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Structure of a Cicer seed as an example for
Dicot seed

The mature seeds are attached to the fruit
wall by a stalk called funiculus. The funiculus
disappears leaving a scar called hilum. Below
the hilum a small pore called micropyle is
present. It facilitates entry of oxygen and
water into the seeds during germination.
Each seed has a thick outer covering called
seed coat. The seed coat is developed from
integuments of the ovule. The outer coat is
called testa and is hard whereas the inner coat
is thin, membranous and is called tegmen. In
Pea plant the tegmen and testa are fused. Two
cotyledons laterally attached to the embryonic
axis are present. It stores the food materials
in pea whereas in other seeds like castor the
endosperm contains reserve food and the
cotyledons are thin. The portion of embryonal

Testa
Radicle

Testa
\— Seed entire 4

Cotyledon

Plumule

Testa

Radicle
Seed cut opened

Figure 1.23(a) Dicot seed - Cicer arientinum

axis projecting beyond the cotyledons is
called radicle or embryonic root. The other
end of the axis called embryonic shoot is
the plumule. Embryonal axis above the
level of cotyledon is called epicotyl whereas
the cylindrical region between the level of
cotyledon is called hypocotyl(Figure 1.23 a).
The epicotyl terminates in plumule whereas
the hypocotyl ends in radicle.

Structure of Oryza seed as an example for
Monocot seed

The seed of paddy is one seeded and is called
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Caryopsis. Each seed remains enclosed by
a brownish husk which consists of glumes
arranged in two rows. The seed coat is a
brownish, membranous layer closely adhered to
the grain. Endosperm forms the bulk of the grain
and is the storage tissue. It is separated from
embryo by a definite layer called epithelium.
The embryo is small and consists of one shield-
shaped cotyledon known as scutellum present
towards lateral side of embryonal axis. A short
axis with plumule and radicle protected by the
root cap is present. The plumule is surrounded
by a protective sheath called coleoptile. The
radicle including root cap is also covered by
a protective sheath called coleorhiza. The
scutellum supplies the growing embryo with
food material absorbed from the endosperm
with the help of the epithelium (Figure 1.23 b).

Fruit (Caryopsis) entire —|

Endosperm

Scutellum
Coleoptile

Shoot apex

Radicle
Root cap
Coleorhiza

L.s. of fruit

Figure 1.23(b) Monocot seed - Oryza sativa

Activity
Soak seeds of green gram for three hours.
Drain the water and place few seeds in a
clean tray containing moist cotton or filter
paper. Allow the seeds to sprout. Collect

the sprouted seeds, cut open and observe

the parts. Record your observation.

N
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1.7 Apomicxis

Reproduction involving fertilization in
flowering plants is called amphimixis and
wherever reproduction does not involve
union of male and female gametes is called
apomixis.

The term Apomixis was introduced by
Winkler in the year 1908. It is defined as
the substitution of the usual sexual system
(Amphimixis) by a form of reproduction which
does not involve meiosis and syngamy.

Maheswari (1950) classified Apomixis into
two types - Recurrent and Non recurrent

Recurrent apomixis: It includes vegetative
reproduction and agamospermy

Non recurrent apomixis: Haploid embryo
sac developed after meiosis, develops into a
embryo without fertilization.

The outline classification of Recurrent
apomixis is given below.

RECURRENT

APOMIXIS

+
Agamospermy

Vegetative
reproduction
Adventive embryony
Diplospory }
Apospory

Vegetative reproduction: Plants propagate by

any part other than seeds

Bulbils - Fritillaria imperialis; Bulbs -
Allium; Runner - Mentha arvensis; Sucker -
Chrysanthemum

Agamospermy: It refers to processes by which
Embryos are formed by eliminating meiosis and

syngamy.

Adventive embryony
An Embryo arises directly from the diploid
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sporophytic cells either from nucellus or
integument. It is also called sporophytic
budding because gametophytic phase is
completely absent. Adventive embryos are found
in Citrus and Mangifera

Diplospory (Generative apospory): A diploid
embryo sac is formed from megaspore mother
cell without a regular meiotic division Examples.
Eupatorium and Aerva.

Apospory: Megaspore mother cell undergoes
the normal meiosis and four megaspores formed
gradually disappear. A nucellar cell becomes
activated and develops into a diploid embryo
sac. This type of apospory is also called somatic
apospory. Examples Hieracium and Parthenium.

1.8 Polyembryony

Occurrence of more than one embryo in a
seed is called polyembryony (Figure 1.24).
The first case of polyembryony was reported
in certain oranges by Anton van Leeuwenhoek
in the year 1719. Polyembryony is divided into
four categories based on its origin.

a.Cleavage polyembryony (Example: Orchids)

b. Formation of embryo by cells of the Embryo
sac other than egg (Synergids - Aristolochia;
antipodals - Ulmus and endosperm -
Balanophora)

Zygotic embryo

Endosperm

Antipodal embryo

Figure 1.24 : Polyembryony - Embryo sac
of Ulmus glabra showing zygotic and
antipodal embryo

Asexual and Sexual Reproduction in Plants 29
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c. Development of more than one Embryo sac
within the same ovule. (Derivatives of same
MMC, derivatives of two or more MMC -
Casuarina)

d. Activation of some sporophytic cells of the
ovule (Nucellus/ integuments-Citrus and

Syzygium).

Practical applications

The seedlings formed from the nucellar tissue
in Citrus are found better clones for Orchards.
Embryos derived through polyembryony are
found virus free.

1.9 Parthenocarpy

As mentioned earlier, the ovary becomes the
fruit and the ovule becomes the seed after
fertilization. However in a number of cases,
fruit like structures may develop from the
ovary without the act of fertilization. Such
fruits are called parthenocarpic fruits.
Invariably they will not have true seeds.
Many commercial fruits are made seedless.
Examples: Banana, Grapes and Papaya.

Nitsch in 1963 classified the parthenocarpy
into following types:

Genetic Parthenocarpy: Parthenocarpy
arises due to hybridization or mutation
Examples: Citrus, Cucurbita.

Environmental Parthenocarpy:
Environmental conditions like frost, fog, low
temperature, high temperature etc., induce
Parthenocarpy. For example, low temperature
for 3-19 hours induces parthenocarpy in Pear.
Chemically  induced  Parthenocarpy:
Application of growth promoting substances
like Auxins and Gibberellins induces
parthenocarpy.

Significance

o The seedless fruits have great significance

in horticulture.

o The seedless fruits have great commercial
importance.

30 Asexual and Sexual Reproduction in Plants
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o Seedlessfruitsareuseful for the preparation
of jams, jellies, sauces, fruit drinks etc.

« High proportion of edible part is available
in parthenocarpic fruits due to the absence
of seeds.

Summary

Reproduction is one of the attributes of
living things. Lower plants, microbes and
animals reproduce by different methods
(fragmentation, gemma, binary fission,
budding, regeneration). Organisms reproduce
through asexual and sexual methods. Asexual
methods in angiosperms occur through natural
or artificial methods. The natural methods
take place through vegetative propagules or
diaspores. Artificial method of reproduction
involves cutting, layering and grafting.
Micropropagation is a modern method used
to raise new plants.

Sexual  reproduction includes
gametogenesis and fertilization. External
fertilization occurs in lower plants like algae
but in higher plants internal fertilization
takes place. A flower is a modified shoot
meant for reproduction. Stamen is the male
reproductive part and produces pollen grains.
The development of microspore is called
microsporogenesis. The microspore mother
cell undergoes meiotic division to produce
four haploid microspores. In majority of
Angiosperms the anther is dithecous and
are tetrasporangiate. It possesses epidermis,
endothecium, middle layers and tapetum.
The hygroscopic nature of endothecial cell
along with thin walled stomium helps in the
dehiscence of anther. Tapetum nourishes the
microspores and also contributes to the wall
materials of the pollen grain. Pollen grain is
derived from the microspore and possesses
thin inner intine and thick outer exine.
Sporopolleninispresentinexineandisresistant
to physiological and biological decomposition.
Microsporeisthefirst cell of male gametophyte.
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The nucleus of the microspore divides to form
a vegetative nucleus and a generative nucleus.
The generative nucleus divides to form
two male nuclei. Gynoecium is the female
reproductive part of a flower and it represents
one or more pistils. The ovary bears ovules
which are attached to the placenta. There are
six major types of ovules. The development
of megaspore from megaspore mother cell
is called megasporogenesis. A monosporic
embryo sac (Polygonum type) possesses three
antipodals in chalazal end, Three cells in the
micropylar end constituting egg apparatus(1
egg and 2 Synergids) and two polar nucleus
fused to form secondary nucleus. Thus, a

7 celled 8 nucleated Embryo sac is present.

The transfer of pollen grains to the
stigma of a flower is called pollination. Self-
pollination and cross-pollination are two
types of pollination. Double fertilization
and triple fusion are characteristic features
of angiosperms. After fertilization the ovary
transforms into a fruit and the ovule becomes
a seed. Endosperm is triploid in angiosperms
andisofthreetypes—Nuclear, cellular, helobial.
Reproduction which doesn’t involve meiosis
and syngamy is called apomixis. Occurrence
of more than one embryo in a seed is called
polyembryony. Formation of fruit without the
act of fertilization is called parthenocarpy.

~N
Microspore
T.s of mother cell Pollen
@ Anther anther o tetrad (n) @
S ® ° @ » @0
? NeAeFPollen & (6B &
sac Meiosis @‘@
Germinating
Male nuclei g pollen grain
Pollen tube
Pistil Megaspore Functional Ny
1 mother cell megaspre / O \ r — Stigma
’ @\ . ’ @ . @
o !
vule o ~
Shoot Meiosis  (n) Mitosis (n)
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.
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Evaluation

1.

32

Choose the correct
statement from the

following

o L e
a) Gametes are | = FU QB
involved in asexual

reproduction

b) Bacteria reproduce asexually by
budding

¢) Conidia formation is a method of
sexual reproduction

d) Yeast reproduce by budding

An eminent Indian embryologist is

a) S.R.Kashyap b) P.Maheswari
¢) M.S. Swaminathan d) K.C.Mehta
Identify the correctly matched pair

a) Tuber - Allium cepa

b) Sucker - Pistia

¢) Rhizome - Musa

d) Stolon - Zingiber

Pollen tube was discovered by

a) J.G.Kolreuter b) G.B.Amici

c) E.Strasburger  d) E.Hanning

Size of pollen grain in Myosotis

b) 20 micrometer
d) 2000 micrometer

a) 10 micrometer
¢) 200 micrometer

First cell of male gametophyte in
angiosperm is
a) Microspore b) megaspore

c) Nucleus  d) Primary Endosperm Nucleus

Match the following

I) External fertilization i) pollen grain

IT) Androecium ii)anther wall
IIT) Male gametophyte  iii)algae
IV) Primary parietal layer ~iv)stamens
a)l-iv;II-§II1-ii;IV-iii
b)I-iii;IT-iv;III-1;1V-ii

o) I-iii;I1-iv;ITI-ii,I'V-i
d)I-iii;II-5;11I-1v;IV-ii

Arrange the layers of anther wall from
locus to periphery

Asexual and Sexual Reproduction in Plants
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10.

11.

12.

13.

a) Epidermis,middle layers, tapetum,
endothecium

b) Tapetum, middle layers, epidermis,
endothecium

c) Endothecium, epidermis, middle
layers, tapetum

d) Tapetum, middle layers endothecium
epidermis

Identify the incorrect pair

a) sporopollenin - exine of pollen grain

b) tapetum - nutritive tissue for
developing microspores

¢) Nucellus - nutritive tissue for
developing embryo

d) obturator - directs the pollen tube into
micropyle

Assertion : Sporopollenin preserves
pollen in fossil deposits

Reason:  Sporopollenin is resistant

to physical and biological

decomposition

a) assertion is true; reason is false

b) assertion is false; reason is true

¢) Both Assertion and reason are not true

d) Both Assertion and reason are true.

