f: NSM(.)

. *
Pl il ajljig
Ministry of Education

Mawhiba

National Science and
Mathematics Olympiad

Learning Materials for the Fourth Stage
Finals of "NSMO0"2026

Biology

in& 0O f X d
@Mawhiba | Mawhiba.sa

Mawhiba, Where You Belong.




A\
ot £ 9-OLIL
pii_Lun;l;: - g = NSMO

Min.

&7@9_9
Mawhiba

Dear Student

The King Abdulaziz and His Companions Foundation for Giftedness and Creativity
(Mawhiba) is a pioneering non-profit civil institution, established by the Custodian of the
Two Holy Mosques, King Abdullah bin Abdulaziz Al Saud — may Allah have mercy on him
—in1419 AH /1999 AD. Mawhiba seeks to create a stimulating environment for giftedness
and creativity, foster a passion fFor science and knowledge, and build the leaders of the
Future through a systematic approach based on the latest scientific methods and best
global practices in gifted education. This approach aims to invest in and empower gifted

individuals, recognizing them as a fundamental driver of humanity's prosperity.

Mawhiba is committed to supporting a long-term national vision For nurturing
creativity and giftedness in the Kingdom, in alignment with the aspirations and objectives
of Saudi Vision 2030, particularly in developing human capabilities and preparing a new
generation that will serve as the cornerstone of achievement and the hope of the future.
Accordingly, Mawhiba believes that investing in the education of gifted students is
neither a luxury nor an elitist endeavor; rather, it is a necessity to elevate quality
standards, enhance their capabilities, and enable them to contribute meaningfully to

their society as Future leaders.

Mawhiba also possesses extensive experience in implementing numerous programs
for gifted and creative students and plays a central role within the current institutional
ecosystem supporting gifted education in the Kingdom. It integrates closely with the
national education system through comprehensive identification and care programs for
gifted learners, as well as through the exchange of expertise related to planning and
high-quality implementation with relevant stakeholders, including the Ministry of
Education and leading international academic institutions. This collaboration focuses on
the design and delivery of programs and initiatives through advanced educational

practices.
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Given that scientific competitions are no longer a dispensable luxury but have become
an objective measure of excellence and progress in scientific fields and considering the
intense competition to reach podiums of achievement, it has become essential fFor
aspiring participants not only to reach these platforms, but also to secure a lasting

presence upon them.

In your hands now is the Foundational Training Package, through which you will gain
an initial understanding of the nature of competition topics and questions, as well as the
essential fundamentals required to progress toward mastery — a stage that places you
at the beginning of the competitive path toward the honor of representing the nation in

international competitions.

In preparing this training package, we have been keen to present the scientific content
in a clear, engaging, and accessible manner that fuels your curiosity and drives your
passion toward broader horizons and new realms of challenge and enjoyment in learning.
It is therefore fitting to present below the journey you have begun with us through the
Mawhoob Competition, and which, God willing, will continue until we achieve your

aspirations together.
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" General Objectives 5

1. To build foundational biological concepts that prepare students fFor participation in
competitions.

2. To establish a strong base enabling students to continue studying Olympiad-level
biology.

3. To enrich the field with scientific content that supports the passion of those
interested in Biology Olympiad studies.

4. To promote and spread the culture of the Olympiad.

i Specific Objectives uy

—

The student infers how offspring acquire inherited traits.

2. The student recalls Mendel's laws (law of segregation and law of independent
assortment).

The student applies Mendel's laws to solve genetic problems.

The student identifies non-Mendelian patterns of inheritance.

The student compares linked and unlinked genes.

The student explains the results of a test cross.

The student analyzes pedigree charts to predict inheritance patterns.

The student connects chromosome behavior to Mendel's laws.

o o N o u » W

The student interprets unique inheritance patterns of sex-linked genes.

10.The student explains how genetic crossing over leads to recombination of linked
genes.

11. The student lists human disorders resulting from changes in chromosome number or
structure (e.g, Down syndrome).

12. The student distinguishes between dominant, recessive, and sex-linked inheritance.

13. The student describes experiments that proved DNA is the genetic material.

14.The student explains the structural model of DNA (according to Watson and Crick) and

its relationship to Function.

15.The student explains the semi-conservative mechanism of DNA replication.

National Science and Mathematics Olvmpiad




M\Av.nxln‘u\ Education dTLQQ_D
Mawhiba

. :

Chapter One:

\
. "y

2]
“‘ g \\'

Mendel and the Gene Idea

= Using the scientific method, Mendel identified two fundamental laws of

inheritance. (P.12)
%' The Law of Segregation (P14)
3 The Law of Independent Assortment (P.18)

3 Inheritance Patterns are often more Complex than Predicted by simple Mendelian

Genetics (P.23)
Chapter Two:
The Chromosomal Basis of Inheritance
3 Morgan's Experimental Evidence (P.38)
= How Linkage Affects Inheritance (P.44)
3 Genetic Recombination and Linkage (P.45)
= Human Disorders Due to Chromosomal Alterations (P.51)
3 Disorders Caused by Structurally Altered Chromosomes (P.52)
Chapter Three:
The Molecular Basis of Inheritance
1 The Molecular Basic of Inheritance (P.75)
o Why doesn't this requirement Fit with like-with-like base pairing?......w.. (P.80)
3 DNA Replication: (P.84)

Chapter Four:
Gene Expression

3 Genes specify proteins via transcription and translation (P.103)
3 Eukaryotic cells modify RNA after transcription (P.115)
3 Building a Polypeptide (P121)

National Science and Mathematics Olvmpiad



Sttt ~;~;/ ff :
Pl A
Pl il ajlig a_;.mg_n NSMO

Ministry of Education -
Mawhiba
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ﬁ Mendel and the Gene Idea i

Modern genetics was born in a monastery garden, where a monk named Gregor Mendel
documented the mechanism of inheritance through discrete particles. Mendel developed
his theory of inheritance several decades before chromosomes were observed under the

microscope and their behavior was understood.
Using the scientific method, Mendel identified two Fundamental laws of inheritance.

Mendel discovered the basic principles of heredity by carefully planned experiments
on pea plants (Pisum sativum). One of the main reasons Mendel chose peas was their
availability in multiple varieties. For example, one variety bore purple flowers, while

another had white Flowers.

A heritable feature that varies among individuals, such as flower color, is called a
character, while each variant of that character-such as purple or white flower color-is

referred to as a trait.

Other advantages of using peas included their short generation time and the large
number of offspring produced From each mating. Moreover, Mendel was able to strictly

control the mating between plants.

The reproductive organs of pea plants are contained within their Flowers. Each flower

possesses stamens, the pollen-producing organs, and a carpel, the egg-bearing organ.

In nature, pea plants usually undergo self-fertilization-pollen grains are transferred
from the stamens to the carpel of the same flower, and the male nucleus from the pollen

grain fertilizes the egg within the carpel.

To perform cross-pollination (Fertilization between different plants), Mendel removed
the immature stamens of a plant before they produced pollen, then brushed pollen from
another plant onto that fFlower. Each resulting zygote developed into a plant embryo

within a seed, allowing Mendel to be certain of the parental origin of each new seed.
12
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example, a plant that produces only purple flowers generation after generation
through self-Ffertilization is said to be true breeding. In a typical experiment, Mendel
crossed two true-breeding pea varieties—for instance, one with purple flowers and
another with white Flowers (as illustrated in Figure 1). This type of mating between two
contrasting, true-breeding varieties is called hybridization. The true-breeding parents
are referred to as the P generation (Parental generation), and their hybrid offspring

constitute the F, generation (First Filial generation).

When the F, hybrids self-pollinate or cross with one another, their offspring make up
the F, generation (second Ffilial generation). Through quantitative analysis of thousands
of F, plants from many such genetic crosses, Mendel deduced two fundamental
principles of inheritance, now known as the Law of Segregation and the Law of

Independent Assortment.

EXPERIMENT Around 1860, in a monastery garden in Briinn, Austria,
Gregor Mendel used the character of flower color in pea plants to follow
traits through two generations. He crossed true-breeding purple-flowered
plants and white-flowered plants (crosses are symbolized by X). The
resulting F, hybrids were allowed to self-pollinate or were cross-pollinated
TECHNIQUE with other F, hybrids. The F, generation plants were then observed for

flower color.

APPLICATION By crossing (mating) two true-breeding varieties of an
organism, scientists can study patterns of inheritance. In this example,
Mendel crossed pea plants that varied in flower color.

© Removed stamens
from purple flower

.l
@ Transferred sperm- : )
bearing pollen from f.Generation x
stamens of white (true-breeding

flower to egg- parents) Purple White
bearing carpel of flowers flowers
purple flower

Parental
generation

N\
$ F, Generation ‘

(hybrids) All plants had purple flowers

Self- or cross-pollination

O Planted F, Generation %
seeds from 1
L% 5

RESULTS When pollen from a white flower was transferred to a purple .

flower, the first-generation hybrids all had purple flowers. The result 705 purple-flowered 224 white-flowered
was the same for the reciprocal cross, which involved the transfer of plants plants
pollen from purple flowers to white flowers.

