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Preface to the Second Edition

In view of the dramatic advances in this rapidly progressing field, Genetics has been updated to
present the most current information available. About 22 years ago when the first edition was
printed, recombinant DNA technology was an emerging field, beginning to find its way into
molecular biology laboratories. Over the years, the invention of new technologies have expanded
recombinant DNA technology significantly. The sequencing of whole genomes, not only of
prokaryotes and eukaryotes, even humans has been achieved successfully. In the scenario that
now exists, sophisticated techniques have become more and more routine and available in many
research laboratories. Bioinformatics has made inroads into, and become an integral component
of molecular biology research. It is now time to develop new approaches for elucidating gene
function and processes involved in running the metabolic machinery of the whole cell.

While modifying text for the second edition of Genetics, the sequence of chapters has not
been changed so that the chronological order of developments in the field is kept in place. I
consider topics in classical genetics not as mere historical landmarks. We cannot underestimate
the work of Gregor Mendel who discovered heterozygosity, and dominant versus recessive traits;
cytologists who explained “sticky ends” in chromosomes; and geneticists who made linkage and
recombination maps accurately. Because today these topics are key elements of research in
recombinant DNA technology and sequencing of genomes. Results of Mendel’s experiments are
still the backbone of pedigree analysis of human genetic disease. All in all, classical genetics
provided the necessary foundations on which the molecular framework could be laid. Therefore,
the student of genetics will do well in first comprehending the basics of genetics, that are
nonetheless exciting, before proceeding to the nucleotide sequence of DNA. The text of Genetics
therefore, gives equal importance to classical and modern genetics, and is intended to be useful
not only for students of genetics, but also for nonspecialists in various disciplines of life sciences
and medicine.

Karvita B. Ahluwalia
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Preface to the First Edition

I have no special gift, I am only passionately curious.
Albert Einstein

Genetics has been written for university students who have had prior exposure to the subjects
of biology and biochemistry. To maintain the balance of the text, equal importance has been
given as far as possible, to discoveries of the Mendelian era, genetic mechanisms in microorgan-
isms and recent advances in gene structure and function. The material of the book has not been
divided into classical, chromosomal and molecular genetics. On the contrary attempts were
made wherever possible, to illustrate the essential unity of the various topics. Due to research
material outpouring in scientific journals, the frontiers of genetics are growing at great speed.
Each topic covered in a chapter consequently is, or is becoming a specialised branch of genetics.
Some effort has been made to provide the earliest as well as the latest in the field. The text has
been organised in view of these facts. Each chapter first introduces the reader to elementary
principles. After the basic knowledge, advanced information is given in increasing depth with
the hope that the reader should get an insight into the recent developments in the field. For an
integrated approach, attempts were made to trace and interconnect the characteristics of
inheritance through the various branches of genetics.

Some of the emerging fields have been covered in detail. These include the left-handed
helix, ribosomes, gene transcription, chromatin structure, genetic regulation, as well as split,
overlapping and movable genes. Special attention has also been paid to the chapters on human
genetics and genetic engineering. While preparing material aimed to benefit the students, I
have drawn upon 18 years of experience in different fields of genetics. If I have succeeded in
these aims, then this book could meet the requirements of undergraduates, and also be of some
use to postgraduate students.

Genetics requires observing traits in nature, solving problems and reading literature. A
set of questions and references are provided at the end of each chapter. The references include
those cited in the text, relevant review articles and papers from journals, providing the student
a variety of ways of entering the literature. The original papers cited from journals like Cell,
Journal of Molecular Biology and some others are for the few interested in pursuing genetics as
a career.

While rapid advances are being made, and new information is flowing in, some challenges
continue to face us. We are still groping in the dark for regulators of gene expression in
eukaryotes. What are the controlling elements that turn genes on and off so that exact quantities
of required proteins are synthesised at any moment is not known. The way the nucleosome gets
folded up into the highly condensed state of a metaphase chromosome is an enigma. And even
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though recombinant DNA technology is receiving tremendous support and attention, the
expression of eukaryotic genes in prokaryotic cells is yet to be achieved. The same is true for in
vivo expression of genes in the field of gene therapy. To add to these, geneticists are now
wondering about cross talk between adjacent chromosomes, about members of gene families
conversing with each other. Sure enough we are still ignorant about the eukaryotic genome.

A number of colleagues provided useful suggestions relevant to different portions of the
book. In particular, I wish to express my gratefulness to Professor R.K. Mishra, Dr. Sushil
Kumar, Dr. M.S. Grewal and Dr. (Mrs.) V. Kothekar for reading some chapters critically and
helpful comments. My appreciation of students who became curious about the subject and shared
its excitement with me. Some of them read beyond their syllabus and even pointed out a couple
of errors. I record my thanks to Kulwant who suggested that I write the book and for constant
encouragement, and to Gurvesh and Isha for being patient throughout.

Karvita B. Ahluwalia
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The Pre-Mendelian Era and Mendelism

Man’s curiosity to know about transmission of hereditary characters is as old as humanity
itself. From the earliest times it had been noticed that the offspring may resemble their parents,
grandparents, or other relations. Around 300 BC the great Aristotle had observed that
peculiarities of hair, nails and even gait may reappear in offspring, that characters not visible
in an individual may also be inherited. It appears that the existence of heredity was taken for
granted. Yet, the rules which govern transmission of characters were not understood.
Explanations were sought everywhere, even in the prevailing beliefs of the time such as magic,
witcheraft, gods and folklore.

Many considered heredity to be some sort of a blending process, because of which the
offspring showed different “dilutions” of the parental characteristics. The concept of blending
inheritance fitted well with ancient thinking as it could explain why some children were more
like their parents whereas others were less. As far back as 400 BC an ancient Greek writer
suggested the role of environment in producing variations in inheritance. The idea appears similar
to the “Theory of acquired characteristics” proposed by Lamarck twenty-two centuries later.

The earliest indications about the material basis of heredity came from plant breeding
procedures practised by farmers who were aware of various techniques of hybridisation and
selection for developing new varieties. In the middle of the eighteenth century Carolus Lin-
naeus (1707-1778) a Swedish taxonomist, and two German plant breeders Josef Gottlieb
Kolreuter (1733—-1806) and Karl Friedrich Von Gaertner (1722—-1850) performed artificial cross
pollinations in plants and obtained hybrid offspring. In 1760 Koélreuter published a book in
which he described 500 plant hybridisation experiments. Although his observations were similar
to those of Mendel, he was not able to interpret them correctly. For example, in the cross
between Nicotiana rustica and N. paniculata he could not understand the vigorous and sterile
nature of the hybrid offspring. Gaertner carried out similar experiments on garden peas, the
very material which Mendel studied successfully a few decades later. In crosses of maize plants
Gaertner found that if one parent has red kernels the other yellow, the hybrids were all of the
yellow type. When these hybrids were self fertilised the second generation showed roughly
three yellow to one red plant—identical to the 3 : 1 ratio found later by Mendel.

It was about the same time, in the first quarter of the nineteenth century that three
British botanists, Knight, Seton and Goss were also experimenting with inheritance of seed
color in garden peas. They observed that a cross between plants with yellow seeds and green
seeds produced all yellow seeded plants in the first generation. On self fertilisation they obtained

1



2 GENETICS

second generation offspring with both yellow and green seeds. Plants with green seeds on self
fertilisation produced only green seeded offspring showing that green seed colour always breeds
true.

The works of all the plant hybridisers were studied and analysed in detail by Mendel.
It is noteworthy that most of the important concepts of Genetics emerged on the basis of classical
experiments done on plants. Among animals, efforts of scientists were focussed on the study of
mode of sexual reproduction. Spallanzani in 1785 obtained offspring from artificial insemination
of dogs. In 1875 Oscar Hertwig observed that in sea urchins, fertilisation involves the union of
sperm nucleus with that of the egg. In human beings the inheritance of some diseases, so well
understood today, was not known at all until the beginning of the twentieth century. It is
however thought that if Mendel’s laws had not been formulated through studies of garden
peas, they would have been discovered in the early part of this century through studies of the
inheritance of blood groups or of inborn errors of metabolism in man.

Although Mendel published his work in 1865, it was not until 35 years later that its
significance was realised when three independent workers published similar results. Due to
the vast impact which Mendel’s work had on the discovery of later concepts, the year 1900 is
considered to represent the birth year of modern Genetics.

I MENDEL AND THE BIRTH OF MENDELISM

One of the peasant families settled in the Czech village of Heinzendorf, then part of Austria,
maintained a farm where developing new varieties of apples was their main occupation. In
this family was born Gregor Johann Mendel in 1822. Mendel grew up in this farm environment
and finished high school at the age of eighteen. Thereafter he tried to become a tutor at the
college in Olmutz but did not succeed. Perhaps due to this failure, or due to lack of money, he
returned to his family farm where he spent one year. After that he did find work as a tutor, but
it seems he could not settle down comfortably due to combined pressures of studying, teaching
and some financial problems. He therefore left Olmutz (now Brno in Czechoslovakia). He started
off as a substitute teacher and in 1848 was ordained as a parish priest. In 1851 Mendel entered
the University of Vienna for training in physics, mathematics and natural sciences. It was at
Vienna that Mendel was influenced by two scientists, Franz Unger a plant physiologist, and
Christian Doppler, discoverer of the well-known Doppler effect in physics. Perhaps Mendel
picked up knowledge here about Kélreuter’s and Gaertner’s hybridisation experiments which
formed part of Unger’s teaching courses. It also seems likely that Mendel sharpened his
mathematical awareness through Doppler’s influence on him. After completing his studies at
Vienna he returned to Brunn in Moravia, Czechoslovakia in 1854 where he continued to work
as priest and as a teacher in high school.

I MENDEL’S EXPERIMENTS

In 1856 Mendel began his experiments on plant hybridisation with garden peas in the monastery
garden. Although similar work had already been done by contemporary botanists, the significant
features of all these experiments had been overlooked because the investigators made overall
observations of all inherited characters instead of collecting and analysing data in a systematic,
mathematical way. This is how Mendel achieved what his predecessors could not. First of all
he concentrated his attention on a single character in his experiments on inheritance. Secondly,
he kept accurate pedigree records for each plant. And third, he counted the different kinds of
plants resulting from each cross. Fourthly, he analysed his data mathematically.
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Mendel’s success is in part also attributed to his choice of material. The garden pea
(Pisum sativum) used in his experiments (Fig. 1.1) offers certain advantages: it is an easily
growing, naturally self fertilising plant; it is well suited for artificial cross pollination therefore
hybridisation (crossing of two different varieties) is easily accomplished; it shows pairs of
contrasting characters which do not blend to produce intermediate types and can be traced
through successive generations without confusion. For example tall and dwarf are a pair of
contrasting conditions for the character height; similarly round and wrinkled seeds are
contrasting forms for the character seed texture. On self pollination each character breeds
true. Mendel worked with seven pairs of characters so that he had 14 pure breeding varieties.

(Y (B) (©)
Fig. 1.1 The pea plant and parts of its flower and pod.

Monohybrid Cross

Mendel crossed varieties of edible peas which showed clearcut differences in morphological
characters (Fig. 1.2) such as colour of flowers (red vs. white), shape of pod (inflated vs.
constricted), colour of pod (green vs. yellow), texture of seed (round vs. wrinkled), colour of
cotyledons (yellow vs. green), flower position (axial vs. terminal) and height of plant (tall vs.
dwarf). He was dusting the pollen of one variety on the pistil of the other. To prevent self
pollination of the female parent, he removed its stamens before the flowers had opened and
shed the pollen. After making the cross he would enclose the flowers in bags to protect them
from insects and foreign pollen.

Mendel’s first experiments explain how a single gene segregates in inheritance. When
Mendel crossed a true breeding tall plant (female parent) with a true breeding plant of the
dwarf variety (male parent), he got tall plants like one parent in the first filial generation
designated F';. He used the term “dominant” for the ¢all character which dominated in the F,
generation, and “recessive” for the character of dwarfness which remained hidden (latent) in
the F| generation. Self fertilisation of the F; hybrids produced the second filial generation F,,
consisting of a total of 1064 plants of which 787 were tall and 277 were dwarf. That is tall and
dwarf plants appeared in F, in the proportion of 2.84 : 1 which is roughly equal to 3 : 1. When
he performed the reciprocal cross by reversing the sexes of the parents, the same results were
obtained showing thereby that it did not matter which plant was used as male or as female
parent. Similarly, Mendel crossed pea plants differing in other characters such as colour of
flowers (red flowered versus white flowered), texture of seed (round versus wrinkled), colour
of cotyledons (yellow versus green). Such a cross which involves only one character from each
parent is called a monohybrid cross. In each case Mendel found one parental character
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dominating in the F; hybrid, and after self fertilisation in F, generation both parental characters
appeared in the proportion of three-fourths to one-fourth. He performed each experiment on
several thousand plants and counted all the plants in F, progeny which gave an average ratio

of 3:1.

1. Flower colour

red

white

7. Height

3. Pod colour

green yellow

tall

5. Cotyledon colour

yellow

green

2. Pod shape

inflated

constricted

4. Seed texture

wrinkled

round

6. Flower position

axial terminal

Fig. 1.2 Characters in pea plant used by Mendel in his crosses.



THE PRE-MENDELIAN ERA AND MENDELISM 5

Segregation of Genes: From his experiments Mendel concluded that each parent
contributes one factor for a character to the F, hybrid. In this way the F| hybrid has two
factors for each character. When the F, hybrid forms gametes the two factors separate from
each other. There is no mixing up of factors thus emphasising the purity of gametes. The
phenomenon of separation became Mendel’s First Principle and was later termed as the Law
of Segregation. This is explained diagrammatically as follows:

P: Tall (true breeding) x Dwarf (true beeding)

Factors: (TT) (tt)

Gametes: T t

F| hybrid: Tall x Self i.e. Tall (Tt)
(Tt)

Gametes: T, t T, ¢t

F,: 3 Tall: 1 Dwarf

(TT, Tt, tT) (¢t)

Terms Used in Mendel’s Crosses

Dominant versus Recessive: When two pure breeding varieties are crossed, the parental
character that expresses itself unchanged in the F, generation hybrids is dominant: the one
that does not appear in F; but appears in F, is called recessive. In the above cross three-
fourths of the F, progeny show the dominant character and one-fourth the recessive character.

Alleles: Factors which control contrasting expressions of a character are said to be alleles
or allelomorphs of each other. In the above cross the character in consideration is height, and
factors 7" and ¢ which control tallness and dwarfness are alleles of each other.

Homozygous and Heterozygous: These terms were coined by Bateson and Saunders in
1902. Mendel had concluded that each character is controlled by a pair of factors. When both
factors are identical such as TT and ¢, the individual is said to be ~omozygous for that character.
When the factors are different (for example T%), the term heterozygous is used. Mendel used
capital letter of the alphabet to denote dominant factors, and small letters for recessive alleles.

Mendel’s factors were later replaced by the term ‘gene’ by a Danish botanist Johannsen
in 1909. The word genotype refers to the genetic constitution of an individual, whereas phenotype
refers to the external appearance or manifestation of a character.

Mendel selfed members of the F, progeny and found that out of the dominant types,
one-third bred true for the dominant character, whereas two-thirds segregated into dominants
and recessives in the ratio of 3 : 1. All the recessive plants of F, generation when selfed bred
true for the recessive character. Mendel found similar results in monohybrid crosses with all
the seven pairs of contrasting characters in Pisum sativum. After eight years of detailed
investigations on thousands of pea plants, Mendel published his results in a paper entitled
“Experiments in Plant Hybridisation” in the Proceedings of the Brunn Natural History Society
in 1866. However, his work received no attention for 34 years until three scientists, DeVries in
Holland, Correns in Germany and Tschermak in Austria working independently published
their findings in 1900 and confirmed Mendel’s results.

The Test Cross: Not satisfied with his work, Mendel himself subjected his results to a
test. In the cross between tall and dwarf pea plants, the F'; hybrids were all phenotypically tall
but their genotypes were not only 77 but also Tt. Consider a heterozygous hybrid plant 7%.
When it forms gametes, the factors 7 and ¢ segregate in the gametes in a 1 : 1 ratio. This means
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that 50% of the gametes of an F| heterozygous hybrid carry the factor T' and 50% the factor ¢.
Mendel crossed such a hybrid plant (7T¢) with a plant of the true breeding, dwarf variety (¢¢).
All the gametes of the homozygous dwarf plant carried the recessive factor . Every gamete of
the recessive parent has 50% chance of combining with a gamete carrying 7' and 50% chance to
combine with a ¢ gamete from the heterozygous parent. This should result in 50% of progeny
showing the tall phenotype and genetic constitution 7¢, whereas 50% of the progeny should be
phenotypically dwarf with genotype ¢ as explained diagrammatically below:

P: Tall (Tt) x Dwarf (t)
Gametes: T(50%), t(50%) All t
Test Cross Tall Dwarf :: 1:1
Progeny: (Tt) ()

50% 50%

Indeed Mendel’s results of this cross agreed with the theoretical expectations thus
providing additional experimental proof of the correctness of his interpretations. Such a cross
where an individual is crossed to a double recessive parent to test and verify the individual’s
genotype is called a testcross or backcross.

In order to determine genotypes of the F, progeny, Mendel allowed the F, plants to self-
fertilise and produce a third filial or F; generation. He found that the homozygous F, tall
plants could produce only tall plants on self-fertilisation. This indicated their genotype to be
TT. Similarly the F, dwarf homozygotes yielded only dwarf plants on selfing; their genotype
was tt. The F, heterozygotes on self fertilising behaved identical to the F; hybrids and gave
rise to tall and dwarf phenotypes in the ratio 3 : 1. This proved that their genotype was identical
to that of F| hybrids i.e. Tt.

It is noteworthy that the genotypes of the parents are written as 77T and ¢t instead of
single T and ¢. This is in accordance with Mendel’s hypothesis that each parent has two factors
for a character. There is also a cytological explanation. The somatic chromosomes of all plants
and animals exist in homologous pairs, one member of each pair coming from the paternal
parent, other from maternal parent. A gene is a section of the chromosomal DNA which has
information necessary for determination of a specific genetic trait. Suppose a hypothetical
gene A occupies a particular site or locus on a given chromosome. The homologous chromosome
contains at the identical locus an alternative gene a which controls the same trait as gene A,
but in such a way as to produce a different phenotype for the same trait. The alternative genes
at the same locus A and a are also called alleles. It is an astonishing fact that though Mendel
knew nothing about genes, he could predict the existence of factors, which later turned out to
be genes. During the reduction division of meiosis (Metaphase I), chromosomes of a pair separate
and go to the opposite poles. Consequently genes or alleles segregate from each other and pass
into different gametes.

Demonstration of Genetic Segregation

Mendel’s F; hybrids (Tt) were all tall plants indistinguishable phenotypically. Sometimes
homozygous and heterozygous plants show phenotypic differences. There is a seedling character
for green pigment in soybeans. The homozygous (GG) soybean plant is dark green, the
heterozygous (Gg) plant light green. The homozygous recessive (gg) produces a golden lethal
seedling which dies in early stages due to lack of green pigment. If the heterozygous plants are
grown to maturity and self pollinated, their progeny will again segregate as dark green, light
green and lethal golden in the ratio of 1:2: 1.
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Differences between homozygous and heterozygous genotypes can sometimes be observed
in the gametes. In rice, sorghum and maize, effect of the gene for waxy endosperm is visible in
the pollen grains. Maize kernels which have waxy endosperm produce starch and stain blue
with iodine; nonwaxy endosperm does not produce starch and stains red with iodine. In maize
gene for waxy endosperm is located on chromosome 9. A homozygous plant with genetic
constitution WxWx produces starch in endosperm and stains blue with iodine. In the
heterozygous plant (Wx wx) the dominant gene causes starch production and the kernels stain
blue with iodine. But kernels on homozygous recessive plants (wx wx) have no starch and stain
red with iodine. If anthers of these plants are treated with iodine, the pollen grains stain in a
similar way. In homozygous plants all the pollen grains stain blue. In heterozygous plants 50%
of pollen grains stain blue (i.e. those containing Wx), whereas 50% stain red (i.e. pollen grains
having wx). In the homozygous recessive plant, all the pollen grains stain red. If breeding tests
are done by self pollinating the heterozygous F', plants, the F', progeny consists of blue staining
kernels (WxWx and Wxwx plants) and red staining kernels (wxwx plants) in the ratio 3 : 1.