Choose the correct statement(s) about
tenuinucellate ovule

a) Sporogenous cell is hypodermal

b) Ovules have fairly large nucellus

c) sporogenous cell is epidermal

d) ovules have single layer of nucellus tissue

The correct order of haploid, diploid and
triploid structure in fertilized embryo sac is
a) synergid, zygote and PEN

b) synergid, antipodal and polar nuclei

c) antipodal, synergid and PEN

d) synergid, polar nuclei and zygote

Which of the following represent
megagametophyte

a) Ovule b)Embryo sac
¢)Nucellus d)Endosperm

01-03-2019 16:59:13‘ ‘



BR[| [

14.

15.

16.

17.

18.

19.

20.

21.

In Haplopappus gracilis, number of
chromosomes in cells of nucellus is 4.
What will be the chromosome number in
Primary endosperm cell?

a)8 b)12 €)6 d)2
Transmitting tissue is found in

a) Micropylar region of ovule
b) Pollen tube wall

c) Stylar region of gynoecium
d) Integument

The scar left by funiculus in the seed is

b)radicle
d)hilum

a)tegmen

c)epicotyl

A Plant called X possesses small flower with
reduced perianth and versatile anther. The
probable agent for pollination would be

a)water b)air

¢)butterflies d)beetles

Consider the following statement(s)

i) In Protandrous flowers pistil matures
earlier

ii) In Protogynous flowers pistil matures
earlier

iii) Herkogamy is noticed in unisexual flowers

iv) Distyly is present in Primula

a) i and ii are correct

b) ii and iv are correct

¢) ii and iii are correct

d) i and iv are correct

Ruminate endosperm is found in

b)Areca
d)Arachis

a)Cocos
¢) Vallisneria

Coelorhiza is found in

a)Paddy b)Bean
c)Pea d)Tridax

Caruncle develops from

a)funicle b)nucellus

c)integument d)embryo sac
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22.

23.

24.
25.

26.
27.
28.
29.
30.
31.

32.
33.

34.

35.

36.

37.

38.

39.

40.
41.

42.
43.

44,

Parthenocarpic fruits lack
a)Endocarp b)Epicarp

d) seed

In majority of plants pollen is liberated at

b) 2 celled stage
d) 4 celled stage

c)Mesocarp

a) 1 celled stage

c) 3 celled stage
What is reproduction?
Mention the contribution of Hofmeister
towards Embryology.

List out two sub-aerial stem modifications
with example.

What is layering?

What are clones?

How do Dioscorea reproduce vegetatively?
A detached leaf of Bryophyllum produces
new plants. How?

Differentiate Grafting and Layering.

Write short notes on approach grafting.
“Tissue culture is the best method for
propagating rare and endangered plant
species”- Discuss.

Distinguish moundlayering and air layering.
List down the advantages of conventional
methods.

Explain the conventional methods adopted
in vegetative propagation of higher plants.
Highlight the milestones from the history of
plant embryology.

Discuss the importance of Modern methods
in reproduction of plants.

Differentiate Secretary and invasive
tapetum.

What is Cantharophily.

List any two strategy adopted by bisexual
flowers to prevent self-pollination.

What is endothelium.

Name the cell which divides to form
male nuclei.

“The endosperm of angiosperm is
different from gymnosperm’ Do you
agree. Justify your answer.

Asexual and Sexual Reproduction in Plants 33
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45.
46.

47.

48.

49.
50.
51.

52.
53.
54.

55.
56.

58.

59.

60.

61.

62.

63.
64.

65.

66.

34

Define the term Diplospory.

What is polyembryony. How it can
commercially exploited.

Do you think parthenocarpy and
apomixis are different process. Justify?

Why does the zygote divides only after
the division of Primary endosperm cell.

What is Mellitophily?
Give examples for Helobial endosperm.

‘Endothecium is associated with

dehiscence of anther’ Justify the statement.

List out the functions of tapetum.
Write short note on Pollen kitt.

Distinguish tenuinucellate and
crassinucellate ovules.

Give short notes on types of ovules.

‘Pollination in Gymnosperms is different
from Angiosperms’ — Give reasons.

. Write short note on Heterostyly.

Enumerate the characteristic features of
Entomophilous flowers

Explain the pollination mechanism in
Salvia.

Discuss the steps involved in
Microsporogenesis.

With a suitable diagram explain the
structure of an ovule.

Give a concise account on steps involved
in fertilization of an angiosperm plant.

What is endosperm. Explain the types.

Explain the development of a Dicot
embryo

Differentiate the structure of Dicot and
Monocot seed.

Give a detailed account on
parthenocarpy. Add a note on its
significance.

Asexual and Sexual Reproduction in Plants
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Glossary

Apospory: The process of embryo sac formation
from diploid cells of nucellus as a result of
mitosis

Budding: A method of asexual reproduction
where small outgrowth(Bud) from a parent cell
are produced

Callus: Undifferentiated mass of cells obtained
through tissue culture.

Endothecium: A single layer of hygroscopic,
radially elongated cells found below the epidermis
of anther which helps in dehiscence of anther.

Fertilization: The act of fusion of male and
female gamete

Grafting: Conventional method of reproduction
where stock and scion are joined to produce
new plant.

Horticulture: Branch of plant science that
deals with the art of growing fruits, vegetables,
flowers and ornamental plants.

Nucellus: The diploid tissue found on the inner
part of ovule next to the integuments.

Pollenkitt: A sticky covering found on the
surface of the pollen that helps to attract insects.

Regeneration: Ability of organisms to replace
or restore the lost parts.

Sporopollenin: Pollen wall material derived
from carotenoids and is resistant to physical
and biological decomposition.

Tapetum: Nutritive tissue for the developing
sporogenous tissue

Transmitting tissue: A single layer of glandular
canal cells lining the inner part of style.

01-03-2019 16:59:13‘ ‘



T EEEEEE

7
l UNIT VII: Genetics

Chapter

Classical Genetics

The Learner will be able to

< Differentiate

classical and

modern genetics.
< Understand

the concepts

of principles of
inheritance.

< Describe the extensions of Mendelism.

< Explain polygenic inheritance and
Pleiotropy.

< Analyze extra chromosomal
inheritance in cytoplasmic organelles.

E Chapter outline

2.1 Heredity and Variation
2.2 Mendelism
2.3 Laws of Mendelian Inheritance

2.4 Monohybrid, Dihybrid, Trihybrid
cross, Backcross and Testcross

2.5 Interaction of Genes -Intragenic
and Intergenic Incomplete
dominance, Lethal genes, Epistasis

2.6 Polygenic inheritance in Wheat
kernel colour, Pleiotropy -
Pisum sativum

2.7 Extra chromosomal inheritance-

Cytoplasmic inheritance in
Mitochondria and Chloroplast.
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Genetics is the study of how living
things receive common traits from previous
generations. No field of science has changed the
world more, in the past 50 years than genetics.
The scientific and technological advances in
genetics have transformed agriculture, medicine
and forensic science etc.

Genetics — The Science of heredity (Inheritance)
- “Genetics” is the branch of biological science
which deals with the mechanism of transmission
of characters from parents to offsprings. The term
Genetics was introduced by W. Bateson in 1906.

The four major subdisciplines of genetics are

1. Transmission Genetics / Classical Genetics
- Deals with the transmission of genes
from parents to offsprings. The foundation
of classical genetics came from the study
of hereditary behaviour of seven genes by
Gregor Mendel.

2. Molecular Genetics - Deals with the
structure and function of a gene at molecular
level.

3. Population Genetics — Deals with heredity
in groups of individuals for traits which is
determined by a few genes.

4. Quantitative Genetics — Deals with heredity
of traits in groups of individuals where
the traits are governed by many genes
simultaneously.

What is the reason for similarities, differences
of appearance and skipping of generations?

Genes - Functional Units of inheritance:
The basic unit of heredity (biological
information) which transmits biochemical,
anatomical and behavioural traits from
parents to offsprings.

Classical Genetics 35
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2.1 Heredity and variation

Genetics is often described as a science which
deals with heredity and variation.

Heredity: Heredity is the transmission of
characters from parents to offsprings.

Variation: The organisms belonging to the
same natural population or species that
shows a difference in the characteristics is
called variation. Variation is of two types (i)
Discontinuous variation and (ii) Continuous
variation

1. Discontinuous Variation:

Within a population there are some
characteristics which show a limited form of
variation. Example: Style length in Primula,
plant height of garden pea. In discontinuous
variation, the characteristics are controlled by
one or two major genes which may have two
or more allelic forms. These variations are
genetically determined by inheritance factors.
Individuals produced by this variation show
differences without any intermediate form
between them and there is no overlapping
between the two phenotypes. The phenotypic
expression is unaffected by environmental
conditions. This is also called as qualitative
inheritance.

2. Continuous Variation:

This variation may be due to the combining
effects of environmental and genetic factors.
In a population most of the characteristics
exhibit a complete gradation, from one extreme
to the other without any break. Inheritance
of phenotype is determined by the combined
effects of many genes, (polygenes) and
environmental factors. This is also known as
quantitative inheritance. Example: Human
height and skin color.

Importance of variations

e Variations make some individuals better
fitted in the struggle for existence.

36 Classical Genetics
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* They help the individuals to adapt
themselves to the changing environment.

It provides the genetic material for natural
selection

* Variations allow breeders to improve better
yield, quicker growth, increased resistance
and lesser input.

* They constitute the raw materials for
evolution.

2.2 Mendelism

The contribution of Mendel to Genetics is called
Mendelism. It includes all concepts brought out
by Mendel through his original research on
plant hybridization. Mendelian genetic concepts
are basic to modern genetics. Therefore, Mendel
is called as Father of Genetics.

2.2.1 Father of Genetics - Gregor
Johann Mendel (1822 - 1884)

The first Geneticist,
Gregor Johann
Mendel  unraveled
the  mystery  of
heredity. He was
born on 22" July
1822 in Heinzendorf
Silesia (now Hyncice,

Figure 2.1: Gregor
Johann Mendel

Czechoslovakia),
Austria. After school
education, later he studied botany, physics and
mathematics at the University of Vienna.He
then entered a monastery of St. Thomas at Brunn
in Austria and continued his interest in plant
hybridization.In 1849 Mendel got a temporary
positioninaschoolasateacherandhe performed
a series of elegant experiments with pea plants
in his garden. In 1856, he started his historic
studies on pea plants. 1856 to 1863 was the
period of Mendel’s hybridization experiments
on pea plants. Mendel discovered the principles
of heredity by studying the inheritance of seven
pairs of contrasting traits of pea plant in his
garden. Mendel crossed and catalogued 24,034
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plants through many generations. His paper
entitled “Experiments on Plant Hybrids” was
presented and published in The Proceedings of
the Brunn Society of Natural History in 1866.
Mendel was the first systematic researcher in
the field of genetics.

Mendel was successful because:

* He applied mathematics and statistical
methods to biology and laws of probability
to his breeding experiments.

* He followed scientific methods and kept
accurate and detailed records that include
quantitative data of the outcome of his
crosses.

* His experiments were carefully planned
and he used large samples.

* The pairs of contrasting characters which
were controlled by factor (genes)were
present on separate chromosomes.

» The parents selected by Mendel were pure
breed lines and the purity was tested by self
crossing the progeny for many generations.

Mendel’s Experimental System - The
Garden pea.

He chose pea plant because,

It is an annual plant and has clear
contrasting characters that are controlled
by a single gene separately.

