? 

In a subsequent study, a large family from Sicily 
with what looks like the same disea se was also investi­
gated for linkage (Q a-globin, with the following 
results: 

8 0 .00 0.10 0.20 0.30 0,40 
LOD scores (2) -8.34 -3 .34 -1 .05 -0.02 

How would you interpret the data in this second 
study? What implications do these data have for use of 
linkage information in presymprornaric diagnosis and 
genetic counseling? 

3.	 This pedigree was obtained in a study designed to 
determine whether a mutation in a gene for -y-crystallin, 
one of the major proteins of the eye lens, may be respon­
sible for an autosomal dominant form of cataract. The 
filled-in symbols in the pedigree indicate family 
members with cataracts. The letters indicate three 
alleles at the pol ymorphic "(-crystallin locus on chromo­
some 2 . If vou examine each affected person who has 
passed on the cataract to his or her children, how many 
of these represent a meiosis that is informative for 
linkage between the cataract and y-crystallin? In which 
individuals is the phase known between the cataract 
mutation and the y-crystallin alleles? Are there any 
meioses in which a crossover must have occurred to 

explain the data? What would you conclude about 
linkage between the cataract and "(-crystallin from this 
study? What additional studies might be performed to 

confirm or reject the hypothesis? 
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AC AC Be SD SD AC AS Be 

Pedigree for question 3 
---­ - - -

4. The following pedigree shows an example of molecular 
diagnosis in Wiskott-Aldrich syndrome, an X-linked 
immunodeficiency, by use of a linked DNA polymor­
phism with a map distance of approximately 5 cM 
between the polymorphic locu s and the Wiskott-Aldrich 
syndrome gene. 
a. What is the likely phase in the carrier mother? How 

did you determine this? What diagnosis would you 
make regarding the current prenatal diagnosis if it 
were a male fetus? 

b. The matern al grandfather now becomes available for 
DNA testing and shows allele B at the linked locus. 
How does this finding affect your determination of 
phase in the mother? What diagnosis would you make 
now in regard to the current prenatal diagnosis? 

BB 

v 

II 

III 

IV 

~.. .-­

? 

B A 

Pedigree lor question 4 
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