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X and Y €hromosomes are not similar in size
Ithough they possess a homologous
gment as well as non-homologous ones.
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.  Sex-linked (Gonosomal) Diseases -

- Application 1: r’
Duchenne Muscular Dystrophy (DMD) or myopathy is caused by a defective gene ACADEMY
for dystrophin (muscle protein). It occurs primarily in males, though in rare cases

it may affect females. The symptoms of DMD include progressive weakness and

loss (atrophy) of both skeletal and heart muscle. Early signs may include delayed
ability to sit, stand, or walk and difficulties learning to speak.

Pick out from the text:

Muscular  Dystrophy (DMD) or i ‘ CE SIS
is  caused by a  defective 3? L
geng for dystrophin (muscle protein). e N > & ﬂ

.2- the symptoms of DMD ‘

e symptoms of DMD include progressive L
akness and loss (atrophy) of both skeletal and =

rt muscle. Normal Muscle




Document b p.97 represents the pedigree of a family affected by DMD.

' |
1 2
* Referring to Doc.b, ‘ +
. - I |
answer the following i .“1 > B ‘—4 E ‘ - }——E
questions
B EIREIEIEEIEY
i 2 3 & 5 6 8 9 10 1
Doc.b Pedigree of
a family affected . healthy woman - healthy man
i ® afecedwaman Wl afected man

ify if the allele of the disease is dominant or recessive.

e allele of DMD disease is recessive with respect to the normal allele, since the

affected boys II-3 and |I-7 have healthy parents I-1 and I-2. Thus, at least one of the

parents has the allele of the disease that is masked by the normal allele in the

phenotype.

Let“N” be the symbol of the dominant normal allele. L 5
et“d” be the symbol of the recessive allele responsible for DMD disease. rfgggﬁg



Document b shows that DMD disease affects
only males (lI-3,II-7,1l-7,...); this indicates that
the gene of the disease is sex-linked .

If the gene is carried by the non-homologous
sggment of Y chromosome, the affected males
I3 and II-7 who would have X//Y¢ as
notype must inherit Yd from their father I-1

e pedigree doesn't show _affected
s which is no the case.

ore, the gene of DMD is carried by the
mologous segment of X chromosome.

3- Determine the localization of the gene of DMD.
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I-1: XNY since he is normal male where the
normal allele is dominant, and the gene is
-linked so he must carry only. 1 normal
llele on X gonosome.

I-2: XNXdsince she is normal female having
n affected child II-3 of genotype X4Y and
must inherit X9 from his mother , so she must
be carrier heterozygote.

I1-6:.XNXd or XNXN since she is normal female
ond the gene of the disease is X-linked

: X9dY, since he is an affected male
re the diseased allele is recessive and
the\yene is X-linked so he must carry only 1
dise§¥ed allele on X gonosome.

4- Write the genotype of 11,12 116 and Il17. Justify. € *
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5-Determine the risk for couple 1I-4 and II-5 of having another affected child. 2

The mother II-4 is normal then she must carry &:‘;ﬁ’éﬁﬁ

the normal dominant allele and gave birth to | 9

an affected son llI-7 having X9Y as genotype, vl 2

ar\d who must inherit the diseased allele frorp . l—r‘ L o= ® b 1__.

his normal mother which means that she is |2 8 4[5 6 7 8|39

heterozygous of genotype XNXd ﬁ i L i L I l
111 G b

The father <5 is normal and since the gene = % é é 6 7 8 9 10 1

of the diséase is X-linked then he must carry ® healthy woman Bl heaithy man

only ong normal allele and has genotype X\Y. ) affectedwoman Il affected man

If thefetus is a girl, all girls would inherit an
" from their father. Since the normal allele N ¢ the fetus is a boy, the risk of inheriting X
ominant, it is  expressed in their from their motheris 1/2.
notype whatever the allele inherited from| The risk of having a boy who would inherit Y

their mother. Therefore, the risk ‘of having from hisfatheris 2.
afficted qirls is zero. Hence, the risk of having affected boys
among childrenis 2 X 2 = Ya.




Il. Genetic Risk

How to calculate the risk to have an Affected Child in case of:

X-linked Recessive Diseases? N> d XY

Case 1:Normal parents where the mother

has affected sibling and normal parents.