» Self-fertilization occurred under normal
conditions in garden pea plants. Mendel
used both self-fertilization and cross-
fertilization.

* The flowers are large hence emasculation
and pollination are very easy for
hybridization.

2.2.2 Mendel’s experiments on pea plant

Mendel’s theory of inheritance, known as the
Particulate theory, establishes the existence of
minute particles or hereditary units or factors,
which are now called as genes. He performed
artificial pollination or cross pollination
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experiments with several true-breeding lines of
pea plants. A true breeding lines (Pure-breeding
strains) means it has undergone continuous
self pollination having stable trait inheritance
from parent to offspring. Matings within pure
breedinglines produce offsprings having specific
parental traits that are constant in inheritance
and expression for many generations. Pure line
breed refers to homozygosity only. Fusion of
male and female gametes produced by the same
individual i.e pollen and egg are

White flower

(@) Pollen (male sex
organ) is cut off/ ~—
removed

Pistil (@) Pollen of white
flower is taken and
Purple flower  transferred to pistil

of purple flower
Parental (P) \

(3) The fertilized pistil gets
mature and becomes pods

@ Seeds in each
pod are ready

/ ¢ ¥ \ to be planted

@ All offsprings
b 9 are purple

; ¥)

F, generations

Figure 2.2: Steps in cross pollination of pea
flowers

derived from the same plant is known as self-
fertilization. Self pollination takes place in
Mendel’s peas. The experimenter can remove
the anthers (Emasculation) before fertilization
and transfer the pollen from another variety of
pea to the stigma of flowers where the anthers
are removed. This results in cross-fertilization,
which leads to the creation of hybrid varieties
with different traits. Mendels work on the
study of the pattern of inheritance and the
principles or laws formulated, now constitute
the Mendelian Genetics.

Classical Genetics 37
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The First Model Organism in Genetics - Garden Peas
(Pisum sativum) - Seven characters studied by Mendel.

Character Dominant Trait

Stem length ‘? Tall

Recessive Trait

5
; Dwarf

Pod shape w
Inflated Constricted

L .
Seed shape Round ‘) Wrinkled
Seed colour Yellow 0 Green

0
/

Flower Axial PP Terminal
position f

o) White

Purple

Green \a Yellow

Figure 2.3:  Seven characters of Pisum

Flower colour

Pod colour

(»

sativum studied by Mendel.

Dominant | Recessive

Character Gene Trait Trait
Plant Height Le Tall Dwarf
Seed Shape R Round Wrinkled
Cotyledon colour | I Yellow Green

Flower colour A Purple White

Pod colour GP Green Yellow
Pod form \% Inflated Constricted
Flower position | Fa Axial Terminal

Table 2.1 Seven characters of Pisum sativum

with genes
Flower g Pod Pod
colour shape mm colour =

mm Plant

height Seed
29 9 9 Q@ Qv Q
Flower mm
Seed mm position
colour
1 2 3 4 5 6 7

Chromosome number
Figure 2.4: Mendel’s seven characters in Garden
Peas, shown on the plant’s seven chromosomes
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Can vyou identify Mendels gene for
regulating white colour in peas? Let us find
the molecular answer to understand the
gene function. Now the genetic mystery of
Mendel’s white flowers is solved.

It is quite
fascinating to
trace the Mendel’s
genes. In 2010, the
gene responsible

for regulating Figure 2.5: Purple flower

flower colour  of pea with Pea Gene A
in peas were and White flower of Pea

identified by an

international team of researchers. It was
called Pea Gene A which encodes a protein
that functions as a transcription factor
which is responsible for the production of
anthocyanin pigment. So the flowers are
purple. Pea plants with white flowers do not
have anthocyanin, even though they have
the gene that encodes the enzyme involved
in anthocyanin synthesis.

Researchers delivered normal copies of
gene A into the cells of the petals of white
flowers by the gene gun method. When
Gene A entered in a small percentage of
cells of white flowers it is expressed in those
particular cells, accumulated anthocyanin
pigments and became purple.

In white flowers the gene A sequence showed
a single-nucleotide change that makes
the transcription factor inactive. So the
mutant form of gene A do not accumulate
anthocyanin and hence they are white.

Mendel worked at the rules of inheritance
and arrived at the correct mechanism before any
knowledge of cellular mechanism, DNA, genes,
chromosomesbecameavailable. Mendel insights
and meticulous work into the mechanism of
inheritance played an important role which led
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to the development of improved crop varieties
and a revolution in crop hybridization.

Mendel died in 1884. In 1900 the work of
Mendel’s experiments were rediscovered by
three biologists, Hugo de Vries of Holland, Carl
Correns of Germany and Erich von Tschermak
of Austria.

2.2.3 Terminology related to Mendelism

Mendel noticed two different expressions of
a trait — Example: Tall and dwarf. Traits are
expressed in different ways due to the fact thata
gene can exist in alternate forms (versions) for
the same trait is called alleles.

If an individual has two identical alleles of
a gene, it is called as homozygous(TT). An
individual with two different alleles is called
heterozygous(Tt). Mendels non-true breeding
plants are heterozygous, called as hybrids.

When the gene has two alleles the dominant
allele is symbolized with capital letter and the
recessive with small letter. When both alleles are
recessive the individual is called homozygous
recessive (tt) dwarf pea plants. An individual
with two dominant alleles is called homozygous
dominant (TT) tall pea plants. One dominant
allele and one recessive allele (Tt) denotes non-
true breeding tall pea plants heterozygous tall.

2.2.4 Mendelian inheritance - Mendel’s
Laws of Heredity

Mendel proposed two rules based on his
observations on monohybrid cross, today these
rules are called laws of inheritance The first
law is The Law of Dominance and the second
law is The Law of Segregation. These scientific
laws play an important role in the history of
evolution.

The Law of Dominance: The characters are
controlled by discrete units called factors which
occur in pairs. In a dissimilar pair of factors one
member of the pair is dominant and the other
is recessive. This law gives an explanation to the
monohybrid cross (a) the expression of only one

‘ ‘ TN_GOVT_BOTANY_XII_PAGES_035-054 CH 02.indd 39

of the parental characters in F, generation and (b)
the expression of both in the F, generation. It also
explains the proportion of 3:1 obtained at the F,

The Law of Segregation (Law of Purity of
gametes): Alleles do not show any blending,
both characters are seen as such in the F,
generation although one of the characters is not
seen in the F, generation. During the formation
of gametes, the factors or alleles of a pair separate
and segregate from each other such that each
gamete receives only one of the two factors. A
homozygous parent produces similar gametes
and a heterozygous parent produces two kinds
of gametes each having one allele with equal
proportion. Gametes are never hybrid.

2.3 Monohybrid cross

Monohybrid inheritance is the inheritance of a
single character ie. plant height.It involves the
inheritance of two alleles of a single gene. When
the F, generation was selfed Mendel noticed that
787 of 1064 F, plants were tall, while 277 of 1064
were dwarf. The dwarf trait disappeared in the F,
generation only to reappear in the F, generation.
The term genotype is the genetic constitution
of an individual. The term phenotype refers to
the observable characteristic of an organism. In
a genetic cross the genotypes and phenotypes
of offspring, resulting from combining gametes
during fertilization can be easily understood with
thehelp ofa diagram called Punnett’s Square named
after a British Geneticist Reginald C.Punnett.
It is a graphical representation to calculate the
probability of all possible genotypes of offsprings
in a genetic cross.The Law of Dominance and the
Law of Segregation give suitable explanation to
Mendel's monohybrid cross.

Reciprocal cross - In one experiment, the
tall pea plants were pollinated with the pollens
from a true-breeding dwarf plants, the result
was all tall plants. When the parental types were
reversed, the pollen from a tall plant was used to
pollinate a dwarf pea plant which gave only tall
plants. The result was the same - All tall plants.

Classical Genetics 39
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Tall () x Dwarf (&) and Tall (&) x Dwarf (9)
matings are done in both ways which are called
reciprocal crosses.The results of the reciprocal
crosses are the same. So it was concluded that the
trait is not sex dependent. The results of Mendel’s
monohybrid crosses were not sex dependent.

P generation Tall Dwarf
(True -_ltg_rreedmg) (True - breeding)
tt

F, generation
All tall (Selfed)

F, generation T

?

gametes gametes

Homozygous
tall plant
(TT)

Heterozygous
tall plant

Heterozygous
tall plant

Homozygous
dwarf plant

Offspring (F,)

genotypes
Genotypic Ratio : 1]
Phenotypes
Phenotypic Ratio :

Figure 2.6: Monohybrid Cross

The gene for plant height has two alleles: Tall
(T) x Dwarf (t). The phenotypic and genotypic
analysis of the crosses has been shown by
Checker board method or by Forkline method.

2.3.1 Mendel’s analytical and empirical
approach

Mendel chose two contrasting traits for each
character. So it seemed logical that two distinct
factors exist. In F, the recessive trait and its
factors do not disappear and they are hidden
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or masked only to reappear in % of the F,
generation. He concluded that tall and dwarf
alleles of F, heterozygote segregate randomly
into gametes. Mendel got 3:1 ratio in F, between
the dominant and recessive trait. He was the first
scientist to use this type of quantitative analysis
in a biological experiment. Mendel’s data is
concerned with the proportions of offspring.

Mendel's analytical approach is truly
an outstanding scientific achievement. His
meticulous work and precisely executed breeding
experiments proposed that discrete particulate
units of heredity are present and they are
transmitted from one generation to the other. Now
they are called as genes. Mendel's experiments
were well planned to determine the relationships
which govern hereditary traits. This rationale
is called an empirical approach. Laws that were
arrived from an empirical approach is known as
empirical laws.

2. 3.2 Test cross

Test cross is crossing an individual of unknown
genotype with a homozygous recessive.

In Mendel's monohybrid cross all the plants
are tall in F, generation. In F, tall and dwarf
plants were in the ratio of 3:1.Mendel self
pollinated dwarf F, plants and got dwarf plants
in F; and F, generations. So he concluded that
the genotype of dwarf was homozygous (tt). The
genotypes of tall plants TT or Tt from F,and F,
cannot be predicted. But how we can tell if a
tall plant is homozygous or heterozygous? To
determine the genotype of a tall plant Mendel
crossed the plants from F, with the homozygous
recessive dwarf plant. This he called a test
cross. The progenies of the test cross can be
easily analysed to predict the genotype of the
plant or the test organism. Thus in a typical
test cross an organism (pea plants) showing
dominant phenotype (whose genotype is to be
determined) is crossed with the recessive parent
instead of self crossing. Test cross is used to
identify whether an individual is homozygous
or heterozygous for dominant character.
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If heterozygous tall test cross

Parental (P) F, Heterozygous tall X Homozygous dwarf
Phenotypes

Genotypes Tt tt
AN [\
Gametes @ @ @ @

Offspring (F
spring (F,) p

genotypes

Genotypic Ratio 5
Phenotypes
Phenotypic Ratio :

Homozygous
dwarf plant

Heterozygous
tall plant
(Tt)

Heterozygous
tall plant
(TY)

If homozygous tall test cross

Parental (P) F, Homozygous tall X Homozygous dwarf
Phenotypes

Genotypes T

!

tt
\
Gametes @ @

@A/
©

Offspring (F,)
genotypes
Phenotypes
All tall plants
? d
gametes Heterozygous gametes

tall plant
(Tt)

Heterozygous
tall plant
(Tt)

Heterozygous
tall plant
(Tt)

Heterozygous
tall plant
(Tt)

Figure 2.7: Test cross
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WhyMendel’speaplantsaretalland dwarf?
Find out the molecular explanation.

Molecular characterization of Mendel’s
gene for plant height.