The Dihybrid Cross

Mendel made crosses between pea plants differing in two characters such as texture of seed
and colour of cotyledons. Such a cross in which inheritance of fwo characters is considered is
called a dihybrid cross.

First of all Mendel crossed a pea plant that was breeding true for round seeds with a
plant that bred true for wrinkled seeds. The F, indicated that roundness was dominant over
wrinkled texture of seedcoat. Similarly, by another cross he could determine that yellow colour
of cotyledons was dominant over green. He now used as male parent a plant which bred true
for both round and yellow characters and crossed it with a female parent that bred true for
wrinkled green. As expected from the results of his single crosses, the F; was round yellow.
When he selfed the F'; hybrids, the F, progeny showed all the parental characters in different
combinations with each other. Thus plants with round yellow seeds, round green seeds, wrinkled
yellow seeds and wrinkled green seeds all appeared in the ratio 9 : 3 : 3 : 1. Reciprocal cross in
which the female parent was round yellow and male parent wrinkled green gave the same
results.

Mendel applied the principle of a monohybrid cross and argued that in the dihybrid
cross the true breeding round yellow parent must be homozygous RRYY, and the wrinkled
green parent rryy. Since each character is determined be two factors, in a dihybrid cross there
must be four factors present in each parent. Likewise the F; hybrid must be RrYy. But the
question remained as to how did the four different combinations of parental phenotypes appear
in the progeny? Mendel argued that the pair of factors for roundness must be behaving
independently of the pair of factors for yellow colour of seeds. In other words, one factor for a
character must be passing independently of a factor for another character. Thus in the F,
hybrids, R and r pass into different gametes. Now the probability of an R gamete formed is
one-half, and of r gamete also one-half. Similar probabilities exist for Y and y gametes. It
follows that the probability that R and Y should go to the same gamete is one-fourth, as also of
R and y, r and Y, and r and y. Therefore, gametes containing factors RY, Ry, rY and ry should
form in equal proportions.

The F, hybrid producing the four types of gametes mentioned above was selfed. The
results expected in the F, progeny can be predicted by making a checkerboard or a Punnett
Square. Gametes produced by one parent are plotted on top of the checkerboard, and gametes
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of the other parent on the side. The sixteen squares of the checkerboard are filled up by making
various possible combinations of male and female gametes during fertilisation. The phenotypes
read out from the checkerboard indicate a 9 : 3 : 3 : 1 ratio exactly as observed by Mendel.

p: Round Yellow x Wrinkled Green
RRYY rryy
Gametes: RY ry
F: Round Yellow x  Self (Round Yellow)
RrYy RrYy
Gametes: RY, Ry, rY, ry RY, Ry, rY, ry
RY Ry rY ry

RY RRYY RRYy RrYY RrYy

Ry RRYy RRyy RrYy Rryy

rY RrYY RrYy rrYY rrYy

ry RrYy Rryy rrYy rryy

As in the case of the monohybrid cross, Mendel verified his results by performing the
test cross. He crossed the F'; hybrid heterozygous for both characters with a double recessive
parent (rryy) which should produce only one type of gamete ry. The uniformity in the gametes
of the recessive parent determines the differences in the types of gametes produced by the
heterozygous parent. Now the hybrid RrYy produces gametes carrying RY, Ry, rY and ry with
equal frequency. It follows that during fertilisation if all these four types of gametes unite
with ry gamete of the recessive parent, the resulting progeny should show all the four
combinations of characters also in equal proportions. Indeed, Mendel observed the testcross
progeny to consist of Round Yellow, Round Green, Wrinkled Yellow and Wrinkled Green plants
intheratiol:1:1:1.

F: Round Yellow x Wrinkled Green
RrYy rryy
Gametes: RY, Ry, rY, ry ry
RY Ry rY ry
F,: ry RrYy Rryy rrYy rryy

From the results of his dihybrid crosses, Mendel realised the following facts. At the time
of gamete formation the segregation of alleles R and r into separate gametes occurs
independently of the segregation of alleles Y and y. That is why the resulting gametes contain
all possible combinations of these alleles, i.e. RY, Ry, rY, ry. In this way Mendel proved that
when two characters are considered in a cross, there is independent assortment of genes for
each character, and this became the Law of Independent Assortment.

Trihybrid and Multihybrid Crosses

Mendel extended his observations to trihybrid crosses involving three pairs of contrasting
characters. The characters he considered were: seed shape—smooth (S) vs. wrinkled (s); colour
of cotyledons—yellow (Y) vs. green (y); and flower colour—violet (V) vs. white (v).
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P: Smooth Yellow Violet X Wrinkled Green White
SSYYVV $Syyvv
Gametes: SYV Syv
F: Smooth Yellow Violet x Self
SsYyVvu
Gametes: SYV, SyV, SYv, Syv,

sYV, syV, sYv, syv
F,: 27 Smooth Yellow Violet: 9 Smooth Yellow White
9 Smooth Green Violet: 9 Wrinkled Yellow Violet
3 Smooth Green White: 3 Wrinkled Yellow White
3 Wrinkled Green Violet: 1 Wrinkled Green White.

The F, hybrid produces 8 types of gametes. These on selfing have equal chances to
combine with any of the 8 types of gametes produced by the other parent resulting in 64
different combinations. All the dominant phenotypes are expressed. In this way it is possible
to predict genotypes and phenotypes in F,, of crosses involving more than 3 genes (multihybrid
crosses). In each case number of gametes formed by F, heterozygote is determined by the
formula 2", where n represents the number of characters. Thus in a trihybrid cross 23 = 8
gametes result. In a cross involving 4 characters, 2* = 2 x 2 x 2 x 2 = 16 gametes must result.
The number of F, phenotypes resulting from selfing F, hybrid is a square of the number of
gametes. Thus in a trihybrid cross there are 8 x 8 = 64 phenotypes, in a tetrahybrid cross 16 x
16 = 144 phenotypes, and so on.

The experiments of Mendel laid the foundations of our knowledge of heredity. After
seven years of detailed investigations he formulated his Principles and presented them at two
meetings of the Natural History Society of Brunn in 1865. His results were published in the
Annual Proceedings of the Society in 1866, which was distributed in the libraries of Europe
and America the same year. But, unfortunately, nobody paid attention to this work and it
remained unrecognised for 34 years. It was only in 1900 that three scientists—Correns in
Germany, DeVries in Holland and Tschermak in Austria independently rediscovered the same
principles of heredity, and the significance of Mendel’s work was realised.

| QuEsTiONS

1. Name two plant breeders of the 18th century who knew those hybridisation techniques which
Mendel had used in his experiments. Why did they not succeed as Mendel did?

2. When a pure breeding brown cat is mated to a pure breeding white cat, all the kittens born are
brown. What results would you expect when an F, brown kitten is mated with

(a) a pure breeding white cat;
(b) another F, brown kitten;
(c) a pure breeding brown cat.

3. When the brown kittens of the above cross grow up, they can no longer be distinguished from the
brown mother cat. Suggest a cross which could identify the parent brown cat from among its F;

progeny.
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4. An ambitious plant breeder wanted to raise true breeding maize plants with kernels rich in
starch grains. He applied the iodine test to split maize kernels and found out which seeds could
produce plants with waxy endosperm. By what method could he find out which seeds would
produce true breeding plants for starch-filled kernels.

5. In man brown eyes (B) are dominant over blue (b). A brown eyed man married to a brown eyed
woman has a blue eyed child. What would be the genotypes of the parents?

6. In sweet peas yellow seed coat (Y) is dominant over green (y), and round seed shape (R) is domi-
nant over wrinkled (). What phenotypic ratios would be obtained in F, progeny of the following

crosses:
(a) YYRR x YYRr; (b) yyRr x YyRr;
(¢) Yyrr x yyrr; (d) YyRr x yyRR.

7. A cross between yellow round and green wrinkled seeded pea plants gave the following four
types of progeny in equal proportions: yellow round, yellow wrinkled, green round and green
wrinkled. What are the genotypes of the parents?

8. In man brown eyes (B) are dominant over blue (b), dark hair (D) over red hair (d), and right
handedness (R) over left handedness (r). What would be the outcome of marriages between per-
sons of the following genotypes:

(a) BBDdRr x BbDdRR
(b) bbDdRr x BBDDRR
(¢) BbDDRr x bbddrr
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Interaction of Genes

The phenotypic ratios obtained by Mendel in garden peas demonstrate that one gene controls
one character; of the two alleles of a gene, one allele is completely dominant over the other.
Due to this the heterozygote has a phenotype identical to the homozygous parent. Soon after
Mendel’s work was rediscovered, instances came to light where a gene was not producing an
individual effect. On the contrary, genes were interacting with each other to produce novel
phenotypes which did not exhibit dominance relationships observed in Mendel’s experiments.

In one of the first cases reported by Kolreuter, the heterozygote showed a phenotype
intermediate between the parental phenotypes. This was termed incomplete dominance or
intermediate inheritance. In codominance the heterozygote expresses both the parental
phenotypes equally. Sometimes a gene masks the expression of another gene at a different
locus. This is known as epistasis. On still other occasions a gene does not completely mask
another gene as in epistasis, but, in some way modifies the effect of the second gene. Known as
modifying genes, such genes either enhance or suppress the expression of a different gene.
Interaction between genes enables some genes to act together to produce an effect that neither
gene can produce separately. Such genes are said to be complementary. There are genes that
copy other genes, so to say, to produce a similar effect. Thus independent genes that produce
the same effect are given the name duplicate genes. Lastly, but most serious are genes causing
death. They are known as lethal genes.

I INCOMPLETE DOMINANCE

A monohybrid cross between a red-flowered snapdragon (Antirrhinum majus) and a white
flowered variety does not produce red or white flowered plants in F', as expected from mendelism.
Instead the flowers are pink, i.e. intermediate between the two parents. This is because neither
red flower colour nor white is dominant, but each allele has its influence in color development
and the hybrid appears pink. If the F, pink flowers are self-pollinated, the F, progeny shows
red, pink and white flowered plants in the proportion 1: 2 : 1. It may be recalled that this is the
same genotypic ratio that Mendel obtained in garden peas. The difference is that in the present
case the heterozygous progeny is distinct in appearance from the homozygotes. The name
intermediate inheritance is also given to crosses where F| hybrids show incomplete or partial

1
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dominance with no phenotypic resemblance to either parent. This type of inheritance has been
found in crosses involving many other plants.

| cobomiNANCE

In 1900 Bateson and his colleagues studied inheritance of comb shape in fowls. There are four
types of combs in fowls: rose, pea, walnut and single. Bateson first performed a cross between
rose and single. The F, hens all had a rose comb, and on inbreeding gave rise to an F,, progeny
of rose and single in the ratio 3 : 1. The cross indicates that rose and single comb are controlled
by a single gene and that rose is dominant over single. In the second cross when chickens with
pea comb were mated with single comb, the F; progeny had pea comb, and F, had pea and
single in the proportion 3 : 1. Obviously, the gene for pea comb is dominant over single. This
raises an interesting question—are the genes for rose and pea comb same or different? Bateson
then crossed rose and pea. Surprisingly, the F| birds had an altogether different comb of the
walnut type! An F, progeny raised by inbreeding the walnut type consisted of four types of
chickens—walnut, rose, pea and single (Fig. 2.1) in the ratio 9 : 3 : 3 : 1. As this ratio is typical
for dihybrid inheritance it became clear that rose and pea combs were controlled by two pairs
of genes.

Rose Pea Walnut Single

Fig. 2.1 Comb types in fowls.

P: Rose comb X Pea comb
RRpp rrPP
Gametes: Rp rP
F: Walnut X Walnut
RrPp RrPp
Gametes: RP, Rp, rP, rp
F,: 9Walnut : 3Rose : 3Pea : 1 Single
RRPP RRpp rrPP rrpp
RrPP Rrpp rrPp
RRPp
RrPp

The appearance of walnut comb in F, of cross between rose and pea shows that both of
the independent dominant genes P and R are jointly responsible for the walnut comb. When
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present together in the zygote, P and R genes interact to produce the walnut comb. When
present alone, they produce rose or pea comb. The recessive alleles of rose and pea combs
produce the fourth type of chicken with the single comb.

Another example where the heterozygote can be recognised distinctly is offered by the
“roan” (reddish grey) coat colour of short horn cattle. When homozygous red-haired cattle are
crossed with homozygous white-haired type, the F, has reddish grey hair and is designated
“roan”. It must be noted that there is no mixture of red and grey pigments in a roan. But some
hair are all red, others all white, so that the final effect is a reddish grey coat colour. The cross
therefore demonstrates a difference from intermediate inheritance. In F,, codominant genes
segregate in the ratio 1: 2 : 1.

P: Red X White
rry roly
F: “Roan” (reddish grey) x “Roan”
rre rry
F,: 1Red : 2 “Roan” : 1 White

The ABO blood group system in man is controlled by multiple alleles of a gene I, each
allele producing a different antigen. Likewise there are four blood group phenotypes in man
designated A, B, AB and O. Individuals with blood group O have no antigen, whereas those
with AB represent heterozygotes in which both A and B antigens are present. The AB
heterozygote has both dominant alleles 4 and I? equally expressed to produce distinct A and
B antigens. Similarly, the rare blood group MN also shows both M and N antigenic specificities
expressed equally in the heterozygote.

| erisTASIS

Due to the phenomenon of dominance a recessive allele remains obscure in the hybrid. But
when two different genes which are not alleles, both affect the same character in such a way
that the expression of one masks, inhibits or suppresses the expression of the other gene, it is
called epistasis. The gene that suppresses is said to be epistatic, and the gene which remains
obscure is hypostatic.

Dominant Epistasis

In poultry white birds belong to two different varieties namely white leghorns or white
wyandottes. Experiments reveal that the gene for white plumage of white leghorns is dominant
over the gene for coloured plumage of coloured varieties. But the gene for white plumage of
white wyandottes is recessive to the gene for coloured plumage of coloured varieties. Therefore
the gene which produces white plumage in white leghorns is different from the gene for white
plumage in white wyandottes.

A cross between a white leghorn and a white wyandotte gives an F; of white birds with
small dark flecks. When such birds are inbred, the F, progeny segregates in the ratio of 13
white to 3 coloured birds. The experiment is explained below by postulating two genes C and
for the white leghorns:
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P: White Leghorn x White Wyandotte
Iicc tice
Gametes: IC ic
White with small
F: dark flecks x Inbred
IiCe
F,: White : Coloured
13 3

A checkerboard for the 16 phenotypes and genotypes of the F, birds indicates that only
three out of sixteen genotypes, that is iiCC, iiCec, iiCc produce coloured birds. The white leghorns
obviously contain a gene I, which in the dominant state inhibits or suppresses the expression
of the dominant colour gene C, resulting in white plumage. The recessive alleles of the inhibitor
gene (i) produce coloured birds due to expression of gene C. In other words gene I is epistatic
to gene C. This is a case of dominant epistasis because even one dominant allele of gene I is
able to express itself.

Recessive Epistasis

Epistasis due to recessive genes is called recessive epistasis. In mice albinism (white coat) is
produced by a recessive gene aa. There is a different gene B which in the dominant state
(BB and Bb) produces grey coat colour called agouti, and when recessive (bb) leads to black
coat colour. The recessive gene for albinism (aa) is found to be epistatic to the gene for agouti
(BB and Bb), and also to its recessive, homozygous allele (bb) for black. The presence of the
dominant allele (AA) of the epistatic gene allows expression of gene B so that agouti (BB and
Bb) and black (bb) coat colours can be produced (Fig. 2.2).

P: Agouti x Albino
AABB aabb
Gametes: AB ab
F: Agouti X Agouti
AaBb AaBb
Gametes: AB, Ab, aB, ab
AB Ab aB ab
AABB AABb AaBB AaBb
AB Agouti Agouti Agouti Agouti
AABb AAbD AaBb Aabb
Ab Agouti Black Agouti Black
AaBB AaBb aaBB aaBb
aB Agouti Agouti Albino Albino
AaBb Aabb aaBb aabb
ab Agouti Black Albino Albino

F,: 9 Agouti 3 Black : 4 Albino
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agouti agouti
Aa Bb Aa Bb

9 agouti : 3 black : 4 albino
Fig. 2.2 Inheritance of the coat colour gene in mouse illustrating recessive epistasis.

The 9 : 3 : 4 ratio obtained is a modification of the classical 9 : 3 : 3 : 1 in which the last
two classes (3 : 1) are phenotypically identical and are therefore added up together. In human
beings also the recessive gene for albinism shows epistasis in a similar manner. Epistatic
effect is usually only in one direction, from one particular gene pair to another.

Epistasis in Drosophila

There are two recessive wing mutants in Drosophila: apterous (ap) which produces small stubby
wings instead of the normal transparent ones; the other called cubitus interruptus (ci) which
causes a small interruption in the fourth longitudinal vein (Fig. 2.3). When the two mutants
are used in a dihybrid cross, the F, progeny segregates in the ratio of 9 normal: 3 interrupted
vein: 4 apterous wing.
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normal cubitus interruptus

Fig. 2.3 Normal and interrupted veins in lateral wings of Drosophila.

P: apterous X interrupted vein
aplap+/+ +/+Ci/Ci
Gametes: ap+ +Ci
F: Wild type X Inbred
ap/+Ci/+
F,: 9 Wild type : 3 interrupted vein : 4 apterous wing.

In the cross above, the presence of the homozygous recessive mutant gene for apterous
wing (ap/ap) marks the expression of the gene for interrupted vein.

Epistasis and Blood Groups in Man

In the ABO blood group system, a person with blood group A has antigen A on the surface of
red blood cells; a blood group B person has B antigen: an AB person has both A and B antigens,
whereas type O has neither A nor B antigen. The antigens are controlled by an autosomal gene
I (isohaemaglutinin) which has multiple alleles. Thus I* controls antigen A, IZ controls antigen
B. The recessive allele i produces no antigen and results in phenotype O.

Certain proteins present in the blood serum of a person show a precise relationship with
the red cell antigen. These proteins are the agglutinins or antibodies. Thus the serum of an
individual with blood group A has antibodies against antigen B, whereas the serum of a blood
group B person is anti-A. In persons with blood group AB where both antigens A and B are
present, the serum has neither antibody A nor B; individuals with blood group O have both
types of antibodies.

It has been found that there is another gene H which controls production of a precursor
substance H. In persons of blood type A, having gene I4, precursor H gets converted into antigen
A under control of gene I4. Similarly when gene I? is present, H gets converted to antigen B. In
the presence of the recessive allele i in type O persons, precursor H is not converted and
remains as such in the blood. It can be agglutinated by anti-H or by such substances as an
extract of the seeds of a plant Ulex europeus or blood of eel. In persons of heterozygous blood
groups such as I“/i or IB/i only part of the H substance which is unconverted is agglutinated. In
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AB persons there is likewise no agglutination of H substance. It is found that most human
beings are homozygous (HH) for gene H, few are heterozygous (Hh), and very rarely a
homozygous recessive (hh) individual is met with that cannot produce any H substance at all.
Such a person may have any blood group phenotype from the ABO system, but his red cells are
not agglutinated by anti-A, anti-B, anti-H. First discovered in Bombay, India, a homozygous
recessive (hh) person is said to show the Bombay phenotype. It demonstrates epistatic action of
hh gene over I gene.

