0.1, INTRODUCTION

It 1s universally accepted that genes are located in chromosomes. During cell division. each
chromosome behaves as a unit. It may, therefore. be expected that genes\-located in the same
chromosome would move together to the same pole during cell division. As a consequence,
cuch genes would fail to show independent segregation and would tend to be inherited
together. This expectation was expressed by Walter Sutton in 1903 while propounding the
chromosomal theory of inheritance. A significant deviation from independent segregation
was first reported by Bateson and Punnet in 1905 for flower colour and pollen shape in pea.
They observed a 7 : 1 :1 : 7 ratio in a test cross in place of the normal 1 : 1 : 1 : 1 ratio
expected from independent segregation. Bateson and Punnet proposed two new terms,
coupling phase and repulsion phase. These terms are widely used even today. But they failed
toexplain the 7 : 1 : 1 : 7 ratio in the test cross.

The concept of linkage originated when Morgan demonstrated in 1910 that the white eye
iw) gene of Drosophila is located in the X chromosome (sex linkage). Subsequently, he
sudied the inheritance of several other sex-linked genes. In 1911, he published the following
conclusions from these studies. (1) Genes located in the same chromosome tend to stay
ogether during inheritance; this tendency is called linkage. (2) Genes are arranged in a linear
fashion in the chromosomes. (3) The intensity of linkage between two genes is inversely
telated to the distance between them in the chromosome. He also proposed that (4) coupling
ad repulsion phases are two aspects of the same phenomenon, i.e., linkage. Later studies

"ae confirmed the above conclusions of Morgan.

%.2. LINKAGE

T . . ' P
he tendency of two or more genes to stay together during inheritance

h

is known as linkage.
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9.2.1. Coupling Phase
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expected 25%. These two character combinations are called
recombinant types since they are obtained by reshuffling of the
parents of the F. In the above example, it appears as if the t
have a strong affinity for each other so that the frequencies o
shrunken phenotypes are greater than expected. This situati
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9.2.2. Repulsion Phase

Similarly, when plants having coloured shrunken seeds (CC shsh) were crossed with those
having colourless full seeds (cc ShSh), the F 1 seeds were coloured full (Cc Shsh). But when
the F, plants were test-crossed (Cc Shsh x cc¢ shsh), 47.9% of the seeds so obtained were
coloured shrunken, 49.1% were colourless full, 1.4% were coloured full and 1.5% were
colourless shrunken. In this case also, the parental types (colourless full and coloured
shrunken) were more frequent, while the recombinant types (coloured full and colourless
shrunken) were less frequent than expected (Fig. 9.2). It appears as if in this cross the
dominant genes C and Sk dislike each other. This situation is referred to as repulsion phast. |
It is due to the presence of the dominant allele of one gene, e.g., C, with the recessive allelt

. . . jon
of the other gene, e.g. sh, in the same chromosome. Obviously, coupling and repulsio
phases are only the two situations of the same phenomenon of linkage.
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9.2.3. Complete and Incomplete Linkage

_ _ . esC
Genes show linkage because they are located in the same chromosome. In Fig. 9-13 gen dif
and Sh are present in one chromosome, while their recessive alleles ¢ and sh are situate
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Fig. 9 G
1. goupllng phase linkage between genes c and sh in maize. In coupling phase,
IClimlnan'[ alleles of linked genes are located in one chromosome, and their recessive
alleles are Present in the homologous chromosome. '
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jinkage: However, linked genes do not always move (o the s
lfcomhim‘ to produce recombinant gametes, ¢.p. S
Jenotypes, €-8-. coloured shrunken (Ce .vh.s'h)( ’
where recombinant types are also recovered in ]
Jinkage-

Thus linkage may be classificd

ame pole. Sometimes their alleles
C sh and ¢ Sh. This yields recombinant
and colourless full (cc Shsh). Such cases,
1€ test-cross progeny, are called incomplete

as (1) complete or (2) incom -
oy ik il g plete depending upon the
qbsence (complete linkage) or the presence (incomplete linkage) of recombinant types in the

est-Cross progeny. Complete linkage (lack of crossing over) is known in male Drosophila.
Therefore, when males heterozygous for two linked autosomal genes are mated with Houble-
recessive females, only the two parental character combinations are recovered in the progeny.
[n most cases, however, linkage is incomplete. But some genes may be so closely linked that
they may show a very low frequency of recombination. Such genes are called tightly linked.
Linkage is also classified as (1) coupling and (2) repulsion phase linkage. In coupling phase,
dominant alleles of the linked genes are present in the same chromosome, e.g., Fig 9.1.In
contrast, in repulsion phase linkage the dominant allele of one gene is present with the
recessive allele of the other gene in the same chromosome, e.g., Fig. 9.2.

- 9.2.4. Crossing Over

Recombinant phenotypes are produced by recombinant gametes. These gametes, in turn, are
produced due to crossing over. Crossing over is the exchange of strictly homologous
seoments between nonsister chromatids of homologous chromosomes. Since genes are
located in chromosomes, any recombination among linked genes must always be associated
with the exchange of corresponding segments of the homologous chromosomes. This
conclusion about crossing over is based on the genetic data. But it has been shown to be

correct by some ingenious experiments.

9.3. SYMBOLS
Linkage between two genes is denoted by writing genotypes in one of the following four
ways.
l. The genes present in one chromosome are written together. Tﬁhey are separated from
those present in the homologous chromosome by an oblique line (/),e.g., C Sh/ ¢ sh
(Fig. 9.1) or C sh / ¢ Sh (Fig. 9.2). This system is easiest and the most convenient. It
also occupies the least space. It is the universally adopted system. (It may be noted
that in case of independent assortment, these genotypes will be represented as Cc¢

Shsh in both the cases.)
CSh

2. The genotype C Sh / ¢ sh may be written as 0 Here the two lines represent the

'wo chromosomes in which these genes are located.
C Sh

——

T b - P alc » 'l > as -1ere 2 .
he above genotype may also be written as oy + Here, only one line is drawn to
€present the chromosome pair in which the genes are located.

| The systems 2 and 3 are quite cumbersome and occupy the greatest space. Th
; are rarely Jfollowed. : &
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o be written as (C sh) (c sh). Here the geneg
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9.4. DETECTION OF LINKAGE | —
nes produces signiﬁcum dcvmt.mn. from the tYpicy
and9:3:3:1(inF, generation), .