The plant height is controlled by a single gene
with two alleles. The reason for this difference
in plant height is due to the following facts:
(i) the cells of the pea plant have the ability to
convert a precursor molecule of gibberellins
into an active form (GA1) (ii) Tall pea plants
have one allele (Le) that codes for a protein
(functional enzyme) which functions normally
in the gibberellin-synthesis pathway and
catalyzes the formation of gibberellins (GA1).
The allele is dominant even if it is two (Le Le)
or single (Le le), it produces gibberellins and
the pea plants are tall. Dwarf pea plants have
two recessive alleles (le le) which code for
non-functional protein, hence they are dwarf.
Gene for plant height in Peas

Tall pea plants Dwarf pea plant

(LeLe/ Lele) (Ie le)

Gibberellin GAl Gibberellin | [ Gibberellins

are not
produced

Active Precursor

molecule

Precursor
molecule gibberellins

Le allele codes for le allele codes for

functional enzyme GAl nonfunctional enzyme

Figure 2.8: Gene for plant height in Peas

2.3.3 Back cross

* Back cross is a cross of F, hybrid with any
one of the parental genotypes. The back
cross is of two types; they are dominant
back cross and recessive back cross.

 Itinvolves the cross between the F, offspring
with either of the two parents.
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* When the F offsprings are crossed with
the dominant parents all the F, develop
dominant character and no recessive
individuals are obtained in the progeny.

+ Ifthe F, hybrid is crossed with the recessive
parent individuals of both the phenotypes
appear in equal proportion and this cross is
specified as test cross.

+ The recessive back cross helps to identify
the heterozygosity of the hybrid.

2.3.4 Dihybrid cross

It is a genetic cross which involves individuals
differing in two characters. Dihybrid inheritance
is the inheritance of two separate genes each
with two alleles.

Law of Independent Assortment - When
two pairs of traits are combined in a hybrid,
segregation of one pair of characters is
independent to the other pair of characters. Genes
that are located in different chromosomes assort
independently during meiosis. Many possible
combinations of factors can occur in the gametes.

Homozygous Homozygous
Round seeds Wrinkled seeds
Yellow X Green
cotyledon cotyledon
Parental RRYY rryy
Meiosis Meiosis

Gametes @
\/

F, generation

Heterozygous

Round seeds
Yellow cotyledon

x
JLLN JLLN

cmes OO @OO@@

Selfed — Genes are present on separate chromosomes and random
assortment takes place. So four different types of gametes in
equal proportions are formed. Law of Independent Assortment.

Figure 2.9: Dihybrid cross - Segregation
of gametes
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Independent assortment leads to genetic
diversity. If an individual produces genetically
dissimilar gametes it is the consequence of
independent assortment. Through independent
assortment, the maternal and paternal members
of all pairs were distributed to gametes, so all
possible chromosomal combinations were
produced leading to genetic variation. In sexually
reproducing plants/organisms, duetoindependent
assortment, genetic variation takes place which is
important in the process of evolution. The Law of
Segregation is concerned with alleles of one gene
but the Law of Independent Assortment deals with
the relationship between genes.

The crossing of two plants differing in two
pairs of contrasting traits is called dihybrid
cross. In dihybrid cross, two characters (colour
and shape) are considered at a time. Mendel
considered the seed shape (round and wrinkled)
and cotyledon colour (yellow & green) as the two
characters. In seed shape round (R) is dominant
over wrinkled (r) ; in cotyledon colour yellow
(Y) is dominant over green (y). Hence the pure
breeding round yellow parent is represented by
the genotype RRYY and the pure breeding green
wrinkled parent is represented by the genotype
rryy. During gamete formation the paired genes
of a character assort out independently of the
other pair. During the F, x F, fertilization each
zygote with an equal probability receives one
of the four combinations from each parent.
The resultant gametes thus will be genetically
different and they are of the following four types:

1) Yellow round (YR) -9/16
2) Yellow wrinkled (Yr) - 3/16
3) Green round (yR) - 3/16
4) Green wrinkled (yr) - 1/16

These four types of gametes of F, dihybrids
unite randomly in the process of fertilization
and produce sixteen types of individuals in F,
in the ratio of 9:3:3:1 as shown in the figure.
Mendel’s 9:3:3:1 dihybrid ratio is an ideal ratio
based on the probability including segregation,
independent  assortment and random
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fertilization. In sexually reproducing organism
How does the wrinkled gene make

Mendel’s peas wrinkled? Find out the
molecular explanation.

/ plants from the garden peas to human beings,
Mendel's findings laid the foundation for
understanding inheritance and revolutionized

the field of biology. The dihybrid cross and its The protein called starch branching
enzyme (SBEI) is encoded by the wild-type

allele of the gene (RR) which is dominant.
When the seed matures, this enzyme SBEI
catalyzes the formation of highly branched
starch molecules. Normal gene (R) has
become interrupted by the insertion of extra
o piece of DNA (0.8 kb) into the gene, resulting
inrallele. In the homozygous mutant form of
Diploid W W the gene (rr) which is recessive, the activity of
parental
genotype the enzyme SBEI is lost resulting in wrinkled
RR VY T peas. The wrinkled seed accumulates more
Haoioid R . f sucrose and high water content. Hence the
aploi . o :

gametes V7 l y osmotic pressure inside the seed rises. As
a result, the seed absorbs more water and
. when it matures it loses water as it dries. So

F1 generation R Y, . ) .
4 % it becomes wrinkled at maturation. When
the seed has atleast one copy of normal
dominant gene heterozygous, the dominant

result led Mendel to propose a second set of
generalisations that we called Mendel's Law of
independent assortment.

P Generation Parent 1 9 Parent 2 d

Parental

Round yellow cotyledon X Wrinkled green cotyledon
phenotype

F1 phenotype : All round-yellow cotyledon

F1 genotypes : All Rr Yy . X

@ l allele helps to synthesize starch, amylopectin ®
F1 Generation Parent 1 9 Parent2 O an insoluble carbohydrate, with the osmotic
(selfed) balance which minimises the loss of water

Round yellow cotyledon X Round yellow cotyledon
resulting in smooth structured round seed.

N P YW 00 09

RY Ry rY ry RY Ry rY ry Round Peas & Wrinkled Peas
F, &' gametes RR1r
1%) %Z) %) %) {Dominant allele RR )—> Active enzyme SBE - I
i Linear
F, Generation RY Ry ry r S — Branched |
T Y AN 20 0/ starch 5 Roun
% W M W W starch  Converted R peas
RY |RRYYO[RR YO |RrYY O |Rryy amylose to

% /Z;{/ /Z%f /fg{f /Z%f (Recessive allele rr)—» Inactive enzyme

F RR Yy RR yy@ |Rr Yy Rryy @

g;metes Y Linear Linear
1% //M({/ //%Z /f% /Z%f unbranched ©~ ™ unbranched .
O Ry OlrywOlrvwe |ryw @ starch No starch ™ Leas
VA A AL omyose [T amloe |
114 v
/f) Ry O Rp® |myy & lry @ Figure 2.11: Molecular explanation of
Phenotvpic Ratio 9:3:3:1

d and wrinkled :
Figure 2.10: Dihybrid Cross in Garden peas OB GRS e
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2.3.5 The Dihybrid test cross

The Dihybrid test cross

The F, hybrid plant (round yellow peas) is crossed with
homozygous double recessive genotype, wrinkled green
peas (rryy). This is called dihybrid test cross with the
ratio of 1:1:1:1.

Parental (P) Heterozygous Homozygous
Phenotypes F round peas Wrinkled peas
1
Yellow X Green
cotyledon cotyledon

I@

Genotypes X
JLLN

X\
cametes - @) ® @ @ @@@@

Gametes | RY Ry ry
RrYy Rryy Yy rryy
allry | Round Round | Wrinkled | Wrinkled
Yellow Green Yellow Green
Genotypgs RrYy Rryy Yy rryy
Genotypic 4. 4. 1
Phancnpes (G found - Wided - Virnided
Phenotybic 250, 25% 25%  25%

Figure 2.12: Dihybrid test cross

2.3.6. Trihybrid cross

The trihybrid cross demonstrates that Mendel’s
laws are applicable to the inheritance of
multiple traits. Mendel Laws of segregation and
independent assortment are also applicable to
three pairs of contrasting characteristic traits
called trihybrid cross.

A cross between homozygous parents
that differ in three gene pairs (i.e. producing
trihybrids) is called trihybrid cross. A self
fertilizing trihybrid plant forms 8 different
gametes and 64 different zygotes. In this
a combination of three single pair crosses
operating together. The three contrasting
characters of a trihybrid cross are

Tall, Yellow, Round x Dwarf, Green, Wrinkled

TTYYRR ik ttyyrr
F, Tall, Yellow, Round  (Selfed)
TtYyRr

F, Phenotypicratio-27:9:9:9:3:3:3:1
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2.3.7 Extensions of Mendelian Genetics

Apart from monohybrid, dihybrid and
trihybrid crosses, there are exceptions to
Mendelian principles, i.e. the occurrence of
different phenotypic ratios. The more complex
patterns of inheritance are the extensions of
Mendelian Genetics. There are examples where
phenotype of the organism is the result of the
interactions among genes.

Gene interaction - A single phenotype is
controlled by more than one set of genes, each of
which has two or more alleles. This phenomenon
is called Gene Interaction. Many characteristics of
the organism including structural and chemical
which constitute the phenotype are the result of
interaction between two or more genes.

gy
QTLZ2W A

[ Gene interactions J
I
! v

Intralocus Interlocus
interactions interactions
(Allelic (Non-allelic
interactions) interacltions)
Epistatic / Additive /
Non-epistatic Polygenic
interactions interactions

I. Dominant relationship

a) Complete dominance Example: Tall and
dwarf pea plants

b) Incomplete dominance
¢) Codominance  d) Over dominance

I1. Lethal genes
a) Dominant lethals  b) Recessive lethals
¢) Conditional lethals d) Sex linked lethals
e) Balanced lethals

I1I. Multiple alleles

Figure 2.13: Gene Interaction
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Mendelian experiments prove that a
single gene controls one character. But in the
post Mendelian findings, various exception
have been noticed, in which different types of
interactions are possible between the genes.
This gene interaction concept was introduced
and explained by W. Bateson. This concept
is otherwise known as Factor hypothesis or
Bateson’s factor hypothesis. According to
Bateson’s factor hypothesis, the gene interactions
can be classified as

* Intragenic gene interactions or Intra allelic
or allelic interactions

+ Intergenic gene interactions or inter allelic
or non-allelic interactions

2.4 Intragenic gene interactions
Interactions take place between the alleles of
the same gene i.e., alleles at the same locus is
called intragenic or intralocus gene interaction.
It includes the following:

1) Incomplete dominance (2) Codominance
(3) Multiple alleles (4) Pleiotropic genes are
common examples for intragenic interaction.

2.4.1. Incomplete dominance - No blending
of genes

The German Botanist Carl Correns’s (1905)
Experiment - In 4 O’ clock plant, Mirabilis
jalapa when the pure breeding homozygous
red (R'R") parent is crossed with homozygous
white (R’R?), the phenotype of the F, hybrid is
heterozygous pink (R'R?). The F, heterozygous
phenotype differs from both the parental
homozygous phenotype. This cross did not
exhibit the character of the dominant parent
but an intermediate colour pink. When one
allele is not completely dominant to another
allele it shows incomplete dominance. Such
allelic interaction is known as incomplete
dominance. F,  generation  produces
intermediate phenotype pink coloured flower.
When pink coloured plants of F, generation
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were interbred in F, both phenotypic and
genotypic ratios were found to be identical as
1:2:1(1 red : 2 pink : 1 white). Genotypic
ratio is 1 R'R' : 2 R'R? : 1 R’°R*From this we
conclude that the alleles themselves remain
discrete and unaltered proving the Mendel’s
Law of Segregation. The phenotypic and
genotypic ratios are the same. There is no
blending of genes. In the F, generation R' and
R? genes segregate and recombine to produce
red, pink and white in the ratio of 1 : 2 : 1.
R! allele codes for an enzyme responsible for
the formation of red pigment. R? allele codes
for defective enzyme. R' and R* genotypes
produce only enough red pigments to make
the flower pink. Two R'R! are needed for
producing red flowers. Two R’R* genes are
needed for white flowers. If blending had
taken place, the original pure traits would not
have appeared and all F, plants would have
pink flowers. It is very clear that Mendel’s
particulate inheritance takes place in this
cross which is confirmed by the reappearance
of original phenotype in F,.