© Pollinated carpel
matured into pod

RESULTS Both purple-flowered and white-flowered plants appeared in

9 Examined the F, generation, in a ratio of approximately 3:1.
gﬁfs%rrlng CONCLUSION The “heritable factor” for the recessive trait (white
Fi ; RCD flowers) had not been destroyed, deleted, or “blended” in the F, gen-
il flowers b ly masked by th f the factor f l
eneration eration but was merely masked by the presence of the factor for purple
tg)ffspring flowers, which is the dominant trait.
(Fy)

Figure 1: Steps of Mendel's Experiments
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i! The Law of Segregation i

As shown in the previous Figure (Figure 1), the experiment yielded a completely
different result: all F,offspring had purple flowers, identical to one of the parental plants

bearing purple blossoms.

What happened to the white-flower trait that participated in the original cross? If it
had been lost, the F, plants would have produced only purple-flowered offspring in the F,

generation. However, when Mendel allowed the F, plants to self-pollinate and grew the

resulting seeds, the white-flower trait F,
. . Generation
reappeared intheF, generation. Dominant Recessive = Dominant:
Character Trait X Trait Recessive Ratio
Flower Purple X White 705:224 3.15:1

Mendel concluded that the hereditary | color % Ppa
N>

. Flower Axial Terminal 651:207 3.14:1
altered or destroyed in the F, plants but was | position 8

Factor responsible for white Flowers was not

somehow segregated when the purple-

Flower Factor was present.

Seed Yellow ¥ Green 6,022:2,001  3.01:1
color
In Mendel's terminology, the purple-flower @
color is a dominant trait, while the white-
Seed Round W Wrinkled 5,474:1,850 2.96:1
Flower color is a recessive trait. WP
Mendel observed the same pattern of Pod Inflated w  Constricted 882:299 2.95:1
shape

inheritance in six other characteristics, each G ST

represented by two dIStInCtly contrasting Pod color Green % Yellow 428:152 2.82:1

traits (see Figure 2).

. . . . Dwarf 787:277 2.84:1
To explain the consistent 3:1 inheritance | jength 8

pattern he observed among the F, offspring

in his pea-plant experiments, Mendel

developed a model consisting of four
Figure 2: Results of Mendel's Crosses for Seven Pea Plant

Characteristics

14

National Science and Mathematics Olvmpiad




ERIREE f{ NSMC.)

Pl il a)ljg .
Ministry of Educatior 4?*QQ—D

Mawhiba

interrelated concepts, the fourth of which is the Law of Segregation.

First, alternative versions of genes account for variations in inherited characters. For
example, the gene for Flower color in pea plants exists in two versions-one for purple
Flowers and another for white flowers. These different versions of a gene are called

alleles.

Today, we can relate this concept to chromosomes and DNA. Each gene corresponds to
3 specific sequence of nucleotides located at a particular place, or locus, on a
chromosome. However, the DNA sequence at that locus can vary slightly in its nucleotide
order and thus in the information it encodes. The purple-flower allele and the white-
Flower allele represent two distinct DNA sequence variants at the flower-color locus on

one of the pea plant's chromosomes.

Secondly, for each character,an organism inherits two copies of a gene-one from each

parent. (These are also referred to as alleles of that gene.) (Figure 3)

e Each true-breeding plant of the 3 /N'.
The two alleles at a SpeC|F|C parental generation has two identical P Generation X 1 7%
alleles, denoted as either PP or pp. / Aﬁ,.;’/'

locus may be identical, as in

Gametes (circles) each contain only Appearance: Purple flowers White flowers
one allele for the flower-color gene. Genetic makeup: pPp Bp
the true-breeding parental (P)  Inthis case, every gamete produced by = =
one parent has the same allele. Gametes: &) 2
generation of Mendel's Y
. Union of parental gametes produces
experiments, or they may be  F, hybrids having a Pp combination. -
Because the purple-flower allele is F, Generation
. . . dominant, all these hybrids have purple
different, as in the hybrid Fi  fiower.
Appearance: Purple flowers
lant When the hybrid plants produce Genetic makeup: Pp
plants.
gametes, the two alleles segregate. o o~
Half of the gametes receive the P allele Gametes. 2(2) fa(p)
and the ather half the p allele.
Thirdly, if the two alleles at a
y' This box, a Punnett square, shows Sperm frlom
. . all possible combinations of alleles F, (Pp) plant
locus leFer, one the dominant in offspring that result from an F, Generation p p ‘
F, x F, (Pp x Pp) cross. Each square )
. lly probable product
allele determines the B if it : % %
of fertilization. For example, the bottom Yy 1
. . left box shows the genetic combination S & PP Pp
organism's appearance, while  reuitng foma p jeqq fertized by E okt o |
- : s
. (p % NP
the other-the recessive allele- = |
Random combination of the gametes .
haS no notlceable eFFeCt on results in T.he 3:1 ratio that.MendeI 3’%‘ 1 Q’l‘*‘
observed in the F, generation. t —d

the organism’s appearance. i ) .
Figure 3: Results of Mendel's Experiments lllustrated with a Punnett Square

15
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Accordingly, the F; pea plants in Mendel's experiment had purple flowers because the

allele For purple color is dominant, while the allele For white flowers is recessive.

The Fourth and final component of Mendel's model, the Law of Segregation, states that
the two alleles for a heritable character segregate (separate from each other) during

gamete Formation and end up in different gametes.

Thus, each egg or sperm cell receives only one of the two alleles present in the

organism's somatic cells that produce the gametes.

Note that if an organism has identical alleles for a particular character that is, it is true

breeding then all gametes will carry that allele.

However, if the organism has different alleles, as in hybrid plants, then 50% of the

gametes will receive the dominant allele, and 50% will receive the recessive allele.

The following figure (Figure 3) illustrates these combinations using a Punnett square, a
useful diagram For predicting the allelic composition of offspring from a cross between

individuals of known genetic makeup.

We use an uppercase letter to denote a dominant allele and a lowercase letter to denote

arecessive allele.
In the F, generation,

e 'softheplantsinherit two purple-flower alleles; these plants clearly exhibit purple
Flowers.

e s 0of the plants inherit one purple-flower allele and one white-flower allele; these
plants also have purple flowers, since the trait is dominant.

e Finally, % of the plants inherit two white-flower alleles,and in these individuals, the

recessive trait appears.

Thus, Mendel's model accurately explains the 3:1 phenotypic ratio observed in the F,

generation.
16
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Useful Genetic Vocabulary

An organism that carries a pair of identical alleles for a particular trait is said to be
homozygous. In the parental generation shown in the previous figure (Figure 3), the
purple-flowered pea plant is homozygous For the dominant allele (PP), while the white-

fFlowered plant is homozygous for the recessive allele (pp).

An organism that carries two different alleles for a given gene is said to be
heterozygous. For example, the hybrid F, plants produce gametes containing both P and
p alleles. Thus, self-pollination of the F;, hybrids yields offspring with both purple and
white Flowers. Because dominant and recessive alleles exert different effects, an

organism's observable traits do not always reveal o
enotype Genotype

its genetic composition. Therefore, we distinguish e o
SR (homazygats)

. . 3 Rurphe % (heterggygous)
o The phenotype, referring to the organism's

observable traits, and i % (reteromygous

between:

L — 4’“41\—*"

e The genotype, referring to the organism’s [
. 1 White 1" Pl il 1
genetic makeup. 1 RpP  (omozygous)
Ratio 3:1 Ratio 1:2:1
In the case of Fflower color in pea plants, Figure 4. Phenotypes and Genotypes of F,

individuals with PP and Pp genotypes share the same Generation Pea Plants

phenotype (purple flowers) but differ in their genotype. (Figure 4 illustrates several

phenotypes and genotypes of F, pea plants.)

The Testcross

Suppose we have a "mystery” pea plant with purple flowers. From its appearance alone,
we cannot tell whether it is homozygous (PP) or heterozygous (Pp), since both genotypes

produce the same purple phenotype.

To determine its genotype, we can cross this plant with a white-flowered plant (pp),

which produces only gametes carrying the recessive allele (p). (Figure 5)

17
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This procedure crossing an individual of unknown genotype with a3 homozygous

recessive individual is called a testcross, because it can reveal the genotype of the

mystery organism. Mendel developed the testcross, and it remains a Fundamental tool in

genetics. (Figure 5)

APPLICATION An organism that exhibits a dominant trait, such as
purple flowers in pea plants, can be either homozygous for the domi-
nant allele or heterozygous. To determine the organism's genotype, ge-
neticists can perform a testcross.

TECHNIQUE In a testcross, the individual with the unknown genotype
is crossed with a homozygous individual expressing the recessive trait
(white flowers in this example), and Punnett squares are used to predict
the possible outcomes.