In casc of linkage. the two b IS
ted 25% tor cach parental ¢

gfeater

Linkage between two dominant ge '
dihybrid ratios of 1:1: 1 : 1 (in test €ross generation)
deviation is the most easily detected in test €ross data. . areny)
types are the most frequent: they are N CXCESS of the expec T Ok Ype. I
contrast. the two recombinant types have markedly lower frequencies than ‘..':,»r,r?;[ch. ThUS,it
is typical of linkage that two phenotypic classes are nnu*krzi{_v greater than 25% C’fﬂ‘h, Whil
the remaining two phenotvpes are markedly lower rh(‘m 25% each. For example. in the test
cross depicted in Fig. 9.1, the following data were obtained.

Coloured full 4032 ] Parental types
Colourless shrunken 4035

Coloured shrunken 149+ ° | Recombinant tvpes
Colourless full 152 N I

It may be seen that the two parental types have comparable frequencies. Similarly, the
frequencies of the two recombinant types are also comparable. This type of test cross dataisg
sure indication of linkage. As a rule. the parental types have much higher frequencies than
the recombinant types . In fact. this relationship can be used as a safe guide to identifv the
two 1ypes in the test cross data whenever the identity of the parental tvpes is not known.

9.5. CROSSING OVER

The exchange of homologous segments between nonsister chromatids of homologous
chromosomes is known as crossing over. It is responsible for recombination between linked
genes. Crossing over takes place during pachytene. In pachytene. cach chromosome of 3
bivalent (chromosome pair) has two chromatids. Thus cach hj\:ﬂent contains four chromatids
or strands (four-strand stage). Generally. one chromatid from each homologue is involved it

gment of one chromatid bcc:)mes attached 10

crossing over (Fig. 9.3). In this process. a se

place of the homologous segment of the nonsister chromatid and vice-versa. In Fig. 9.3.it1

assumed that breaks occur at precisely homologous points in the twco ;‘Ohg;qer C;ﬁ,matids.
tric segments. This produces a cross (x)-like figue®

This is followed by reunion of the acen
the point of exchange of the chr i
omatid segments. This f; '
S. This figure is called chiasma.
Ng over produces

Obviously, each event of Crossi

crossover chromatids) and two or; ginal
(Fig. 9.3). The crossover chromatid
will be recombinant, Gametes carrying th ' i i teit

. . ; carry!
£€ne combinations. The gameles Cre ¢
noncrossover types. Therefo™™
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F}g 9.3. Croasmq over botweon nons mtor chromatids of homologous chromosomes
I leading to recombination between linked genes. Generally, crossing over at a
: given point involves only two of the four chromatids of a bivalent. As a result,
i meiosis yields two crossover and two noncrossover gametes for one event of
| crossing over. e _

frequency of crossing over between two genes can be estimated as the frequency of
recombinant progeny obtained in a test cross for these genes. This frequency is usually
expressed as per cent. This per cent frequency is the frequency of crossing over between the
two genes in question. Thus,

Number of recombinap{ progeny ! in the test cross

Frequency of crossing over = —
quency of crossing over “Total number of progeny in the test cross

or

Number of recombinant progeny in the test cross

Total number of progeny in the test cross * 100

Frequency of crossing over (%) =
:;hm the frequency of crossing over may be estimated as follows from the data depicted in
ig.9.1.

Froguerce » o (149 + 152)
quency of crossing over = (3032+4035+ 149+ 152

=301/8.368 =0.036
Therefore. frequency of crossing over (%) = 0.036 x 100 =3

-
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CYTOLOGICAL BASIS
OF CROSSING OVER

Discussion in preceding sections of this chapter
is based on the study of progeny in BC,
.~ ceneration of the testcross progeny. In such
| Bmgenies, lack of independent assortment
demonstrated linkage and presence of recombinants
' showed crossing over. It was concluded that
crossing over should be the result of exchange of
chromosome segments. However, since
homologous chromosomes normally exchange
reciprocal segments, resulting chromosomes will
exhibit no morphological differences. Therefore,

except the visible chiasmata, there is no other
- cytological observation which will substantiate that
actual exchange of chromosome segments really
- takes place. However, it is not necessary that
chiasmata should be associated with exchange of
- chromosome segments. Therefore, to demonstrate
- that crossing over is associated with actual
. exchange of chromosome

segments, special
experiments  were devised by C. Stern in
Drosophila  and by HLS. Creighton and

_—

B. McClintock in corn. Both these experiments
were reported in 1931 and had utilized
chromosomes, whose morphology was altered due
to chromosomal aberrations in order to make it
identifiable from its homologue.

1. Stern’s Experiment in Drosophila

Drosophila (fruitfly) stocks carrying translocations
were utilised by C. Stern in order to produce a
female Drosophila having a part of Y-chromosome
attached to one of the two X-chromosomes. The
other X-chromosome of this female fly was also
marked (identifiable due to distinct morphology)
and consisted of two approximately equal
fragments, each carrying its centromere. These two
X-chromosomes in the female fly could be
distinguished not only from each other, but also
from normal X-chromosome under the microscope.
In the above female fly, one of the two
fragments of an X-chromosome carried mutant
alleles for carnation eye (car is recessive showing
light eye colour) and barred eye (B is dominant
showing narrower eyes). The other X-chromosome,
having a part of Y attached, carried normal alleles
of these two genes, so that the female heterozygote
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for both these genes (cdr B/+ +) had barred e
(but normal eye colour, since car is recessive
to +). Such females were crossed with male flies
having recessive alleles for both these genes
(car, +). In such a situation, this makes a simple
testcross. If no crossing over takes place between
the two genes in question, two types of gametes
i.e., car B and ++ will be produced from the
female flies. Crossing over will give two additional
types of gametes i.e.. car + and + B (Fig 13).
Due to fertilization of two types of non-crossover
and the other two types of crossover gametes by
male gametes carrying X-chromosome (car +),
four kinds of female flies will be produced.

(9)

o ~vey

Another four kinds of male flies will be Producey
due to fertilization by Y carrying male Zametg,
(Fig. 13).

The flies which are classified as CrOSSOVey,
on the basis of phenotype i.e., carnation (Wit
normal eye shape) and barred (with norma] e A
colour) were studied cytologically. It was foung
that carnation flies did not have any fragmemed
X-chromosome, but rather had Normy
X-chromosome. On the other hand, barred flies
had a fragmented X-chromosome with a segmeny
of Y-chromosome attached to one of the two
fragments of X-chromosome. Such cytologicy]
observations suggested that genetic Crossing over

()

carl + car
ol + X +
barred carnation
N
Ve B Y
car'::: car +
B' B +
single
' I'IOI'ICI'OISaVQI'Sﬁ crosio‘ver
car 4 2= car ga:mt;tes
B + B + Q
@ . ()
= - Jametes
r car |car : 7
(Q) B' A car + | car car ()car
S +
SEE N EHNE R
2 car@ N °
( % ) ' % + = car f
S I ] N
HRC I RN
N sl llE 4l 3
Vo] H—
—L " - 85 3 ° Z 5

Fig. 13, Stern’s ¢xperiment
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was accompanied with an actual exchange of
Chn“nOSOH\L‘ St‘gl]]&‘l“&'.