XY

he father is normal and since the gene of the
isease is X;linked then he must carry only one XY
ormal allgle and has genotype XNY.

rmal mother that must be heterozygous of genotype XNX9 . Thus, the mother will
t the normal allele from her father and.the.normal or diseased allele from her
ygous mother, so she may be pure XNXN or hybrid XNX9. So the probability for the
to be heterozygous is 2.



XY
If the fetus was a girl: The risk of being affected is,
since she will inherit XN from her father which is the
normal dominant allele, so she will be normal X\Lr'
whatever the allele she will inherit from her mother. ‘{d‘f

heterozygous there is a possibility of % for giving him X¢and a possibility of 72 to
Y from the father, to become an affected boy.
Pum X Pac=1/2 x(1/2X4@x1/2Y &) =1/8.



— Case 2: Affected father and normal mother having affected |
sibling and normal mother. r)"

1. Designate the possible genotype(s) on the given pedigree. ACADEMY
. Calculate the genetic risk for the fetus to be affected.

The father is affected and since the gene of the
disease is X-linked then he must carry only one

N NYd
diseased allele and has genotype X9Y. XY X
e mother i normal then she must carry the normal

d
and who must inherit the diseased allele from his  XdY | XY

XNxd

and the normal or diseased .allele. from. her SN

zygous mother, so she may be pure XNXN or hybrid
o the probability for the mother to'be heterozygous is



If the fetus was a girl: The risk of inheriting X9 from
their father is 1/2. The risk of their mother to be
heterozygous is %2, and the risk to inherit X4 from
their mother is %. Thus, the risk of
having affected girlsis %2 x 2 x 2 = 1/8 among
children.

If the fetds was a boy: Theisk of inheriting Y from
their father is 1/2. The risk of their mother to be
hete zygous is 2, and the risk to inherit X4 from
mother is '%. [Thus, the risk - of
ing affected boysis % x %2 x %2 = 1/8 among
ildren .

XNY
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— Case 3: Normal father and affected mother E «

Smart

1- Designate the possible genotype(s) on the given pedigree. %EMY

- Calculate the genetic risk for the fetus to be affected.

Xdy Nxd
The father is normal and since the gene of the ©
disease is X-linked then he must carry only one

normal allele and has genotype X\Y. wy ?ded XNy

The mothert is affected then she must carry the diseased
ive” allele, and since the gene responsible for the i

is X-linked then she must have 2 diseased alleles in



If the fetus was a girl: Her father is normal of Xdy

genotype XNY. All girls would inherit an XN from

h B g

their father. Since the normal allele N is
dominant, it is expressed in their phenotype X4y

the allele inherited from their mother.

re, the risk of having affected girls is

If the fetus was a boy: His mother is affected of
ggnotype X9Xd, All boys would inherit X4 from their
other and Y from their father and will be affected.
herefore the risk of having affected boys is.1.
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-Application 2:

Vitamin Resistant Rickets VRR is a rare disease that affects fewer than 200,000
eople. When affecting a family, Vitamin Resistant Rickets appears in every
eneration. Document ¢ shows a pedigree of a family affected by this disease.

e Referring to Doc.c, answer the following questions:

-Indicate whether the allele of VRR is dominant or
recessivesJustify your answer.

e of the disease is dominant with respect
normal allele since there is an affected
indi¥idual in every generation; every affected
individual (lI-1) has at least an affected parent I-1.

L ¢t “R” be the symbol of the dominant.allele of-the

sease.
t“n” be the symbol of the recessive normal allele.

\
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@ healthy woman
@ affected woman
I healthy man
W affected man

Doc.c |r>|:"|'f..'::n"F:'l'" of a family affex tecd by vitamin-

resistant rickets.



2- Show that the gene of VRR disease is X-linked.
Every affected father has daughters affected by this
disease. The affected father [|-1 has affected
daughter II-1.The affected father IlI-1 and the
healthy mother IlI-2 , have all their daughters V-1
and IV-2 affected. Moreover, their son IV-3 is
normal, and he inherits Y chromosome from his
father llI-1. This means that the inheritance of this
disease s discriminated by sex and the gene
responsible for VRR is Sex-linked; it is not carried
the non-homologous segment of Y
chromosome, but it is carried on the non-
hgmologous segment of X chromosome.
herefore, the gene of Vitamin Resistant Rickets
sease is X-linked.