The secretor trait in humans also shows epistatic effect of genes. Just as red blood cells
carry antigens on their surface, most persons have these antigens in a water soluble form in
some body secretions such as saliva, gastric juice, fluids from nose, eyes and mammary glands
of females. Such individuals are known as secretors. In a few persons regardless of blood group
present, there are no antigens in body secretions. They are known as nonsecretors. The secretor
trait is due to a dominant autosomal gene Se, whose recessive allele sd results in a nonsecretor.
The dihybrid inheritance pattern of secretor trait and blood groups has been studied in a large
number of families. Marriages between two double heterozygotes for both blood groups and
secretor trait, i.e., [4iSese x I4iSese or IBiSese x IBiSese show progeny phenotypes in the ratio
9:7 indicating epistatic interaction of genes.

HiSese x  IiSese

Gametes: IASe, Hse, iSe, ise
IASe Mse iSe ise
IASe | I“I*SeSe | I*I“Sese I4iSeSe IAiSese
HMse IATASese Asese IAiSese Misese
iSe I4iSeSe IAiSese iiSeSe iiSese
ise IAiSese isese iiSese iisese

The checkerboard shows that there are 9 individuals showing both dominant phenotypes
(blood group A secretors), 3 type 0 secretors and 4 nonsecretors. The data indicate epistatic
interaction of genes.

I COMPLEMENTARY GENES

Bateson and Punnett crossed two different white flowered varieties of sweet pea and obtained
an I, progeny of red flowered plants. On self pollination the F, plants gave an F, progeny of 9
red and 7 white flowered plants. Single crosses between the red flowered variety and the two
different white flowered varieties showed that the gene for red colour was dominant over the
gene for each of the two white varieties.

The cross between the two white varieties can be explained by assuming two genes for
red colour which must be present together, i.e., must act in a complementary way to each
other. Thus each gene independently contributes something different but essential for synthesis
of red pigment. If one of the two genes for red colour is absent, the result is a white flower. This
explanation can be verified by making a checkerboard.
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The inheritance of the colour of aleurone layer in corn also demonstrates interaction of
complementary genes. The outermost layers of endosperm in the maturing corn kernels become
modified into a specialised aleurone tissue, so named because the cells have rich deposits of
aleurone grains. In corn the aleurone layer is coloured due to anthocyanin pigments in the
cells, and is controlled by complementary effect of two genes.

| DUPLICATE GENES

When two or more genes have the same effect on a given trait, they are referred to as duplicate
genes. In maize the gene for yellow endosperm is dominant over white endosperm. A pure
breeding yellow endosperm plant when crossed to a white endosperm plant yields yellow
endosperm in F,. On self pollination of F, hybrids an F, generation of 15 yellow and 1 white
endosperm is obtained. The yellow endosperm results from two independent dominant genes
Y, and Y,. When any one of these two dominant genes or both together are present, yellow
endosperm is produced. When only recessive alleles are present in the homozygous condition
(y1¥1Y5Ys) it forms white endosperm. Thus the dominant genes Y, and Y, have an identical
effect on endosperm colour and are consequently termed duplicate genes or isogenes.

In human beings 3 different genes can produce up to 12 similar lactic dehydrogenase
enzymes called isozymes or isoenzymes. Lactic dehydrogenase consists of four polypeptide chains
each of which is coded for by two different genes A and B. A third gene C codes for yet another
polypeptide chain that is present in lactic dehydrogenase found in male germ cells.

| POLYMERIC GENES

In Cucurbita pepo (summer squash) fruit shape could be spherical or cylindrical. The spherical
fruit shape is dominant over cylindrical and is controlled by two independent genes. Thus
there are two different varieties of spherical fruit plants. When two such genetically different
spherical fruit plants are crossed, the F'; progeny shows a novel fruit shape—discoid. Self
pollination of | discoid fruit plants produces an F, generation with all the three fruit shapes,
i.e., discoid, spherical and cylindrical in the proportion 9 : 6 : 1.

P: Spherical X Spherical
S,8:555, 5,5:95S,
Fi: Discoid x self
S.5,5,5,
F,: 9 Discoid : 6 Spherical : 1 Cylindrical

Out of the six spherical fruit plants of F, generation, three plants belong to one variety
and have the dominant gene S;. The other three spherical fruit plants belong to a genetically
different variety with another dominant gene S,. Due to an additive effect of genes S, and S,
(also designated as polymeric effect), the discoid shape is produced.
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] MODIFYING GENES

As more and more instances of gene interaction were discovered, the earlier notion that one
gene controls one phenotype independently of other genes had to be discarded. In reality an
observed phenotype is the result of many complex processes within an organism. It is reasonable
then that many genes should be involved in the final expression of a trait. There is a large
group of genes that come under a general heading or modifiers which influence the activity of
other genes and change their phenotypic effects. The modifying effect may be quantitative so
that the expression of a phenotype is either enhanced or suppressed.

There is a recessive suppressor gene (su) in Drosophila which suppresses the effect of a
mutant gene for hairy wing (Hw) so that even homozygous flies (HwHuw) fail to develop hair on
their wings. The same gene (it is also known as su-Hw) reduces the expression of a few other
mutant phenotypes such as the ones caused by genes for interrupted wing veins and forked
bristles. Another suppressor gene (su-S) in Drosophila is restricted in its action so that it
reduces the expression of only one dominant gene which controls star eye shape.

In human beings the occurrence of minor brachydactyly (a form of brachydactyly in
which only the index finger is of shorter length) in Norwegian families is due to a dominant
gene B. There is a modifier gene M which modifies the effect of gene B to produce variable
phenotypes. Thus in individuals with both genes B and M, the index finger is very much
shortened. Persons having gene B and recessive alleles of the modifier gene (mm) show only a
slight shortening of the same finger. Modifier genes by themselves do not seem to produce a
visible phenotype.

| LETHAL GENES

So far we have discussed modifications in Mendelian ratios caused by interaction of genes.
Lethal genes can also alter the basic 9 : 3 : 3 : 1 ratio and lead to death of an organism.

Dominant Lethals

The yellow body colour in mice is dominant over brown, but the yellow mice are never true
breeding. When yellow mice are inbred, the progeny consists of yellow and brown mice in the
ratio 2 : 1 which does not fit any of the Mendelian expectations. Moreover, the litter size after
inbreeding is smaller by one-fourth as compared to litter size resulting from a cross between
yellow and brown. When yellow mice were backcrossed to true breeding brown mice, only
heterozygous yellow mice were obtained.

Yellow X Yellow Yellow x Brown
Yy b Yy Yy b vy
2 Yellow : 1 Brown 1 Yellow : 1 Brown
Yy Yy Yy Yy

Why were homozygous yellow mice never born? The answer came from a French geneticist
L. Cuénot. He sacrificed Yy pregnant females after inbreeding and examined the embryos to
determine if death occurred in embryonic stages or not. Indeed, one-fourth of the embryos
were observed to die in late stages of development. Thus only heterozygous yellow and brown
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mice in the ratio 2 : 1 were being born. The ratio 1 : 2 : 1 expected when a cross between two
heterozygotes is made was never obtained proving the lethal expression of the homozygous
yellow gene.

The brachyury gene (I) in mouse is lethal in the homozygous state, and when heterozygous
the animal survives, but with a short tail. Embryos homozygous for brachyury show complete
absence of notochord, a few abnormalities and die in utero. When two short tail mice
heterozygous for brachyury are crossed, the viable offspring produced show a phenotypic ratio
of 2 short tail : 1 normal tail (Fig. 2.4). In quite a few plants including maize, soybean and
Antirrhinum (snapdragon) there is a dominant lethal gene which interferes with the process
of photosynthesis and chlorophyll is not synthesised. Young seedlings which emerge from a
seed carrying the homozygous dominant gene are yellow and die at a very young stage due to
starvation. The heterozygous seedlings are light green in colour and able to survive.

Ii
Short tail Short tail

II E
embryo
aborts

1 normal tail

2 Short tail

Fig. 2.4 Inheritance of the lethal gene for brachyury in mouse.

In all the cases of dominant lethal genes described above, the homozygous state of the
gene leads to early death, whereas the heterozygote is viable. Perhaps the most serious effect
a gene can have is to cause death even in the heterozygous state. The gene causing Huntington’s
chorea in man expresses itself when a single dominant allele is present. Whether homozygous
or heterozygous, the phenotype of the disease becomes visible at middle age, usually after
forty years. The individual suffers from muscular failure, mental retardation and finally death.
Since the onset of Huntington’s chorea is much after the start of the reproductive period, the
gene can be transmitted to the next generation of offspring.

Another dominant gene which causes epiloia in human beings leads to death in early
stages of life even in the heterozygous condition due to severe mental defects, tumours and
abnormal skin growths. Dominant lethal genes which express lethality at an early stage in life
are not detectable in the population.

Recessive Lethality

The recessive lethal gene remains unnoticed in the population because it does not produce a
visible phenotype in the heterozygous state. In fact it may be transmitted through heterozygous
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carriers for many generations without being detected. Consequently, a larger number of
recessive lethal genes are known as compared to the dominant lethals.

There is a recessive lethal gene in man which causes death of newborn infants by
producing internal adhesions of the lungs. A foetus homozygous for this gene completes its
embryonic development with the help of oxygen supplied by the maternal blood. But death
occurs soon after birth when the lungs fail to function normally. Such a recessive lethal gene is
carried in heterozygous individuals without producing harmful effects. It is detected only when
two heterozygous persons marry and about one-fourth of their children die after birth, as they
receive both recessive alleles from their parents.

Another recessive lethal gene in humans known as Tay Sachs disease causes death of
young children. Individuals homozygous for this gene lack one of the enzymes needed for the
normal metabolism of fatty substances. The phenotype of the disease becomes visible after the
first one year when fatty substances accumulate in the nerve sheaths. The transmission of
nerve impulses becomes affected leading to loss of muscular control and mental deficiency.
Within a few years the individual dies.

In humans there is a good chance of expression of recessive lethal genes in offspring of
first cousin marriages. The single allele of the gene may have been present in the normal
ancestors. It is only when the two alleles combine in the offspring of closely related persons
that lethality is expressed.

In mouse hydrocephaly is due to a recessive lethal gene. During embryonal development
there is abnormal growth of cartilage. This leads to irregularities in formation of skull and
brain and excessive accumulation of cerebrospinal fluid. Embryos carrying the homozygous
gene do not survive. The heterozygotes are phenotypically normal.

There is a recessive lethal gene in the beef producing cattle (dexter) in England. Dexter
is the heterozygous breed which is highly prized for the larger quantity of beef meat it can
produce. The common breed of cattle known as Kerry has two homozygous dominant genes, is
normal like the dexter but produces less meat. When two dexters are crossed the progeny
consists of 1 kerry : 2 dexters : 1 bulldog. The bulldog calf carries two recessive lethal genes,
has very short legs, a few abnormalities and dies soon after birth.

Sex-Linked Lethals

This is a system in which the lethal gene is carried on the sex chromosome, usually X. In
Drosophila, sex-linked recessive lethals are frequently employed to detect mutations. A recessive
lethal gene carried on the X chromosome is especially important in the hemizygous male
individuals because it can express lethality when only a single allele is present. The presence
of a lethal X-linked gene can also alter the sex ratio so that more females are born instead of
the expected ratio of 1 female : 1 male. Thus a female carrying a recessive lethal gene will
produce a progeny in which one-half of the male offspring would not be viable. The disturbance
in sex ratio is clearly visible in organisms like Drosophila which produce a large progeny. In
human beings, existence of sex-linked lethal genes is suspected in those families where female
births occur far more frequently than male births.

In human beings lethal effects among the progeny may be caused accidentally by radiation
(X-ray) treatment of the reproductive organs of the parents. According to a study by R. Turpin
in France, when women receive X-ray exposures in the pelvic region for abdominal ailments,
recessive lethal mutations are induced in the X chromosome present in the ovum. Such a
woman produces more females and very few males in the progeny. If the male parent is exposed
to X-rays and dominant lethal mutations are induced on his X chromosome, there will be more



22 GENETICS

boys in the progeny and few females. This is because the single X chromosome is passed to the
daughters resulting in their death.

Muscular dystrophy (duchenne type) is due to an X-linked recessive gene which shows a
visible phenotype many years after birth. Boys having this gene are normal for about 10 years
after which there is failure of muscular control and death results.

Conditional Lethals

Sometimes an organism lives normally under one set of conditions, but when certain changes
are introduced in its environment, lethality results. One of the first conditional lethals known
was recognised by Dobzhansky in Drosophila pseudoobscura. The flies live normally at a
temperature of 16.5°C, but at 25.5°C the flies die. Similarly in the wasp Bracon hebetor the
mutant gene which produces kindey-eyes at lower temperatures expresses lethality at a
temperature of 30°C.

A number of conditional lethals have been described in Drosophila melanogaster by
Suzuki in 1970. He has indicated that certain mutant strains became lethal when they were
exposed to high temperatures only during the late larval stages. This is called the temperature-
sensitive stage. If the larvae are kept at low temperatures during the specific temperature-
sensitive stage, the flies born can live normally even at high temperatures throughout their
life cycle. Perhaps a specific gene product—an enzyme or a protein becomes altered, causing
death if the larvae are exposed to high temperature during the critical period. In fact with this
perspective, conditional lethals are being studied extensively in micro-organisms for analysing
genes, enzymes and proteins.

In poultry there is a recessive gene which causes feathers to break off. Chickens
homozygous for this gene become devoid of feathers but are able to live normally if they are
kept in a relatively warm environment. But if the temperature falls below the optimum, the
chickens die due to lack of insulation provided by normal feathers.

Conditional lethals have been well studied in some haploid organisms such as yeasts,
Neurospora and others. It is easy to study lethal genes in haploid organisms because the presence
of even a single allele results in lethality. The wild type Neurospora is able to grow on a medium
deficient in the amino acid arginine because it produces all the necessary enzymes required for
synthesis of arginine from sugar and ammonia. But a mutant strain of Neurospora will not be
able to grow on the same medium. A strain of yeast that grows normally on a glucose medium
can show lethal effects if grown on a medium containing galactose. The mutant gene therefore,
acts as a conditional lethal.

Early and Late Acting Lethals

The earliest stage at which lethal genes can act is evident from studies on mutations in gametes.
Normal gametes are more viable and have better chances of effecting fertilisation and producing
zygotes. The lethal genes are eventually lost with the death of unfertilised gametes. Such
genes are referred to as gametic lethals. The phenomenon by which a certain class of gametes
is specifically inhibited from taking part in fertilisation has been termed meiotic drive by Sandler
and Novitski. There is a gene called segregation distorter (SD) present on the second
chromosome of Drosophila. The dominant allele of this gene does not allow gametes to
participate in fertilisation. Thus only gametes bearing the recessive allele (sd) are able to
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fertilise eggs and produce viable zygotes. Since this also results in distortion of typical Mendelian
ratios, the name segregation distorter has been given to this gene.

There are lethal genes that act after zygote formation resulting in embryonic death. In
experimental animals such as the mouse, it is possible to determine this lethal effect by
sacrificing impregnated females and analysing the dead embryos. If, however, death occurs
very early in embryonal development, this technique does not succeed because actual
observation of aborted embryos is not possible. There is a gene which exerts a killing effect by
preventing normal cleavage of the zygote. Such a gene is called a zygotic lethal.

In human beings the gene described for causing adhesions in lungs expresses lethality
soon after birth when the lungs of the newborn infant fail to function normally. In plants most
lethal genes are known to act during or after seed germination.

Among late acting lethal genes, some clear cut examples can be cited from human
diseases. Genes causing muscular dystrophy (duchenne type) and Tay Sachs disease cause
death before or in the second decade of life, before the onset of reproduction. Huntington’s
chorea on the other hand is fatal when the person is middle-aged, and the gene may have
already been passed on to future generations.

| QuEsTiONS

1. You have been asked to perform a cross which produces an F, progeny containing homozygotes
and heterozygotes that can be distinguished phenotypically. What material and characters would
you select to make such a cross ?

2. When a pure red-flowered snapdragon is crossed with a pure white-flowered one, the F, is inter-
mediate—pink. When a pure red-haired short horn cow is mated to a pure white-haired type, the
F, is reddish gray (roan). But the genetic basis for the F, phenotype is different in the two cases.
Explain.

3. What conclusions could you draw about parents whose offspring had phenotypes in the follow-
ing proportions:

(a) 13:3 b)15:1 (€)9:3:4

4. In maize plants alleles for dwarfism and striped leaves are recessive to alleles for normal height
and green leaves. A plant heterozygous for both recessive alleles is self pollinated and 320 seeds
are collected. How many of these seeds could produce plants—

(a) of normal size

(b) with striped leaves

(c) with green leaves and dwarf size
(d) with striped leaves and normal size

5. Four hens with walnut combs are each mated with a single combed hen. One mating produces
only chickens with walnut comb; the second produces both walnuts and pea comb; the third only
walnuts; the fourth produces rose, pea and single combs. What are the genotypes of the four
walnut hens used as parents?

6. A rose combed hen is crossed with a walnut. The progeny consists of 3 walnut, 3 rose, one pea
and one single. What are the genotypes of the parents?
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7. In sweet peas the genes C and P when present together produce purple flowers. But when either
C or P is present alone it produces white flowers. What flower colour would the progeny of the
following crosses have:

(a) Cepp x ccPP (b) ccPp x CcPp (¢c) CCPp x ccPP
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Environment and Gene Expression

It is common observation that the phenotype shows modifications in response to the
environment. The question arises as to whether the genotype also changes in response to an
internal or external environment or not? Further, is the genotypic change, if any, inherited
and transmitted to future generations? The answers to these questions have come mostly
from experimental work on organisms that were made to live in different environments. It has
been found that the environment plays a role in changing the form and degree of expression of
some genes resulting in a corresponding change in the phenotype.

I PENETRANCE AND EXPRESSIVITY

The presence of a gene does not always bear an absolute relationship with the appearance or
absence of a trait. In the ABO blood group system, the genes are expressed in an absolute way.
But in many other instances the gene is expressed in a variable manner, i.e. the visible phenotype
shows varying intensities. The terms penetrance and expressivity are used to describe variable
gene expression. Penetrance is the proportion of individuals that show an expected phenotype.
When a gene is completely penetrant it is always expressed; when incompletely penetrant, the
gene is expressed in some individuals, not in others, the proportions depending upon the
degree of penetrance. For example in the recessive traits which Mendel studied, the phenotype
was expressed fully when the gene was in homozygous condition; this is due to 100 per cent
penetrance. Suppose instead that in a hypothetical cross, only 60 per cent of individuals show
the expected trait when all 100 are carrying the gene; we say that in this case penetrance is 60
per cent. Expressivity is the degree to which a gene is expressed in the same or in different
individuals. Thus the gene for lobe eye in Drosophila may show a complete range of phenotypic
expression in different individuals. Some flies may have a normal sized eye, in others the eye
is smaller, in still others the eye is absent.

25
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| TEMPERATURE

The earliest studies related to the effect of temperature on genetic constitution were done on
the Himalayan breed of rabbits and Siamese cats. Coat colour in rabbits is controlled by multiple
alleles of a gene. When one of the recessive alleles c” is present in the homozygous condition
(c"c! ), the Himalayan coat colour results. Such a rabbit is a mosaic with white fur all over the
body except the nose, paws, ears and tail which are black (Fig. 5.1). The black extremities are
the portions which have lower temperature (less than 34°C) than the rest of the body. If the
extremities are exposed to higher temperature artificially, the new hair which starts growing
is white. Similarly, if some portion of the body bearing albino fur is artificially kept at a lower
temperature, the new hair formed is black. These observations explain the temperature sensitive
behaviour of the allele (¢*) which controls Himalayan trait in the homozygous state. The allele
codes for an enzyme used in pigment formation which is temperature sensitive and is inactivated
by temeratures above 34°C resulting in albino phenotype; if temperature is lower the same
alleles promote synthesis of pigment and the phenotype is black. When rabbits of this genotype
are grown at cold temperatures, they are completely black. The Siamese cat shows the same
pigmentation pattern as the Himalayan rabbit due to the presence of similar type of
temperature-sensitive allele.