® - Lo

Dominant phenotype, Recessive phenotype,
unknown genotype: known genotype:
PP or Pp? pP

Predictions

If purple-flowered or If purple-flowered
parent is PP parent is Pp
_”Sperm_ . _”Sperm -
\r ISP ) w @D
&) ‘* * (&) ﬁ ‘—‘
Eggs &p Lr Eggs /ff: ﬁ‘”
T — i . H
&) % (r)| X2 | A=
Pp Pp Vi PP

RESULTS Matching the results to either prediction identifies the un-
known parental genotype (either PP or Pp in this example). In this test-
cross, we transferred pollen from a white-flowered plant to the carpels
of a purple-flowered plant; the opposite (reciprocal) cross would have

led to the same results.
or : :
1/2 offspring purple and

All offspring purple
1/2 offspring white

Figure 5. Application of the Testcross Between a Plant of Unknown Genotype and a Recessive Plant, and the Possible Outcomes

The Law of Independent Assortment

Mendel identified his second law of inheritance by tracking two traits simultaneously

such as seed color and seed shape. Mendel's experiments with dihybrid pea plants formed

the basis of what is now known as the Law of Independent Assortment, which states that

“Each pair of alleles segregates independently of every other pair of alleles during

gamete formation.”
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This law applies only to genes (allele pairs) located on different chromosomes—that is,
on non-homologous chromosomes—or to genes that are very far apart on the same
chromosome.

EXPERIMENT Gregor Mendel followed the characters of seed color and seed shape through the F, gen-
eration. He crossed a true-breeding plant with yellow-round seeds with a true-breeding plant with green-
wrinkled seeds, producing dihybrid F, plants. Self-pollination of the F, dihybrids produced the F, generation.
The two hypotheses (dependent and independent assortment) predict different phenotypic ratios.

P Generation YYRR Q @ nmr
v A/
Gametes @ X 0

F; Generation
Q@

\

Predictions Hypothesis of Hypothesis of
dependent assortment  independent assortment

Predicted or Sperm
cfgrngel e HED) U
° ‘0 O va(YR) QO
2 I YYRR | YYRr
2 Y)&:/RI; %)_R/r Ve @ Q (<

Eggs p ’ ,
F) @ Eggs )/YRr %’)rr
w()| @ | 0| @D

YyRR | YyRr

O 3 % (or) Q B

Phenotypic ratio 3:1 YyRr | Yyrr YR .

%he O 3/6 o 36 J e @

Phenotypic ratio 9:3:3:1

{{O)

~

3
=
=
~

R
=
<

Q6

{®

~
-

=

S
=~

3

®
®

-

3
%
=

3
%
b

O :

3

‘e
S
~

RESULTS

315 Q 108 Q 101 J-j 32 @ Phenotypic ratio approximately 9:3:3:1

CONCLUSION Only the hypothesis of independent assortment predicts the appearance of two of
the observed phenotypes: green-round seeds and yellow-wrinkled seeds (see the right-hand Punnett
square). The alleles for seed color and seed shape sort into gametes independently of each other.

Figure 6. Mendel's Experiments with Dihybrid Pea Plants Demonstrating the Law of Independent Assortment

The Laws of Probability Govern Mendelian Inheritance:

Mendel's Laws of Segregation and Independent Assortment reflect the same rules of
probability that apply to flipping coins or rolling dice. The probability scale ranges from O
to 1: an event that is certain to occur has a probability of 1, whereas an event that cannot
occur has a probability of 0. For example, with a coin that has heads on both sides, the

probability of getting heads when flipped is 1,and the probability of getting tails is 0. With
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a normal coin, however, the chance of landing on heads is %4, and the chance of landing on

tails is %.

Flipping a coin demonstrates an important lesson about probability: for each flip, the
probability of getting heads is %, and the outcome of any given flip is independent of

previous results.

We refer to such phenomena like coin tossing as independent events. Each flip of a
coin, whether performed sequentially with one coin or simultaneously with multiple

coins, is independent of every other Flip.

In the same way, during gamete formation, the alleles of one gene segregate
independently of the alleles of another gene, which is the essence of the Law of

Independent Assortment.

Two fundamental rules of probability help predict the outcomes of gamete

combinations in monohybrid and more complex crosses:

1. The Multiplication and Addition Rules Applied to Monohybrid Crosses

To determine the probability of two or more independent events occurring together
in a specific combination—Ffor instance, the probability of getting heads when tossing

two coins simultaneously—we use the multiplication rule.

According to this rule, the combined probability equals the product of the probabilities

of each independent event. Thus,
P (heads on both coins) =% x% =

We can apply the same reasoning to a monohybrid cross in pea plants. For seed shape,
the F, plants have the genotype Rr. In a heterozygous (Rr) plant, segregation of alleles
Functions like flipping a coin: each egg has a %2 chance of carrying the dominant allele (R)

and a %2 chance of carrying the recessive allele (r). The same applies to each pollen grain.

20
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To produce a wrinkled seed, both gametes (egg and pollen) must carry the recessive

allele (r). The probability of receiving allele r from both gametes equals
% (From the egg) x % (From the pollen) =%

Thus, the multiplication rule tells us that the probability of an F, plant being rr (wrinkled
seeds) is %4, while the probability of it being RR (round seeds) is also %. To determine the
probability that an F, plant is heterozygous (Rr) rather than homozygous, we use the

addition rule.

As shown in the previous figure, the dominant allele can come from the egg while the

recessive allele comes from the pollen or vice versa.

Therefore, the F, gametes can combine to produce Rr offspring in two distinct ways.
According to the addition rule, the probability of any one of several mutually exclusive

events is obtained by adding their individual probabilities.

As we have just seen, the multiplication rule gives the individual probabilities for the

genotypes of the offspring with respect to seed shape:
% RR, % Rr,and Y rr

Knowing these probabilities, we can apply the same principle to predict the probabilities
of different F, genotypes, such as YYRR and YyRR, in more complex crosses illustrated

below.

e Probability of YYRR =% (probability of YY) x % (RR) = 1/16
e Probability of YYRR =% (Yy) x % (RR) =1/8

The genotype YYRR in the Punnett square occupies one of the sixteen cells, giving a

probability of M16.

Meanwhile, the genotype YyRR occupies two of the sixteen cells, corresponding to 216
=18.
21

National Science and Mathematics Olvmpiad




Al ol aylig — NSMO

Ministry of Educatior mg—b
Mawhiba

Now, let us see how the .
’/4@ 1/4@ Va(yR) /a(yr)
multiplication and addition rules
S U U (T

can be combined to solve more [ ) | ; - [ )

@D DD

complex problems in Mendelian YYRR | YYRr YyRR YyRr

genetics. (/""‘;x,‘ o ‘/""“;A_' =

@D B D B

. YYRr YYrr YyRr yrr

Imagine a cross between two pea s — —

'\ '

plants in which we track the 1/':@ '\__ (- Q Q

inheritance of three different traits. YyRR YyRr | yyRR | yyRr
/A“U\ AN

We will trihybrid pea plant V‘@ W | = Q =

e will cross a trihybrid pea plan YyRr Yyrr yyRr yyrr

with purple flowers and vyellow, o -
9 ( B 3/ 3 S 1 LY~

round seeds (heterozygous for all he sl /e Q he g /e L;

three traits) with another plant that has Figure 7. lllustrates a dihybrid Punnett square showing the

possible combinations of alleles For seed color (Y/y) and

purple flowers and green, wrinkled seeds . .
seed shape (R/r) in pea plants, resulting in a 9:3:3:1

(heterozygous for Fflower color but phenotypic ratio of yellow-round, yellow-wrinkled, green-
. round, and green-wrinkled seeds.
homozygous recessive for the other two

traits). Using Mendel's notation, the cross is: PpYyRr x Ppyyrr.

What fraction of the offspring From this cross is expected to show recessive phenotypes
For at least two of the three traits? To answer this, we First list all the possible genotypes

that meet this condition:

PPYYRr, ppYyrr, Ppyyrr, PPyyrr, and ppyyrr.

(Since the condition requires at ppyyRr Vs (probability of pp) x 14 (yy) X Y (RF) = Vs
least two recessive traits, this | ppYyr ‘ax'sx's = s
1 1 1 =2
includes the last genotype, which Ppypr "h Xk XA -
PPyyrr  Yax ' X ' = Y6
expresses all three recessive | ppyyrr Yax's x's = Y6
traits) Next, we calculate the | Chance of at least two recessive traits = %so0r %

prObablllty of Obtamlng each of these Figure 8. Calculates the probabilities of all possible

genotypes from the PpYyRr x Ppyyrr

cross by multiplying the individual probabilities For each pair of alleles. .
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Inheritance Patterns are often more Complex than Predicted by simple

Mendelian Genetics:

Extending Mendelian Genetics for a Single Gene

The inheritance of traits determined by a single
gene may deviate from simple Mendelian patterns
when the alleles are not completely dominant or
recessive, when a gene has more than two alleles,
or when a single gene produces multiple
phenotypic effects. Each of these cases is

illustrated below.

1. Degrees of Dominance

Alleles can exhibit varying degrees of

dominance and recessiveness relative to each

other.

P Generation

Red |

CRCFR A} x

White
C‘ll'cﬂ

\ e “’."_\/
Gametes (C_Y_‘”)

F, Generation

Y

=

Gametes '/zxg_“ ) ‘/z@)

P

Pink

g ; cReW

A\

\

=

Sperm
val(cr) k(e
F, Generation 0
Ya(C* “ g
Eggs | G°¢* | O |
) 3
’,‘2 \(:/) C‘jézq:lh" Cll‘:\l'

Figure 9. An Example of Incomplete Dominance

For some genes, neither allele is completely dominant, and the F, hybrid shows a

phenotype intermediate between those of the two parental varieties.