1 2
Il B
1 2
11l @
| 2
‘ * @ healthy woman
v ‘ @ affected womar
U ! healthy man
W affected man
Doc.c Pedigree of a family affected bv vitamin-
resistant rickets.
D Bs
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3- Specify the genotypes of individuals I-1 and IV-1.

Genotype of I-1 is XRY since he is diseased and 1 .

the allele responsible for the disease X-linked. 1l BB

Then affected males must carry one diseased 1 2

dominant allele on X chromosome. " 0
1

2
Genotype of V-1 is XR X"since she is diseased

allele responsible for the disease X- ‘ * @ healthy woman
v 1 ‘ 3 . affected woman
z

which means that she possesses the

I healthy man

which is carried by X chromosome, then she W affected man
ossesses XR. Furthermore, her mother IlI-2 is

. Doc.c Pedigree of a family affected bv vitamin-
ormal having X"X" as genotype, then.woman resistant rickets.
V-l receives X" from her mother. Thus, IV-1is
eterozygous. " *

' Be Smart
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CRDP

- Make a factorial analysis to find the probability for
couple Ill-1 and Ill-2 of having another affected

~hild
Parents: affected father IlI-1 Healthy mother llI-2
Genotypes: XRY x  Xnxn

Gametes : ° <
> @ 1

X" 1 XR//Xn 172 Xn//Y 1/2

|

ARtong qirls, all girls will be affected; their probability is 1
(am&ng children the probability is %).
AllbRys will be normal; their probability is zero.
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r_L @ healthy woman
| IV ‘ B @ affected womar

Il

e 3 healthy man
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Doc.c  Pedigree of a familv affected bv vitamin-

resistant rickets,



l1l. Sex Determination P

e Smatl
During fertilization, it is the gametes L"/'”‘\ W\
o} R Yy

ACADEMY

sperm cell that determines the X R
sex of the future child. 9 )
Since gametes meet \ —) 50% g 50%
randomly, a sperm cell
carrying an X chromosome has ; VXY
the same probability as a X glﬂ l boy
sperm cell carrying a Y 50 259 \ J/ D&Y,
chromosome to fertilize an ’ . 3
oocyte.
In fact, this equal (or about |
equal) .probability of both X / gm l ,‘ boy
sexes is observed in the | " 50% 25% J/ 25%

population.

\




- All gametes produced by females carry X gonosome.

- Gametes produced by males may carry either X or Y gonosome at the same
probability.

Probability to have a baby boy is 50%. Female gametes Male gametes )
(male) determines the sex of

¢ 4

Girl Boy
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Exercise 1 (5 points) Hemochromatosis rge ot

: . . _ _ ACADEMY
Hemochromatosis appears after the age of 40 vears and 15 characterized by the accumulation of tron 1n the

body. It 15 a recessive disease linked to the HFE gene which i1s located on chromosome 6. This gene has two
alleles: the normal allele which codes for a membrane protein that regulates the entry of wron into the cells,
and the mutated allele which codes for an abnormal protein that favors the accumulation of iron mside the
cells.

D Number of the nucleotide 1 240 250 270 278 387

ocument 1 presents the

partial  sequence  of l l 1 l 1 l

nucleotides of the two | Normal HFE Allele 5".... GCTGTACCCCC....ACGTGCCAG....C ¥

alleles, the normal and

the mutated ones. Nutated HFE Allele ... OGCTGTACCCCC.....ACGTACCAG....C

Document 2 presents the Document 1

restriction  site of a

restriction enzvime Esal. - -

1- Specify, by referring to document 1. the origin of hemochromatosis. GT |AC

2- Determine for each of the two alleles, the number and the length of the restriction CAITG
fragments obtained after cutting by Rsal enzvme.

The frequency of heterozygotes 1n a certain population 15 1/10. Document 2

\\




(=)

Exercise 1 (5 points)

The origin of hemochromatosis 1s a mutation by substitution at the level of the HFE gene,
Since the nucleotides of the normal allele HFE, presented in document 1, are identical to
those of the mutated allele except for the nucleotide 274 where G in the normal allele 1s
replaced by A in the mutated one. This mutation leads to the synthesis of an abnormal
protein.