In Drosophila temperature changes the penetrance of the gene known as tetraptera
which controls wing development. At 25°C the gene has 35 per cent penetrance so that the
corresponding number of flies develop wings whereas 65 per cent do not. At 17°C penetrance is
much reduced so that only one per cent of flies show the winged phenotype. The recessive gene
vg/vg which produces vestigeal wings in Drosophila is also influenced by temperature. At
32°F the wings are feebly developed and extend very little from the body (Fig. 3.1). At 40°F the
wings are better developed and have some venation. At 88°F wings are well developed with
conspicuous venation.

32°F 40°F 88°F

Fig. 3.1 Influence of temperature on the expression of the gene for vestigial wings (vg) in Drosophila.

Some temperature-sensitive mutations are exhibited in bacteriophages. In general the
temperature at which normal phenotypes are produced is referred to as permissive temperature:
that which produces mutant phenotypes is called restrictive temperature. Some lethal mutations
in viruses and in Drosophila are temperature sensitive. Among plants, colour of flower in
primrose changes from red to white when temperature is raised above 86°F.
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| uGHT

There is a gene in maize plants which controls anthocyanin pigment formation. When ears of
plants carrying the homozygous gene are exposed to sunlight by removing the green leafy
coverings on the young cobs, the kernels become bright red in color (“sunred”). If however, the
blue violet rays of the light spectrum are prevented from reaching ears of maize plants (by
wrapping red cellophane paper around them so that only red rays penetrate the cells) the
sunred phenotype is not visible. In this case sunlight interferes with one or more chemical
reactions leading to pigment formation. The reddish freckles on the sensitive skin of white
skinned human races are also caused by sunlight in a similar way.

In human beings a skin cancer known as xeroderma pigmentosum is caused by a
homozygous recessive gene. The skin becomes extremely sensitive to sunlight so that even a
minor exposure to faint light gives rise to pigmented spots on the facial skin. The spots can
become cancerous and if they spread to other parts of the body, death results. If an individual
homozygous for the recessive gene is not exposed to light, the gene is not able to express itself.

Environment and Sex Determination

The marine worm Bonellia demonstrates the effect of environment on sex. In this sexually
dimorphic organism the female is very large, about 10 cm in length; the male is 3 mm long and
lives inside the cloaca of the female. If the free swimming larvae that have arisen from fertilised
eggs remain in the sea bed away from the females, they develop into female worms. But if
females are available, the larva settles on the female proboscis, draws nourishment from it,
and develops into a male. Of the many experiments performed with Bonellia, one is most
interesting and relevant here. If Bonellia are raised in the laboratory in a tank containing
artificial sea water, the free-swimming larvae settle down at the bottom of the tank and develop
into females. But if the artificial sea water is agitated by some mechanical device, the larvae
develop into males!

| PHENOCOPIES

Depending upon the extent to which the environment influences the genotype, the changes in
the phenotype may be subtle or dramatic. Sometimes the phenotype becomes altered by the
environment in such a way that the new phenotype resembles another phenotype produced by
known genes. The induced phenotype is not inherited and is called a phenocopy. In many
instances phenocopies result from application of specific treatments like radiation, chemicals
poisons, temperature shocks etc. The Himalayan rabbit described earlier in this chapter develops
a coat that is all black if the rabbit is made to live in a cold environment. The Himalayan rabbit
is a phenocopy of the genetically black rabbit. If both rabbits live together at moderately high
temperature, the Himalayan rabbit has a phenotype very different from the genetically black
rabbit.

One of the most striking examples of phenocopies could be observed in what were known
as thalidomide babies in the early 1960’s. A number of deformed children were born in West
Germany and Great Britain to mothers who had taken the tranquilising drug thalidomide in
their sixth week of pregnancy. The abnormal children showed deformities in limbs; some had
one, two or three limbs, others had no limbs at all. The abnormalities showed a great resemblance
to another phenotype known as phocomelia caused by a recessive gene.
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Diabetes mellitus is a heritable human trait associated with reduced amounts of the
hormone insulin that is secreted by the pancreas. In the presence of insulin glucose is absorbed
by the cell membranes. When the hormone is not produced in sufficient quantity, the unabsorbed
glucose passes into the blood and urine. The exact mode of inheritance of diabetes is not properly
understood. There are different types of diabetes arising from different causes; it therefore
seems likely that there are several gene pairs controlling the trait. On the other hand the
study of a pair of genetically identical twins, one of whom had diabetes the other not, indicates
that the condition is due to a recessive gene with low penetrance. If proper doses of insulin are
administered to a diabetic person, he reverts to the normal phenotype. In other words, control
of diabetes produces a phenocopy of the normal individual.

There are many other examples in human beings where, by giving drugs, the mutant
genotype produces a phenocopy of the normal phenotype. In haemophiliac patients, a specific
protein required for blood clotting is either defective or deficient. If however, an
antihaemophiliac factor isolated from humans is injected into a patient, a phenocopy of the
normal individual results. Similarly, if thyroxine is administered to a child whose thyroid
gland does not secrete this substance in adequate quantities, the normal phenotype is produced.

The creeper trait in chickens is observed sometimes in domestic fowl when the newly
hatched chickens have the legs drawn up under the body. The affected chicken is not able to
walk but creeps along the ground. The creeper trait (Fig. 3.2) is expressed by the heterozygous
condition of a dominant gene which is lethal when homozygous. Creeper chickens can also be
produced if incubating eggs of normal fowls are treated with boric acid or insulin. Such induced
creepers are phenocopies of the genetically controlled heterozygous creeper chickens.

Fig. 3.2 Chicken expressing creeper trait (left) compared with a normal chicken (right).

Due to a recessive gene, maize plants become dwarfed, because they are deficient in the
plant growth hormone known as gibberellic acid. But if the hormone is supplied to the dwarf
plants they grow to normal height producing phenocopies of normal plants.

I ENVIRONMENTAL EFFECTS AND TWIN STUDIES

In human beings it is not possible to perform controlled breeding experiments. Twin studies
are perhaps the best way of determining as to whether the observed differences between
individuals are due to heredity.
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Twins are of two types—monozygotic or identical twins that arise from a single fertilised
egg and have idential genotypes; dizygotic or fraternal twins which arise from two fertilised
eggs and are therefore no more genetically alike than siblings (brothers and sisters). The correct
identification of twin types is difficult and unreliable unless done by a physician. For assessing
the role of environment in heredity, the percentage of concordance (both twins showing identical
phenotype) and discordance (different phenotypes) for a given trait must be determined for
twins of both types. In general if concordance percentage for a trait is high in the case of
monozygotic twins, and much less in dizygotic twins, one can conclude that heredity has played
a role. If the concordance rate is similar in monozygotic and dizygotic twins, it suggests that
the environment is determining the phenotype. From studies of a large number of twins it has
been found that measles (caused by infection with Rubelia virus in early pregnancy) is largely
controlled by the environment. On the other hand conditions like diabetes, schizophrenia,
Rickets and tuberculosis appear to be controlled by the genotype. Another useful aspect of
twin studies is to determine the effects of different environments on identical genotypes by
analysing those rare cases of monozygotic twins that have been separated from birth and
reared apart. However in absence of adequate data it is not possible to conclude much on this
aspect as yet.

I HUMAN INTELLIGENCE

A number of studies have been done to determine how much of human intelligence and 1.Q.
are controlled by the genotype and how much by the environment. Both clarifications and
complications have been revealed. The differences in intelligence among different racial groups
have been extensively studied by Arthur Jensen in 1969. This work is highly controversial and
has been much debated. Nevertheless, it is generally agreed that intelligence is under the
control of several gene pairs interacting with the environment. From twin studies it has been
further estimated that about one-half to three-fourths of human intelligence is determined
genetically; the remainder is controlled by the environment.

] PRUG RESISTANCE

It is fairly well established that mosquitoes develop resistance to DDT and other insecticides
used for eradicating malaria. The resistance develops due to change in the genotype in response
to the environment, and is inherited. Similar resistance is reported also in insects which carry
the causal agent for some other diseases like dengue fever, yellow fever, filariasis and river
blindness. A number of pests which are harmful to major crops such as rice, maize, cotton,
wheat and potato are also known to have become resistant to a wide range of insecticides.

| QuEsTIONS

1. Describe two examples where temperature could alter the expression of a genotype.
2. Explain the following terms:

(a) permissive temperature; (b) phenocopy;

(c) penetrance; (d) concordance and discordance.
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3. Name two human conditions in which administration of drugs can change the phenotype.

4. Twin studies are extremely useful for study of genes in relation to environment. Explain.
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Quantitative or Polygenic Inheritance

The classical experiments in Mendelian inheritance demonstrated transmission of obviously
well-marked, distinct pairs of contrasting characters (tall vs. dwarf; yellow vs. green cotyledons,
etc.). Moreover, the two alternative expressions of a phenotype were controlled by a single
gene which strictly obeyed the rules of dominance to produce visible qualitative differences
between phenotypes. Such traits are said to be qualitative and constitute what are known as
discontinuous variations in a population. However, even Mendel’s experiments with pea plants
showed small, indistinct, quantitative differences so that all tall plants were not equally tall,
nor were all dwarf plants equally short. Instead some degrees of tallness and shortness were
noticeable. Quantitative characters like height, weight and intelligence in man, meat in animals,
milk in cattle, all show these variations. These small quantitative variations could not be
accounted for by distinct genes because they produced gradations in phenotypes that appeared
to be continuous. These small differences were said to result from fluctuations in the
environment.

It was at this time that Darwin’s Theory of Evolution which emphasised inheritance of
continuous variations was gradually being overthrown by ideas of geneticists like Bateson and

DeVries. The latter proposed that continuous characters were not produced genetically and
were not heritable, but only large discontinuous variations were inherited.

At the same time Francis Galton, a cousin of Charles Darwin, and his followers consisting
of geneticists and biometricians put forward strong views about the heritable nature of
continuous quantitative traits in humans such as height and intelligence. Human beings show
all degrees of tallness and shortness between the two extremes. The biometricians used the
terms “metrical” characteristics for such traits which showed small, measurable differences.
By analysing the data statistically they could demonstrate the inheritance of gradations in
height and intelligence between relatives in human families. But they could not account for
the role of genes as separate units.

At the beginning of the 20th Century therefore existed two groups with opposing views.
One led by Bateson supporting Mendelian views and emphasising the heritable nature of
qualitative discontinuous traits; the second group led by followers of Galton who contended
that heritable variation is basically quantitative and continuous.

31
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The conflict was partially resolved in 1903 when a Danish geneticist W.L. Johannsen
analysed a quantitative seed character in Phaseolus vulgaris (bean) and showed that continuous
variation was due to both heredity and environment. He established 19 pure lines on the basis
of seed weight that ranged from 15 centigrams in the light varieties to 90 centigrams in the
heavy varieties. Johannsen found that the mean seed weight did not differ significantly in the
succeeding generations. Although his pure lines were homozygous and true breeding, there
were some variations in seed weight within a pure line which he attributed to the environment.
It was Johannsen who coined the terms genotype, phenotype and gene in 1903, on the basis of
his work on pure lines. In 1906 Yule suggested that continuous quantitative variation may be
due to several genes each with a small effect. However, the controversy was finally resolved by
the experiments of the Swedish geneticist Nilsson-Ehle in 1909 who demonstrated that in
wheat the quantitative effect was in fact due to many genes. The hypothesis was further
confirmed by East in 1910 from his studies on inheritance of corolla length in tobacco.

I INHERITANCE OF KERNEL COLOUR IN WHEAT

Nilsson-Ehle performed many crosses between varieties of wheat having red seeds and those
having white seeds. In all crosses except one the F, generation gave a ratio of 3 red to 1 white.
In the one exceptional cross he used a very old red variety from the north of Sweden. The F,
plants produced seeds intermediate in colour between the two parents, and the F, generation
segregated in the ratio of 63 red : 1 white. The noteworthy feature of this experiment was the
variation in the intensity of the red pigment in wheat grains produced by F, plants.

deep red white

medium red medium red

deep dark red medium light very white

red red red red light red
1 6 15 20 15 6 1

Fig. 4.1 Cross made by Nilsson-Ehle between red and white varieties of wheat.
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There were all gradations from the deep red of one parent to pure white of the other
parent so that the plants could be divided into 7 different colour classes in the ratio of
1:6:15:20: 15 : 6: 1. Nilsson-Ehle could distinguish 6 phenotypic classes with varying
intensities of red as follows: 1 deep red (like one parent), 6 dark red, 15 red, 20 medium red, 15
light red, and 6 very light red (Fig. 4.1). Only one out of 64 plants produced completely white
kernels and another one of the 64 had red kernels identical to the parents in the first cross.

Nilsson-Ehle postulated three pairs of genes controlling grain colour in wheat with genes
for red (ABC) dominant over genes for white (abc). It also appeared that all alleles contributed
equally in the production or absence of red pigment. Each of the three gene pairs when
considered singly in crosses segregated in the expected Mendelian fashion producing F, progeny
of 3 red and 1 white. When the genes were considered two at a time, F, segregated in the ratio
15 red to 1 white. All the three genes considered together produced an F, ratio of 63 red to
1 white, and segregated in a manner typical for a Mendelian trihybrid cross.

The cross is best explained by assuming that each red gene contributes a small degree of
red colour to the wheat kernel resulting in the range of red phenotypes actually observed. The
proportion of plants showing deep red kernels (AABBCC) like one parent, and white (aabbcc)
like the other parent is very small as expected.

The intermediate phenotypes appear with greater frequency. Moreover, the intermediate
degrees of red appear to suggest some kind of blending due to the continuous range of
phenotypes. Yet it can be explained by Mendelism if we assume that many genes are controlling
the trait. The term polygenes was used by Mather for genes with small effects on a character
that supplement each other to produce noticeable quantitative changes. These are also called
additive effects.

Proportion of F,
identical to
either parent

1 gene pair
(Aa x Aa) |_| H 14

1AA 2Aa laa

Gene pairs

(1/4)° = 1/16

2 gene pairs
(AaBb x AaBb) ] |_| |_| |—|
1AABB 2AaBB 4AABb  2Aabb laabb

2AABb  1AAbb 2aaBb
laaBB

2onflnne

(1/4)° = 1/1024
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Fig. 4.2 Graphs showing relation of polygenes with F, phenotypes.
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The small quantitative effects of polygenes can also result from environmental
fluctuations. But the two can be distinguished by performing controlled breeding tests. The
more difficult task is to determine the number of genes involved in a cross. This can be estimated
from the frequency of F, genotypes which are identical to the parents. Continuous variations
in quantitative characters are due to increased numbers of segregating gene pairs in the F,
heterozygote. The resulting distribution of phenotypes in F, can be plotted on a graph. The
parental phenotypes and the intermediate types can be read off from the graphs as shown in
Fig. 4.2. However, as will be explained later, this method is applicable only when 2, 3 or 4 gene
pairs are involved but not more.

The term polygene is often used interchangeably with multifactorial or multiple factor
inheritance. But strictly speaking polygenes should refer to conditions determined by a large
number of genes each with a small effect acting additively (Fraser, 1976). Multifactorial
inheritance is determined by a combination of genetic and environmental factors. Mostly it is
difficult to ascertain whether or not environmental factors are involved, or whether all the
genes controlling a trait have small and additive effects.

| coroLLA LENGTH IN TOBACCO

East in 1910, 1916 performed experiments on flower length in Nicotiana longiflora. He took
two homozygous, pure breeding lines differing in flower length, one having 41 cm the other
93 cm for average length of corolla. The minor variations in flower length within a strain were
apparently caused by the environment, but the major differences between the two strains
were no doubt genetic. East crossed the two lines and obtained an F| progeny with flowers
intermediate in length to both parents. The F, plants were presumed to be genetically uniform
and the minor variations observed were attributed to the environment. On selfing F, plants
the F, progeny showed a wide range of phenotypic variation. The F, plants were also selfed to
get an F,; progeny. Corolla lengths in F,; could be classified into different groups; the mean
corolla length in each group seemed to correspond to the plant used as F', parent. This indicates
that differences in corolla lengths between the F; groups are genetically based. The variations
within a group are caused by the environment.

For determining the number of genes involved in the cross the proportions of genotypes
identical to the parents are estimated. If 2 pairs of genes are participating, the parental
phenotypes produced by homozygous genotypes would be present in 1/16 of the progeny. With
3 pairs of genes only 1/64 individuals would be identical to the parents; in the case of four
genes only 1/256 show the parental phenotypes. Thus if we observe the extreme phenotypes of
the parents occurring in 1 out of 16, 1 out of 64 or 1 out of 256 offsprings, it would indicate that
2, 3 or 4 pairs of genes respectively are involved.

Beyond 4 genes it is difficult to recognise a parental phenotype in F, generation. This is
due to the fact that with an increasing number of genes, the cross between two F, heterozygotes
produces a very large number of different genotypes, so that the proportion of individuals
homozygous for all the genes is very small and difficult to detect. For instance, if 5 gene pairs
are involved there would be 1024 different gamete combinations and 243 different genotypes
in F, (Fig. 4.2). If 10 gene pairs participate, they would produce more than 59000 different
genotypes!

If we make the assumptions that polygenes assort independently, and that they produce
identical additive effects then we can say that the work of Nilsson-Ehle and East could
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demonstrate that quantitative traits follow the same rules of inheritance as qualitative traits.
While making this statement, the influence of some genetic phenomena such as linkage, epistasis
and dominance have also not been considered. The effect of environment is regarded as
negligible.

I SKIN COLOUR INHERITANCE IN MAN

Variations in human skin colour exist within a population, and to a much greater degree between
different populations. The latter have been analysed by many workers and the races have
been designated as white, black, yellow and red on the basis of skin colour. The Africans and
the Europeans which show both extremes of black and white skin have been extensively studied.
The children and grandchildren from marriages between negroes and whites give rise to hybrid
groups showing quantitative variations in skin pigment. Investigations of this nature were
conducted at the beginning of this century by Davenport and Danielson (1913) and later by
Gates, Curt Stern and others.

In all the cases studied for marriages between whites and negroes the F'; was found to
be intermediate in skin colour to both parents and was called a mulatto. According to Davenport
crosses between two mulattos produced shades of colour falling in five distinct classes. Davenport
therefore considered two gene pairs to control skin colour inheritance in man. Later on Gates
assigned 3 genes, and Stern 4 to 6 genes for this trait. Using the modern technique of reflectance
spectrophotometry, Harrison and Owen in 1964 have estimated the number of genes for skin
colour to be between 3 and 4.

Assuming that 4 genes determine skin colour, a child with white European skin would
be expected in one birth out of every 256, and the same probability is true for negro skin
colour.

I TRANSGRESSIVE AND REGRESSIVE VARIATION

Punnett while studying inheritance of body size in two varieties of chickens crossed a large
Golden Hamburg with a small Sebright Bantam. The F, chickens were intermediate in size
and were allowed to inbreed. In the F,, generation were surprisingly present some chickens
larger than the Hamburgs, and some that were smaller than the Bantoms. Punnett explained
these results by assuming four pairs of genes for body size. The parents used in the cross did
not represent the extreme classes so that the Hamburgs had the genotypes AABB C Cd d
and the Bantams a a b b ¢ ¢ D D. The F| heterozygotes (A a B b C ¢ D d) were intermediate in
size as expected. The F, chickens that turned out to be larger than the Hamburg parent were
those that were homozygous for all the genes for large size (AA B B C C D D). The F,, chickens
smaller than the Bantam parent had the genotype @ a b b ¢ ¢ d d. Such a phenomenon in
quantitative inheritance by which some of the F, phenotypes exceed the parental extremes is
known as transgressive variation.

A quantitative trait may show an entirely different phenomenon known as regressive
variation. Due to this the phenotype of the offspring has a tendency to exhibit the mean of the
population rather than the parental extremes. For example, human stature is a trait controlled
by many genes and shows continuous variation. The children of two tall parents are sometimes
shorter than either of them because their height tends to approach the mean of the population.
For the same reason short parents can have children taller than themselves.
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| QuEsTiONS

1.

Fill in the gaps:

(a) Quantitative traits are due to ...... variation in a population.