This phenomenon is known as incomplete dominance, as shown in the following example

(Figure 9).

2. Codominance

Another variation in allele relationships is called codominance, in which both alleles

affect the phenotype in distinct and separate ways. A well-known example is the

determination of human blood groups.

3. Multiple Alleles

Although Mendel studied traits in peas that were controlled by only two alleles, most

genes exist in multiple allelic forms.
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For example, the ABO blood group system in humans is determined by three alleles of

asingle gene: 14,18, and i (Figure 10).
An individual's blood type (phenotype) may be one of four: A, B, AB, or O.

These letters refer to two different carbohydrate antigens (A and B) that may be

present on the surface of red blood cells (Figure 10A).

A person's red blood cells may carry A carbohydrates (type A), B carbohydrates (type B),
both (type AB), or neither (type 0), as illustrated in (Figure 10B).

4. Pleiotropy

So far, Mendelian inheritance has been discussed as if each gene affects only one
phenotypic trait. Most genes influence multiple phenotypic characters, a property known

as pleiotropy.

In humans, pleiotropic alleles are responsible for the multiple symptoms associated
with certain genetic disorders, such as cystic fibrosis and sickle-cell disease, which will be

discussed later.

In peas, for example, the gene that determines flower color also affects the color of

the seed coat, which can be gray or white.

Given the complex molecular and cellular interactions underlying development and
physiology, it is not surprising that a single gene can influence multiple traits within an

organism.

24
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(a) The three alleles for the ABO blood groups and their
carbohydrates. Each allele codes for an enzyme that may add
a specific carbohydrate (designated by the superscript on the
allele and shown as a triangle or circle) to red blood cells.

Allele A B i

Carbohydrate A A B O none

(b) Blood group genotypes and phenotypes. There are six
possible genotypes, resulting in four different phenotypes.

Genotype | /4[4 or 4 | [B[B DFIB i i
Red blood cell
appearance
Phenotype
(blood group) 3 B AB 0

Figure 10. The ABO Blood Groups as an Example of Multiple Alleles

Extending Mendelian Genetics for Two or More Genes

All the previously mentioned cases involve the effects of alleles of a single gene.
However, there are also cases in which two or more genes interact to determine a single

phenotypic trait.
1. Epistasis

In epistasis, the phenotypic expression of one gene alters or masks the expression of

another gene at a different locus. An example can help illustrate this concept (Figure 11).

In Labrador retriever dogs, the allele For black coat color is dominant over the allele For
brown. Let B and b represent the two alleles For this character. For a dog to have brown

Fur, its genotype must be bb; such dogs are referred to as chocolate Labradors.

/R
(25)
J
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A second gene determines whether pigment is
deposited in the hair. The dominant allele (E) allows L‘M f“’f"L

pigment either black or brown, depending on the Spetn

genotype at the First locus to be expressed. Eggs
1/4@ BBEE B!:EEL BHEEL BbEcL

However, if the dog is homozygous recessive (ee) at Vs ()

this second locus, no pigment is deposited, and the

s |
coat appears yellow, regardless of the genotype at &) Bﬁffh MGL BBee [\ER |Bbec [YER

the black/brown locus. (o) - s WY | e Y
In this case, we say that the gene controlling QL: BL: 4
pigment deposition (E/e) is epistatic to the gene that Figure 11. An Example of Epistasis in Dog Coat

determines pigment color (B/b). Color Involving Two Genes That Determine the

Phenotypic Expression

2. Polygenic Inheritance %

AaBbCe AaBbCc

Mendel studied traits that could be classified in an

Sperm

"either or” manner, such as purple versus white Flowers. LLEL Ll

f2o00 | 922 | 928 | 823 | 228 | &3 | 938 | 568 | 488
However, many traits such as human skin color and o e I
height do not fall into distinct categories because they /208|083 | 89 | 982 993 [ 983 | 983 | 389 | 988

- . . . faoo% | 228 | 322 | 038 | 328 | 998 [ 828 | 288 | 82

exhibit continuous variation. These traits are called Eggs e

Vaseo |82 | 800 283 2 383 8% | o6 |
quantitative characters. Quantitative variation usually Veeow 808 | 808 | age | 8c8 | 8081 838 | 808 (K
indicates polygenic inheritance, the additive effect of ” 58150 B

roee | gue | g8 | 838 | 293

two or more genes on a single phenotypic trait. (Note =
[
4 5 6

in pleiotropy, one gene affects multiple phenotypic Figure 12. Human Skin Color Genes as an Example

.. . . . . Phenotypes: Ve | |€/ea| [/6al [®oa
that polygenicinheritance is the opposite of pleiotropy:  wumberof
2 3

dark-skin alleles: 0 1

. . .. . . of Polygenic Traits
traits, whereas in polygenic inheritance, multiple genes

influence a single trait) There is evidence that human skin pigmentation is controlled by

at least three separately inherited genes.

In addition, environmental Factors such as sun exposure also influence the phenotypic

expression of skin color.

26
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i! Nature and Nutrition

Many Human Traits Follow Mendelian Patters of Inheritance:

Pea plants are convenient
subjects For genetic research, but
humans are not. A human
generation spans a long period
about 20 vyears and parents
produce fewer offspring than pea

plants or most other species.

More importantly, it would be
unethical to ask human couples to
reproduce solely so that the
phenotypes of their offspring could be
analyzed! Despite these limitations, the study
of human genetics continues, driven by our
desire to understand our own inheritance.
Although  modern  molecular  biology
techniques have led to many groundbreaking
discoveries, Mendel's fundamental laws

remain the cornerstone of human genetics.

Pedigree Analysis

We cannot manipulate mating patterns
among humans, but geneticists can analyze
the results of matings that have already

occurred. They do this by collecting

information about the Ffamily history of a

particular trait and organizing it into a fFamily

The effect of environment on phenotype.
The outcome of a genotype lies within its norm of reaction, a phenotypic
range that depends on the environment in which the genotype is
expressed. For example, hydrangea flowers of the same genetic variety
range in color from blue-violet to pink, with the shade and intensity of
color depending on the acidity and aluminum content of the soil.

Key Glas S5

[] Male [ Affected 0—-0
s34 male

Offspring, in
las il

_ (first-born on left)
Sl Fgan J9¥1 3 31 e L ya Ty 1

Matingz9l»

1st generation B0 D__O

(grandparents) Ww | ww ww Ww
2nd generation é) l_l_] |£ (g
(parents, aunts,

and uncles) Ww ww ww Ww Ww  ww

3rd generation
(two sisters)

- ; wwW  ww
or
ww

Widow’s peak

No widow’s peak

(a) Is a widow's peak a dominant or recessive trait?
Tips for pedigree analysis: Notice in the third generation that
the second-born daughter lacks a widow's peak, although both
of her parents had the trait. Such a pattern of inheritance
supports the hypothesis that the trait is due to a dominant allele.
If the trait were due to a recessive allele, and both parents had
the recessive phenotype, then all of their offspring would also

Fig’J%%!-i?"rﬁ‘se?.sévﬁr%“{s’?é’é’é”nets a three-generation pedigree

chart tracing the inheritance of the Widow’s peak trait, a V-

@)

shaped hairline caused by the dominant allele (W).




i & Rsmo

p_lJ_r_l_IICIJIJq

National Science and Mathematics Olvmpiad

Ministry of Educc d—*—“g—b

Mawhiba

tree, known as a pedigree, which describes the traits of parents and children across

generations.

The following figure (Figure 13) shows a three-generation pedigree chart that traces the
occurrence of a V-shaped hairline, a trait known as the Widow's peak, which is determined

by a dominant allele (W).

The following figure (Figure 14) shows a  (oeaion E}__? ll?__?,
pedigree chart of the same family, but this

2nd generation (g |J__| |£ (g
time it Focuses on a recessive trait attached (parents, aunts, -

and uncles) FForFf f f K Ff Vi

earlobes. Here, F represents the recessive Silgeneration

allele, and F represents the dominant allele, (o sters) e

which produces free earlobes. An important ! ¥
application of pedigree charts s their ability to

help us calculate the probability that a future P o

child will have a particu lar genotype or (b) Is an attached earlobe a dominant or recessive trait?

Tips for pedigree analysis: Notice that the first-born daughter

in the third generation has attached earlobes, although both of

her parents lack that trait (they have free earlobes). Such a

A X X pattern is easily explained if the attached-lobe phenotype is due

generation of (F|gure 13) decides to have to a recessive allele. If it were due to a dominant allele, then at
least one parent would also have had the trait.

phenotype. Suppose the couple in the second

another child. Figurel4. A Three-Generation Pedigree Chart Tracing the

Inheritance of Attached Earlobes

What is the probability that the child will have a

Widow's peak?

This situation is similar to a monohybrid cross in Mendel's F, generation (Ww x Ww).

Therefore, the probability that the child will inherit at least one dominant allele (W) and

have a Widow's peak is % (Y2 Ww + % WW).

What is the probability that the child will have attached earlobes?