2. Creighton and McClintock’s
Experiment in Corn

Using corn as the material, H.S. Creighton and
Barbara McClintock (1931) utilized the same
nnciple which Stern utilized in case of fruitfly
(Drosophila). They obtained a plant which had 2
knob on the 9th chromosome. This 9t
chromosome was also involved in g reciprocal
ranslocation  with  8th  chromosome (consult
Chapter 11). The plant was heterozygous for
coloured aleurone and waxy endosperm characters
and carried these genes in repulsion phase i.e.,
Cwx/cWx. Cwx was carried on the knobbed
chromosome and c¢Wx on the knobless
chromosome, (¢ = recessive for colourless seed;
wx = recessive for waxy endosperm). Such a plant
was testcrossed with plants homozygous recessive
for both characters i.e., colourless and waxy
(ewx/ewx).

If the chromosome region between the knob
and ¢ gene is represented as I region and that
between ¢ and Wx as II region, then one would
expect two types of non-crossover gametes (Cwx
and cWx) and six types of crossover gametes
including single and double crossovers (Fig. 14).
The progeny can be classified into eight types
based on phenotypes and cytological observations.

The following observations in phenotype and
cytology of progeny suggested that actual exchange
of chromosome segments was involved in genetic
crossing over: (i) Association of knob in
chromosome with the phenotype, colourless seed
(c) and non-waxy endosperm (Wx) indicated
crossing over in I region, because in the parent
these were located on a knobless chromosome.
(i) At meiotic metaphase I, the presence of a
ring of four chromosome without a knob suggested
cytological exchange of chromosome segments,
| because in the parent the knob was associated
With  9th  chromosome carrying translocation
(consult Chapter 11 and note that whenever a
- translocation is present in heterozygous condition,
- ating of four chromosomes will be formed during
- meiosis). The classes 4th and 6th shown in the

checkerboard in Figure 14 will show this feature.
(iii) Similarly, if there were no quadrivalents (ring
of four) and only 10 bivalents were observed, the
presence of knob in one of these bivalents could
be treated as an evidence for cytological crossing
over, since the knob was originally associated with
translocation. This feature is exhibited by classes
3rd and 5th in Figure 14.

()
C] c X - ¢1 ¢ gametes
wxl [Wx - owx| wx
E (Q)f @
gametes |~
» CI ¢ coloured
o WXZ IWX  waxy
\ C] c 9 | f !
wxl IWx  3< |
G
§ C1[¢ colourless

Wx]| | wx nonwaxy

\/

? t
d €L 1€ colourless
S Wxp | wx nonwaxy
c of
Wx 2 24 3 :
wn O
3
a Cl |c
o coloured
(5] M,X. wx waxy
\ g 4 :
N .
®
¥ ClIc coloured
| Wx| [wx nonwaxy
(8]
Q ~ 5
o R4
= 54
w >
[o]
cl le
; ﬁ colourless
G WXz fwx waxy
\ 6 ¢
’
= 1 |¢ colourless
o ? wx Jwx waxy
2 -
a 9, 7 3
(7]
o o< ;
5| '
9 n (o c
g¢ coloured
S= Wx) Jwx nonwaxy
8

Fig. 14. Creighton and McClintock’s experiment in comn
to give proof for cytological crossing over.
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All the genes that are linked together form a linkage group. Genes of a linkage group can
be represented on a single straight line in the same order in which they are normally
present in the chromosome. In such a representation, the distance between two neighbouring
genes is proportional to the frequency of recombination (%) between them. These values
are also depicted in the drawing (Fig. 9.6). Such a line drawing depicting the linked genes
and the recombination frequencies between them is known as linkage map, genetic map or
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the e unit has beet derived form | gig. 9.5- A ll_nkage map of genes ¢ and sh o
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Fig. 91- | (%) between genes SEIVes as g
For preparing chromosome MaP: t:c measure of the distance between them
following WO ‘nformations ar cssential: ) in the linkage :[‘)ap and is shown
the frcqucncies of rccombmunon between between two neighbouring genes.
ST . > r sequence ] ‘
linked gcms.and (2) the order O '
of the;c oenes in the chromosome- Recombmatlon frequenczes' petween linked genes ar
se genes hese per cent frequencies are used as map units fo;
: hromosome, which permits one per

dclennined from

appropria

nit is als

o called a centi-Morgap

preparing linkage maps- Am
genes. A map U

cent recombination between ; . i d
(cM). It may be noted that map unit is an imaginary distance an it does not represent the
the chromosomne. The actual length of

actual physical distance berween nwo linked genes in : :
chromosome represented by 2 map unit varies considerably mainly depending on the
organism in question (Table 9.2).

The sequence of linked genes 13 determined DY studying test Crosses for three linked

genes at a time. The data from such a test cross provide -nformation on the order of the three
genes in the chromosome s well as the frequency of recombination among them. To begin
with, three linked genes arc mapped. Subsequently, a three-point test cross involving any tt\JNo
of the three already mapped finked genes and a new gene expected to be linked with them |

§tudied to map the new gene. In this manner, each new gene is mapped. It is desirabl ’
‘nclude only those genes that show less than 20% recombination with each other o
TABLE 9.2. The Physical Distance in Chromosomes Represented by 1 Map Unit

Physical distance reprééentéd by 1 map-unit

Organism
Man
Mouse 1,000 kb*
1,500 kb

kb, kilobase pairs.

The number of di '
ifferen '
f t linkage groups in a species is, as a rule equal to its ga"l‘?’ic
’

chromosome number
four. it is 7 in bar]ey(ng,;(llsolr() e'xampl-e, the number of linkage groups in D melanogaster is
! , in maize. Each li . anog
specific chromosome . Each linkage .. .

of that i . group of a specie oned to @
the relative lengths of dlﬂerzsz?c[l-e s with the help of Chromosorr:al Eberritils aSSIl:“:eneml
relative lengths of the c/ inkage groups of a species ations. 1n g7

chromosomes in which they are | pecies correspond closely Wi e
e located (Fig. 9.6).