(b) Nilsson-Ehle’s cross between red and white varieties of wheat produced ...... phenotypic classes
of red in F,.

(c) Experiments with pure lines of ...... demonstrated that continuous variation was due to both

heredity and environment.
) ...... variations formed the basis of Darwin’s Theory of Evolution.
Write short notes on: (a) polygenes, (b) transgressive variation, (¢) Galton, (d) qualitative trait,
(e) Davenport.
Mention some quantitative characters in animals and humans that are likely to be controlled by
polygenes.

4. Describe a method by which the number of genes controlling a character can be determined.
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Multiple Alleles

I WHAT ARE MULTIPLE ALLELES?

After Mendel first advocated the existence of two factors for each character, it was demonstrated
in many organisms that a gene consists of a pair of alleles. Each member of the pair of alleles
is said to occupy an identical position or locus on each of the two homologous chromosomes in
diploid cells of an organism. In Mendel’s experiment the gene controlling height of pea plants
has both its alleles designated either as 7"and T or T and ¢, or ¢ and ¢. Since there are always
only two alleles they can also be denoted as T" and T?. Similarly the gene determining flower
colour (R and r) can be denoted by alleles R! and R2. Sometimes more than two alternative
alleles or multiple alleles are present in different individuals of a population. When there are
multiple alleles, a gene is denoted by more than two alleles such as T%, T2, T®, T* and R1, R?, R3,
R4, ... and so on. Now there are only two homologous chromosomes in a diploid cell, and at
one particular site of a gene or locus, only one allele can be present. Therefore, in one diploid
cell only fwo alleles are present at a particular locus. In other members of the population, due
to two or more mutations, the same locus on two homologous chromosomes could have two
different alleles. In this way it is possible to detect a number of alleles for one gene from their
different expressions in different individuals. Such a system in which one gene has more than
two allelic states at the same locus in different members of the population is known as a
multiple allele system.

T.H. Morgan in 1910 described the first case of multiple alleles of a gene controlling eye
colour in Drosophila during his studies on mutation. In a vial of flies with normal red eyes he
found a fly with white eyes which had arisen due to a mutation in the gene which produces red
colour in normal flies. By performing genetic experiments, the position of this gene was
determined to be on the X chromosome, the exact location being 1.5 units from the left end of
this chromosome. This location is identical to the position occupied by the gene which produces
red colour in eyes. Later on some other flies were discovered with eye colour resembling the
biological stain eosin. The gene for eosin colour was also found to be located at 1.5 units on the
X chromosome. When crosses were made between eosin flies and red, and between eosin and
white it turned out that the gene for eosin was an allele to both red and white genes. This
proves that genes producing red, white and eosin eyes in different flies are all alleles of each
other. In other words the gene controlling eye colour in Drosophila has multiple alleles. Later
on a series of alleles producing eye pigments in different shades and intensities between red
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and white were found; each shade has a different name such as wine, blood, coral, cherry,
apricot, honey, pearl and ivory, and a few more. It also means that the different alleles become
less and less efficient in producing the same kind of biochemical product. Sometimes phenotypes
produced by different alleles are not markedly different so that some of them appear close to
the normal red. Such alleles with similar effects are referred to as isoalleles. There are wild-
type isoalleles for genes expressing the wild phenotype. The mutant gene for white eye colour
in Drosophila is composed of a series of multiple isoalleles W', W2, W? etc. These are known as
mutant isoalleles.

The Himalayan rabbit is a classic example for illustrating multiple alleles, first studied
by Sturtevant in 1913. The wild type rabbit has grey fur and is called agouti; rabbits with all
white fur and pink eyes are albino; the Himalayan has white fur on the body, but its feet, tail,
ears and tip of nose are black (Fig. 5.1). When crosses were made between agouti and albino,
and between agouti and Himalayan, both albino and Himalayan were found to behave as
recessive to agouti. When Himalayan and albino were crossed, F; were all Himalayan, and in
F, 3 Himalayan : 1 albino were produced. Clearly, Himalayan, agouti and albino all result
from different alleles of the gene that controls fur or coat colour in rabbits. If C denotes the
dominant allele that produces the wild agouti type of fur, then albino would have the genotype
cc. The cross of agouti (CC) and Himalayan (c¢* c*) would give an F, consisting of 3 agouti (CC,
Cc") and one Himalayan (c” ¢*). Similarly, the cross between Himalayan and albino (cc) would
give an F, of 3 Himalayan (c"c", c"c) and one albino (cc). There is also a fourth allele for fur
colour in rabbits called chinchilla (c*) which behaves like Himalayan.

Himalayan Albino

Fig. 5.1 The Himalayan rabbit.

I SEXUAL INCOMPATIBILITY IN PLANTS

Sometimes bisexual plants produce functional male and female gametes, yet self pollination
does not lead to fertilisation and there is no seed setting. The pollen grains may fail to germinate
on the stigma; or, even if pollen tubes are formed their growth may be inhibited. Such a condition
where pollen grains fail to fertilise ovules of the same plant is known as self-incompatibility or
self sterility. Nicotiana (tobacco) was one of the first plants in which self-sterility was noticed.

Breeding tests have established that self-incompatibility is controlled by multiple alleles
of a single gene and may be of two types—gametophytic or sporophytic. The gametophytic self
incompatibility (GSI) is controlled by the genotype of the pollen grains. This type is quite
common in families like Liliaceae, Gramineae and Solanaceae. Sporophytic self-incompatibility
(SSI) is controlled by the somatic or sporophytic cells of the plant which produce pollen grains,
as observed in families Cruciferae and Compositae.

East and Mangelsdorf in 1925 explained the behaviour of sterility genes. The gene
controlling incompatibility is designated S and its multiple alleles are represented by a series
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81,849,835, 84 Sg, e and so on. As already explained earlier only two alleles are present in the
diploid cells of a plant. In the GSI system pollen grains produced by an S,S, plant will have
either S, or S, allele and are not able to pollinate a pistil with S,S, genotype. But if S, or S,
pollen grains land on an S, S, pistil, fertilisation takes place (Fig. 3.2 a, b). In plants belonging
to the SSI system if even one of the alleles present in the sporophytic tissue of the male parent
is present in the pistil of the female parent, then all the pollen grains produced by the male
parent fail to effect fertilisation of that pistil. Thus, if the male parent has the genotype S.S,,
it would be incompatible with plants having S,S,, S;S,, S;S;, S,S;, S,S,, S,S; genotypes, but
would be compatible with S,S,, S,S;, S,S; plants (Fig. 5.2c). A very large number of alleles of
the incompatibility genes are known to be present in other plants. Oenothera (evening primrose)
has 37 different self sterility alleles and red clover has more than 200.

3s;8, % 0858, 8555 % 9538, 8s;5, % 0858,

Fig. 5.2 Diagrammatic representation of incompatibility envisioned for plants of the GSI and SSI systems.

I BLOOD GROUP ALLELES IN MAN

The ABO blood group system in man provides an excellent illustration of a multiple allelic
system. If blood from two persons is allowed to mix outside the body, sometimes it will mix
well, at other times there is clumping (agglutination) of red blood cells. The reason for this was
explained by K. Landsteiner in 1900. He took blood samples from different people, separated
their red cells from the colourless serum or plasma, and then mixed them up in various ways.
He found that the red cells derived from one sample would mix smoothly with the serum of the
same person. But when red cells of one person are mixed with the plasma of another person,
sometimes the two would mix well, at other times there would be clumping of red cells. On the
basis of these reactions Landsteiner discovered four blood types in man, namely A, B, AB
and O.

Later on Landsteiner found that human erythrocytes carry on their surface two distinct
types of proteinaceous antigens A and B which can stimulate the production of specific
antibodies. Persons with type A blood have the A antigen (also called agglutinogens), type B
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persons have B antigen, while persons with AB blood have both A and B antigens. Blood type
O persons have neither A nor B antigen. These antigens stimulate production of specific serum
antibodies (agglutinins) when human blood is injected into an animal such as the rabbit or
guinea pig. There are also natural antibodies in the blood so that persons with type A blood
have anti-B antibodies, and B group persons have anti-A antibodies. Blood of AB type does not
have antibodies in its plasma. Persons with O type blood have both anti-A and B antibodies
and are often called universal donors as they can donate blood to persons of A, B and AB types.
The occurrence of natural antibodies in human blood remains a scientific curiosity which
research has not been able to explain so far.

Bernstein in 1924 found that the blood group antigens are controlled by an autosomal
gene designated I (isohaemaglutinin) which has 3 alleles I4, IZ and I°. Allele I produces type
A blood and is dominant over the allele I° which in the homozygous state (I°I°) produces type
O blood. An A type individual can have the genotype IAI? or IAIC. Similarly allele IZ produces
blood group B, and is dominant over the allele I°. An individual with blood group B may be
homozygous IBIB or heterozygous IPI°. AB type persons have the genotype I*I® where both
alleles are codominant and equally expressed (explanation in Chapter 2).

Serologically, blood group A is distinguishable into two subgroups A and A,. The number
of blood groups therefore increases to 6—A,, A,, B, A;B, A,B and O. The genes controlling
blood groups contain information for certain characteristics of the sugar molecule present
along with glycoprotein on the surface of the erythrocyte. The sugar molecule determines
antigenic specificity. The immunologically active components of both A and B contain 5 identical
sugars. Of these D galactose and N-acetyl-D-galactosamine occupy terminal positions of the
carbohydrate chains in A and B components respectively. These two sugar molecules differ
from each other only at the position of carbon No. 2 which in D galactose is occupied by a
hydroxyl group, and by N-acetylamino group in the sugar N-acetyl-D-amino-galactosamine.
This difference in the arrangement of atoms at the position of the second carbon in the sugar
molecule is responsible for A and B antigenic specificities.

The blood group genes are inherited in the Mendelian fashion in the case of A, B and O
groups. The AB group however, results from codominance of A and B alleles. Thus blood groups
of offspring can be determined from their parent’s genotypes in the following way.

* Genotypes of Genotypes of Blood groups of
parents offspring offspring
AA x AO AA, AO A

AO x AO AA, AO, OO A O

AA x BB AB AB

AA x AB AA, AB A AB

AO x AB AA, AO, BO, AB A, B, AB
AO x BB AB, BO AB, B

AO x BO AO, BO, AB, OO A, B, AB, O
AO x 00 AO, OO0 A O

00 x 00 00 0]

00 x BB BO B

* For sake of convenience the genotypes are represented simply by the symbols A, B, and O instead of

A 1B, IO,
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I MULTIPLE ALLELES AND COMPLEX LOCI

So far we have considered multiple alleles as a series of alternative forms of a gene present at
the same locus. The earlier concept of genetic recombination implies crossingover between
genes, not within a gene. The idea was based on breakage and exchange of segments of paired
homologous chromosomes, resulting in new linear arrangements of genes. Genetically it could
be observed in the test-cross progeny of a heterozygote and a homozygous recessive; the
frequency of recombinant phenotypes was used for gene mapping (Chapter 8). The two genes
involved in recombination must obviously occupy different loci.

In 1942, Oliver showed that in the case of lozenge eye alleles in Drosophila, crossing
over could occur between alleles present in the same locus. But because at that time the gene
was thought to be an indivisible unit, his view was not accepted.

Lewis found some other mutants in Drosophila which behaved in the same ways as the
lozenge eye mutants. Since they could produce recombinant progeny in test crosses, due to
crossing over between two mutant sites in a locus, it became doubtful that they were true
alleles. The term pseudoalleles was coined for such alleles.

The earlier concept of genes arranged like beads-on-a string had to be revised. A gene is
a sequence of nucleotides in DINA that controls a specific gene product. The different mutations
of the gene may be due to changes in single nucleotides at more than one locations in the gene.
Crossing over could take place between the altered nucleotides within a gene. Since the mutant
nucleotides are placed so close together, crossing over is expected with a very low frequency.
When several different genes which affect the same trait are present so close that crossing
over is rare between them, the term complex locus is applied to them. The term multiple
alleles can also be redefined in the following way. Within the nucleotide sequence of DNA that
represents a gene, multiple alleles are due to mutations at different points within the gene.

| QuEsTiONS

1. In rabbits, chinchilla coat colour (c?*) is dominant over Himalayan (c¢*). The gene for albino coat
(c) is recessive to both chinchilla and Himalayan. Further, all the three genes are recessive to
the full coat colour agouti (C). What phenotypic ratios would be obtained from the following
crosses:

(@) "¢ x che, ®) C¢ x cheeh, (c) cheh x cheeh,

2. A woman of blood group A, and whose father was group O, marries a man of blood group AB.
Which blood groups could not be expected to occur among their children?

3. If one child in a family has blood group AB and another child O, what can you say about the
genotypes of their parents.

4. A plant of Nicotiana containing self sterility alleles S,S, is used as female parent for the crosses
described below. If pollen from (a) SS,, (b) S,S,, (c) S,S,, (d) S,S,, (e) S,S, plants is used for
pollinating the stigma of the female plant (S,S,), what genotypes would the offspring resulting
from each cross have?
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Cell Division and Chromosome
Theory of Inheritance

The period that follows the formation of a cell by division of its mother cell until the time when
the cell divides again to form two daughter cells is called the cell cycle. The cycle consists of
four phases, G1, S, G2 and M. The first three phases (G1, S and G2) comprise interphase while
M constitutes cell division (mitosis or meiosis). The S phase lasts about 6—-8 hours in mammalian
cells, G2 about 3—4 hours, while the length of G1 is variable. Whereas DNA synthesis is restricted
to the S (synthetic) phase, protein synthesis takes place throughout interphase. A cell entering
mitosis or meiosis has double the quantity of DNA and chromosomal proteins. The cell organelles
such as mitochondria and ribosomes are assembled throughout interphase in the cytoplasm
and passed on to the two daughter cells.

| miTosis

Cell division in the somatic or body cells of diploid organisms takes place by mitosis (Fig. 6.1)
in successive stages described below.

resting nucleus prophase metaphase anaphase telophase

Fig. 6.1 Diagrams showing successive stages of mitosis. For convenience only 4
chromosomes are represented.
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Prophase

The DNA in the diffuse chromatin of the resting nucleus in interphase has been duplicated in
S phase preceding this cell division. The extended state of interphase chromatin allows
transcription and replication of DNA, but is not suitable for division into two daughter cells.
Therefore, prophase, the first stage of cell division shows contraction and condensation of
chromatin into shorter, thicker fibres. By mid-prophase, the nucleolus starts to disappears
and nuclear membrane breaks down, so that chromatin lies free in cytoplasmic space. Shortening
of chromatin fibres continues to yield thicker, somewhat rod-like chromosomes. The breakdown
of the nuclear envelope involves the enzyme Cdk kinase which is activated just before initiation
of mitosis, in G2 phase of cell cycle. The inner face of the nuclear envelope is lined by a layer of
fibrillar proteins of the cytoskeleton (called intermediate filaments), termed nuclear lamina.
The enzyme Cdk kinase phosphorylates the lamin filament molecules, causing disassembly of
nuclear lamina. The entire nuclear envelope that surrounds the condensing chromatin then
breaks up into small vesicles which disperse into the cytoplasm. The nuclear pore complexes
in the nuclear envelope also dismantle during fragmentation of the nuclear envelope.

Metaphase

The dissolution of the nuclear envelope at the end of prophase is described by some authors as
the prometaphase stage. At metaphase, maximum condensation of chromatin fibres has been
achieved giving rise to distinct rod-like chromosomes. Metaphase represents the most condensed
state of chromatin in a cell. The molecular mechanisms responsible for chromosome condensation
are still poorly understood. The process seems to involve the DNA untangling enzyme
topoisomerase II (Chapter 14). The thick rod-like chromosomes begin to align themselves in
the centre of the cell on what is conventionally referred to as the equatorial plate or the
metaphase plate.

Structure of Metaphase Chromosome: Each chromosome consists of two chromatids
and a region of central constriction called centromere or primary constriction. Evidence
has established that each chromatid consists of a single duplex DNA molecule. The centromere
region contains many copies of highly repeated DNA sequences (details in Chapter 19). A
small nodule-like structure called the kinetochore is present at the outer surface of the
centromere in each chromatid. The kinetochore functions as the site of attachment of
microtubules, a bundle of fibres making up a spindle fibre, all the fibres together constituting
the mitotic spindle apparatus. Microtubules attached to the kinetochore are called chromosomal
or kinetochore microtubules. The centromere divides longitudinally, and the two
centromeres pull the chromatids apart to the two poles by means of spindle fibres.

The division of the centromere into two at metaphase of mitosis is a key event that
segregates accurately, half the genetic material for one daughter cell and half for the other
daughter cell. This is ensured by the fact that the two chromatids contain duplicated DNA
acquired from DNA synthesis in S phase of cell cycle preceding mitosis. Alignment of metaphase
chromosomes in the equatorial region of the cell is followed by beginning of separation of
chromatids to opposite poles. Misalignment of chromosomes in equatorial region arrests cells
at metaphase and failure to segregate genetic material to the two daughter cells.

The protein encoded by a gene MAD2 is normally localised at the kinetochores of
prometaphase chromosomes and misaligned metaphase chromosomes, but is not present on
chromosomes that have become properly aligned at the metaphase plate. Cells that possess
mutant copies of a gene MAD2 fail to become arrested at metaphase when their chromosomes
are misaligned. The presence of MAD2 at the kinetochores seems to provide a “wait” signal
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that delays progression into anaphase. As each chromosome becomes aligned at the metaphase
plate, its kinetochore loses all of its MAD2 molecules. It is only after MAD2 protein is absent
from all of the chromosomes that anaphase can begin.

Microtubule Organisation and Centrosome: In most cells microtubules extend outward
from a microtubule-organising center, which in animal cells is called the centrosome.
Centrosomes are absent in plant cells. During mitosis, microtubules extend out from the
duplicated centrosomes to form spindle fibres. Thus the centrosome seems to play a key role in
determining the intracellular organisation of microtubules, but details of its function are not
known. The centrosomes contain a pair of centrioles, oriented perpendicular to each other,
and surrounded by pericentriolar material. Centrioles are cylindrical structures consisting of
nine triplets of microtubules, similar to the basal bodies of cilia and flagella.

During spindle formation, microtubules emerge from the pericentriolar material around
a centrosome and form a star-like aster. These are referred to as astral microtubules. The
pericentriolar material acts as the nucleating site for microtubules of the aster. The fast growing
ends of the microtubules, denoted plus ends, are away from the centrosome. The microtubule
initiating activity appears to be stimulated by the Cdk protein. Following aster formation, the
two centrosomes separate and move to opposite poles, while microtubules stretching between
them increase in number and elongate. These are called polar microtubules. The two
centrosomes establish two poles of the mitotic spindle. After mitosis, one centrosome is
distributed to each daughter cell. Centrosomes are not essential components of mitotic spindles
in all cells. Many animal cell types do not have centrosomes, nor do higher plants. The minus
ends of the microtubules are thought to be gathered into a cluster at each spindle pole through
the activity of motor proteins described later.

Anaphase

The two sister chromatids of each chromosome split apart and start moving towards opposite
poles. There is rapid degradation of an inhibitory protein that acts a proteinaceous “glue”
holding the two chromatids together, that facilitates the onset of anaphase. The degradation
of anaphase inhibitory proteins occurs in response to activity of the mitotic Cdks. The separation
of sister chromatids requires activity of topoisomerase II. The chromatids (actually chromosomes
now) start moving towards the poles, accompanied by shortening of microtubules attached to
their kinetochore. Shortening of the microtubule results from the loss of subunits at the
kinetochore (minus end) during anaphase. When the chromosomes reach the poles, there is
elongation of the mitotic spindle, resulting in a simultaneous movement of the spindle poles
further away from each other. This is accompanied by the addition of tubulin subunits to the
plus ends of the polar microtubules. The movement of chromosomes to the poles has been
observed to be completed within 2 to 60 minutes. The forces that bring about movement are
discussed later in this chapter.