Again, this can be treated as a monohybrid cross (FF x FF), but this time we are looking For

the chance that the offspring will be homozygous recessive (ff). That probability is %.
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Finally, what is the probability that the child will have both a Widow's peak and attached

earlobes?

Assuming that the genes for these two traits are located on different chromosomes, the
two pairs of alleles will assort independently in this dihybrid cross (WwFF x WwFF).

Therefore, we can apply the multiplication rule:

% (chance of Widow's peak) x % (chance of attached earlobes) = 316 (chance of having

both traits).

Pedigree analysis becomes even more crucial when the alleles involved cause debilitating

or lethal diseases.

I

ﬁ? Recessively Inherited Disorders

Thousands of genetic disorders are known to be inherited as recessive traits. Their
severity ranges from relatively mild conditions, such as albinism, to life-threatening

diseases like cystic fibrosis.

The Behavior of Recessive Alleles

How can we explain the behavior of alleles that cause recessive genetic disorders?
Remember that genes encode proteins with specific functions.

An allele that causes a genetic disorder typically encodes either a nonfunctional protein

or no protein at all.

In recessive disorders, heterozygous individuals (Aa) are phenotypically normal,
because one copy of the normal (dominant) allele (A) produces enough of the required
protein. Thus, the recessive genetic disorder appears only in homozygous individuals (aa)

who inherit one recessive allele from each parent.

29
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Although heterozygous individuals are ——
phenotypically normal with respect to Nof;:\al 5 Naf:]a'

the disorder, they can still pass the SpermY

recessive allele to their offspring and @ @
. E
are therefore called carriers. 995 - Aa
@ Kol Normal
il (carrier)
These principles are illustrated in the n i

. . . . a Normal aq
following Ffigure, using albinism as an U (carrier) Albino

example (Flgure 15). Most individuals Figure 15. Albinism: a recessive trait. One of the two

. . sisters shown here has normal coloration; the other is albino. Most
affected by recessive disorders are recessive homozygotes are born to parents who are carriers of the

. disorder but themselves have a normal phenotype, the case shown in
born to «carrier parents who are the Punnett square.

phenotypically normal.

A mating between two carriers corresponds to Mendel's F; monohybrid cross, with the
expected genotypic ratio of 1 AA: 2 Aa : 1 aa. Therefore, each child has a % chance of

inheriting two recessive alleles.

In the case of albinism, affected children lack melanin pigment entirely. From this
genotypic ratio, we can also infer that among the three children with a normal phenotype

(1AA + 2 A3), two are expected to be heterozygous carriers, giving a probability of %.
3 Cystic fibrosis

The most common lethal genetic disease in the United States is cystic Fibrosis, which
affects about one in every 2,500 individuals of European descent, but is much rarer in

other populations.

Question: What are the symptoms oFf cystic Fibrosis?

30
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B! Sickle-cell Disease: A Genetic Disorder with Evolutionary Implications:
The most common genetic disorder among individuals of African descent is sickle-cell

disease, which affects approximately one in every 400 African Americans.

Sickle-cell disease results from the substitution of a single amino acid in the

hemoglobin protein of red blood cells (Figure 1-15).

In homozygous individuals, the hemoglobin is entirely of the sickle-cell type, an

abnormal form of red blood cells.

In affected individuals, the abnormal hemoglobin molecules aggregate into long Fibers

that distort red blood cells into a sickle shape. These sickled cells may clump together and

block small blood vessels, leading to a variety of symptoms throughout the body,

including physical weakness, pain, organ damage, and even paralysis.

Primary Secondary and Quaternary .
2 F Red Bl Il Sh
} Structure  Tertiary Structures Structure P o i ,‘.’;’j,'ﬁj S f;;,"e
1@ -~ Normal Molecules do not associate with Normal red blood
S hemoglobin one another; each carries oxygen. | cells are full of
:g 2@ P Jans Lghs JSb Lpudias g 33 Y osliayadl | individual
_;i: 3 TS eS| herlnogllobm "
1 . - I molecules, eac
5 '1 ‘@ a8 « 6 Qq carrying oxygen
3 s B subunit ~~L Q *
< B gl gasglls als
Ej’. X ciu @ Lgaans (5311 bl
= A" A X Jasag Laglse
= B syl
1 Exposed hydrophobic Sickle-cell Molecules interact with one Fibers of
e reglon hemoglobin another and crystallize into a abnormal
- 1 2 \ fiber; capacity to carry oxygen is hemoglobin
—&_1; 3 S~ greatly reduced deform red
o9 B, blood cell into
E_?)' 4 \’\ ’ ‘\/7 e I‘\\ sickle shape.
:g 5 . \‘\2___ Qv B W . Sl ole 5 g3a3
E—. 6 B subunit -~ . - ;Q o .
- _ y «a o p
"' 1389 Juiu,an.a..g.- Slsyadl ,"I 7
[ N VERIE fj‘,.u )

National Science and Ma

Figure 16. Comparison of normal and sickle-cell hemoglobin and their effects on red blood

thematics Olvmpiad



& RSMo

Pl il a)ljg -
Ministry of Education 4?*-QQ—Q

Mawhiba

Although having two recessive alleles causes the disease, carrying a single sickle-cell

allele can still influence the phenotype.

At the organismal level, the normal allele shows incomplete dominance over the sickle-

cell allele.

Individuals who are heterozygous carriers often described as having the sickle-cell
trait are generally healthy but may experience some sickle-cell symptoms during

prolonged periods of low blood oxygen.

At the molecular level, the two alleles are codominant, since both normal and abnormal

(sickle-cell) hemoglobins are produced in heterozygotes.
Why hasn't natural selection eliminated the sickle-cell allele from this population?

One explanation is that carrying a single sickle-cell allele reduces the frequency and
severity of malaria infections, particularly among young children. The malaria parasite
spends part of its life cycle inside red blood cells, and the presence of some sickle
hemoglobin in heterozygous individuals reduces parasite density and therefore lessens

malaria symptoms.

i! Dominantly Inherited Disorders

Parents

Although many harmful alleles are

Dwarf Normal
Dd X dd

recessive, several human disorders are Y

Sperm
caused by dominant alleles. @ @
Egas
3 3 @ Dd dd
One example is achondroplasia, a Form Dwarf Normal
of dwarfism that occurs in one out of - pe
. 3 @ Dwarf Normal
every 25000 individuals. In this
it H ivi Figure 17.Achondroplasia: a dominant trait.
COﬂdItIOﬂ, heterozygous individuals Dr. Michael C. Ain has achondroplasia, a form of dwarfism caused by a
S, i dominant allele. This has inspired his work: He is a specialist in the
exhibit the dwarf Phel'IOtVPe, as shown repair of bone defects caused by achondroplasia and other disorders.
The dominant allele (D) might have arisen as a mutation in the egg or
in the Figure_ sperm of a parent or could have been inherited from an affected

parent, as shown for an affected father in the Punnett square.
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3 Huntington'’s Disease: A Late-Onset Lethal Disease

The timing of disease onset greatly influences its inheritance pattern. The effects of a
lethal dominant allele may not appear until relatively late in life. By the time symptoms
become evident, an affected individual may have already passed the allele to their
children. For example, Huntington's disease a degenerative disorder of the nervous
system is caused by a lethal dominant allele that shows no obvious phenotypic effects
until the individual is about 35 to 45 years old. Once the nervous system deterioration

begins, itis irreversible and inevitably Fatal.

|

"E]I Counseling Based on Mendelian Genetics and Probability Rules:

Let us consider, for example, the case of a hypothetical couple, John and Carol. Each of
them had a sibling who died from the same recessively inherited lethal disease. Before
having their first child, John and Carol seek genetic counseling to determine the risk of

having an affected child.

From information about their siblings, we know that both of John's parents and both of
Carol's parents must have been carriers of the recessive allele. Thus, both John and Carol

are the result of a cross Aa x A3, where a represents the allele causing the disease.

We also know that John and Carol are not homozygous recessive (aa), since neither shows
symptoms of the disease. Therefore, their genotypes must be either AA or Aa. Because
eachisthe offspring of an Aa x Aa cross, and the genotypic ratio from such a cross is1AA
: 2 A3 : 1 a3, each of them (John and Carol) has a 23 probability of being a carrier (Aa).
According to the multiplication rule, the overall probability that their First child will have

the disorder is:
23 (John is a carrier) x 23 (Carol is a carrier) x 14 (two carriers having an affected child) =

.
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Suppose John and Carol decide to have a child after all; there is an 89 chance that their
child will be unaffected. If their child is born with the disease, despite these odds, it would

confirm that both John and Carol are carriers (genotype Aa).

Once both parents are confirmed carriers, there is a V4 probability that any subsequent
child will also have the disease. This probability is higher For lIater children only because
the diagnosis of the First child confirms both parents are carriers, not because the

genotype of the first child affects the others in any way.

When using Mendel's laws to predict the outcomes of genetic crosses, it is important to
remember that each child represents an independent event — meaning that the genetic
makeup of one child does not influence that of the next. IF John and Carol have three
more children, and all three are affected by the genetic disease, the probability of such a

resultis
Ya X VaxVa=164.