R'R'(Red)  R2R%(White)

P generation 7

R'R? (selfed)

F, generation ) Intermediate
-| = !_ -

& ‘k{ phenotype
L& Yy, Pink Heterozygote

F, generation
1:2:1
R'R': R'R?: R%R?
Figure 2.14: Incomplete = dominance in
4 O clock plant
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How are we going to interpret the lack of
dominance and give explanation to the
intermediate heterozygote phenotype?

How will you explain incomplete
dominance at the molecular level?

Gene expression is explained in a quantitative
way. Wild-type allele which is a functional
allele when present in two copies (R' R!)
produces an functional enzyme which
synthesizes red pigments. The mutant allele
which is a defective allele in two copies (R*R?)
produces an enzyme which cannot synthesize
necessary red pigments. The white flower is
due to the mutation causing complete loss
of function. The F, intermediate phenotype
heterozygote (R'R?) has one copy of the
allele R'. R! produces 50% of the functional
protein resulting in half of the pigment of
red flowered plant and so it is pink. The
intermediate phenotype pink heterogyzote
with 50% of functional protein is not enough
to create the red phenotype homozygous,
which makes 100% of the functional protein.

2.4.2. Codominance (1:2:1)

This pattern occurs due to simultaneous
(joint) expression of both alleles in the
heterozygote - The phenomenon in which two
alleles are both expressed in the heterozygous
individual is known as codominance. Example:
Red and white flowers of Camellia, inheritance
of sickle cell haemoglobin, ABO blood group
system in humanbeings. In humanbeings, I* and
I* alleles of I gene are codominant which follows
Mendels law of segregation. The codominance
was demonstrated in plants with the help of
electrophoresis or chromatography for protein
or flavonoid substance. Example: Gossypium
hirsutum and Gossypium sturtianum, their F,
hybrid (amphiploid) was tested for seed proteins
by electrophoresis. Both the parents have
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different banding patterns for their seed proteins.
In hybrids, additive banding pattern was noticed.
Their hybrid shows the presence of both the
types of proteins similar to their parents.

The heterozygote genotype gives rise to a
phenotype distinctly different from either of the
homozygous genotypes. The F, heterozygotes
produce a F, progeny in a phenotypic and
genotypic ratiosof 1:2: 1.

2.4.3. Lethal genes

An allele which has the potential to cause
the death of an organism is called a “Lethal
Allele”. In 1907, E. Baur reported a lethal gene in
snapdragon (Antirrhinum sp.). It is an example
for recessive lethality. In snapdragon there are
three kinds of plants.

1. Green plants with chlorophyll. (CC)

2. Yellowish green plants with carotenoids are
referred to as pale green, golden or aurea
plants (Cc)

3. White plants without any chlorophyll. (cc)

The genotype of the homozygous green
plants is CC. The genotype of the homozygous
white plant is cc.

The aurea plants have the genotype Cc
because they are heterozygous of green and
white plants. When two such aurea plants
are crossed the F, progeny has identical
phenotypic and genotypic ratio of 1: 2: 1 (viz.
1 Green (CC) : 2 Aurea (Cc) : 1 White (cc))

Since the white plants lack chlorophyll
pigment, they will not survive. So the F,
ratio is modified into 1 : 2. In this case the
homozygous recessive genotype (cc) is lethal.

F Antirrhinum Antirrhinum
1 Heterozygote aurea aurea
@ «~ @
7 1CC : 2Cc : 1cc

Green Aurea  White (lethal)

Figure: 2.15: Lethal genes
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The term “lethal” is applied to those
changes in the genome of an organism which
produces effects severe enough to cause death.
Lethality is a condition in which the death of
certain genotype occurs prematurely. The fully
dominant or fully recessive lethal allele kills
the carrier individual only in its homozygous
condition. So the F, genotypic ratio will be 2 : 1
or 1:2 respectively.

2.4.4. Pleiotropy - A single gene affects
multiple traits

In Pleiotropy, the single gene affects multiple
traits and alter the phenotype of the organism.
The Pleiotropic gene influences a number of
characters simultaneously and such genes
are called pleiotropic gene. Mendel noticed
pleiotropy ~ while  performing  breeding
experiment with peas (Pisum sativum). Peas
with purple flowers, brown seeds and dark spot
on the axils of the leaves were crossed with
a variety of peas having white flowers, light
coloured seeds and no spot on the axils of the
leaves, the three traits for flower colour, seed
colour and a leaf axil spot all were inherited
together as a single unit. This is due to the
pattern of inheritance where the three traits were
controlled by a single gene with dominant and
recessive alleles. Example: sickle cell anemia.

2.5 Intergenic gene interactions

Interlocus interactions take
place between the alleles at
different loci ie between
alleles of different genes.It

includes the following:

EEG4FP

Dominant Epistasis - It
is a gene interaction in which
two alleles of a gene at one locus interfere and
suppress or mask the phenotypic expression
of a different pair of alleles of another gene at
another locus. The gene that suppresses or masks
the phenotypic expression of a gene at another
locus is known as epistatic. The gene whose
expression is interfered by non-allelic genes and
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prevents from exhibiting its character is known
as hypostatic. When both the genes are present
together, the phenotype is determined by the
epistatic gene and not by the hypostatic gene.

In the summer squash the fruit colour locus
has a dominant allele ‘W’ for white colour and a
recessive allele ‘W’ for coloured fruit. ‘W’ allele is
dominant that masks the expression of any colour.
In another locus hypostatic allele ‘G’ is for yellow
fruit and its recessive allele ‘g’ for green fruit. In the
first locus the white is dominant to colour where
as in the second locus yellow is dominant to green.
When the white fruit with genotype WWgg is
crossed with yellow fruit with genotype wwGG,
the F, plants have white fruit and are heterozygous
(WwGg). When F, heterozygous plants are crossed
they give rise to F, with the phenotypic ratio of 12
white : 3 yellow : 1 green.

A
Parent
generation  White fruit Yellow fruit
WW gg X ww GG
Gametes Wg wG
White fruit
F, (selfed) WG
w
) g
F, WG Wg wG wg
WG WWGG WWGg WwGG WwGg
White  White  White  White
Wg WWGg WWgg WwGg Wwgg

White ~ White  White  White

we WwGG WwGg wwGG wwGg
White White  Yellow Yellow

wg WwGg Wwgg wwGg Rl
White  White = Yellow KEIfEE)

3 %
Phenotypes M

White fruit Yellow fruit  Green fruit
Phenotypic 12 : 3 : 1
ratio

Figure 2.16: Dominant epistasis in summer squash

Since W is epistatic to the alleles ‘G’ and
‘g, the white which is dominant, masks the
effect of yellow or green. Homozygous
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recessive ww genotypes only can give the
coloured fruits (4/16). Double recessive
‘wwgg’ will give green fruit (1/16). The Plants
having only ‘G’ in its genotype (wwGg or
wwGG) will give the yellow fruit(3/16).

Intra —genic or allelic interaction

E,
S. Gene E )
No. | interaction Xampi€ | phenotypic
ratio

1 |Incomplete |Flower colour |1:2:1
Dominance |in Mirabilis
jalapa.

Flower colour |1.5.1
in snapdragon
(Antirrhinum
spp-)

2 | Codominance | ABO Blood 1:2:1
group system in
humans

Table 2.2: Intra- genic interaction

Inter-genic or non-allelic interaction

F, Ratio
S. |Epistatic Examole
No. |interaction P Phenotypic
ratio
1 | Dominant Fruit colour [12:3:1
epistasis in summer
squash
2 |Recessive Flower colour (9:3:4
epistasis of Antirrhinum
spp-

3 |Duplicate genes |Fruit shape 9:6:1
with cumulative |in summer
effect squash

4 | Complementary | Flower colour [9:7
genes in sweet peas

5 |Supplementary |Grain colour |[9:3:4
genes in Maize
6 |Inhibitor genes |Leaf colourin |13:3
rice plants
7 | Duplicate genes |Seed capsule |15:1
shape (fruit
shape) in
shepherd’s
purse Bursa
bursa-pastoris

Table 2.3: Inter-genic interaction

48 Classical Genetics
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2.6 Polygenic Inheritance in Wheat
(Kernel colour)

Polygenic inheritance - Several genes combine
to affect a single trait.

A group of genes that together determine
(contribute) a characteristic of an organism
is called polygenic inheritance. It gives
explanations to the inheritance of continuous
traits which are compatible with Mendel’s
Law.

The first experiment on polygenic
inheritance was demonstrated by Swedish
Geneticist H. Nilsson - Ehle (1909) in wheat
kernels. Kernel colour is controlled by two
genes each with two alleles, one with red
kernel colour was dominant to white. He
crossed the two pure breeding wheat varieties
dark red and a white. Dark red genotypes
R,R|R;R; and white genotypes are r,r;r,r,. In
the F, generation medium red were obtained
with the genotype Rr;R,r,. F; wheat plant
produces four types of gametes RR,, R,
r,R,, r;r,. The intensity of the red colour is
determined by the number of R genes in the
F, generation.

Four R genes: A dark red kernel colour
is obtained.Three R genes: Medium - dark
red kernel colour is obtained.Two R genes:
Medium-red kernel colour is obtained.One
R gene: Light red kernel colour is obtained.
Absence of R gene:Results in White kernel
colour.

The R gene in an additive manner produces
the red kernel colour. The number of each
phenotype is plotted against the intensity
of red kernel colour which produces a bell
shaped curve. This represents the distribution
of phenotype. Other example: Height and
skin colour in humans are controlled by three
pairs of genes.
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Dark Red White
Parent RRRR, X ELPLPPY
generation ‘ L
. Medium Red
F, generation
R1r1R2r2

F, generation (selfed) i

R,r.R R.rRr

171 72°2 X 171 7°2°2

JRR, Rr, rR, rr

12

M RRRR RRRr RrRR YT

1717272 1122 1717 72" "2 [ i a3

L

L | £Z

F, generation

(R MRS RIER LR RR, | rr R,
o A |

rr nr R2r2 FLFIPAP
v L |

The data produce a bell
shaped curve. which
demonstrate continuous

variation in wheat
kernel from dark red to
- |—| white in F,
1 4 1

6 4

Dark .
Whit
Red Wheat kernel colour ) e

Figure 2.17 (a): Polygenic inheritance in wheat
kernel colour

Parents R; Ry Rx Ry X ry ry o

Dark red White
Fy Ry ry Rz r;  Medium red
F, Genotype Phenotype

1 R; Ry Ry Ry -@: Dark red ]

Medium-dark red

A =
2 Riry Ry R, Medium-dark red

4 Ryry Ryry Medium red 15tred
1 @ Medium red 0
6 SN Medium red 1 white
1 rr rp Ry Ry
Light red
2 Ryry ry r. g
2]4 e G gt red
ry ry Rarp

1 ryrp o @ White

Figure 2.17 (b) : The genetic control of
colour in wheat kernels.
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Conclusion:

Finally the loci that was studied by Nilsson -
Ehle were not linked and the genes assorted
independently.