Telophase

Chromosomes at the poles organise into a mass of chromatin at each pole that marks the
beginning of telophase. The process of formation of nuclear envelope begins when membranous
vesicles start fusing with one another to produce a double-membraned envelop surrounding
the chromatin. The nucleolus reappears. Thus, two daughter nuclei that are identical in genetic
constitution to the parent nucleus are formed. Cytoplasmic membranous organelles such as
Golgi complex, endoplasmic reticulum reform in each daughter cell.
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Cytokinesis

In animal cells division of the cytoplasm of the parent cell is initiated at late anaphase as an
indentation of the cell surface that appears as a band around the cell. The band deepens to
form a furrow, the plane of the furrow lying in the same plane as the equatorial or metaphase
plate on which chromosomes were aligned. Further deepening of the furrow splits the parent
cell into two daughter cells. In plants a cell plate consisting of polysaccharides starts depositing
in the central region of the parent cell. This gives rise to the first wall or middle lamella
between the two cells. Later on a primary wall is deposited towards the inside of the middle
lamella of each daughter cell.

| MEI0SIS

The division which takes place in cells of the germ line is called meiosis (Fig. 6.2). It results in
four products of a parent cell with halfthe amount of genetic material because DNA is duplicated
only once and there are two cell divisions, meiosis I and II.

Leptotene Zygotene Pachytene

by i
. € “']lltrli._-

Telophase |

Prophase Il Metaphase I Anaphase I Telophase Il
Fig. 6.2 Diagram illustrating stages of meiosis. Only four chromosomes are shown.

Prophase 1 is of very long duration and consists of five substages. Leptotene shows very
long, thin thread-like chromosomes. Zygotene marks the initiation of pairing of homologous
chromosomes. By some force of attraction identical partners are drawn towards each other.
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Condensation and shortening of chromosomes is visible. By pachytene pairing is complete and
stabilised. Due to the intimate nature of pairing or synapsis and continued shortening of
chromosomes, thick ribbon-like bivalents are formed. Pairing is exact so that chromomeres
and centromeres of homologues lie against each other. The number and arrangement of bead-
like chromomeres, position of centromeres and arm length are distinct for each bivalent and
allow mapping of pachytene chromosomes. The nuclear membrane and nucleolus disappear.
At diplotene a force of repulsion between the paired chromosomes tends to draw them apart.
They are held together at positions of chiasmata where genetic crossing over or exchange of
segments takes place. Continued condensation of chromosomes through diakinesis gives rise
to the short thick cross-shaped configurations of chromosomes.

By Metaphase I maximum condensation has been achieved giving rise to short rod-like
bivalents which move towards the centre of the cell and align in the equatorial plane. Their
centromeres become attached to spindle fibres running to opposite poles and homologues
separate. Due to separation of homologues, half the number of chromosomes will reach one
pole and one half of the other pole. Consequently Metaphase I is referred to as the reductional
division.

The beginning of separation of homologous is also the beginning of Anaphase 1. When
an entire set of chromosomes reaches either pole we call it Telophase. The nuclear membrane
and nucleolus are reorganised to form two daughter nuclei. The newly formed nuclei go through
a short rest period or interkinesis before entering the second meiotic division. Prophase II of
meiosis is initiated by condensation of chromosomes and is completed rapidly as in mitosis.
Metaphase 11 shows the equatorial alignment of rod like chromosomes which have reached
their maximum limit of contraction. The centromere of each chromosome now divides
longitudinally. The daughter centromeres are attached to spindle fibres and separate to the
poles as in mitosis. Thus in meiosis, metaphase II is an equational division. Anaphase 11 and
telophase II are completed as in meiosis I and in mitosis.

At the end of meiosis II four products are formed each with half the amount (haploid) of
genetic material that was contained in the original parent nucleus.

Occurrence of Meiosis

In sexually reproducing diploid plants meiosis takes place in the anther and the ovule. One or
more specialised cells of the germ line known as archesporium divide mitotically to produce
the sporogenous cells. In the case of male, sporogenous cells multiply and increase in number.
After a certain stage they stop dividing, are ready to enter meiosis and are called microspore
mother cells. The four products of meiosis are united in a tetrad but later separate as uni-
nucleate microspores. Thickenings deposited on the microspore wall produce uninucleate pollen
grain which soon becomes binucleate and a large vegetative cell and a small generative cell
are organised. In many plants pollen grains are shed in this stage. The nucleus of the generative
cell divides usually after pollen germination has begun on the stigma resulting in two male
gametes. One male gamete fertilises the egg to form a zygote: the second male gamete fuses
with the secondary nucleus in the embryo sac and gives rise to the endosperm which provides
nutrition to the growing embryo.

Similarly in the case of female, the sporogenous cell in the ovule enlarges to become a
megaspore mother cell which divides meiotically to form a tetrad of four megaspores. Usually
three megaspores degenerate and one enlarges into the embryo sac. By three mitotic divisions
the nucleus of the megaspore forms 8 nuclei (haploid) of which one organises as the egg.

In the male in higher animals (mammals and man) the spermatogonial cells in the
testis increase in number by mitosis. When they are ready to divide meiotically they are called
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primary spermatocytes. During meiosis I they are called secondary spermatocytes. After meiosis
they organise into the elongated spermatids which finally produce sperms after undergoing
some changes (head, middle piece and tail are formed; some histone proteins are changed;
motility is acquired).

In the female of mammalian species including humans, and in contrast to the males
meiosis takes place during the embryonal life of an individual. During the first few months
after conception in human beings, the primary oocytes in the foetal ovary start undergoing
meiosis. After meiosis I the primary oocyte produces a secondary oocyte which alone will produce
the functional ovum, and a small first polar body. The polar body gives rise to two more polar
bodies: eventually all three polar bodies degenerate.

A unique feature of ovarian meiosis is that it stops at about metaphase II stage in the
secondary oocyte. In this condition the secondary oocytes (about 400 in number) remain
suspended for 40 to 50 years of life after birth. At puberty ovulation starts when one oocyte
gets released from the ovary wall each time and is discarded. If an oocyte gets a chance to meet
a sperm, then before fertilisation it completes the remaining stages of meiosis (anaphase II to
telophase II). Out of the four resulting cells three are polar bodies which will degenerate; the
remaining cell enlarges and functions as ovum during fertilisation.

Genetics of Meiosis

There are two special features of meiosis: production of haploid gametes containing recombined
genetic material of the two parents; the process of genetic exchange and recombination in
homologues. Some aspects of recombination are discussed in Chapters 8, 19 and 22. Genetic
events in meiosis have also been studied from mutants. Mutations affecting meiosis lead to
abnormalities in genetic recombination or in chromosome segregation. Many such mutants
have been isolated in the lower eukaryotes like yeast, Neurospora, and a few higher plants.
The work on yeast mutants has shown that recombination is regulated at two levels: control of
overall frequency of crossing over; and controls which influence the frequency of crossing over
only in particular regions. Some mutations are known to affect the subsequent stages of
chromosome segregation. There are also mutations which suppress initiation of meiosis.

Detailed studies of meiotic mutants have been carried out in Drosophila. Meiosis is
unusual in normal Drosophila males due to absence of crossing over. The females show cross-
overs in all chromosome pairs except number IV. Mutations in male meiosis affect chromosome
segregation. One such effect is nondisjunction due to which chromosomes fail to disjoin and
move to opposite poles either at meiosis I or II. Most meiotic mutants of D. melanogaster
interfere with meiosis I either in male or in female, but not in both. This implies that control of
meiosis I is different in male and in female flies. Some mutations affecting meiosis I in
Drosophila males have been investigated. The mutant segregation distorter (SD) is due to a
dominant gene on chromosome II. The heterozygous males (SD/ +) transmit the mutant SD
gene to 50% of the progeny; the homozygous (SD/SD) males are sterile. Another mutant in
males called recovery disrupter (RD) is due to an X-linked gene. It causes fragmentation of Y-
bearing sperm resulting in excess of female flies in the progeny. A few more mutations in
males such as mei-S8 and mei-081 cause nondisjunction at meiosis in Drosophila females such
as ¢(3) G, and mei-218 either reduce recombination or interfere with chromosome segregation.
Those that affect recombination also cause increased nondisjunction of all chromosomes.

The Spindle Apparatus

Electron microscopy has shown that spindle fibres are made up of bundles of parallel filaments
called microtubules. The microtubules are assembled from cytoplasmic proteins namely oo and
B tubulin, and have an outside diameter of 24 nm, a central lumen of 15 nm across, and variable
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length. In cross section a microtubule appears circular in outline, the circle itself being composed
of about 13 smaller circles. These small circles represent cross sections of long strands called
protofilaments which are assembled from the globular protein subunits, the oo and  tubulin
present in the cytoplasm. One molecule each of oo and  tubulin become associated to form a
dimer. The dimers are arranged in linear order to form protofilaments (Fig. 6.3). Each dimer
appears to have a specific binding site for colchicine and another for vinblastine
(Weisenberg, 1972), both of which inhibit spindle formation by preventing the assembly of
microtubules.

o-tubulin
subunit

B-tubulin
subunit

(b)
Fig. 6.3 Cross sectional and side views of spindle microtubules.

The microtubules are supposed to be present in the form of a cytoplasmic network in a
resting cell. During cell division they become organised as spindle fibres. They are disassembled
after cell division. It seems that for normal mitosis there must be a state of equilibrium between
microtubules and free subunits of tubulin present in the cytoplasm. Low temperatures disturb
the equilibrium and dissociate microtubules.

The alkaloid colchicine obtained from the corms of a liliaceous plant Colchicum autumnale
binds to tubulin and prevents formation of spindle fibres. Due to the resulting failure of
chromosome movement, cell division becomes arrested at metaphase. Such cells may either
degenerate, or the duplicated chromosomes may form a nucleus which is polyploid. The effect
of colchicine can be reversed by depriving the cells of colchicine. A few other chemicals such as
nitrous oxide, acenaphthene, chloral hydrate, vinblastine and podophyllotoxin have the same
effect as colchicine.

Forces Required For Chromosome Movement

The forces powering chromosome movement have not been understood. A variety of different
molecular motors have been identified in a wide variety of species. All of the motors thought to
be involved in chromosome movement are microtubule motors that include some kinesin-related
proteins and cytoplasmic dynein.

Kinesin and motor proteins dynein move along microtubules in opposite directions,
kinesin toward the plus end and dynein toward the minus end. Kinesin translocates along
microtubules in only a single direction, toward the plus end. The kinesin molecule is 380 kDa
in weight, consists of two heavy chains of 120 kDa each, and two light chains, 64 kDa each. The
heavy chains have long o-helical regions wound around each other in coiled coil manner. The
amino-terminal globular head domains of the heavy chains are the motor domains of the
molecule. They bind to both microtubules and ATP, the hydrolysis of ATP providing the energy
required for movement. The tail portion of the kinesin molecule consists of the light chains in
association with the carboxy-terminal domains of the heavy chains. This portion of kinesin is
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responsible for binding to other cell components, such as organelles and membranous vesicles
that are transported along microtubules by the action of kinesin motors.

Dynein is a very large molecule, up to 2000 kDa, consisting of two or three heavy chains,
complexed with various light polypeptides. In dynein too, the heavy chains form globular ATP-
binding motor domains that are responsible for movement along microtubules. The light chains
of this molecule bind to organelles and membranous vesicles. All members of the dynein family
move toward the minus ends of microtubules.

Regulation of the Cell Cycle

Most eukaryotic organisms duplicate cells by following a more or less similar cell cycle. Since
diverse organisms follow a similar pattern for cell duplication, it implies that the cell cycle is
under genetic control. Disruption of the genetic controls leads to uncontrolled cell proliferation,
as seen in malignancy. Regulation of the cell division cycle involves extracellular signals from
the environment as well as internal signals that exert their effect on processes during different
cell cycle phases (G1, S, G2 and M). In addition, cellular processes such as cell growth, DNA
replication and cell division must be coordinated for progression of cell cycle. This is accomplished
by a number of control points that check and regulate progression through the different phases
of cell cycle.

An important cell cycle regulatory point occurs late in phase G1 and controls progression
from G1 to S. This regulatory point was first found in yeast (Saccharomyces cerevisiae), where
it is referred to as START (Fig. 6.4). After passing START, cells become committed to go
through one cell division cycle. In yeast, the passage through START is controlled by external
signals such as availability of nutrients. If there is shortage of nutrients, yeast cells become
arrested at START and enter a nondividing resting stage. START is also the point at which
cell growth is coordinated with DNA replication and cell division. Budding yeasts which produce
progeny cells of different sizes, cell size is monitored by a control mechanism. Accordingly,
each cell must reach a minimum size before it can pass through START.

Daughter
cell

Mother cell

To cross START
mother cell needs
cell size, nutrients
mating factors

Bud formation initiated

Fig. 6.4 Cell cycle of yeast is regulated at a point START in late G1. After mother cell
crosses START, bud formation begins, and is completed after mitosis.
The size of the bud reflects the position of the cell in cell cycle.
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In eukaryotes, cell proliferation is regulated at the G1 phase of cell cycle called restriction
point. In contrast to yeasts, the passage of mammalian cells through cell cycle is regulated by
extracellular growth factors that signal cell proliferation, instead of availability of nutrients.
When the appropriate growth factor is present, cells pass the restriction point and enter S
phase. Once it has passed through the restriction point, the cell becomes committed to proceed
through S phase and complete the cell cycle, even in absence of further growth factor stimulation.
Progression through cell cycle stops at the restriction point if appropriate growth factors are
not available in G1. Thus cells become arrested at a quiescent stage called GO (G zero). Cells in
GO0 are metabolically active, but have reduced rates of protein synthesis. It has been noted that
many animal cells remain in GO unless induced to proliferate by appropriate growth factors or
other extracellular signals. A good example is afforded by skin fibroblasts that remain arrested
in GO. When they are required to repair damage resulting from a wound injury, they are
stimulated to divide. The proliferation of fibroblasts is signalled by platelet-derived growth
factor released from blood platelets during clotting.

An example of cell cycle control in G2 is provided by vertebrate oocytes. Oocytes can
remain arrested in G2 for very long periods of time, until they are triggered by hormonal
stimulation to proceed to M phase. In human female, oocytes become arrested in G2 during
fetal life for several decades until stimulated to complete the meiotic cell cycle.

Checkpoints in Cell Cycle

The coordination between the different phases of the cell cycle depends on a system of
checkpoints as well as feedback controls that prevent entry into the next phase of the cell cycle
until events of the previous phase have been completed. To ensure that incomplete or damaged
chromosomes are not replicated and passed on into daughter cells, there are several cell cycle
checkpoints. One well defined checkpoint occurs in G2 which prevents initiation of mitosis
until DNA replication is completed. The G2 checkpoint senses unreplicated DNA, then generates
a signal that leads to cell cycle arrest. Thus the G2 checkpoint prevents the initiation of M
phase before completion of S phase. The cells remain in G2 until the entire genome has been
replicated. The checkpoint then releases inhibition of G2, allowing the cell to progress into
mitosis, and completely replicated chromosomes are passed on into daughter cells. Progression
into the cell cycle is also arrested at the G2 checkpoint in response to DNA damage caused by
radiation. In this case, arrest in G2 allows time for repair of damage.

DNA damage can also arrest cell cycle progression at a checkpoint in G1, that allows
repair of damage to take place before the cell enters S phase. Thus, replication of damaged
DNA is prevented. In eukaryotes, arrest at the G1 checkpoint is mediated by the action of a
protein called p53 which is rapidly induced in response to damaged DNA (Fig. 6.5). The gene
encoding p53 is frequently mutated in human cancers. Mutations in this gene lead to loss of
function of p53 that prevents G1 arrest, in response to DNA damage. Thus, damaged DNA is
replicated and passed into daughter cells without being repaired. Through damaged DNA the
daughter cells inherit an increased frequency of mutations and instability of the genome which
contribute to cancer development. Mutations in p53 gene are most common genetic alterations
in human cancers.

The third cell cycle checkpoint occurs toward the end of mitosis. This checkpoint ensures
alignment of chromosomes on the mitotic spindle, so that a complete set of chromosomes is
distributed into the daughter cells. If one or more chromosomes fail to align correctly on the
spindle fibres, the checkpoint leads to arrest at metaphase. The chromosomes do not separate
at the equator until a complete complement of chromosomes has been organised for accurate
distribution to the two poles.
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Fig. 6.5 Involvement of p53 in G1 arrest induced by DNA damage. When DNA is
damaged by irradiation or any other means, p53 levels increase and
signal cell cycle arrest at the G1 checkpoint.

Mechanisms for Regulation of Cell Cycle

Studies on molecular mechanisms that control the progression of mammalian cells through
the division cycle have revealed that the cell cycle is controlled by a set of protein kinases
which are responsible for triggering the major cell cycle transitions.

Cdc2 and Cyclin

Studies on frog oocytes indicated that the oocytes that are arrested in G2 phase of cell cycle
could be stimulated to enter into the M phase of meiosis by hormonal stimulation. Later
investigations showed that oocytes arrested in G2 could be induced to enter M phase by
microinjection of cytoplasm taken from oocytes that had been hormonally stimulated. Thus, a
cytoplasmic factor present in hormonally stimulated oocytes would allow oocytes that had not
been exposed to hormone, to progress from G2 to M. This cytoplasmic factor was called
maturation promoting factor (MPF). Further studies showed that MPF is not specific to
oocytes, but appeared to act as a general regulator of the transition from G2 to M in somatic
cells as well.
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Studies on temperature-sensitive mutants of yeast Saccharomyces cerevisiae that were
defective in cell cycle progression also contributed to understanding of regulation of cell cycle.
These mutants called cdc (cell division cycle mutants) were remarkable as they showed growth
arrest at specific points in the cell cycle. For example, the mutant designated cdc28 replicates
normally at the permissive temperature, but at the nonpermissive temperature there is arrest
of cell cycle at START, thus indicating that the cdc28 protein is necessary for passage of cells
through the regulatory point START in G1. Further investigations on cdc2 brought to light
two important points. First, that cdc2 encodes a protein kinase, indicating the role of protein
phosphorylation in cell cycle regulation. Second, a gene related to cdc2 was identified in humans
and shown to function in yeasts, implying that the cell cycle regulatory activity of this gene is
conserved.

Studies on protein synthesis in sea urchin embryos provided further insights into cell
cycle regulation. After fertilisation, sea urchin embryos go through rapid cell divisions. However,
the entry of embryonic cells into M phase requires new protein synthesis. Two proteins were
then identified that accumulate during interphase and are degraded at the end of each mitosis.
These proteins were called cyclin A and cyclin B. It seemed that cyclins might be able to
induce mitosis by controlling entry and exit from M phase. It was then demonstrated that
cyclins control G2 to M transition.

Subsequent investigations on MPF, the regulator of cell cycle gave interesting results
when it was shown that MPF is composed of two subunits, cdc2 and cyclin B. Cyclin B is
required for the catalytic activity of the cdc2 protein kinase. Thus, MPF activity is controlled
by the periodic accumulation and degradation of cyclin B during cell cycle progression. Further
studies have demonstrated regulation of MPF by phosphorylation and dephosphorylation of
Cdc2 protein. Cyclin B synthesis takes place in S phase, and it forms complexes with Cdc2
protein throughout S and G2. During this time, Cdc2 is phosphorylated at two regulatory
positions, one on threonine-161 (required for Cdc2 kinase activity), the other of tyrosine-15
catalysed by a protein kinase called Weel that inhibits Cdc2 activity resulting in accumulation
of inactive Cdc2/cyclin B complexes during S and G2. The transition from G2 to M takes place
by activation of the Cdc2/cyclin B complex brought about by dephosphorylation of threonine-
14 and tyrosine-15 by a protein phosphatase called Cdc25. After activation the Cdc2 protein
kinase phosphorylates a variety of target proteins for entry into M phase. Furthermore, Cdc2
activity also stimulates degradation of cyclin B by ubiquitin-mediated proteolysis. Degradation
of cyclin B inactivates Cdc2, causing the cell to exit mitosis, undergo cytokinesis and enter
interphase.