Linkage maps provide i .
frequencies of recombin e information on th |
Zelwcen two gcrr(llcc:? Il?rt::lsr::‘::olg ’thla_l may be expeiteg(;3 rll)(::i\x/te}:l:rtl talfe linked together nce
fr(;esu“Ot‘ mean that such 1w:)l inkglge group may exceed 50 Oem. e total. map6dlsgtn it
frelg][ui’:z{;;y ‘ff recombination be%,izzs would show more thanr ?(l)?; . (Fijg.' 963;1
i”dependinlt': case of independent ;l two linked genes cannot i 08 lllﬂ’ 'ch'istl

segregation if they qre egregation. Usually ¢ .e’?"eed 50%, wht hov
more than about 8() n;vap‘:o _ilﬂked genes would S
tnits apart.

nd the
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57 @ CENTROMERE 47.3 |—eg (eagle wings) 3

|_sv (shaven biistles)

62.5 [car (carnation eyes) i
57.5-¢n (cinn Q z MOSOME IV

§7.7 [-bb (botbed bristes) {elmEtan oes) CENTROMERE CHRO

o 75'0 Vv (vestigial wings)  5g g |y (bithorax body)

S Fc(cur i
CENTROMERE (ourved wings) 70.7 {— e (ebony body)
X CHROMOSOME 93.3-hy (humpy body)
91.1[ ro (rough eyes)

104.5 [~ bw (brown eyes)

108.0 |FM (2)c {minute body) 100.7 |—ca (claret eyes)

106.2 =M(3)g (Minute body)

CHROMOSOME I CHROMOSOME il ISR S

7 Fig. 9.6. The four linkage groups of Drosophila melanogast_er (only selected genes are shown)
9.10. CROSSING OVER AMONG THREE LINKED GENES

A test cross for three linked genes, e.g., ¢, sh, and wx in maize, yields eight types of gametes
and phenotypes (Table 9.3.). Two of these types (e.g., C Wx Sh and ¢ wx sh) are the most

frequent and represent the parental or nonrecombinant types. Two others (e.g., CWx sh and
cwx Sh) are the least frequent and are double crossovers. The remaining four types (e.g., C wx

TABLE 9.3. The Different Types of Progeny Obtained from a Test-cross for Three
Genes (c, sh, wx) in Maize

 Number  Percent

E L e e frequency
C Wx Sh/c wx sh Coloured, nonwaxy, full 2777 39.7
cwx sh/c wx sh Colourlgss‘, waxy, shrunken 2708 38’_7
Cwxsh/c wx sh Coloured, Waxy, shrunken 116 17
¢ Wx Sh/c wx sh Colourless, nonwaxy, full 123 1.8
C wx Sh/c wx sh Coloured, waxy, full - 643 9.0
¢ Wx sh/c wx sh Colourless, nonwaxy, shrunken 626 8.9
C Wx sh/ ¢ wx sh Coloured, nonwaxy, shrunken 4 0.06 -
¢ wx Sh/c wx sh Colourless, waxy, full 3° 004

. Total - : : S - . 7000“ 106_.,; 41

iince the alleles ¢ wx sh, uniformly contributed by the triple lecessive test croés parent, ha\)e no effect oﬁ 'the
E) enotype, and are common to all the genotypes, (1) they may be ignored and (2) the phenotypes may b
epresented as ‘C Wx Sh’etc. in the place of ‘coloured, nonwaxy, shrunken’ etc., for brevity and simpiicity s

ki Number of progeny in a phenotypic class
Per cent frequency = Total number of progeny x 100

..
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Sh. ¢ Wx sh, ¢ Wx Sh and C W
linked cenes. As a rule, the parental typ
the Icagt frequent (or, sometimes, even a
between these two.

9.10.1. Gene Sequence

The sequence of three genes involved in

the genotypes of parental and double crossover ty

 sh) are prod
es are the mos

e Y e b S N - i e e 3 Nl

%

uced by single crossing over between the g,
t frequent, the double Cross-oyer, {50
ar

bsent), while the single crossovers are imer’"edia,e
e

a test cross can be readily determined by Compariy

pes. In a double crossip
g Over,

simultaneous crossing over occurs on both the sides of the gene located in the midd]e In Fj

9.7. the gene sh is located between the ge

nes c and wx. In this case, the double crossoverg wil

c_sh wx
Q. : -
<«—— PARENTAL TYPES
o
c sh  wx C S_h wx
lC Sh  Wx e
6 D g — - ~ G sh wx
T T . — e =} '
: hX . . ~ € Sh Wx
) T T
6 Wi . C sh wx
-\ —= 4 S S
1. CROSSING OVER BETWEE
GENES c AND sh N
~ C
q S,h Wx — : S-h VYX
(@] : ; — 6 i
>< : —0—x5h ¥
S i e —o—§ _sh Wx
C sh ~wx
- ¢ sh wx
00— = —
2. CROSSING OVER g
GENES sh' Anp- I WEEN
——h W ———S S W
: n - -
sh X
TN , :
¢ show ——o—§& Sh wx
BETWEE
AND BETWEEN ShNAﬁENE‘:' ¢ AND sh
Fig. 9.7. Crossin i :
sh andgvsxeral:dthtigﬁerem‘reQiOnS between three ji
genes cand sh (2)Ircrcon.seql19nces: (1) Crossif linked genes ¢,
simultaneous crc; - CTOSsIng over between g over between
sh and wx (doublsc:gsIng OVer between geneg c Shdand wEmand: ()
Crossi an
the position of ony thossmg over). Note that in Sh, and between
¥ the gene locateq in the midd| Oul?le crossing over
€ changes.
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he pmduced due to the simultaneous occurrence of crossing over between genes ¢ and sh and
petween sh and wx. In this figure, the parental type chromosomes (or gametes or phenotypes)
are CSh Wy and ¢ sh wx, while the double crossover chromosomes are C sh Wx and ¢ Sh wx.
A comparison of the parental and the double crossover types shows that in the double
(T0SSOVErS only the gene located in the middle (sh) has switched its position. This property of
he double Crossovers is used for determining the gene located in the middle. In table 9.3, the

srental types are C Wx Sh and ¢ wx sh, whereas the double crossovers are C Wx sh and c wx
sjp. Here the alleles of gene sh have switched their position in the double crossovers as
compared to the parental types. Therefore, the gene sh must be located between the genes ¢
ond wx. This is the sequence of these three genes in the chromosome.