Later, researchers discovered the third gene
that also affect the kernel colour of wheat. The
three independent pairs of alleles were involved
in wheat kernel colour. Nilsson — Ehle found
the ratio of 63 red : 1 white in F, generation -
1:6:15:20:15:6:1in F, generation.

Parents AABBCC aabbcc
Dark red X White
Wheat Kernel Wheat Kernel
AaBbCc
F1 Intermediate red
(Selfed)
F2
1 6 15 20 15 6 1
Dark |Moderate Intermediate | Light | Very light )
red red Red red red red White

63 Red (many shades) : 1 White

Figure 2.18: Polygenic inheritance in
Wheat kernel

From the above results Nilsson - Ehle
showed that the blending inheritance was
not taking place in the kernel of wheat.
In F, generation plants have kernels with
wide range of colour variation. This is due
to the fact that the genes are segregating
and recombination takes place. Another
evidence for the absence of blending
inheritance is that the parental phenotypes
dark red and white appear again in F,. There
is no blending of genes, only the phenotype.
The cumulative effect of several pairs of
gene interaction gives rise to many shades
of kernel colour. He hypothesized that the
two loci must contribute additively to the
kernel colour of wheat. The contribution of
each red allele to the kernel colour of wheat
is additive.

Classical Genetics 49
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2.7 Extra Chromosomal Inheritance
or Extra Nuclear Inheritance
(Cytoplasmic Inheritance)

DNA is the universal genetic material. Genes
located in nuclear chromosomes follow
Mendelian inheritance. But certain traits
are governed either by the chloroplast or
mitochondrial genes. This phenomenon is
known as extra nuclear inheritance. It is a kind
of Non-Mendelian inheritance. Since it involves
cytoplasmic organelles such as chloroplast and
mitochondrion that act as inheritance vectors, it is
also called Cytoplasmic inheritance. It is based on
independent, self-replicating extra chromosomal
unit called plasmogene located in the cytoplasmic
organelles, chloroplast and mitochondrion.

Chloroplast Inheritance

It is found in 4 O’ Clock plant (Mirabilis jalapa).
In this, there are two types of variegated leaves
namely dark green leaved plants and pale green
leaved plants. When the pollen of dark green
leaved plant (male) is transferred to the stigma of
pale green leaved plant (female) and pollen of pale
green leaved plant is transferred to the stigma of
dark green leaved plant, the F, generation of both
the crosses must be identical as per Mendelian
inheritance. But in the reciprocal cross the F, plant
differs from each other. In each cross, the F, plant
reveals the character of the plant which is used as
female plant.

» L.
,gj_’ o v .&j’f

Pale Green Dark Green Dark Green Pale Green
leaved Plant X leaved Plant leaved Plant X leaved Plant
(Male) (Female) (Male) i (Female)

e
1 -
(= Q f
' 1
I
F, Dark Green F1 Pale Green
leaved leaved

Figure 2.19: Chloroplast inheritance
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This inheritance is not through nuclear
gene. It is due to the chloroplast gene found in
the ovum of the female plant which contributes
the cytoplasm during fertilization since the
male gamete contribute only the nucleus but
not cytoplasm.

Mitochondrial Inheritance

Male sterility found in pearl maize (Sorgum
vulgare) is the best example for mitochondrial
cytoplasmic inheritance. So it is called
cytoplasmic male sterility. In this, male sterility
is inherited maternally. The gene for cytoplasmic
male sterility is found in the mitochondrial DNA.

In this plant there are two types, one with
normal cytoplasm (N) which is male fertile and
the other one with aberrant cytoplasm (S) which
is male sterile. These types also exhibit reciprocal
differences as found in Mirabilis jalapa.

Plant with Plant with Plant with Plant with
Normal X Aberrant Aberrant X Normal
cytoplasm cytoplasm cytoplasm cytoplasm
(Male) (Female) (canno_t o2 (can be Female)
(N) S) Male, Slnce_ (N)
pollen are Sterile)
(S)

F, Male sterile Plant (Cross is not possible)

Figure 2.20: Mitochondrial Inheritance

Variegated
Leaf

All white
chloroplasts

Green ﬂ
or
Chloroplasts
p %I Wl

All green
Nucleus White chloroplasts

Chloroplasts

Figure 2.21: A cellular explanation of the variegated
phenotype of the leaves in Mirabilis jalapa
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Recently it has been discovered that
cytoplasmic genetic male sterility is common in
many plant species. This sterility is maintained
by the influence of both nuclear and cytoplasmic
genes. There are commonly two types of
cytoplasm N (normal) and S (sterile). The genes
for these are found in mitochondrion. There are
also restores of fertility (Rf) genes. Even though
these genes are nuclear genes, they are distinct
from genetic male sterility genes of other plants.
Because the Rf genes do not have any expression
of their own, unless the sterile cytoplasm is
present. Rf genes are required to restore fertility
in S cytoplasm which is responsible for sterility.

So the combination of N cytoplasm with rfrf
and S cytoplasm with RfRf produces plants
with fertile pollens, while S cytoplasm with rfrf
produces only male sterile plants.

rfrf Rfrf rfrf Rfrf
S N S
Fertile Male x Female Fertile Male x Female
Rfrf rfrf
S S

Fertile male due to Sterile male due to the
restorer gene absence of restorer gene

Figure 2.22: Cytoplasmic genetic male sterility
Atavism

Atavism is a modification of a biological
structure whereby an ancestral trait reappears
after having been lost through evolutionary
changes in the previous generations.
Evolutionary traits that have disappeared
phenotypically do not necessarily disappear
from an organism’s DNA. The gene sequence
often remains, but is inactive. Such an unused
gene may remain in the genome for many
generations. Aslong as the gene remains intact, a
fault in the genetic control suppressing the gene
can lead to the reappearance of that character
again. Reemergence of sexual reproduction in
the flowering plant Hieracium pilosella is the
best example for Atavism in plants.
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Summary

Gregor Johann Mendel, father of Genetics
unraveled the mystery of heredity through his
experiments on garden peas. Mendels laws,
analytical and empirical reasoning endure till
now guiding geneticists to study variation. The
monohybrid cross of Mendel proved his particulate
theory of inheritance. In F, the alternative traits
were expressed in the ratio of 3 dominant and 1
recessive. The characteristic 3 : 1 segregation is
referred to as Mendelian ratio. Parents transmit
discrete information about the traits to their
offspring which Mendel called it as “factors”. To
test his experimental results Mendel devised a
powerful procedure called the test cross. Test cross
is used to determine the genotype of an individual
when two genes are involved. In Mendel's dihyrbid
cross, the two pairs of factors were inherited
independently. From the results of dihybrid cross
Mendel gave the Law of Independent Assortment.
Mendel’s dihybrid ratio of 9 : 3 : 3 : 1 with the
representation of two new recombinations
appeared in the progeny, i.e. round green peas
or wrinkled yellow peas. Molecular explanation
of Mendel’s gene for monohybrid cross, dihybrid
cross were explained. Extension of Mendelian
Genetics was dealt with examples for interaction
among genes. Incomplete dominance is not an
example for blending inheritance. Incomplete
dominance exhibits a phenotypic heterozygote
intermediate between the two homozygous. In
plants codominance can be demonstrated by the
methods of electrophoresis or chromatography
for protein or flavonoid substances. Lethal genes
with an example are explained. Pleiotropy a single
gene which affects multiple traits was explained
with an example of Pisum sativum. Dominant
epistatis in summer squash with 12: 3: 1 ratio was
discussed. Polygenic inheritance is an example
for inheritance of continuous traits which is
compatible with Mendel’s laws. The inheritance
of mitochondrial and chloroplast genes were
explained with examples which does not follow
the rules of nuclear genes.

Classical Genetics 51

01-03-2019 16:59:01 ‘ ‘



BR[| [

Evaluation

1. Extra nuclear
inheritance is a
consequence of
presence of genes in

52

a) Mitrochondria and
chloroplasts

b) Endoplasmic reticulum and

mitrochondria
c) Ribosomes and chloroplast
d) Lysososmes and ribosomes

In order to find out the different types of
gametes produced by a pea plant having
the genotype AaBb, it should be crossed
to a plant with the genotype

a) aaBB b) AaBB
c) AABB d) aabb

How many different kinds of gametes
will be produced by a plant having the
genotype AABbCC?

a) Three b) Four

¢) Nine d) Two

Which one of the following is an example
of polygenic inheritance?

a) Flower colour in Mirabilis Jalapa

b) Production of male honey bee

c) Pod shape in garden pea

d) Skin Colour in humans

In Mendel’s experiments with garden pea,
round seed shape (RR) was dominant over
wrinkled seeds (rr), yellow cotyledon
(YY) was dominant over green cotyledon
(yy). What are the expected phenotypes
in the F, generation of the cross RRYY x
rryy?

a) Onlyround seeds with green cotyledons
b) Only wrinkled seeds with yellow

cotyledons

c) Only wrinkled seeds with green
cotyledons

Classical Genetics
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d) Round seeds with yellow cotyledons an
wrinkled seeds with yellow cotyledons

Test cross involves

a) Crossing between two genotypes with
recessive trait

b) Crossing between two F, hybrids

c¢) Crossing the F, hybrid with a double
recessive genotype

d) Crossing between two genotypes with
dominant trait

In pea plants, yellow seeds are dominant
to green. If a heterozygous yellow seed
pant is crossed with a green seeded plant,
what ratio of yellow and green seeded
plants would you expect in F, generation?

a) 9:1 b) 1:3
b) 3:1 d) 50:50

The genotype of a plant showing the
dominant phenotype can be determined
by

a) Back cross

c¢) Dihybrid corss

b) Test cross

d) Pedigree
analysis

Select the correct statement from the ones

given below with respect to dihydrid cross

a) Tightly linked genes on the same
chromosomes  show  very few
combinations

b) Tightly linked genes on the
same chromosomes show higher
combinations

¢) Genesfarapartonthesamechromosomes
show very few recombinations

d) Genes loosely linked on the
same chromosomes show similar
recombinations as the tightly linked
ones

10. Which Mendelian idea is depicted by a

cross in which the F, generation resembles
both the parents

a) Incomplete dominance
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11.

12.

13.

14.

15.

b) Law of dominance
¢) Inheritance of one gene

d) Co-dominance

Fruit colour in squash is an example of

a) Recessive epistatsis

b) Dominant epistasis

c) Complementary genes

d) Inhibitory genes

In his classic experiments on Pea plants,
Mendel did not use

b) Seed colour

d) Seed shape
The epistatic effect, in which the dihybrid

cross 9:3:3:1 between AaBb Aabb is
modified as

a)Flowering position
c) Pod length

a) Dominance of one allele on another
allele of both loci

b) Interaction between two alleles of
different loci

¢) Dominance of one allele to another
alleles of same loci

d) Interaction between two alleles of some
loci

In a test cross involving F, dihybrid
flies, more parental type offspring were
produced than the recombination type
offspring. This indicates

a) The two genes are located on two
different chromosomes

b) Chromosomes failed to separate during
meiosis

c¢) The two genes are linked and present
on the some chromosome

d) Both of the characters are controlled by
more than one gene

The genes controlling the seven pea
characters studied by Mendel are known
to be located on how many different
chromosomes?
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16.

17.

18.

19.

20.

21.