When treated by the restriction enzyme Rsal, the normal allele which presents only one
recognirtion site GTAC at the level of nucleotides 243 — 246 1s cut once between T 1n
position 244 and A n position 245, thus we obtam 2 fragments the first 1s of 244 bp
length and the second of 387-244= 143pb length (3/4 pt)

When treated by the restriction enzyme Rsal, the nutgted aliele,; presents 2
recognition sites GTAC at the level of nucleotides 243-246 and at the level of nucleotides
272-275 1s cut twice:
- between T 1n position 244 and A 1n position 245, giving the first fragment of 244
pb length,
- between T in position 273 and A in position 274 which gives the second fragment
273 — 244 =29 bp length and the third fragment of 387 — 273=114 bp length.
Therefore three fragments are obtained (3/4 pt)

Grade

3/4

1172




The frequency of heterozvgotes in a certain population 1s 1/10.

A healthy couple, older than 40 years,
belongs to this population. This couple
would like to know if theiwr three
children, who appear healthy, have a risk
to develop the disease. That’s why they
consult a doctor who, as a first step.
establishes for this family a pedigree
which is shown in document 3.

3- Calculate the nisk for this couple,
II113 and IIT14, to have an affected
chald.

As a second step, the doctor performs
DNA analwvsiz by applving the southern
blot technique wusing the restriction

1 4 ]
n 10 T
m T [ 14
v s [he O
15 16 17
Legend

[ ] Healthy man - Affected man
O Healthy woman . Affected woman

7?7 Unknown phenotype

Daocirment 3

enzyme Rsal and a radicactive
molecular probe (MP)} which 15 complementary to a specific sequence of 1 244 273 387
HFE gene. This probe can fix to the whole or to a part of the recognized | bt |
sequence as shown in document 4. —
Document 5 shows the results obtained by this technique for certain Mp
members of this familv. Deocument 4
4- Explain the absence of the Size of DNA 113 14 IV1S V16 Iv1T
244 bp fragment in the fragments (bp) -
electrophoregram presented in 29 — — —— |
document 5. 114 — — —— |
5- Establish the diagnosis for 143 — — L —

each of the children in

document 5.

Docunient 5



Since each of the two parents has no family history for hemochromatosis, the frequency
for each of them to be heterozygous 1s 1/10 (frequency in the considered population).
Thus the risk for both of them to be heterozygotes 1s 1/10x 1'10 = 1/100

Since the allele responsible for the disease 1s recessive, the nisk for a heterozygous couple
to have an affected child 1s 1/4.

Hence the nisk for this couple to have an affected child 1s 1/100 x 1/4=1/400

172

The electrophoregram shows only the fragments to which the radioactive molecular probe
1s hybnidized. Since the recognized sequence to which the MP gets fixed 1s localized only
at the level of nucleotide 273, thus the 244 bp fragment 1s not hybridized and doesn’t

appear in the electrophoregram.

3/4

P B

' Be S
ACADEMY

The electrophoregram shows 3 bands: band 143 bp characterizing the normal allele and
bands 29bp and 114 bp characterizing the mutated one.

The electrophoregram of child IV15 shows one thick band at the level of 143 bp
corresponding to the normal allele. Hence he 1s healthy homozygote. (1/2 pt)

The electrophoregram of child IV16 shows the 3 bands. Thus he 1s heterozygote and since
the allele of the disease 1s recessive, he 1s healthy. (1/2pt)

The electrophoregram of child IV17 shows two thick bands, 29 bp and 114 bp
corresponding to the mutated allele. Thus she 1s recessive homozygote. She will be sick
after the age of 40 vears. Hence, among the three children, only the girl 17 wall be sick
after the age of 40 vears. (1/2pt)

112
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Answer the following questions.

Question I (5 ¥z pts) O
Hemophilia A. 15 a genetic recessive disease due to an
abnormality of a blood coagulation factor: factor VIII This 1

factor 1s the expression of a gene located on the non-
homologous segment of chromosome X. We designate, by . :I
3

h, the allele responsible for the disease and by N the normal
allele.