9.10.2. Recombination Frequencies

In Table 9.3, the parental types are C Wx Sh and ¢ wx sh. The gene sh is located in the middle.
Therefore, we estimate the recombination frequencies between the genes ¢ and sh, and
between sh and wx. These two estimates will allow us to prepare the genetic map using the
gene sequence deduced above. Recombination between genes ¢ and sh would yield the types
C wx sh, ¢ Wx Sh and the double crossovers. In these classes, C is present with sh and ¢ is
present with Sh as compared to the parental combinations C-Sh and c-sh. Hence,

Recombination (%) = Sum of the frequencies (%) of C wx sh, ¢ Wx Sh, and the double
- between c and sh CrosSovers
= 1.7+ 1.8+0.06+0.04 per cent
= 3.6 per cent

Similarly, recombination between the genes wx and sh will give the types C wx Sh, ¢ Wx
s and the double crossovers. In these classes, the combinations wx Sh and Wi sh are present
as against the parental combinations Wx Sh and wx sh. Therefore,

Recombination (%) = Sum of the frequencies (%) of C wx Sh,
between sh and wx cWx sh and the double crossovers
= 9.2 +8.9+0.06+0.04 per cent

= 18.2 per cent.

9.10.3. Linkage Map

Y] g
We can now map the genes ¢, sh and wx in the order c-sh-wx at the distance of 3.6 and 18.2
m . . . - . .

4p units, respectively (Fig. 9.8). A new gene expected to be linked with these genes can be

may . oy i
e Pped by ordering the new gene with either genes ¢ and sh or sh and wx in a three point test
0ss.

c 3.6 sh 18.2 wx
I I I |

Fig 9.8. A linkage map of the genes ¢, sh and-wx of maize.

h
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9.10.4. Coefficient of Coincl

ossl |

. taneous Cr ] ‘-

two simul e of crossin gk |

.overs are produced bY occurrenc g Over |
Double crossovers are pr e Jocated in the centre- If the N the

: d wx) were ind ;
on the either side of 1 29 os ¢ and sh, and between sh and wx) Cpenden
two regions (e.g., between e sovers will be the product of the ffequencies of

' - in one region does not affect the ¢y,
ccions means that the occurrence of crossing over in on t dgfrequency of double croq Anceg |
’j“g't irrence in the other region. Therefore, the expecte Sovers
of its occurr

i follows.
may be estimated from the data of table 9.3 as

dence
ng overs. These occur one ¢

— = 6
Freauency (%) of crossing over between ¢ and sh(=0a) =3 .
and, frequency (%) of crossing over between sh and wx (= p) = 18.

The expected frequency (%) = The product of the frequencies of crossing overs betweep c :

of double crossovers and sh, and that between sh and wx
= o x (/100 l
= (3.6 x 18.2)/100 |
= 0.66%

The product af (= 3.6 x 18.2) is divided by 100 since both these values (o and ) are already
in per cent. Thus the estimated frequency of double crossovers is 0.66%. In comparison, the |
frequency of observed double crossovers is only 0.1% (= sum of the frequencies of double
crossover types C Wx sh and ¢ wx Sh=0.06 + 004 per cent). This observed frequency is only
15.1 per cent [(= (0.1/0.66) x100)] of the expected frequency. The ratio between the observed
and the expected frequencies of double crossovers is called coefficient of coincidence. Thus,

Coefficient of Coincidence — Observed frequency of double CrOSSOVers
Expected frequency of double Crossovers

0.10/0.66 = 0.151
and, Coefficient of coincidence (%)=0.151 x 100 = 15 1%

The estimate of coefficient of

: the . /
in ﬂf CCm:rence of crossing over in one region of a chromoso’;’y f
e .

be expected that the intensity of in:z‘fghbonng segments; this is called interference- I r;lo :
second crossing over becomes f h “rence would Progressively decrease as the PO” o |
coincidence would be [ou, halrt er from that of the first one. Therefore, the coefficier” i
er w en the con . ’ er i

when they are located farther apart “emed genes are located close to each ot |

: : Th
coefficient of interference, which is eq

i i - imate
. le Intensity of interference may be estima
a

10 one minus the coefficient of coincidence:
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LINKAGE CROSSING OVER AND CHROMOSOME MAPPING 129

Coefficient of interference = 1 — coefficient of coincidence =1 —0.151 = 0.849
ad,  Coefficient of interference (%) = 0.849 x 100
=84.9%.

The coefficient of interference indicates the degree of interference by a crossing over with
the occurrence of another crossing over in its neighbourhood. Generally, it is a positive
value, but in some prokaryotes, e.g., bacteriophages and in Aspergillus, negative interference
has been observed. Negative interference means that the occurrence of a crossing over in a
chromosome region promotes the chances of occurrence of another crossing over in the
neighbouring regions.
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Sex Linkage

(0.1. INTRODUCTION

ordinarily, F'y and F, generations from reci

_ procal crosses yield identical results, and it does
qot matter if the female or the male )

' arent had the recessive character. Further, both males
and females in the progeny show identica] ratios. But a notable exception to this general rule

is produced due to the phenomenon of sex linkage. This is an association durin g inheritance
of a character with sex of the progeny. Sex linkage is the consequence of a gene being located
in the X or sex chromosome. The X chromosome occurs in different numbers in the two sexes
(XX in one and only one X in the other). The earliest known case of sex linkage is that of
haemophilia in human beings. Persons afflicted by hemophilia bleed profusely even from
smallest cuts since their blood does not clot on exposure to air. Jews had recognised even
before 600 A.D. that haemophilia was a hereditary defect and that it was transmitted through
females, although ordinarily only males were haemophilic. Other similar examples have also

been described. But a clear-cut explanation for this phenomenon was presented by Morgan in
1910 for the white eye (w) gene of Drosophila.

10.2. INHERITANCE OF WHITE EYE IN DROSOPHILA v,

In a pedigree culture of normal dull red-eyed Drosophila, Morgan observed a single white-
¢yed male. When this white-eyed male was mated with red-eyed females, F , flies had red
tyes.In F,, on an average, 3 flies had red eyes and 1 had white eyes (Fig. 10.1). These results
reveal that white eye 1s due to a single recessive gene. Bur when the F, individuals were

lassified on the basis of their sex as well as eye colour, a peculiar picture emerged. All the

B, females had red eyes, but half of the males had red and the other half had white eyes. It
pears that the eye colour of a fly in F, depended on its sex.