Nevertheless, the chance that another child born to this couple will have the disease

remains %. Tests for Identifying Carriers

e Fetal Testing

e Newborn Screening

34
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Mendelian Inheritance has its Physical Basis in the Behavior of Chromosomes:

P Generation

Starting with two true-breeding pea
plants, we will follow two genes
through the F; and F, generations.
The two genes specify seed color
(allele Y for yellow and allele y for
green) and seed shape (allele R for
round and allele r for wrinkled). These
two genes are on different
chromosomes. (Peas have seven
chromosome pairs, but only

two pairs are illustrated here.)

Green-wrinkled

\ | Yellow-round
seeds (yyrr)

| seeds (YYRR)

Meiosis

Fertilization

Gametes

All F, plants produce
yellow-round seeds (YyRr).

F, Generation l(.!

LAW OF SEGREGATION
The two alleles for each gene separate
during gamete formation. As an

LAW OF INDEPENDENT ASSORTMENT
Alleles of genes on nonhomologous

chromosomes assort independently during

example, follow the fate of the long Two equally gamete formation. As an example, follow
chromosomes (carrying R and r). arrgrob':ﬂems both the long and short chromosomes
Read the numbered explanations oe along both paths. Read the numbered
below. of chromosomes explanations below.

. at metaphase | .

© The R and r alleles segregate © Alleles at both loci te in
at anaphase 1, yielding two anaphase 1, yielding four types of
types of daughter cells for daughter cells, depending on the
this locus. chromosome arrangement at
metaphase 1. Compare the
arrangement of the R and r

alleles relative to the Yand y
alleles in anaphase 1.

o e

one a a
chromosome a . ; chromosome in
with either the one of four allele
R or r allele. combinations.
Gametes

\ v J \ v J \ v J \ v
@ " o "G

F, Generation

2 An F, X F, cross-fertilization

© Fertilization ©) Fertilization results in
recombines the R the 9:3:3:1
and r alleles at { > . O 262 - phenotypic ratio in
random. ‘W3 '3*“.'1@ the F, generation.

The chromosomal basis of Mendel’s laws. Here we correlate the results of one of
Mendel’s dihybrid crosses. with the behavior of chromosomes during meiosis. The
arrangement of chromosomes at metaphase | of meiosis and their movement during
anaphase | account for the segregation and independent assortment of the alleles for seec
color and shape. Each cell that undergoes meiosis in an F1 plant produces two kinds of
gametes. If we count the results for all cells, however, each F1 plant produces equal
numbers of all four kinds of gametes because the alternative chromosome arrangements
at metaphase | are equally likely.
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i!Morgan’s Experimental Evidence i

3 Morgan’s Choice of Experimental Organism
Major scientific discoveries are often closely linked to the choice of an appropriate

experimental organism For the research problem being investigated. Mendel chose
garden peas because they exhibited several easily distinguishable traits. For his
experiments, Thomas Hunt Morgan selected a species of Ffruit fly, Drosophila
melanogastera common insect that feeds on the fungi growing on fruit. Fruit flies are
prolific breeders; a single mating can produce hundreds of offspring, and a new

generation can be reared every two weeks.

Another advantage of Drosophila is that it
has only four pairs of chromosomes, which
can be easily distinguished under a light
microscope. Three of these pairs are
autosomes, and one pair consists of sex

chromosomes.

Females possess two homologous X

eseft). Among his flies, Morgan dxscovered a mutant
chromosomes (XX)I whereas males have one male wuth whlte eyes (right). This variation made it possible for Morgan

to trace a gene for eye color to a specific chromosome (LMs)

X and one Y chromosome.

Morgan initially had great difficulty obtaining visible variations in the flies, until he Finally

discovered a single male with white eyes, instead of the usual red eyes (Figure 18).

The most common phenotype observed in natural populations such as red eyes in fruit
Flies is called the wild type. Alternative traits, such as white eyes, are referred to as mutant
phenotypes, since they result from alleles that are presumed to have arisen by mutation

in the wild-type gene.

37
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Morgan and his students developed a notation system for Drosophila alleles that is still

widely used today. For any given trait, the gene symbol is derived from the first mutant

(non-wild type) phenotype discovered. For example, the white-eye allele in fFruit flies is

represented by w, while the wild-type red-eye allele is designated as w™.

3 Correlating Behavior of a Gene’s Alleles with Behavior of a

Chromosome Pair:
Morgan crossed a white-eyed male Fruit fly with a

red-eyed female. All F, offspring had red eyes,

indicating that the wild-type allele is dominant.

When Morgan crossed the F, flies with each other,
he observed the classic 3:1 phenotypic ratio among
the F, generation. However, there was an additional
and surprising result: the white-eye trait appeared
only in males. All F, females had red eyes, whereas
half of the males had red eyes and the other half

had white eyes.

Therefore, Morgan concluded that eye colorin Fruit
fFlies is somehow linked to sex. Recall that female
Flies have two X chromosomes (XX), while males

have one X and one Y chromosome (XY).

The association between the white-eye trait and
male offspring in the F, generation led Morgan to
propose that the gene responsible for the white-
eye mutation is located exclusively on the X
chromosome, with no corresponding allele on the Y
chromosome. This idea can be visualized in the

Following Figure (Figure 19).

In a cross between a wild-type female fruit fly
and a mutant white-eyed male, what color eyes
will the F, and F; offspring have?

EXPERIMENT Thomas Hunt Morgan wanted to analyze the behaviol
of two alleles of a fruit fly eye-color gene. In crosses similar to those
done by Mendel with pea plants, Morgan and his colleagues mated :
wild-type (red-eyed) female with a mutant white-eyed male.

P PV N
Generation 2 @ = .;ré. o

F i

% - 4 All offsprin
Generation @ had red gyegg,

Morgan then bred an F, red-eyed female to an F, red-eyed male to pro-
duce the F, generation.

RESULTS The F, generation showed a typical Mendelian ratic of 3 red
eyed flies : 1 white-eyed fly. However, no females displayed the white
eye trait; all white-eyed flies were males,

GeneFrz.'nion Q @ @ @ @ d \ﬁ d

CONCLUSION All F; offspring had red eyes, so the mutant white-eye
trait (w) must be recessive to the wild-type red-eye trait (w"). Since the
recessive trait—white eyes—was expressed only in males in the F; gener
ation, Morgan deduced that this eye-color gene is located on the X chro-
mosome and that there is no corresponding locus on the Y chromosome

W

Sperm
Egg
W of wt | Ny wt
Generation @ — @ —
=B =D
? =W =2
Q.

Eg
Fa

W @é @&
Generation ? & q
% Q=P g =2

Figure 19. Morgan’s Experiments on Fruit

N - W
X =0 f X =
Generatlon X = @ X h‘_ Y
? d
S
S

Flies Showing the Expected Results for

Both the F, and F, Generations
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In males, a single copy of the mutant allele results in white eyes, because males have only
one X chromosome and therefore no wild-type allele (W*) to mask the recessive mutation.
In contrast, Females can have white eyes only if both of their X chromosomes carry the
mutant recessive allele (w). This was impossible for the F, females in Morgan's

experiment, since all F, parents had red eyes.

Sex-Linked Genes Exhibit Unique Patterns of Inheritance
Morgan's discovery of the white-eye trait as being linked to sex in Fruit Flies was a major

milestone in the development of the chromosome theory of inheritance. Because an
individual's sex chromosomes can be identified simply by observing the sex of the fly, it
became possible to relate the behavior of the two sex chromosomes to the behavior of

the alleles of the eye-color gene.

In this section, we will examine in more detail the role of sex chromosomes ininheritance,
beginning with a review of the chromosomal basis of sex determination in humans and

several other animals.

El 1. The Chromosomal Basis of Sex:
Whether we are male or female is one of the most

visually apparent phenotypic traits we possess.

Although the anatomical and physiological differences
between males and females are numerous, the
chromosomal basis of sex determination is relatively

simple.

In humans and other mammals, there are two types of
sex chromosomes, known as X and Y. The Y chromosome is much smaller than the X

chromosome.

Typically, a female inherits two X chromosomes, one from each parent, while a male

possesses one X chromosome and one Y chromosome.
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The short regions at either end of the Y
chromosome are the only homologous
areas shared with corresponding
regions of the X chromosome. These
homologous regions allow the X and Y
chromosomes in males to pair and
behave like homologous chromosomes

during meiosis in the testes.

In the testes and ovaries of mammals,
the sex chromosomes separate during
meiosis, ensuring that each gamete

receives only one.

Every egg cell carries a single X
chromosome, while sperm cells are

produced in two categories:

half contain an X chromosome, and the
other half contain a3 Y chromosome.
Thus, the sex of each offspring is
the of

determined at moment

Fertilization:

e IF 3 sperm cell carrying an X

chromosome fertilizes the egg, the

f: NSM(.)

d 9
Gg@ . ©

Sperm 1
44 4 o 44 +
XX XY
Q (o)

T Zygotes (offspring)

(a) The X-Y system. In mammals, the sex of an offspring depends
on whether the sperm cell contains an X chromosome or a Y.