The Cyclins

The characterisation of the Cdc2/cyclin complex have provided insights into the regulation of
the cell cycle. Both Cdc2 and cyclin B are found to be members of large families of related
proteins, with different members of these families controlling distinct phases of the cell cycle.
As already stated, in the case of yeasts, Cdc2 controls passage through START and entry into
mitosis. By associating with distinct cyclins, Cdc2 is able to phosphorylate different substrate
proteins required during specific phases of the cell cycle.

In higher eukaryotes, cell cycles are controlled not only by multiple cyclins, but also by
multiple Cdc2-related protein kinases. Referred to as Cdks (cyclin-dependent kinases).
The original member of this family, Cdc2, is known as Cdk1 with others following up to Cdk8.
Members of the Cdk family associate with specific cyclins to accomplish progression through
different stages of the cell cycle. Briefly, progression from G1 to S is regulated by Cdk2 and
Cdk4 in association with cyclins D and E; Cdk4 and Cdk6 control progression through restriction



54 GENETICS

point in G1 in association with cyclins D1, D2, and D3; Cdk2 and cyclin E complexes are
required for G1 to S transition as well as initiation of DNA synthesis in S; Cdk2 with cyclin A
control progression of cells through S phase; Cdc2 complexed with cyclin B plays a role in
transition from G2 to M.

The activity of Cdks during cell cycle is regulated by at least 4 molecular mechanisms.
The first level of regulation involves formation of Cdk/cyclin complexes. Second, activation of
Cdk/cyclin complex by phosphorylation of a Cdc threonine residue at position 160. The third
involves inhibitory phosphorylation of tyrosine residues near the Cdk amino terminus. Fourth,
binding of inhibitory proteins called Cdk inhibitors or CklIs to Cdk/cyclin complexes. The
combined effects of these multiple mechanisms of Cdk regulation accomplish control of cell
cycle progression in response to both checkpoint controls and to the large number of extracellular
stimuli that regulate cell proliferation.

The D-Type Cyclins

The proliferation of animal cells is regulated by a variety of extracellular growth factors that
control progression of cells through the restriction point in late G1. In absence of growth factors,
cells are not able to progress through the restriction point, become quiescent or enter GO.
When stimulated by growth factor, the cells can re-enter the cell cycle. The study of D-type
cyclins has provided an important link between growth factor signalling and cell cycle
progression. Cyclin-D synthesis is induced in response to growth factor stimulation and
continues as long as growth factors are present. Growth factors must necessarily be present
through G1 to allow complexes of Cdk 4, 6/cyclin D to drive cells through the restriction point.
But if growth factors are removed prior to G1, the concentration of D-type cyclins falls rapidly.
The cells are then unable to pass through G1 and S, become quiescent and enter GO. Thus,
D-type cyclins play a role in growth factors control of progression of cells through G1.

The insights gained on growth factors and cyclin D led to a most important finding that
defects in cyclin D regulation contribute to the loss of growth regulation that is characteristic
of cancer cells. Indeed, many human cancers have been found to arise as a result of defects in
cell cycle regulation, whereas many other cancers result from abnormalities in the intracellular
signalling pathways activated by growth factor receptors. Therefore, mutations which result
in the continuous unregulated expression of cyclin D1 lead to development of several human
cancers, including lymphomas and breast cancers. Furthermore, a key substrate protein of
Cdk4, 6/cyclin D complexes is found to be frequently mutated in a variety of human tumors.
This protein is called Rb since it was first identified as the product of a gene responsible for
retinoblastoma, a childhood eye tumor. It was later found that if Rb is rendered nonfunctional
due to mutation, it could result in a variety of human cancers, besides retinoblastoma. Rb
seems to be the prototype of a tumour suppressor gene, a gene whose inactivation leads to
development of tumors.

Subsequent investigations have revealed that Rb plays a significant role in coupling
the cell cycle machinery to the expression of genes required for cell cycle progression and DNA
synthesis. Rb’s function is regulated by changes in its phosphorylation as cells traverse the cell
cycle. For example, Rb becomes phosphorylated by Cdk4, 6/cyclin D complexes as cells pass
through the restriction point in G1. When Rb is underphosphorylated (present in GO or early
G1), Rb binds to members of the E2F family of transcription factors, which regulate expression
of several genes involved in cell cycle progression, such as gene encoding cyclin E. Details of
Rb’s action indicate that Rb acts as a molecular switch that converts E2F from a repressor to
an activator of genes required for cell cycle progression.
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Inhibitors of Cell Cycle

Agents that cause damage to DNA result in arrest of cell cycle. Cell contacts between cancerous
cells in culture arrest division (contact inhibition). A number of extracellular factors inhibit
cell division, frequently mediated by regulators of the cell cycle machinery, usually by induction
of Cdk inhibitors. For example, arrest of cell cycle in response to DNA damage is mediated by
protein p53. Protein p53 a transcriptional regulator that stimulates expression of the Cdk
inhibitor known as p21. The p21 inhibits several Cdk/cyclin complexes. Following DNA damage,
p53 induces synthesis of p21 and brings about cell cycle arrest. Protein p21 can also directly
inhibit DNA replication.

A well characterised extracellular inhibitor of animal cell proliferation is the polypeptide
factor TGF-f, that inhibits the proliferation of a variety of types of epithelial cells by arresting
cell cycle progression in G1. This action of TGF-f is mediated by induction of Cdk inhibitor p15
which blocks Cdk4 activity. Then Rb is not phosphorylated and the cell cycle becomes arrested
in G1.

I THE CHROMOSOME THEORY OF INHERITANCE

In order to understand the role played by chromosomes as carriers of hereditary material, we
must turn the clock backward to some landmarks in the history of genetics. The earliest records
date back to the work of the 18th Century plant hybridisers. One of them Kolreuter had some
theoretical knowledge on the basis of his practical experience in hybridisation work on Nicotiana.
He crossed Nicotiana rustica with N. paniculata and found that for all 13 characters studied
by him, the resulting hybrid was intermediate between the two parents. The results of his
reciprocal crosses were the same. Thus he was first to suggest that the hereditary contribution
of the two parents to their offspring was equal.

The later half of the 19th century then covered a few more milestones in genetics. Oscar
Hertwigin 1876 studied fertilisation in sea urchins while Strasburger (1877, 1884) and Schmitz
(1879) made similar observations in plants. Hertwig noted the presence of two nuclei in the
fertilised egg and concluded that fertilisation involved fusion of nuclei from two parental
gametes. Working with seed plants, Strasburger in 1884 could clearly show that in the orchid
Orchis latifolia the pollen tube travels downward through the pistil and enters the embryo
sac. But the existence of a hereditary substance inside the nucleus was first postulated by
August Weismann working as Professor at the University of Freiburg. He called the substance
germplasm. The next problem was to understand the continuity of the germplasm i.e. its
transmission from parent to offspring. It was Schneider in 1873 who first demonstrated the
continuity of germplasm (nucleus) through cell division by observing condensing chromosomes
and their movements in dividing eggs of the flatworm Mesostomum.

Walter Flemming in 1878 was first to study mitosis in detail and coined the term. He
could observe metaphase chromosomes longitudinally split in half and their movement apart
to each of the two daughter nuclei. In this way a parent cell could pass on two identical groups
of chromosomes to its two daughter cells. Another evidence for the role of chromosomes in
heredity came when E. Van Beneden and Weismann showed that gametes contained only half
the number of chromosomes present in somatic tissues and that the somatic number was
restored at fertilisation. In 1883 Wilhelm Roux went a step further by suggesting that cell
division not only divides the quantity of nuclear material, but also its properties or individual
qualities (hereditary determinants of a trait).
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The cytological studies on chromosomes conducted till 1900 constitute the first or
premendelian phase in the development of the Chromosome Theory of Inheritance. But after
the rediscovery of Mendelism, all efforts were directed towards determining the relationship
between Mendelian factors and chromosomes. In Mendel’s crosses, the F,, progeny segregated
in typical ratios as expected on theoretical grounds. But the cytological basis of Mendelism
was not understood until the behaviour of chromosomes during cell division was known. In
1902 Correns provided evidence that segregation of Mendelian factors occurred during meiotic
division. In 1901 Montgomery made the important observation that during meiosis maternal
chromosomes paired only with paternal chromosomes. He studied a very favourable material
Ascaris megalocephala var. univalens which has only two chromosomes. Obviously when there
is pairing it must involve a maternal and a paternal chromosome.

In 1902 McClung could associate a specific heritable trait in grasshopper with a specific
chromosome. In the same year Theodor Boveri studied multipolar mitoses in sea urchin embryos
and concluded that the individual chromosomes are qualitatively distinct from each other and
carry different hereditary determinants. Boveri’s conclusion was further strengthened by the
observations of Walter Sutton in 1903 who could demonstrate morphological differences between
the 23 chromosomes of the grasshopper Brachystola. Sutton was a graduate student of Wilson
at Columbia University and is credited for demonstrating a parallel between meiotic behaviour
of paired chromosomes and the behaviour of pairs of Mendelian factors. He could explain
Mendel’s principle of segregation by showing cytologically that in meiosis one member of a
pair of homologous chromosomes goes to one daughter cell, the other to the second daughter
cell. Mendel’s second principle of independent assortment found cytological proof from the fact
that members of one pair of homologous chromosomes move to the poles independently of the
members of another pair. In this way the final mixture of chromosomes (paternal and maternal)
at a pole is different from one cell to another. In other words, segregation of paired homologues
at Metaphase I occurs at random. This phenomenon was also demonstrated explicitly by
Carothers, a student of McClung, in grasshopper in which one pair of homologous chromosomes
is such that one member is larger than the other partner. Moreover there is one unpaired
chromosome in the grasshopper. She observed separation of the two unequal chromosomes to
the two poles in about 300 cells and found that the unpaired chromosome passed to one pole
with the larger homologue in about 50% of cells, and with the smaller homologue in the
remaining 50% cells. From this she inferred that different chromosome pairs assort
independently.

Boveri’s work on sea urchins was confirmed later by Blakeslee in 1922 while working
with Datura (Jimson weed). The normal diploid chromosome number in Datura is 24 which
form 12 pairs in meiosis. Some plants however have 25 chromosomes (designated trisomics
today). An interesting feature of the 25th chromosome is that it could be identical to any one of
the 12 pairs so that Datura plants could be classified into 12 types. Blakeslee found that the
shape and size of the fruit capsule was different in all the 12 groups of plants. This proved that
the 12 chromosomes differed from each other qualitatively and each produced a morphologically
different capsule.

The work of Boveri and Sutton provided excellent correlation between Mendelian factors
and chromosomes and became known as the Sutton-Boveri theory. Their experiment led to the
discovery of the following characteristic features of chromosomes:
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(a) Continuity of chromosomes from one cell division to the next,

(b) Qualitative differences between individual chromosomes,

(c) Pairing of maternal with paternal chromosomes,

(d) Segregation of chromosomes at random i.e. independent assortment of chromosomes.

Sutton in 1903 found that the number of factors obeying Mendel’s law were more than
the number of chromosome pairs in the cell. This means that there were many genes on a
single chromosome and Mendel’s law of independent assortment could not be applied to them
(due to phenomenon of linkage described in Chapter 8). T.H. Morgan in 1909 showed that in
Drosophila the gene for white eye colour was linked to the sex chromosome. He crossed a
white-eyed male fly with normal red-eyed female and obtained an F', progeny of red-eyed flies
only. The F, red-eyed flies when mated amongst themselves produced F, progeny in the ratio
of 3 red to 1 white. But the striking feature was that all the F, white-eyed flies were males. In
this way Morgan demonstrated that the gene for eye colour was present on the X-chromosome.
The following year he showed that the genes for yellow body colour and for miniature wings
were also carried on the X-chromosome. By performing dihybrid crosses (involving eye pigment
and body colour) he could show that crossing over could change positions of linked genes
(incomplete linkage).

C.B. Bridges, a student of Morgan provided support to the chromosome theory from his
studies on nondisjunction. When a white-eyed female is crossed with a red-eyed male, normally
the F, consists of red-eyed females and white eyed males. Bridges found that some-times red-
eyed males and white-eyed females were also present. He found a cytological explanation by
which the two X-chromosomes failed to separate at Metaphase I of meiosis. Thus both X’s
passed together into 50 per cent of resulting eggs; the remaining 50 per cent of eggs did not
receive an X-chromosome, a phenomenon known as primary nondisjunction. If an egg with
two X-chromosomes is fertilised by a normal Y carrying sperm, the resulting zygote has XXY
chromosome constitution and is female. Bridges could demonstrate cytologically that such a
female indeed had XXY chromosomes thus establishing the validity of the chromosome theory
of inheritance.

| QuEsTiONS

1. A preparation of metaphase cells showed 13 chromosomes. Which explanation/s given below
could be correct:

(a) The cells are at metaphase I of meiosis;
(b) The cells are in mitosis; they belong to an individual with XO sex chromosome constitution;
(c) Impossible to explain; the cell has an uneven number of chromosomes;
(d) The cells are at metaphase II of meiosis.
2. How many chromatids in a zygote nucleus would be:
(a) of maternal origin?
(b) of paternal origin?
3. Distinguish between:
(a) mitotic metaphase and meiotic metaphase stages;
(b) mitotic prophase and mitotic telophase.
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4. A diploid cell has 6 chromosomes. One pair of homologous chromosomes has the centromeres
very near the telomere, the second pair has it near the middle. The third pair is abnormal in
that one chromosome is short and without a centromere, the other is longer than normal and
dicentric. Draw a figure to show the anaphase stage of mitosis in such a cell.

5. Two daughter cells resulting from mitosis have the same amount of genetic material. Do they
also have the same genotype?

6. Point out the similarities and differences between mitosis and meiosis.

7. What are the microscopically visible differences between paired homologues at pachytene and
at metaphase I of meiosis?

| SELECTED READINGS

Bridges, C.B. 1916. Nondisjunction as Proof of the Chromosome Theory of Heredity. Genetics 1 : 1.
Carbon, J. 1984. Yeast Centromeres: Structure and Function. Cell 37 : 351-353.

DuPraw, B.J. 1970. DNA and Chromosomes. Holt, Reinhart and Winston, New York.

Dustin, P. 1980. Microtubules. Sc. Amer 243 : 58.

Hexter, W. and Yost, H.T. 1976. The Science of Genetics. Prentice Hall, N.J.

Luyx, P. 1970. Cellular Mechanisms of Chromosome Distribution. Int. Rev. Cytol. 32 Suppl. 2.

Moens, P.B. 1973. Mechanisms of Chromosome Synapsis at Meiotic Prophase. Int. Rev. Cytol.
35:117.

Nicklas, R.B. 1971. Mitosis. Adv. Cell Biol. 2 : 225.

Schulman, I. and Bloom, K.S. 1991. Centromeres: An Integrated Protein/DNA Complex Required
for Chromosome Movement. Annu Rev. Cell Biol. 7 : 311-336.

Voeller, B. 1968. The Chromosome Theory of Inheritance. Appleton-Century-Crofts, New York.
White, M.J.D. 1973. The Chromosomes. Chapman and Hall. London.
Willard, H.F. 1990. Centromeres of Mammalian Chromosomes. Trends Genetics 6 : 410-416.



7

Chi-Square Test and Probability

Mendel’s 3 : 1 ratio is approximate and is not based on the study of 4 plants. Instead, a very
large number of plants (in hundreds and thousands) were observed for inheritance of a character
and the ratios were calculated. Thus in the cross between tall and dwarf plants, out of a total
of 1064 plants, 787 were tall and 277 were dwarf, giving a ratio of 2.84 : 1 which is close to the
3 : 1 ratio. Similarly when plants with green pods were crossed with plants bearing yellow
pods, the 580 plants of F, progeny showed segregation into 428 green and 152 yellow plants
giving a ratio of 2.82 : 1. When Mendel’s experiment gave a result that deviated considerably
from the expected ratio, he repeated the experiment for accurate results. But it is not always
possible to repeat experiments. The chi-square test is a statistical method of determining
whether the deviation from the expected result is significant. Putting it in another way, what
are the chances that results based on a small sample represent a true sample of a very large
population ? When we use a mathematical test to determine how an observed ratio deviates
from an expected ratio we say we are determining the goodness of fit or chi-square.

| cHI-sQUARE TEST

For determining chi-square or goodness of fit, the size of the population must be considered.
Suppose in one cross of tall and dwarf plants, out of the 100 plants of F,, 70 are tall and
30 dwarf instead of 75 and 25 as expected from a 3 : 1 ratio. Obviously there is a deviation of
5 from the normal. In a second cross where 1000 plants of F, progeny showed the same numerical
deviation of 5, there were 745 tall plants and 255 dwarf ones. In the third cross the 1000 plants
of F, generation appeared in the same proportion as in the first cross (70 : 30 or 7 : 3) so that
700 plants were tall and 300 dwarf. The chi-square formula given below will show whether the
differences in the observed results of the three crosses are significantly different from the 3 : 1
ratio or not (Table 7.1)

d2
%2 (chi-square) = E [—)
e

where d represents deviation from expected ratio, e the expected ratio, and X is the sum. The
smaller the chi-square value the more likely it is that deviation has occurred due to chance.

59



60 GENETICS

TABLE 1. Chi-square analysis of F, progenies of three crosses
between tall and dwarf pea plants

No. of plants Cross no. 1 Cross no. 2 Cross no. 3
in F, population 100 1000 1000
Tall  Dwarf Tall Dwarf Tall  Dwarf
Observed 70 30 745 255 700 300
Expected (e) 75 25 750 250 750 250
Deviation (d) 5 5 5 5 50 50
d? 25 25 25 25 2500 2500
d?/e 0.33 1 0.033 0.1 3.3 10
2
X = Z (d—] 1+0.33 0.033 + 0.1 3.3+ 10
e
=133 = 0.133 = 13.3

Now to find out whether the differences between expected and observed results are due
to chance alone or not, we must be familiar with two more concepts namely degree of freedom
and level of significance.

Degrees of Freedom: The number of degrees of freedom is calculated as the number of
classes whose value is required to describe the outcome from all classes. The concept of degrees
of freedom is important in experiments and genetic ratios because one must consider the total
number of observed individuals in the experiment as a fixed or given quantity. This fixed
quantity is composed of one or more classes some of which are variable. In the experiment
between tall and dwarf pea plants there are only two classes, tall and dwarf. As soon as the
number of one class is set, the other can be determined. Thus when two classes are scored,
there is one degree of freedom. In an experiment where three classes are scored, there are two
degrees of freedom, and so on. The rule states that for the kind of genetic experiments described,
the degrees of freedom are equal to one less than the number of classes.

Level of Significance: In the experiment described the actual ratio departs from that
which is expected. We must now determine how significant is this discrepancy so that we can
decide to accept or reject the results. Small discrepancies are not significant; large discrepancies
are significant and lead to rejection of a result or hypothesis. Therefore values are assigned to
these two kinds of discrepancies—the large discrepancies are the largest 5% and small
discrepancies are remaining 95%. On this basis if the discrepancy lies in the large class it is
significant and the result may be discarded. The 5% frequency value that enables us to reject
the result is called the 5% level of significance. The level of significance can be changed. If 5%
is too high we can decide on a low level of significance say 1%. In this case it is not so easy to
reject a result. Contrarily, if we decide on a high level of significance say 10%, it is easier to
reject a result. Usually the accepted level of significance is between the two extremes, that
is 5%.

Chi-square: After determining the degrees of freedom in an experiment and deciding on
the level of significance, the actual size of the discrepancy between expected and observed is
found by chi-square. Statisticians have prepared tables that relate the number of degrees of
freedom with the probability that particular groups of chi-square values will be found (Table 2).
For a more detailed table refer to Table IV in Fisher and Yates, 1963.
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We can now examine the results of the experiment described in Table 1. The chi-square
values of the first two crosses are 1.33 and 0.133. Both are acceptable discrepancies because
these values are smaller than the chi-square value for one degree of freedom given as 3.84 in
Table 2. The results of the first two crosses therefore may be considered to be consistent with
Mendel’s hypothesis, the difference between expected and observed being due to chance.