‘,
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134 ) d-eyed males, hal :
flies were mated with red-€¥ J the Plies in R,

. ite eyes. In F2 from tl.zis reciprocal cross, |

¢ remaining brained in @ 1 : ] ratio, which is the same qg in t’;e_ed‘

re o o si jon for eye colour :

findings are very puzzling since segr.egan_onf Fy ¢ u.zas obtaiy

generation. These findings are ° Lher. the classification of I, and F flies op e

. | ratio was found in F,. Fu . . s -

F am.l b e led that all the F, males were white-eyed, while the femaleg Were roy
of their sex as well reveale e flies showed the ratio 1 red : 1 white (Fig. |

eved. However, in F, both male and fema 10y,

. S
' was located in the X chr
Morgan correctly reasoned that the white eye genc OMOoSome o
Drosophila. Therefore, the 1n

heritance pattern of this gene closely parallels that of the
chromosome (Fig. 10.2). It was also assumed that the Y chromosome does not Carry an gl

But when white-eyed female

were red-eyed and th

- ‘o5 we
eyed and white-eyed flies ed i;;

males will have only one copy (W or w). Thus male Drosophila will be hemizygous (having
only one copy of a gene) for w gene. Therefore, a single copy of the recessive allele iy will
express itself in the males.

PARENTS Q@ RED x G WHITE Q@ WHITE x &' RED
F, RED 1 RED : 1 WHITE
[QQ RED} QQ RED
dg RED dg WHITE
F, 3 RED ‘1 w
- HITE
1 .
00 ALL RED RED : 1 WHITE
5o [12ReD ] 9 { bt
112 WHITE 1/2 WHITE
dg | 1/2RED
e 1/2 WHITE
8. 10.1. The peculiar :
pattern of inher; :
et only F, males haye wl?'nriltt s oven e oye n Erosopiia. Mo
ratio is obtained jn F, as w “e eye; In the first cross, whilea 1 : 1
. 1 ellas F, in the reciprocal cross.
e :

; ot 288
osome is indicated by wrtinz ",
ved female will be xW. By half of the sperms gﬂ
¢ Y. A random union between M2 ce ef
2ygotes. These will develop into "

,In equzll-Proportion, Similarly, the F, males ( !

Yand Xy, The s s Wil ' €qual frequency. A random unio” ?,}u- %
these would > owing four types of zygotes: X" xv. X ,1’13‘5

Produce red-eyed females,bthe third red-€¥¢
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SEXLIN g
-

and the fourth white-eyed male (Fig. 10.2). This explanation agrees closely with the results
oht:li"“d from the experiment (Fig. 10.1).
e ———— T ) _—_’/—

SN [N TR AR T2

RED WHITE WHITE RED

/]
—~600 Q0¢

PN N
— @0 90 60 0

\ Q ReD | O RED ?RED | J ReD
Q RED | O WHITE Q WHITE | & WHITE

@ @ ALL RED Q@ Q 1/2 RED ; 1/2 WHITE

o o 1/2 RED ; 1/2 WHITE o & 1/2 RED ; 1/2 WHITE

Fig. 10.2, Explanation of the inheritance of white eye in Drosophila by assuming that the

L Whiteeye gene is located in the X chromosome

Scanned with CamScanner



FUNDAMENTALS of
“"6 . ? Y G ate ‘./' . ) g
- oved female (A AY) was m tted v '”} dred gypy
acal Cross, a whie-€. & The m;||c will pl’ﬁ(lUCC XW and Y 4 r:.:,f!

In the reapr e will be W " Pt
, < aeec of this femaid 11 he produced: (1) X% X gyaee. W
Ay Al the egae of « of zygotes will be Pr YEOtes wiy .

’ > ’ . 1 Hite.o
In F,.1wo e tes will dev clop into white-eyed males,

(2) X*Y 7ygo YY) wi e KW
w and X+ cggs- Fi males (X1) will produce X gpq

ogual §‘I'n"§"‘l'll|‘l‘1
e 1o rod-oved females. muiw
Foarrsale Wy i\\i” er\dﬂCv, . AT (li\'iduals \Vl” gener Py
females (A .\. | 1l\x'~cn cogs and sperms from F, m e (”Yu "atc ‘lypg_; s
k MWW - N . ) ) Bes
A random nmml. L T\ X X* \-n)'mm X* ) The first com n:a mhn- (i ,\' ) "‘"“gmtm
ool combinations: ATA LA A oo o ’
I}\L\_\l’\» lﬂy;ﬂ;lﬂp““{ < the \L‘Cﬂnd ‘\-M;\'r:\) {o \\"\“L’C} L(l fc’nﬁ;’\lcz]t ]C]l ll'h (w ’) to red_?ﬂt
ey fouth (X e es (Fi 2). Clearly, thes s
1o r]ui ¢ :“ 1'}“”1,1 (YY) to white-eved males (Fig. 10.2) arly e are the g
males and the it ) )

the results actually obtained (Fig- 10.1).

o N
The §
gpﬂm

i
.

- ' i . .
Thus the Inpothesis that w gene is located in the X chromosome and that it has no allel
us the fivpoihest ! - e = } o

- the Y chromosome is adequate 10 explain the pec uliar inheritance pattern of the whi, &
nine H(romao. d f , o o :

1 1; asophila. This was the first conclusive demonstration that a specific geng
tratr in Drosophila. _ . fir: : |
located in a specific chromosome of an organism.

10.3. NONDISJUNCTION OF X CHROMOSOME

In 1916, while studving the inheritance of vermilion eye colour in D'rosophilanBr[dges
ohizined some peculiar data. Vermilion eye colour is produced by a sex-linked recessive gm
. This sene shows the same inheritance pattern as w (Figs. 10.1, 10.2). Among the F
rmgcnyufmm a cross between vermilion females and red males., some females had \'ermiliuq
cves, while some males had red eyes (Fig. 10.3). The appearance of vermilion females e
red males in the ¥, generation of this cross was contrary to the expectations based on i

> 2 . ST ‘ :"t
linkage. However. a vast majority of the progeny females had, as expected, red eyes anct
males had vermilion eyes.

To explain these data. Bridge postulated that during oogenesis, in some of the oocytest
the vermilion-cyed females (XX*). the X chromosomes failed to separate at Al and theY h“f:
moved together to the same pole. As a result, the opposite pole in such oocytes d‘ld “:
recessive any X chromosome. Such an irregular distribution of the homologous chrummm;
at Al i known as nondisjunction. Since in this case irregular distribution of X Ch“’mosf“;-
v postulated. it is referred 10 as nondisjunction of X chrojrmsmm'. From those 00¢Y1E o.t- u
vermilion females (X'X), which show nondisjunction of the X chromosome, ¢ M\h
b obtained: (1) half of the cggs will have two X chromosome z\m‘l W

v
aF, 05, 4 . ) T , i a !‘E}L
X }. i .n;(.i’ f‘,,‘! ?hc other half will be € as they would receive no X chromosome:
males (XYF) will produce XV and ¥ sperms

unusual cpps w

oo (0
Y lp\\'l“é‘ i
male pametes will produce the lt‘: the o

i .\‘.‘\‘. )" '\“() u|l(l () ),‘ -rl‘c "irs‘ le“ il \E\,)') \“ :