- - .
~ 3 22+ 22+
“ARNAINTLDE XX X
A 3
o . L ©Q 3

-

(b) The X-0 system. In grasshoppers, cockroaches, and some
other insects, there is only one type of sex chromosome, the X
Females are XX; males have only one sex chromosome (X0)
Sex of the offspring is determined by whether the sperm cell
contains an X chromosome or no sex chromosome

' a Q

log
(c) The Z-W system. In birds, some fishes, and some insects, the
sex chromosomes present in the egg (not the sperm) determine
the sex of offspring. The sex chromosomes are designated Z
and W. Females are ZwW and males are ZZ

\ 32 16
-‘f') (Diploid) (Haploid)
/““’ 'ﬂ\ >
/ Q J

(d) The haplo-diploid system. There are no sex chromosomes in
most species of bees and ants. Females develop from fertilized
eggs and are thus diploid. Males develop from unfertilized eggs
and are haploid; they have no fathers

Some chromosomal systems of sex determination. Numerals indicate
the number of autosomes in the species pictured. In Drosophila, males
are XY, but sex depends on the ratio between the number of X
chromosomes and the number of autosome sets, not simply on the
presence of a Y chromosome. (Figure 20)

resulting zygote (XX) develops into a female.

e |Ifasperm cell carrying a Y chromosome Ffertilizes the egg, the resulting zygote (XY)

develops into a male.

Therefore, sex determination is essentially a matter of chance — a Fifty-fifty probability.
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As shown in the Following Figure, the X-Y system used by mammals is not the only

Ministry of Education

chromosomal system for determining sex; the figure illustrates three other sex-

determination systems as well.

Researchers have sequenced the human Y chromosome and identified about 78 genes

encoding roughly 25 proteins (some genes are duplicated).

A gene located on either sex chromosome is called a sex-linked gene. Those found on the
Y chromosome are referred to as Y-linked genes. The Y chromosome is passed from
father to all his sons. Because there are very few Y-linked genes, disorders transmitted

from Father to son via the Y chromosome are extremely rare.

In contrast, the human X chromosome carries approximately 1,100 genes, which are

known as X-linked genes.

El 2. Inheritance of X-Linked Genes
While most Y-linked genes are involved in sex determination, the X chromosomes carry

genes that influence many traits unrelated to sex. The X-linked genes in humans follow
the sameinheritance pattern that Morgan observed for the eye-color locus in Drosophila.
Fathers transmit their X-linked alleles to all their daughters, but none to their sons. In

contrast, mothers can pass X-linked alleles to both sons and daughters, as illustrated in

Q XNXN| % Xy o‘r\ Q XN | XNy (3\ Q x,\’ | w Xy 6
& sperm I sperm & sperm

Egas (%) [ x| Xy Eggs (%) [} Xy Eggs (%) [ x| Xy
() | 3¢ Xy () | e [ () | ey

(a) A color-blind father will transmit the

(b) If a carrier mates with a male who has (c) If a carrier mates with a color-blind male,

National Science and Mathematics Olvmpiad

mutant allele to all daughters but to no
sons. When the mother is a dominant
homozygote, the daughters will have the
normal phenotype but will be carriers of
the mutation.

normal color vision, there is a 50% chance
that each daughter will be a carrier like
her mother and a 50% chance that each
son will have the disorder.

there is a 50% chance that each child
born to them will have the disorder,
regardless of sex. Daughters who have
normal color vision will be carriers,
whereas males who have normal color
vision will be free of the recessive allele.

Figure 21. Examples of Inheritance Patterns For X-Linked Genes

the Following

figure (Figure 2-5).
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IF an X-linked trait is caused by a recessive allele, a female will express the trait only if she

is homozygous for that allele.

Because males possess only one X chromosome, the terms homozygous and
heterozygous are not used to describe their X-linked genes; instead, the term
hemizygous is applied in such cases. Any male who inherits the recessive allele from his
mother will express the trait. For this reason, X-linked recessive disorders occur much

more frequently in males than in females.

However, although the chance of a fFemale inheriting two mutant alleles is much lower
than that of a male inheriting one, Females can still be affected by X-linked disorders. For

example, color blindness is a mild disorder that is always inherited as an X-linked trait.

A daughter who is color-blind may be born to a color-blind father whose wife is a carrier,

as shown in the previous Figure.

Hemophilia is another X-linked recessive disorder, characterized by the absence of one
or more proteins necessary for blood clotting. Individuals with hemophilia experience
prolonged bleeding due to delayed clot formation. Minor cuts on the skin usually pose no
problem, but bleeding into muscles or joints can be painful and may cause severe damage.
Today, people with hemophilia are treated as needed by intravenous injection of the

missing clotting protein.

El 3. X Inactivation in Female Mammals
Female mammals, including humans, inherit two X chromosomes twice the number

inherited by males so one might wonder whether females produce twice as many

proteins encoded by X-linked genes as males do.

One X chromosome is inactivated in each cell of female mammals during early
embryonic development. As a result, Female and male cells have the same effective dose

one functional copy of most X-linked genes. The inactive X chromosome in each female
42
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X chromosomes

A Allele for
;rr”cz}/orange fur
Early embryo: =)
\ / Allele for
1 ' black fur

Cell division and
X chromosome

Two cell Inactivation
populations o
i . / £ - Y
in adult cat: nactive x [ C=T\— Active X
Active X—reamm | Ve
Black fur Orange fur

Figure 22.X inactivation and the tortoiseshell cat. The
tortoiseshell gene is on the X chromosome, and the tortoiseshell
phenotype requires the presence of two different alleles, one for
orange fur and one for black fur. Normally, only females can have both
alleles, because only they have two X chromosomes. If a female cat is
heterozygous for the tortoiseshell gene, she is tortoiseshell. Orange
patches are formed by populations of cells in which the X chromosome
with the orange allele is active; black patches have cells in which the
X chromosome with the black allele is active. (“Calico” cats also have
white areas, which are determined by yet another gene.)

&

NSMO

cell condenses into a compact structure known as a Barr body. Most of the genes on the

X chromosome that becomes a Barr body are not expressed. The following figure (22)

illustrates how this mosaic pattern of X-chromosome inactivation produces the spotted

coat coloration seen in certain types of cats.

Linked Genes Tend to be Inherited Together because they are Located
near each other on the Chromosome:
The number of genes in a cell is Far greater than the number of chromosomes. In fact,

each chromosome contains hundreds or even thousands of genes (with the Y

chromosome being an exception).

Genes located close together on the same chromosome tend to be inherited together

during genetic crossing over; such genes are said to be genetically linked and are called

linked genes.

(Note the distinction between the terms sex-linked gene, which refers to a single gene

on a sex chromosome, and linked genes, which refer to two or more genes located on
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the same chromosome that tend to be inherited together,) When geneticists track

linked genes in breeding experiments, the results do not follow Mendel's second law of

&1 How Linkage Affects Inheritance i

independent assortment.

F; dihybrid female
and homozygous
recessive male

To understand how gene linkage affects the T et
inheritance of two different traits, let us

examine another of Morgan's experiments

Most offspring

with the Fruit Fly Drosophila.

In this case, the traits studied were body color Figure 23. Morgan's Testcross Experiment on the
Fruit Fly Drosophila

and wing size, each with two distinct

phenotypes. The wild-type flies had gray bodies and normal-sized wings.

In addition to these, Morgan was able through selective breeding to obtain mutant flies

that had black bodies and much smaller wings than normal.

EXPERIMENT Morgan wanted to know whether the genes for body color and wing size were genetically linked, and if so, how this affected their in-
heritance. The alleles for body color are b (gray) and b (black), and those for wing size are vg™ (normal) and vg (vestigial).

The mutant alleles were recessive

'

Morgan mated true-breeding P (parental) P Generation
generation flies—wild s with black,  (homozygous) .
to the wild-type alleles, and neither esigawinged e topodce o Y Double mutnt
1 r/gous F dihybrids (b b vg” vg), (qray body, A (black body
all of which afe wik-ype in appearance normal \\r;ﬁgsJ vestigial »vw;\gs)
of the two genes was located on a ' o o
i
He then mated wild-type F, dihybrid
sex chromosome. To test the females wihbac, vessgiboged ks, Fydiybrd »
I This testcross will reveal the genotype of (wild type) &Y Double mutant
. . the eggs made by the dihybrid female. (gray body, k- TESTCROSS (black body,
relationship between these genes, \ norma wigs) vesigalvigs)
b by vy bbygvg
Morgan performed the crosses
i The male's sperm contributes only Zef;s‘m
. . . . recessive alleles, so the phenotype of the Eqos
I||UStrated N the FO”OW'ng FIgUl'eS offspring reflects the genotype of the %
i female’s eggs.
Wild type Black- Gray- Black-
H Note: Although only femal (gray-normal) | vestigial | vestigial normal
(FIgUFeS 23 and 24‘). pointed abdomens) art , half t ’ ‘./ ! \Qﬂ
offspring in each class would be n bvg & N/
(with rounded abdomens) P 9 S ’“T" -
Sperm % 4
The first cross involved the parental \,,L /
b bvg'vg | bbvgvg | b*bvgvg | bbvg'vg
(P) generation to produce dihybrid PREDICTED RATIOS
If genes are located on different chromosomes: 1 4l 1 1
F1 FI I es/ an d th € seco nd was a If genes are located on the same chromosome and
parental alleles are always inherited together. ! ! 0 0
'
testcross. From these FESU|tS, RESULTS 95 o4 206 185
CONCLUSION Since most offspring had a parental (P generation) phenotype, Morgan concluded that the genes for body color and wing size are ge-
netically linked on the same chromosome. However, the production of a relatively small number of offspring with nonparental phenotypes indicated
M o rg an conc I u d ed t h 3 t b Od y co I or that some mechanism occasionally breaks the linkage between specific alleles of genes on the same chromosome.