TABLE 2. Values of chi-square corresponding to 5% and 1% levels
of significance and up to 10 degrees of freedom

Degrees of freedom Level of significance
5% 1%
1 3.84 6.64
2 5.99 9.21
3 7.82 11.34
4 9.49 13.28
5 11.07 15.09
6 12.59 16.81
7 14.07 18.48
8 15.51 20.09
9 16.92 21.67
10 18.31 23.21

| PrOBABILITY

In the experiments described above the F, generation segregates in a particular ratio. The
numbers of individuals in each ratio result from chance segregation of genes during gamete
formation, and their chance combinations to form zygotes. Since these are chance events,
accurate predictions about the results cannot be made. This is especially true in cases where
the progeny is limited to a small number such as in experiments in animal breeding and even
more so in human pedigree studies. It is hardly possible to predict the appearance of a certain
phenotype or genotype. But what we can say is that there is a certain probability of occurrence
of a given genetic event.

In a general way we can say that the probability or chance that an event will occur can
be defined as the proportion of times in which that event occurs in a very large number of
trials. If there are x trials and the event occurs on the average y times during the x trials, then
the probability is expressed as y/x. The probability would be between zero and one. The closer
the probability is to zero, the less chance is there for the event to occur. When probability is
one, the event is certain to occur.

Rules of Probability

The multiplication rule: While considering probabilities it is important to note that the
inheritance of certain genes such as for height of pea plants (tall or dwarf), flower colour
(red or white), seed texture (round or wrinkled) are independent events. If we consider each
gene separately, the probability of any one F, plant being tall is 3/4, and of its being dwarf 1/4.
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Similarly there is a probability of 3/4 that an F, plant will bear red flowers and 1/4 that the
flower will be white. Now what is the probability that an F, plant would be both tall and
coloured? Assuming that the inheritance of each gene is an independent event, the probability
that a plant be coloured and tall is equal to the product of their individual probabilities, i.e.,
3/4 x 3/4 = 9/16. Thus there are 9 chances out of 16 that an F, plant be coloured and tall. Stated
in a general way, when the probability of an event is independent of that of another event, and
the occurrence of one does not influence the occurrence of the other, probability that both
events will occur together is the product of their individual probabilities.

The Addition Rule: The probabilty that one of several mutually exclusive events will occur is
the sum of their individual probabilities. This law is applicable when different types of events
cannot occur together. If one occurs the other is excluded. When a coin is tossed there are two
alternatives, either heads or tails will appear. If the probability for heads is 1/2, for tails 1/2,
then the probability that either heads or tails will appear is 1/2 + 1/2 = 1.

Probability and Human Genetics

In some recessive genetic traits in humans such as phenylketonuria (PKU), albinism and others,
the birth of an affected child indicates that the parents are heterozygous carries for that trait.
Due to the recessive nature of the gene the parents are healthy and normal. Such parents
could be anxious to know what chances exist for any of their future children to show the genetic
defect. Since the trait is recessive they could expect affected children and normal children in
the ratio 1 : 3. But since human families are limited in size, this ratio can be misleading. All we
can say is that the chance or probability of having an affected child is 1/4 at each birth. Moreover,
even after the birth of an affected child, the same probability (1/4) exists for an affected child in
all future pregnancies. The probability for a normal child at each birth is 3/4.

The rules of probability can be applied for predicting the ratio of boys and girls born in
a family. Since the human male produces an equal number of X and Y sperm, the chance for a
boy at any birth is 1/2, and for a girl also is 1/2. From the probability of each single conception
it is possible to calculate the probability of successive births together. For example, what is the
probability that the first two children born in a family will both be males. To find this out we
must determine the product of the separate probabilities at each conception, that is 1/2 x 1/2 =
1/4. Now consider a different question. What is the probability that the third child in the
family in which the first two are males, will also be a male ? For the answer we must remember
that the sex of any child is independent of the sex of the other children; therefore the probability
for the third child to be male is 1/2.

| BINOMIAL EXPANSIONS

There are many situations in genetics where we would like to know the probability that a
combination of events will occur. For instance it may be required to determine the probability
that two offsprings of a mating between Aa and aa parents will have a particular genetic
constitution, namely 2 Aa, 2 aa, and 1 Aa and the other aa.

The occurrence of a particular genotype in a single offspring is an independent event, as
it is not influenced by the genotype of any other offspring. The probability that 2 Aa offspring
will be formed from this mating is therefore equal to the product of their separate probabilities.

Aa=1/2x1/2=1/4 or 25%
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Thus the probabilities for each sequence of two offsprings are as follows:

1st offspring 2nd offspring Probabilities
Aa Aa 1/2x1/2=1/4
AA aa 1/2x1/2=1/4
aa Aa 1/2x1/2=1/4
aa aa 1/2x1/2=1/4

Thus the probability that both offspring are Aa is 1/4, that one is Aa the other aa is 2/4,
that both are aa is 1/4. In other words the pattern for this distribution is 1 : 2 : 1. This also
represents the coefficients of raising two values of the binomial p and ¢ to the power of 2:

(p + ) =1p* + 2pq + 1¢*
or if we substitute Aa for p and aa for ¢
[(Aa) + (aa)]? = 1(Aa) (Aa) + 2(Aa) (aa) + 1(aa) (aa)
Note that the probability for a complementary event such as the probability that both
offspring will not be aa is 1 — the probability of the particular event, or 1 — 1/4 = 3/4. If the
probabilities are calculated for the different combinations of genotypes possible among 3 children

of the mating Aa x aa, the frequencies of each combination will be found to correspond with
raising a binomial to the third power.

Probability that 3 offspring are Aa = 1/8

Probability that two are Aa and one aa = 3/8

Probability that two are aa and one Aa = 3/8

Probability that 3 offspring are aa = 1/8
or (p +q)3 =1p3 + 3p%q + 3pq? + 1¢3
or [(Aa) + (aa)]® = 1(Aa) (Ac) (Aa) + 3(Aa) (Aa) (aa) + 3(Aa) (aa) (aa) + 1(aa) (aa) (aa)

The probability for each particular combination of offspring can therefore be determined
by the binomial coefficient for that combination relative to the total number of possible
combinations. In general we can say that when p is the probability that a particular event will
occur and g or 1 — p is the probability of an alternative form of that event so that p + ¢ = 1, then

probability for each combination in which a succession of such events may occur is described
by the binomial distribution.

I MULTINOMIAL DISTRIBUTIONS

In the examples described above there are only two possible alternatives for each event.
Sometimes a genetic cross or mating can produce three types of offspring. For instance Aa x Aa
will produce AA, Aa and aa offspring in the ratio 1: 2 : 1 so that their probabilities are 1/4 for
AA, 1/2 for Aa and 1/4 for aa. In such cases an additional term is added to the binomial to
represent the third class of offspring. We now have a trinomial distribution (p + q + r)*, where
P, q and r represent probabilities of AA, Aa and aa respectively.
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For determining probabilities of trinomial combinations we use the formula

n

wxy P USRS
where w, x and y are the numbers of offspring of each of the three different types, and p, ¢ and
r are their probabilities respectively. In a mating of Aa x Aa where only four offspring are
produced, the probability of having exactly 1 AA homozygote, 2 Aa heterozygote and 1 aa
homozygote would be

R 1(1/4)1 (1/2)2 (1/4)! = (24/2) (1/64) = 3/16

Other multinomial distributions can similarly be worked out. For example when a
dihybrid cross is made in which four phenotypes can appear with frequencies p, g, r and s, the

n
— W X Y o2
formula would be W yz p¥ g* rY st

As an illustration, consider the cross between smooth and yellow pea plants with wrinkled
green plants described in Chapter 1. When the F, heterozygote is self-fertilised, 19 offspring
are obtained of which 8 are smooth yellow (probability 9/16), 5 are smooth green (probability
3/16), 4 wrinkled yellow (probability 3/16) and 2 wrinkled green (probability 1/16). The
probability of having the 19 offspring in exactly this ratio (9 : 3 : 3 : 1) would be

8

————— (9/16)% (3/16)° (3/16)* (1/16)? = 0.000574.
8-5-4-2( )° (3/16)° (3/16)* (1/16)

| QuEsTiONS

1. In a plant heterozygous for striped leaves (Ss) what is the probability that a pollen grain will
receive the S gene?

2. In cattle hornless condition is dominant over horned. What is the probability that the matings of
two heterozygous cattle should result in:

(a) a calf with horns;
(b) a hornless calf.

3. At each conception the probability for a child being male is 1/2, and of female also 1/2. If a couple
have three girls, what is the probability that their fourth child would be a boy?

4. In a plant heterozygous for purple flower colour and round seed (PpRr) what is the probability
that a pollen grain will contain:

(a) the P allele;
(b) P and R alleles;
(c) P and r alleles;
(d) the r allele.

5. Drosophila has 4 chromosomes. Considering any three genes at random, they will have equal
chance to be located on any of the four chromosomes. What is the probability that all three
should be present on the same chromosome?
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Linkage, Recombination
and Gene Mapping

In Mendel’s dihybrid experiments the F, double heterozygote always showed independent
assortment of the two pairs of genes at the time of gamete formation. In fact the law was
justified only because the two genes were not linked to each other. This was true because each
gene was located on a different chromosome. Mendel studied seven characters and the pea
plant has only seven pairs of chromosomes. It followed therefore that in Mendelian inheritance
one character must be located on one chromosome.

Sutton in 1903, working on the Chromosome Theory of Heredity pointed out that the
number of characters which obeyed Mendel’s laws when studied singly in monohybrid crosses,
was much more than the number of chromosome pairs to which they could be assigned. This
means that there must be many genes located on the same chromosome. If we focus attention
on any two genes located on the same chromosome and perform a dihybrid cross, we cannot
expect the two genes to assort independently as in Mendelism. On the contrary the two genes
must be linked and show a tendency to be inherited together. If this is true, then the two
phenotypes controlled by these genes must also appear together in an individual more often
than if there was independent assortment. Stating it in another way, genes on the same
chromosome are linked and tend to be transmitted together in a single unit. Obviously then
the 9 : 3 : 3 : 1 ratio typical for a dihybrid Mendelian cross would be expected to become
modified for two genes that are not assorting independently due to linkage.

Indeed Bateson, Saunders and Punnett (1905, 1906) found results of a dihybrid cross in
sweat peas different from those expected in independent assortment. The experiment involved
two characters, flower colour (purple vs. red) and pollen shape (long vs. round). When two
varieties of sweet peas, one purple long the other red round were crossed, the F, progeny did
not appear in the expected 9 : 3 : 3 : 1 ratio. Instead, plants with purple long and those with red
round combinations were more frequent than expected. It will be noticed that these are the
same combinations that were present in the parents. The new combinations purple round and
red long which were not present in the parents were observed in F, with lesser frequency
(Fig. 8.1). The fact emerges that when genes are linked, parental combinations occur more
frequently than recombinations.

66
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P: Purple long X Red Round
PPLL ppll
Fi: Purple Long X self
PpLl
F,: Purple long Purple Round Red long Red Round
Observed 1,528 106 117 381
Expected 1,199 400 400 133

(9) (3) (3) (D
Fig. 8.1 Dihybrid cross in sweet peas showing linkage.

The same cross was repeated by Bateson and Punnett in a different way. This time the
parents had a different combination of characters namely Purple Round and Red Long. The F,
plants were all Purple Long. The F, again showed the parental combinations (Purple Round
and Red Long) in a higher frequency, and the recombinations (Purple Long and Red Round) in
a lower frequency than expected.

Bateson and Punnett applied the testcross method to the above mentioned crosses in
sweet peas. They crossed the F'; double heterozygote (Purple Long PpLl) with the double
recessive parent (red round ppll). In Mendelian inheritance such a cross indicates that F,
plants are producing four types of gametes in equal frequency, which combine with the single
type of gamete from the recessive parent to produce F, progeny of four types in the ratio of
1:1:1: 1. Instead, the actual ratio observed by Bateson and Punnett was 7:1:1:7.

The above experiment clearly indicates that the two genes for flower colour and pollen
shape are located on the same chromosome. The genes are said to be linked. During meiosis
linked genes tend to pass en bloc to the same gamete and are responsible for the appearance of
parental combinations in the resulting progeny. The small number of recombinations in the
progeny are due to the fact that some amount of recombination does take place between the
linked genes at the pachytene stage of meiosis. More about this will be discussed later.
Incidentally, none of the dihybrid crosses performed by Mendel had linked genes. Genes for all
seven characters studied by him showed random assortment. It was later demonstrated
cytologically that sweet pea has seven pairs of chromosomes. It was also shown genetically
that the gene for each of the seven characters studied by Mendel was located on a separate
chromosome. Had Mendel studied some more characters that were linked, he would not have
been able to interpret his results and his Principle of Independent Assortment may not have
been formulated.

Bateson coined the term coupling for referring to the situation where two dominant
alleles of a gene are both present in one parent and the two recessive alleles in the other. Thus
both dominant genes pass together into one gamete in one parent and both recessives together
in the gamete of the other parent as in the cross purple long (PPLL) and red round (ppll). The
term repulsion was applied when the parents were heterozygous such as in the cross PpLl and
PpLl. In this case the two dominant genes come from the different parents so that they are
said to be in repulsion. In other words in the case of two linked loci in a double heterozygote if
the two dominant alleles are on one chromosome and the two recessives on the other (PL/pl)
the linkage relationship is said to be in the coupling phase. But when the dominant allele of
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one locus and the recessive allele of the other occupy the same chromosome (pl/pL) linkage is
said to be in repulsion phase. The terms coupling and repulsion are now of historical interest
only.

I MORGAN’S WORK ON DROSOPHILA

In the early decades of the twentieth century T.H. Morgan and his associates A.H. Sturtevant,
H.J. Muller, C.B. Bridges and a few others at Columbia University, New York were actively
engaged in studies on Chromosome Theory of Heredity with a very suitable material Drosophila.
From their studies on mutants in Drosophila they could assign several genes to chromosomes.
For their extensive researches on Drosophila, T.H. Morgan became the first geneticist to be
awarded Nobel Prize in Medicine in 1934.

Some of the experiments performed in Morgan’s laboratory indicated linkage because
the genes did not assort independently. In Drosophila the normal fly has grey body and long
wings. There are some recessive mutations due to which the body colour of the fly is black and
the wings are underdeveloped or vestigeal. It was proposed by Bridges that in linkage
experiments the wild normal type allele be represented by the sign +, and mutants recessive to
wild type by abbreviated initials in small letters such as b for black, and v for vestigial. Since
linked genes are present on the same chromosome, they are represented by their symbols
above and below a horizontal line, genes on one homologue being above the line, those on the
other below the line.

Bridges crossed a wild type female fly with grey body and long wings with a male having
black body and vestigial wings. The F; was wild type with grey body and long wings. The
females from F', were testcrossed with double recessive males i.e. black vestigial. Now if the
genes are assorting independently, the test cross would yield all four combinations in the ratio
of 1:1:1: 1. But the actual results showed that the parental types (grey long and black
vestigial) were more and the recombinations (grey vestigial and black long) were less than
expected (Fig. 8.2). Obviously the genes were linked. One more striking feature was revealed
by these experiments, that is, the absence of crossover in the Drosophila male. Due to this
when a male fly was used as a double recessive parent in a testcross, there were recombinants
present in the F, progeny. Reciprocal testcrosses where female flies were employed as double
recessives, recombinants were absent in the F, progeny. The crosses provide excellent
illustrations of linkage and absence of crossing over in male Drosophila. The female silk moth
(Bombyx) is another example where crossing over does not take place.

The Drosophila school performed numerous experiments in their efforts to understand
the chromosome theory of heredity. They had accumulated a large number of mutants for
various characters. It was possible to isolate stocks of flies carrying two mutant genes for
different characters on the same chromosome. Interestingly, they also found some hereditary
characters which were linked to the sex chromosome X in females. Characters such as white
eyes, yellow body, miniature wings and a few others were therefore said to be sex-linked.
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Fig. 8.2 Cross made by Bridges demonstrating linkage in Drosophila.

In all D. melanogaster was found to have four linked groups of genes. Drosophila has
four pairs of chromosomes (Fig. 8.3). Each linkage group in Drosophila was associated with
one pair of chromosomes and the linkage groups were numbered 1, 2, 3 and 4. Further, the
number of genes in each linkage group was found to be proportional to the size of chromosomes.
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Thus, the tiniest dot-like chromosomes are found to carry the smallest linkage group of only
about 12 genes whereas the larger chromosomes each had more than 150 linked genes.

S

Fig. 8.3 The chromosome complement of the cell of Drosophila.

| crossING OVER

If linkage is complete, there should be all parental combinations only and no recombination.
But actually there is no absolute linkage, thus allowing for some recombination. How does
recombination take place ? At the beginning of the 20th century, Janssens had made cytological
observations on meiotic chromosomes in salamanders. He found that chromosomes showed
cross-shaped configurations and suggested that they represented a break and exchange of
chromosome segments. A few years later, Morgan supplemented his genetical studies on
Drosophila with cytological observations and explained linkage on the basis of breakage and
exchange in synapsed chromosomes. He could thus account for the greater frequency of parental
combinations and also why linkage was not absolute so that recombinant types occurred in F,,
progeny. Morgan termed the cross-shaped configuration observed by Janssens as chiasma.
The term crossing over referred to the actual exchange of segments between homologous
chromosomes and could take place due to breakage and reunion in the paired homologues.
Recombination is a genetic outcome of breakage and exchange of segments. It cannot be observed
cytologically, but can by inferred genetically from experiments. Crossing over is the process of
exchange of genetic segments which cannot be observed cytologically but can be estimated
genetically from the frequency of recombinants in the F, progeny.

Chiasma Frequency

Every pair of homologous chromosomes usually forms at least one chiasma somewhere along
its length. There is a characteristic average number of chiasmata for each type of chromosome.
In general, the longer the chromosome the greater the number of chiasmata. Moreover, the
further apart two genes are located on a chromosome, the greater the chance for a chiasma to
occur between them. The percentage of crossover (recombinant) gametes formed by a given
genotype indicates the frequency of chiasma formation between the genes in question. When
chiasma forms in one cell between two gene loci, only half of meiotic products will be of crossover
type. Therefore, chiasma frequency is twice the frequency of crossover products.

Chiasma % = 2 x crossover %
Crossover % = 1/2 Chiasma %

In other words, if chiasma forms between the loci of genes A and B in 30 % of the tetrads
(paired homologous chromosomes) of an individual of genotype AB/ab, then 15% of the gametes
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will be recombinant (Ab or aB), and 85% will be parental (AB or ab). Further, the map distance
between A and B would be 15 units apart.

It is noteworthy that the Drosophila male shows complete linkage due to absence of
crossing over. In the cross between a normal red-eyed long-winged fly and purple vestigial, the
F, hybrids are all red-eyed and long-winged. If heterozygotes from the F', progeny are used as
male parents and backcrossed with purple vestigial females, only two phenotypes appear in
the progeny: the homozygous purple vestigial and the heterozygous red-eyed long-winged.
The recombinations are absent demonstrating absence of cross over and presence of complete
linkage in Drosophila male.

If a reciprocal testcross is performed using F, heterozygotes as females and purple
vestigial as male, recombinants appear in the progeny.

Frequency of Crossing Over

In experiments on linkage, the proportions of parental phenotypes and the new combinations
can be counted. From the percentage of recombinants the amount of crossing over can be
calculated. In the cross between purple long and red round sweet peas described earlier, the
sum of the new combinations (106 + 117) = 223 when divided by total progeny (1528 + 106 +
117 + 381) = 2132 and multiplied by 100 indicates 10.4% recombination or frequency of crossing
over in F'; gametes. In this cross the parental types equal 89.6%.

The fact that recombinants occurred in F, indicates that the distance between genes for
flower colour and pollen shape allowed crossing over to take place between one parental
chromosome and its homologue from the other parent.

Now 