Document 1 reveals the pedigree of a family that expresses
this disease. Woman 6 15 pregnant and asks for prenatal

diagnosis for her fetus. 8 09 10
a- Indicate the genotvpes of persons 6 and 7. Justify
the choice. Normal male .I—Iem ophiliac
b- Show bv logical reasoning, that this pedigree does male
not permit a sure diagnosis concerning the fetus. O Normal female

c- Determine the genetic nisk of this child to be
hemophiliac. Document 1

) B

' Be Smal
ACADEMY




Question I (5 ¥z pts) Answer Key

a- Woman 6 : Normal woman but having a hemophiliac brother, she can be either homozygous X b
or heterozt:gous X'XE (%pt)
Man 7: X'Y; normal man and having only one X, thus he carnes the normal allele. (¥ pt)

b- The child to be born can be erther a girl or a boy. If it was a girl, this pedigree permuts a sure
diagnosis; she will be normal because her father can give her only X' But if he was a boy, the
diagnosis 1s sure 1f the mother was homozygous and he will be normal, but if the mother 1s
heterozygous we cannot determine whether the boy 1s normal or hemophiliac because his mother can
give him either X or X°. (1pt)

c- If this child was a girl, the nisk 1s null.
If this child was a boy, 1ts phenotype depends on the allele provided by his mother. The possibility of
the mother of being heterozygote 1s *z. If she was heterozygous there 1s a possibility of ¥z for giving
him X" and since we do not know the sex of the fetus there is a chance of *: to be a boy. Hence the
genetic risk becomes 2 x ¥z x %2 =18. (1pt)
Or
The probability of the mother to be heterozyvgous 1s ¥z , 1n this case 4 of her children will be
hemophiliac. Hence. the geneticnsk = %2 x% = 1/8

\\




A L RS L RE &

To clarify the diagnostic problem of hemophilia in the fetus,
two tests were done. The first test 1s a karvotype of the fetus,
document 2.

d- Does this karvotype solve this problem? Justify the answer.

FE§- %mag i
P
a "‘i'-

o

The second test 15 the analysis of the DNA of chromosome X. The
DNA of the mother, the fetus, and the sick person 8, are subjected to
restriction enzyvmes. The obtained DNA fragments are separated by gel
electrophoresis. then hybridized by a probe.

Because we cannot use an intragenic probe to distinguish the
hemophilia allele from the normal allele that codes for factor VIII, we
use probe ST14 that can mark a polyvmorphic zone, very close to this
gene. This zone has 10 alleles, but only alleles 3 and 5 are present 1n
this family.

An autoradiography 1s done and the results are shown in document 3.
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Document 2

MAother | Fetus Person 8

e- Specify. starting from the analysis of the obtamned 5.3

autoradiogram, the real genotype of the mother and the
fetus. -

_ . . . Allele 5
f- We estimate a 4% recombination between the

polvmorphic zone and the gene coding for factor VIIL In

this case, 15 the second test reliable for diagnosing tent 3
hemophilia in the fetus? Justify the answer. il —




d- No, because the karvotvpe reveals that 1t 1s a bov. If 1t was a girl the problem would have been solved.

\ 2 Py
€ Person 8, has only allele 5. Being hemophiliac, we can say that allele 5 1s linked with allele h that
codes for hemophilia.
Mother 6. who 1s normal, has the two alleles 3 and 5 each one 1s on an X chromosome. Since allele 5
1s linked with allele h, then allele 3 must be linked with the normal allele N. She 1s thus, healthy but
has the allele h. her genotype is X X°. (% pt)

The fetus has only allele 3, thus he recei\'eci Xx}rom his mother and Y from his father, thus, he wall
be normal of genotype X' Y. (% pt)

f- No, because there 1s a possibility of crossing over between the polymorphic zone and the gene.
Non-sister chromatids of the two homologous X chromosomes will exchange segments leading to the
formation of a chromosome X on which allele 3 1s linked with the normal allele N and another
chromosome X on which allele 3 1s linked with the hemophiliac allele h. Thus, the fetus will be

hemophiliac even if his autoradiogram shows the presence of allele 3. ( %2 pt)
N\
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