H . N . b N N 3
.'“ normally die, ‘The second combination nale 'w:
4 4 + | Y % . vt l . ' o\
while the thipd (X*O) will vield red-cyed cch
Ome may be expected 1o ocear only occasionaly+ e 1,

recovered s . o o] that
ered i low frequencies, Bridpes conclude d ”’ oy and ™y

A tandom union between these male and fe
ypes ol gygote combinations: Xy
combutations (X x5 % md O)) w
produce vermilion lemaule, .
nondisjunction of X chromio:
males and femuples will e

vermilion.eye femaly

) , s el _Ihr Ved-eve : a YA . ('l"n

respectively, Stbsequent cyrol cd-eved maley obtained in this study wert (0 This €

demonstrated thay the e 3 ogleal analyses confirmed thar they were really 5 ;
Fenes was located in the X chromosome of Drosophil L
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PARENT Q
v v v ‘F o
VERMILION

|

o}
PROGENY | | |
vl TvlVv v Tv Tv

S

(X x X) X x Y) (X 0) (Y O)
SUPER FEMALE Q@ VERMILION " RED DIES
[ NORMALLY ]

DIES

\ J

Y
Q@ VERMILION, " RED

Fig. 10.3. Occasional unusual transmission of vermilion eye gene in
Drosophila due to the non-disjunction of X chromosome. Note the
transmission of v allele from male to male

10.4, ATTACHED-X CHROMOSOME IN DROSOPHILA ==
In 1922, L.V. Morgan obtained a female Drosophila with yellow body colour. This female,
When mated with a gray body male, produced all females with yellow body and all males
With gray body colour. Yellow body is recessive to normal gray body. It is determined by the
gene ¥ located in the X chromosome. Clearly, this yellow body female was producing only
Unusual females and males in its progeny. In comparison, Bridges had obtained the unusual
Individya]g only in a low frequency (one fly per 2-3 thousand flies). L.V. Morgan reasoned
that rondisjunction of the X chromosome was regularly taking place in all the oocytes of this
female (X*X»). Therefore, it produced only the two unusual egg types: XX¥ and O (without an
chromosome)_ Such a highly regular nondisjunction is only possible if the two X
2 "omosomes behaved as a single chromosome during meiosis, that is, both shared the same
“Mromere. In other words, the two X chromosomes should have fused to form a single
lhrOmOSOme, the attached-X chromosome (Fig. 10.4). A cytological analysis confirmed that
Chromosomes of this female were actually fused into one. Such an attached-X

|
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chromosome may b :
during Al while the 0ppos!

The yell
unusual eggs: X-X*
and Y. A union between these male

e represented as . ' '
te pole does not receive any X chromosome.
ow body female with an attached-X (,\"‘-A.\"') _
“and 0. The gray body male (X'Y) will produce two types of Sl’k‘l:n 8

and female gametes will produce the following f“ur!‘s._\w,
of zygotes: X*-X*X". ¥0-X'Y. X0 and OY. The first combination will produce » superfe
which normally dies. The fourth combin
receive both their X chromosomes from their female parent. Theretore, they will develo
yellow-body females. The third combination (X?0) receives its X chromosome from th
parent. Hence it will produce gray-body males.

X-X. X-X regularly passes as a unit to e |

would produce only the two y
: Pey

ation (OY) does not survive. The X-xvy "

|

PROGENY

Y XY

X x X)

L

DIES

SUPER FEMALE Q vgL
ORDINARILY

Q |
PARENT o |
y y Y ;
ATTACHED-X
YELLOW GREY

GAMETE . .

N\

4

N\

<

Y
o
| I :
AR § LY
LOW o' GREY DIES

] ——

Thus, unusyq] transmi
from male parent

chromosome in the

Fig. 10.4. Requl
Yefc;jwagoz;‘e-to-male transmission of the dominant allele of
gene (Y) due to the attached-X in Drosophila. |
ssion of the X

female. There wag a

PYELLOW., o GReY

chromosome and, consequently. of X-i
compl - expect?
Plete correspondence between the €
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from this hypothesis and the ey cytological dat
ridges and L.V. Morg

‘ a on the unusual progeny in the studies of
an. These studies, therefo

ked genes are located in the ¥ re, provided a conclusive proof that sex-
linked geNes aled m the X ch

omed bosi romosome of Drosophila. Thus these Sindings established
the chromosomal basis of heredity beyond any reasonabie doubt,

10.5. CHARACTERISTICS OF sEx.

The characteristic features of inherit

LINKED INHERITANCE

ance of a sex-linked trait may be summarised as follows.

l. The frequency of individuajg showing a recessive sex-linked trait is markedly higher
i the heterogametic sex (e.g., male Drosophila and humans, and female birds) than
that in the homogametic sex (e.g., female Drosophila and humans, and male birds).

Ordinarily, genes governing sex-linked tr

transmitted from male parents directly to thei

gene (w) is not transmitted from male Drosop
3. A male human or Drosophila transmits

r9

aits in man and Drosophila are not
r male progeny. For example, white eye
hila to its male progeny.

its sex linked genes to all its daughters. These
daughters transmit this gene to half of their male progeny. As a result, a sex-linked

recessive gene is transmitted from a male 1o its female progeny and then to half the
male progeny of such females. Thus a sex-linked gene passes from male to female
then back to male; such an inheritance pattern is known as criss-cross inheritance.

4. Sex-linked genes are not present in the Y chromosome. Consequently, the
heterogametic sex (male humans, and Drosophila, and female birds) is hemizygous
for such genes, i.c., it has only one allele of the sex-linked genes.

5. It was noted that a region of the ¥ chromosome is homologous to a region in the X
chromosome. For example, the long arm of human ¥ chromosome is homologous to
the short arm of human X chromosome. Similarly, one-third of the Drosophila X
chromosome (the region close to the centromere) is homologous to a region of the Y
chromosome. Genes located in such regions of X chromosome do not show sex-
linked inheritance. (These genes show normal disomic inheritance pattern as
exhibited by autosomal genes.)

10.6. THE CAUSE OF SEX-LINKAGE

The peculiar inheritance pattern of sex-linked traits is due to the following two reasons: (1)

the location of a gene in the X chromosome, and (2) the absence of its allele in the Y

Fhmmosome. These two features were postulated by Morgan in 1910 on the basis of the
Inheritance pattern of white eye gene of Drosophila. Experimental evidence in support of
these Postulates came from the studies of Bridges and L.V. Morgan.