22.

a) Seven b) Six
¢) Five d) Four
Which of the following explains how

progeny can posses the combinations of
traits that none of the parent possessed?

a) Law of segregation
b) Chromosome theory

c) Law of independent assortment
d) Polygenic inheritance

“Gametes are never hybrid”. This is a
statement of

a) Law of dominance

b) Law of independent assortment
c) Law of segregation

d) Law of random fertilization

Gene which suppresses other genes
activity but does not lie on the same locus
is called as

a) Epistatic b) Supplement only

¢) Hypostatic d) Codominant

Pure tall plants are crossed with pure
dwarf plants. In the F, generation, all
plants were tall. These tall plants of F,
generation were selfed and the ratio of
tall to dwarf plants obtained was 3:1. This
is called

a) Dominance b) Inheritance
c) Codominance d) Heredity
The dominant epistatis ratio is
a) 9:3:3:1 b) 12:3:1

c) 9:3:4 d) 9:6:1
Select the period for
hybridization experiments

a) 1856 - 1863 b) 1850 - 1870
c) 1857 - 1869 d) 1870 - 1877
Among the following characters which

Mendel’s

one was not considered by Mendel in his
experimentation pea?

a) Stem - Tall or dwarf

b) Trichomal glandular or non-glandular
c) Seed - Green or yellow

Classical Genetics 53
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d) Pod - Inflated or constricted
23. Name the seven contrasting traits of
Mendel.

24. What is meant by true breeding or pure
breeding lines / strain?

25. Give the names of the scientists who
rediscovered Mendelism.

26. What is back cross?
27. Define Genetics.
28. What are multiple alleles

29. What are the reasons for Mendel’s
successes in his breeding experiment?

30. Explain the law of dominance in
monohybrid cross.

31. Differentiate incomplete dominance and
codominance.

32. What is meant by cytoplasmic inheritance

33. Describe dominant epistasis with an
example.

34. Explain polygenic inheritance with an
example.

35. Differentiate continuous variation with
discontinuous variation.

36. Explain with an example how single
genes affect multiple traits and alleles the
phenotype of an organism.

37. Bring out the inheritance of chloroplast
gene with an example.

Glossary

Alleles: Alternative forms of a gene.

Back Cross: Crosses between F, off-springs with
either of the two parents (hybrid) are known as
back cross

F, / First Filial Generation: The second stage
of Mendel’s experiment is called F, generation

Gene: The determinant of a characteristic of an
organism (Mendelian factor). Gene symbols are
underlined or italicized.

54 Classical Genetics
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Genetic Code: The set of 64 triplets of bases
(codons) corresponding to the twenty amino
acids in proteins and the signals for initiation
and termination of polypeptide synthesis.

Genotype: The types of alleles in a single
individual is called genotype

Genome: The total complement of genes
contained in a cell.

Heterozygous: Diploid organisms that have
two different allels at a specific gene locus are
said to be heterozygous.

Homozygous: A diploid organism in which
both alleles are the same at a given gene locus is
said to be homozygous.

Hybrid Vigour or Heterosis: The superiority of
hybrid over either of its parents in one or more
traits.

Locus: The site or position of a particular gene
on a chromosome.

Phenotype: The physical expression of an
individuals gene. The physical observable
characteristics of an organism.

Punnett Square / Checkerboard: A sort
of cross-multiplication matrix used in the
prediction of the outcome of a genetic cross,
in which male and female gametes and their
frequencies are arranged along the edges.
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l UNIT VII: Genetics
Chapter
Chromosomal Basis of
Inheritance

The Learner will be able to

¢ Understand
chromosomal theory of

*,
.0

inheritance.

®,
*

¢ Analyze the three- £l 5
point test crosses and oolBLN
appreciate results in

*

linkage map construction.
< Describe the sex determination in plants.
< Observe and calculate recombination
frequency.
< Differentiate mutation types with examples.

< Explain DNA metabolism in Plants

E Chapter outline

3.1 Chromosomal theory of Inheritance

3.2 Linkage - Eye colour in Drosophila
and Seed colour in Maize

3.3 Crossing over, Recombination and
Gene mapping

3.4 Multiple alleles
3.5 Sex determination in plants.

3.6 Mutation-types, mutagenic agents
and their significance.

3.7 DNA Metabolism in Plants

Inthe previous chapter youhavelearned about
Mendelian genetics, now you are going to be study
with deviations of concepts related to Mendelian
genetics and chromosomal theory of inheritance.
You must recall the structure of chromosome and
cell division from eleventh standard.
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3.1 Chromosomal Theory of
Inheritance

G. J. Mendel (1865) studied the
inheritance of well-defined characters of
pea plant but for several reasons it was
unrecognized till 1900. Three scientists
(de Vries, Correns and Tschermak)
independently rediscovered Mendel’s results
on the inheritance of characters. Various
cytologists also observed cell division due
to advancements in microscopy. This led to
the discovery of structures inside nucleus.
In eukaryotic cells, worm-shaped structures
formed during cell division are called
chromosomes (colored bodies, visualized
by staining). An organism which possesses
two complete basic sets of chromosomes are
known as diploid. A chromosome consists
of long, continuous coiled piece of DNA in
which genes are arranged in linear order.
Each gene has a definite position (locus) on
a chromosome. These genes are hereditary
units. Chromosomal theory of inheritance
states that Mendelian factors (genes) have
specific locus (position) on chromosomes and
they carry information from one generation
to the next generation.

3.1.1 Historical development of
chromosome theory

The important cytological findings related
to the chromosome theory of inheritance are
given below.

e Wilhelm Roux (1883) postulated that the
chromosomes of a cell are responsible for
transferring heredity.

Chromosomal Basis of Inheritance 55
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(1901) was first to
suggest occurrence of distinct pairs of

e Montgomery

chromosomes and he also concluded that
maternal chromosomes pair with paternal
chromosomes only during meiosis.

(1902) supported the
idea that the chromosomes contain

e T. Boveri

genetic determiners, and he was
largely responsible for developing the

chromosomal theory of inheritance.

e WS, Sutton (1902), a young American
student independently recognized a
parallelism (similarity) between the
behaviourofchromosomesand Mendelian
factors during gamete formation.

Sutton and Boveri (1903) independently

proposed the chromosome theory of
inheritance. Sutton united the knowledge of
chromosomal segregation with Mendelian
principles and called it chromosomal theory

of inheritance.

XY red-eyed female white-eyed male

%?oliophila "@' X

3

Female
Drosophila

red-eyed

females

‘ ‘ X X
| T
Somatic Sex red-eyed
chromosomes ~ chromosome females male

Figure 3.1: Structure of somatic and sex chromosomes

in Drosophila and sex linkage
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red-eyed white-eyed

3.1.2 Salient features of the Chromosomal

theory of inheritance

e Somatic cells of organisms are derived
from the zygote by repeated cell division
(mitosis). These consist of two identical sets of
chromosomes. Onesetis received from female
parent (maternal) and the other from male
parent (paternal). These two chromosomes
constitute the homologous pair.

e Chromosomes retain their structural
uniqueness and individuality throughout
the life cycle of an organism.

e Each
determiners or Mendelian factors which

chromosome carries specific
are now termed as genes.

e The behaviour of chromosomes during
the gamete formation (meiosis) provides
evidence to the fact that genes or factors

are located on chromosomes.

3.1.3 Support for chromosomal theory
of heredity

This theory was widely discussed and
controversies by scientists around the
world. However, this debate has been
finally cleared by the works of Thomas
Hunt Morgan (1910) on the fruit
fly Drosophila melanogaster (2n=8).
This fruit fly completed their life cycle
within two weeks. The alleles for red or
white eye colour are present on the X
chromosomebutthereisnocounterpart
for this gene on the Y chromosome.
Thus, females have two alleles for this
gene, whereas males have only one
(Figure 3.1). The genetic results were
completely based on meiotic behaviour
ofthe Xand Y chromosomes. Similarly,
the genes for yellow body colour
and miniature wings are also carried
on the X chromosome. This study
strongly supports the idea that genes
male are located on chromosomes. The
linked genes connected together on sex
chromosome is called sex linkage.
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3.1. Comparison between gene and
chromosome behaviour

Around  twentieth  century  cytologists
established that, generally the total number of
chromosomes is constant in all cells of a species.
A diploid eukaryotic cell has two haploid sets
of chromosomes, one set from each parent.
All somatic cells of an organism carry the
same genetic complement. The behaviour of
chromosomes during meiosis not only explains
Mendel’s principles but leads to new and
different approaches to study about heredity.

Homologous

chromosomes

Chromosome 1 Chromosome 2 | Chromosome 3

Same genes,
same order Non homologous chromosomes
Genes
//gj Genes
%
Different
DNA sequences

GCATTCGAGTCTATAAGCGATGA
Allele-A Allele-a

Figure 3.2: Comparison of chromosome
and gene behaviour

Mendelian factors Chromosomes behaviour
1. Alleles of a factor Chromosomes occur
occur in pair in pairs

2. Similar or dissimilar | The homologous
alleles of a factor chromosomes separate
separate during the | during meiosis
gamete formation

3. Mendelian
factors can assort can separate
independently independently during

meiosis but the linked

genes in the same
chromosome normally do
not assort independently.

The paired chromosomes

Table 3.1: Parallelism between Mendelian factors
and chromosomal behaviour.
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The important aspects to be remembered
about the chromosome behaviour during
cell division (meiosis) are as follows.

e The alleles of a genotype are found in the
same locus of a homologous chromosome
(A/a) (Figure 3.2).

e In the S phase of meiotic interphase each
chromosome replicates forming two copies of
each allele (AA/aa), one on each chromatid.

e The homologous chromosomes segregate
in anaphase I, thereby separating two
different alleles (AA) and (aa).

e Inanaphase II of meiosis, separation of sister
chromatids of homologous chromosomes
takes place. Therefore, each daughter cell
(gamete) carries only a single allele (gene) of
a character (A), (A), (a) and (a).

Organism Number of
chromosomes (2n)

Adde'r s tongue fern 1262
(Ophioglossum)

Horsetail (Equisetum) 216
Giant sequoia 22
Arabidopsis 10
Sugarcane 80
Apple 34
Rice 24
Potato 48
Maize 20
Onion 16
Haplopappus gracilis 4

Table 3.2 : Number of Chromosomes

Thomas Hunt Morgan (1933)
received Nobel Prize in
Physiology or Medicine for his

discoveries concerning the role
played by chromosomes in heredity.

Fossil Genes: Some of the )

~ junk DNA is made up of pseudo
- o genes, the sequences presence
in that was once working genes.

They lost their ability to make proteins. They tell

\ the story of evolution through fossilized parts.
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3.2 Linkage

The genes which determine the character of an
individual are carried by the chromosomes. The
genes for different characters may be present
either in the same chromosome or in different
chromosomes. When the genes are present in
different chromosomes, they assort independently
according to Mendels Law of Independent
Assortment. Biologists came across certain genetic
characteristics that did not assort out independently
in other organisms after Mendels work. One
such case was reported in Sweet pea (Lathyrus
odoratus) by Willium Bateson and Reginald C.
Punnet in 1906. They crossed one homozygous
strain of sweet peas having purple flowers and long
pollen grains with another homozygous strain
having red flowers and round pollen grains. All
the F, progenies had purple flower and long pollen
grains indicating purple flower long pollen (PL/
PL) was dominant over red flower round pollen
(pl/pl). When they crossed the F, with double
recessive parent (test cross) in results, F, progenies
did not exhibit in 1:1:1:1 ratio as expected with
independent assortment. A greater number of F,
plants had purple flowers and long pollen or red
flowers and round pollen. So they concluded that
genes for purple colour and long pollen grain and
the genes for red colour and round pollen grain
were found close together in the same homologous
pair of chromosomes. These genes do not allow
themselves to be separated. So they do not assort
independently. This type of tendency of genes to
stay together during separation of chromosomes is
called Linkage.

wme——Gene 1

=— Gene 1
— Gene 1
| G 2 -—
-——————
L Gene 2 ene Gene 2
Linked genes Unlinked genes Unlinked genes

Figure 3.3: Arrangement of linked and
unlinked genes on chromosome
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Genes located close together on the
same chromosome and inherited together are
called linked genes. But the two genes that are
sufficiently far apart on the same chromosome are
called unlinked genes or syntenic genes (Figure
3.3). Such condition is known as synteny. It is to
be differentiated by the value of recombination
frequency:. If the recombination frequency value
is more than 50 % the two genes show unlinked.
when the recombination frequency value is less
than 50 %, they show linked. Closely located
genes show strong linkage, while genes widely

located show weak linkages.