10.7. SEX LINKAGE IN MAN AND OTHER ORGANISMS

“5‘ $afe to conclude that every species exhibiting differences in cither the number or the kind
lrUZC);Ocrhrt;)]mosomcl:s of its ma'les unc! females will sho.w sex-linked inheritance. This \\{ill be
i"heritance Q‘Sc ll'ﬂltS. genes l-or. which are Ioculc?l in the sex chromosome. Sf:x—hnked

1S known in Drosophila, man, mice, cat, insects, poultry, cattle, guinea pigs etc. In

.
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A0 5 FUNDAMENTALS of GENETIC

Drosophila.

aAns ver 200 'CNES e ybeit -
more than 150 genes are sex-linked. In humans. © BCNES exhih;, Sey
linkagc: m

i - .. Some of the well-known exgp o+ 2
oSt ot these genes cause genetic discases. Some ”f-| il '.t Mples ¢
sex-linked human traits are, h to clo ' air), cof,,

.y . shitv I
acmophilia (inability of blooc green colour), optic
blindness (inability '

2

1o see one or the other C()'(,llr.ltlf(lcllin" of the eye ball) Myop;
g -oma (h: & )

(degeneration of the optic nerve), juvenile glaucoma (h o

«te distichiasis (double eyelashes), wr:
(ncar-siglnedncss). defective iris, epidermal c_s'.\ts. (;'S,:'itr'll valve in the heart), 3 fom:":;
occipital lock of hair, mitral stenosis (:1lﬂl(“"nﬂ~l-llly Oiqlctc
. iscasc. cystic fibrosis, €lc.
mental re esch-Nyhan discase. cystic ights
wental retardation, Lesch-] ) areen and blue lights) present i,

Ur

. . »in each for red. : . .
In humans, three proteins (one protein eac tion. The protein absorbing red fighy y
specialized cone cells of retina mediate colour pechiiht ;md the genes encoding them aré
= 8 ing green hight, ¢ s - .

structurally very similar to that absorbing g . ight receptor is located ip
located inu the X chromosome. (The gene encoding bluel-:lgilL any cl')f these three recep:)n
4 < e < , al y r

: ' ed by an abnorm :

e, lour blindness may be caus . - - ception of red and gre
au{os.o']]L';'hioclq<<ic type of colour blindness involves a tau‘lt};i p\irhilg only s thin lc% Z‘;
§)-r0htmns_\'b0ul ﬁ_‘li‘)h% of human males are red-green -c0101.1r blin We may use G as the synp

;]S ;S- ‘ l' c ar; afflicted: this trait shows sex-linked inheritance. . mz’nm i
o . . <

;' : Ifma . onsible for perception of green colour, and g for the e g

or the gene resp <

|
1

GG x gY

| PARENTS NORMAL COLOUR - BLIND
WOMAN MAN

J GAMETES

l

|

ll 4

| PROGENY NORMAL ‘GARRIER N

(HETEROZYGOUS)  maAN

DAUGHTER
G

9 Y
PROGENY GG GY
@ NORMAL NORMAL
DAUGHTER SON
Gg gy
g CARRIER | COLOUR-BLIND
DAUGHTER SON

These daughtors ar normal, but arg ¢

daughtery marry normal man, 1/2 of thelr sons arg colour-blind. Thus the
—__ S0x-linked 9010 g passos from

Jg\tﬂgﬁr-ﬁtg:‘qgu_ghter-to-grandson.

i —
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the inability to see green coloyr '
s fermal g u1.‘If such a colour blind man (gY) is married to a normal
homozy§g male (GG), all their song = . s marricd to a norma

the daughters of this couple wil] be carrier;”(hhave normal colour vision (GY). However, all

have normal vision. When such carrie; fem
of their sons will have normal vision GY)
However, all the daughters from such marri,

10.8. PARTIAL SEX LINKAGE

The human X and Y chromosomes are mo

eterozygous) for this genc (Gg), but they will
ales (Gg) are married to normal males (GY), 50%
but the remaining 50% will be colour blind (gY).
ages will have normal colour vision (Fig. 10.5).

, le cells: th . morphologically distinct. But they pair during meiosis
in ma » th€ pairing occurs in the two telomeric regions, which are called

pseudoafttosomal regions (PAR). The two pseudoautosomal regions are called PAR/ and
PAR2 (Fig. 10.6). ASOEY

. PARI is the major pseudoautosomal region; it is 2.6 Mb long (Mb = mega base
pairs). It is located at the tip of the short arms of the X and Y chromosomes, and is
the site of obligate crossing over during male meiosis. The frequency of
recombination in PAR] is 70 times the normal recombination frequency, and it
approaches 50%. PAR]J region has around a dozen genes, e.g., SHOX, XE7, ANT3,
Tramp, MIC2, etc. )

2. PAR?2 is the minor pseudoautosomal region of 320 Kb (Kb = kilo base pairs). It is
located at the tips of the long arms of X and Y chromosomes, and contains at least
two genes (/L9R and SYBLI). Crossing over in PARZ is not so frequent as in PAR/.

- PAR 1

<«—— PAR 1

NONRECOMBINING

~ " REGION

HETEROCHROMATIN —>1
PAR 2 ‘ . <—— PAR2

Y
X ]
Fig. 10.6. The human X and Y chromosomes have two main regions of
referred to as PART and PAR2 (PAR = pseudoautosomal

homology,
region), at their ends.

geng;h: genes located in PARI and PAR2 are aiso preser.xt in the X'ctllromosome. But these
have all0 not show the typical inheritance pattern for sex-l.m‘kage: This is because the.sc genes
of tg eles in the Y chromosome as well. As a result, -thelr mhc?ntance pattern resembles that
Teg; S(?mal genes. This phenomenon is called partial sex-linkage, and the chromosome

%o . .
S involyeq in it are referred to as pseudoautosomal regions. In partial sex linkage, a
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gene locate
show linka

d m.X chromosome shows autosomal inheritance pattern. Bu.l' such a gene will
sh g¢ with those genes that show typical sex-linked inheritance; this has been clearly
own for barbed bristles of Drosophila.

10.9. THE CAUSE OF SEX-LINKAGE

The peculiar inheritance pattern of sex-linked traits is due to the foll !
the location of a gene in the X chromosome, and (2) the absence of i

chromosome. These two features were postulated by Morgan in ]910_ ol , t of
inheritance pattern of white eye gene of Drosophila. Experimental evidence 1n support o

these postulates came from the studies of Bridges and L.V. Morgan.

owing two reasons: (1)
ts allele in the Y
1 the basis of the
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