3.2.1 Coupling and Repulsion theory

The two dominant alleles or recessive alleles
occur in the same homologous chromosomes,
tend to inherit together into same gamete are
called coupling or cis configuration (Figure:
3.5 ). If dominant or recessive alleles are present
on two different, but homologous chromosomes
theyinherit apart into different gamete are called

repulsion or trans configuration (Figure: 3. 6).

Cis AB/ab Trans Ab/aB
A a A a
B ww b b - B

Figure 3.4: Cis-Trans arrangement of genes

3.2.2 Kinds of Linkage

T.H. Morgan found two types of linkage. They
are complete linkage and incomplete linkage
depending upon the absence or presence of

new combination of linked genes.

Complete Linkage
If the chances of separation of two linked
genes are not possible those genes always remain
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Alleles in coupling or cis configuration

Purple flower ’s red flower &

P generation

Long pollen round pollen

PLIPL X pl/pl

Crosses
between P==P P=w=p
homozygous LwwL | - |
parents l l
P- - D
Gamete formation LS -
N —
Purple flower Q
Long pollen
PL/pl
F, Generation
Pe=p
Lewl

Purple flower 's red flower ﬁ

Test cross Long pollen round pollen
Heterozygous F,
crosses with Pewp a0
double recessive L EN X IR
parent
F, Gametes formation y—y—Ly—\ l
Less chance of
crossing over Pw wP =pw=p =p
due to linked Le =] =L =1 -
genes
Fertilization / i 5{ Q

F, Generation

Lww| |ww| Leww| | =]

Purple Purple red red
Long round Long round
With linked genes |  2"n@  Recombinant ~ Parental
non recombinant progeny progenies progeny
progenies are
predominant 44 6 6 44

Observed ratio

Expected ratio

Figure 3.5: Alleles in coupling or cis

configuration

Alleles in repulsion or trans configuration

Purple flower a red flower ﬁ
P generation round pollen Long pollen

PPl X  plipL

Crosses
between P=w=P p==p
homozygous | - | LwwL
parents l l
. - = p
Gamete formation N - L
——
Purple flower a
Long pollen
Pl/pL
F, Generation
Paww- p

I--L

Purple flower a red flower &
Test cross

Long pollen round pollen
Heterozygous F,
Crosses with Pw «p X aa
double recessive | = -l | - -

parent
F, Gametes formation y—y—Ly—\ l

Less chance of

crossing over Pe <P =p=p BP
due to linked

genes

Fertilization %M

P--P P——p p—-p p—-p

F2 Generation Lot o | |t | Ll |
Purple Purple red red
Long round Long round
With linked genes | Recombinant  Parental Recombinant
non reco_mblnant progeny progenies progeny
progenies are
predominant 6 44 44 6
Observed ratio 1T 7 7 1
Expected ratio 1T 1 1 : 1

Figure 3.6: Alleles in repulsion or trans
configuration

together as a result, only parental combinations Incomplete Linkage

are observed. The linked genes are located If two linked genes are sufficiently apart,
very close together on the same chromosome

such genes do not exhibit crossing over. This

the chances of their separation are possible. As a
result, parental and non-parental combinations

phenomenon is called complete linkage. It is are observed. The linked genes exhibit some

rare but has been reported in male Drosophila
(Figure 3.7). C.B Bridges (1919) discovered
that crossing over is completely absent in some
species of male Drosophila.

crossing over. This phenomenon is called
incompletelinkage. This was observed in maize.
(Figure 3.8) It was reported by Hutchinson.
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Complete linkage in male Drosophila

Red eye d purple eye?
. vestigial wings Long wings
P generation
RI/RI X rL/rL
Crosses
between Re =R r r
homozygous | | Lwwl
parents l l
R - r
Gamete formation 8L
— —
Red eye, Long wings
F, Generation T" 1 [
RI/rL
Red eye Purple eye
Vs A Long wings vestigial wings*
Heterozygous F,
Crosses with Re wr X r r
double recessive | = -l | |
parent

F, Gametes formation

o~ . .
Only two types of
gametes because

Ro
lack of crossing | Ii i T
over
Red eye purple eye
vestigial wings Long wings
F, Generation
- r
The offspring exhibit I | L=l
only parental
combinations due to R rL/rl
complete linkage
Observed ratio 1 . 1
Expected ratio 1 1 - 1 A

Figure 3.7: Complete linkage in male Drosophila

3.2.3 Linkage Groups
The groups of linearly arranged linked genes

on a chromosome are called Linkage groups.

In any species the number of linkage groups

corresponds to the number haploid set of

chromosomes. Example:

Name of organism Linkage groups
Mucor 2
Drosophila 4
Sweet pea 7
Neurospora 7
Maize 10

Table 3.3 : Linkage groups in some organisms

60 Chromosomal Basis of Inheritance
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Incomplete linkage in Maize seed

P generation Coloured colourless
full seed . X shrunken seed
Cs/Cs cslcs

Crosses between

homozygous Chm = C ‘e

parents Ses ww S s ws
Gametes formation

Cus &

S-T_s

F1 Generation

Coloured full seed

CSl/cs

Test Cross Coloured colourless
full seed X shrunken seed
Heterozygous F, c 00.
crosses with double | © ™ ™= ¢ il
recessive parent Sww wes Swswss
CSlcs cslcs
Test cross result [Coloured| Coloured | colourless |colourless
full seed | Shrunken full seed | shrunken
Due to crossing seed seed
over re_comgt'”_antd cs/CS | Cs/Cs cS/cS cs/cs
progenies obtaine: o o o o
least in number e 2% 2% 48%

Parental
progeny

Figure 3.8: Incomplete linkage in Maize seed

Parental
progeny

Recombinant
progenies

Linkage and crossing over are two processes

that have opposite

effects. Linkage keeps

particular genes together but crossing over

mixes them. The differences are given below.

Linkage Crossing over

1. The genes It leads to separation
present on of linked genes
chromosome
stay close
together

2. Itinvolves It involves exchange
same of segments between
chromosome | non-sister chromatids
of homologous | of homologous
chromosome | chromosome.

3. Itreduces It increases variability
new gene by forming new gene
combinations | combinations. lead

to formation of new
organism

Table 3.4: Differences between linkage and

crossing over
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3.3 Crossing Over

Crossing over is a biological process that produces
new combination of genes by inter-changing
the corresponding segments between non-sister
chromatids of homologous pair of chromosomes.
The term 'crossing over' was coined by Morgan
(1912). It takes place during pachytene stage
of prophase I of meiosis. Usually crossing over
occurs in germinal cells during gametogenesis. It
is called meiotic or germinal crossing over. It has
universal occurrence and has great significance.
Rarely, crossing over occurs in somatic cells during
mitosis. It is called somatic or mitotic crossing over.

3.3.1 Mechanism of Crossing Over

Crossing over is a precise process that includes
stages like synapsis, tetrad formation, cross over
and terminalization.

(i) Synapsis
Intimate pairing between two homologous
chromosomes is initiated during zygotene
stage of prophase I of meiosis I. Homologous
chromosomes are aligned side by side resulting
in a pair of homologous chromosomes called
bivalents. This pairing phenomenon is called
synapsis or syndesis. It is of three types,
1. Procentric synapsis: Pairing starts from
middle of the chromosome.
2. Proterminal synapsis: Pairing starts from
the telomeres.
3. Random synapsis: Pairing may start from
anywhere.

(ii) Tetrad Formation

Each homologous chromosome of a
bivalent begin to form two identical sister
chromatids, which remain held together by a
centromere. At this stage each bivalent has four
chromatids. This stage is called tetrad stage.

(iii) Cross Over

After tetrad formation, crossing over occurs in
pachytene stage. The non-sister chromatids of
homologous pair make a contact at one or more
points. These points of contact between non-
sister chromatids of homologous chromosomes
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are called Chiasmata (singular-Chiasma). At
chiasma, cross-shaped or X-shaped structures
are formed, where breaking and rejoining of
two chromatids occur. This results in reciprocal
exchange of equal and corresponding segments
between them. A recent study reveals that
synapsis and chiasma formation are facilitated by
a highly organised structure of filaments called
Synaptonemal Complex (SC) (Figure 3.9). This
synaptonemal complex formation is absent in some
species of male Drosophila hence crossing over
does not takes place.

Sister chromatid 1 T
Sister chromatid 2 '&.
Synaptonemal

Synaptonemal
complex

complex
| Sister chromatid 3 J&&%

"L sister ciiromatid 4 [N

Recombination
nodules

Figure 3.9: Structure of Synaptonemal Complex

Non-sister
Prophase | 4 chromatids of
of meiosis ANAN homologous
chromosome
Tetrad
il
Pachytene ‘@ . .
stage of ANSA Chiasma - a site
prophase | g OOv of crossing over
!
Metaphase | A' H
BEbBED
I \
Metaphase Il e e
A 5 B
Recombinants
Daughter
cells

\
Parental type Parental type

Figure 3.10: Mechanism of crossing over
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(iv) Terminalisation

After crossing over, chiasma starts to move
towards the terminal end of chromatids. This is
known as terminalisation. As a result, complete
separation of homologous chromosomes
occurs. (Figure 4.10)

3.3.2 Types of Crossing Over

Depending upon the number of chiasmata
formed crossing over may be classified into
three types. (Figure 3.11)

1. Single cross over: Formation of single
chiasma and involves only two chromatids
out of four.

No cross over

A B

A B

a b RF= 2 X100 = 0%

a b

Single cross over

A B A B

A B a B

a x b ™ A b
|

[
o
Q
o

RF = % X100 = 50%

Two strand double cross over

A B A B
A B a b
DK - B
a b a b
_0 _no
RF = 7 X100 = 0%
Three strand double cross over
A B A B
A B a b
a b — A b
a b a B
RF = % X100 = 50%
Four strand double cross over
A B a B
A B a B
a b — A b
a b A b

IN

RF = — X100 = 100%

N

Figure 3.11: Types of crossing over and its
Recombination Frequency (RF)
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Activity: Solve this

Consider two hypothetical recessive
autosomal genes a and b, where a
heterozygote is testcrossed to a double
homozygous mutant. Predict the phenotypic
ratios under the following conditions:

(a) a and b are located on separate
autosomes.

(b) a and b are linked on the same
autosome but are so far apart that a
crossover occurs between them.

(c) a and b are linked on the same
autosome but are so close together that

K a crossover almost never occurs.

2. Double cross over: Formation of two
chiasmata and involves two or three or
all four strands

3. Multiple cross over: Formation of more
than two chiasmata and crossing over
frequency is extremely low.

3.3.3 Importance of Crossing Over
Crossing over occurs in all organisms like
bacteria, yeast, fungi, higher plants and animals.
Its importance is

e Exchange of segments leads to new gene
combinations which plays an important
role in evolution.

e Studies of crossing over reveal that genes
are arranged linearly on the chromosomes.

e Genetic maps are made based on the
frequency of crossing over.

e Crossing over helps to understand the
nature and mechanism of gene action.

e If a useful new combination is formed it
can be used in plant breeding.

3.3.4 Recombination

Crossing over results in the formation of new
combination of characters in an organism
called recombinants. In this, segments of DNA
are broken and recombined to produce new
combinations of alleles. This process is called
Recombination. (Figure 3.12)
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