Figure 24.
44
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and wing size are usually inherited together in specific combinations because the genes

controlling these traits are located close to each other on the same chromosome.

‘i Genetic Recombination and Linkage i

We have learned that meiosis and random Fertilization generate genetic variation among
the offspring of sexually reproducing organisms. Now, we will examine the chromosomal

basis of recombination in relation to the genetic findings of Mendel and Morgan.

E Recombination of Unlinked Genes: Independent Assortment of
Chromosomes:
From his two-trait crosses, Mendel observed that some offspring displayed

combinations of traits that did not match either parent.

For example, consider a cross between a dihybrid pea plant heterozygous for both seed
color and seed shape (YyRr) and a plant homozygous recessive for both traits (yyrr). This

cross can be represented using a Punnett square as follows:

In the Punnett square, it is expected that half of the offspring will exhibit phenotypes

matching either parent of the P generation. These offspring are called parental types.

However, two nonparental phenotypes also appear among the offspring. Because these
individuals contain new combinations of seed color and seed shape, they are called

recombinants.

When 50% of the total offspring are recombinant, as in this example, geneticists say
that there is a 50% frequency of recombination. The expected phenotypic ratios among
the offspring correspond closely to those that Mendel observed in his YyRr x yyrr

crosses.

A 50% recombination frequency is observed in testcrosses for any two genes located
on different chromosomes and therefore not linked. The physical basis of

recombination between unlinked genes is the random orientation of homologous
45
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chromosomes during metaphase | of meiosis, which leads to the independent
assortment of unlinked genes.

Gametes from yellow-round
dihybrid parent (¥yRr)

@ @ @
Gamertes from green= — = U
wrinkled homozygous QJ"") Vo L
recessive parent (yyrr) -
" Yyikr Yy¥rr Yyrr yy&kr
" EAN J
o
Parental- Recombinant
type offspring
offspring

E Recombination of Linked Genes: Crossing Over:
Now let us return to Morgan's experiments to understand how we can explain the results

of his testcrosses with Drosophila, shown in (Figure 24). Recall that most of the offspring
in the testcross exhibited parental phenotypes For both body color and wing size.

This suggested that the two genes were located on the same chromosome, since the
occurrence of parental types at a frequency greater than 50% indicates that the genes
are linked. However, about 17% of the offspring were recombinants.

Considering these results, Morgan proposed that some process must occasionally break
the physical connection between specific alleles of genes located on the same
chromosome. Later experiments confirmed that this process, now known as crossing
over, is responsible for the recombination of linked genes.

During crossing over, which occurs while duplicated homologous chromosomes are
paired during prophase | of meiosis, a set of proteins orchestrates the exchange of

corresponding segments between a maternal chromatid and a paternal chromatid.

In essence, the terminal segments of two nonsister chromatids are exchanged each time
crossing over takes place. The following figure (Figure 25) illustrates how crossing over
in a dihybrid female fly resulted in recombinant eggs, and consequently, recombinant

offspring in Morgan's testcross.

46
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Most eggs contained chromosomes carrying either parental genotypes (b*vg?*) or (b vg)

For body color and wing size, but some eggs contained recombinant chromosomes (b vg

+

or b”vg).Fertilization of these different classes of eggs by homozygous recessive sperm

(b vg) produced a group of offspring in which 17% showed nonparental recombinant

phenotypes combinations of alleles not seen in either parent of the P generation.

National Science and Mathematics Olvmpiad

Testcross Gray body, normal wings Black body, vestigial wings
parents (F, dihybrid) (double mutant)
b vg” bvg
=L D [— g 5]
=== —
b ovg bvg
Replication ANV Replication
of chromo- L/ d of chromo-
somes Q sormes
A bTvp” bvy
bTvg” bvg
bvy bvg
b by
Meiosis I: Crossing & v
over between b and vg
loci produces new allele
combinations. b vt
m Meiosis I and II:
b*vg No new allele
i combinations are
g produced.
s o bw
Meiosis II: Separation
of chromatids produces
recombinant gametes .
with the new allele Recombinant
combinations. chromosomes
bTvg”
Eggs
Testcross 965 944 206 185
offspring | Wild type Black- Gray- Black-
(gray-normal)| wvestigial vestigial normal b vg
b*vg” b vg b*vg b vg' ————
[ = — - pa—— . R -~ B —" -
o | el | P | ==l
b vg b ovg b vg b ovg Sperm
s AN F

W
Parental-type offspring

Recombination _

W
Recombinant offspring

391 recombinants

frequency

Figure 25. lllustration of How Crossing Over in 3 Dihybrid Female Fly

~ 2,300 total offspring

100 =17%
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Alternations of Chromosome Number or Structure Cause some Genetic

Disorders:

Large-scale chromosomal changes can also affect an organism’'s phenotypic traits.

Physical and chemical disturbances, as well as errors during meiosis, can damage

chromosomes in major ways or alter their number within a cell. In humans and other

mammals, such large-scale chromosomal alterations often lead to spontaneous

miscarriage of the embryo, and individuals who are born with these types of genetic

abnormalities usually exhibit various developmental disorders.

E Abnormal Chromosome Number:

Ideally, the meiotic spindle
distributes chromosomes to the
daughter cells without error

during meiosis.

However, an unfortunate event
called nondisjunction may occur,
in which a pair of homologous
chromosomes Ffails to move
apart properly during meiosis |,
or sister chromatids Ffail to
separate during meiosis Il (as

shown in Figure 26).

In such cases, one gamete

receives two copies of the same
another

chromosome, while

(a) Nondisjunction of homo-

Meiosis 1

Nondisjunction

Meiosis 11
/H“) /% /A )

(g\,/H\

( Nona
disjunction]
[\ Gametes
_‘\
Al / Ul @@_]C
n+1 n+1 71 =1 n+1 n-1 n

Number of chromosomes

(b) Nondisjunction of sister
logous chromosomes in chromatids in meiosis 11

meiosis L

Figure 26. Meiotic nondisjunction. Gametes with an

abnormal chromosome number can arise by nondisjunction in either
meiosis | or meiosis II. For simplicity,

gamete receives none. The remaining chromosomes are usually distributed normally.

IF one of these abnormal gametes unites with a normal gamete during fertilization, the

resulting zygote will have an abnormal number of a particular chromosome a condition

known as aneuploidy. (Aneuploidy may involve more than one chromosome.) Fertilization

involving a gamete that lacks a specific chromosome will result in a3 missing chromosome
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in the zygote (2n - 1); such a zygote is said to be monosomic for that chromosome. If a
chromosome is present in three copies in the zygote (2n + 1), the cell is described as

trismic For that chromosome.
Mitosis will then transmit this chromosomal abnormality to all embryonic cells.

IF the organism survives, it usually exhibits a set of traits caused by the abnormal number

of genes associated with the extra or missing chromosome.
Down syndrome is an example of a trisomy in humans, which will be discussed later.
Nondisjunction can also occur during mitosis.

IF such an error takes place early in embryonic development, the resulting aneuploid
condition may be passed to many cells through subsequent mitotic divisions, potentially

having a major effect on the organism.

Some organisms have more than two complete sets of chromosomes in all their somatic

cells a condition known as polyploidy.

The abbreviations (3n) and (4n) denote triploid and tetraploid, respectively. One way a
triploid (3n) cell may arise is through the fertilization of an abnormal diploid (2n) egg,
produced by nondisjunction of all chromosomes. A tetraploid (4n) cell can result from the
fFailure of a diploid (2n) zygote to divide after its chromosomes replicate. Subsequent

normal mitotic divisions then produce a (4n) embryo.

Polyploidy is relatively common in the plant kingdom. Many of the plants we eat are
polyploid for example, bananas (3n), wheat (6n), and strawberries (8n). Polyploid animals
are less common, though some species of fish and amphibians exhibit this condition. In
general, polyploid organisms tend to appear more normal in structure and function than
aneuploid individuals. An extra or missing single chromosome disrupts the genetic

balance far more severely than does an entire extra set of chromosomes.

49
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E Alterations of Chromosome Structure:

Errors during meiosis or exposure to harmful () petetion
agents such as radiation can cause chromosomal Ale C* IEEls]H
breakage’ |eading to FOUF major types OF lAdeIetionremovesachromosoma\segment.

(alB]cleXF[s]H)

structural alterations in chromosomes, as shown

(b) Duplication

&8 ¢ DIEPGEICL))
t t
l A duplication repeats a segment.

B ¢ 8 ¢ DI

below.

A deletion occurs when a chromosomal fragment

is lost, causing the chromosome to lack certain

(c) Inversion
(A AKX £ F [GH)
) A
I I

An inversion reverses a segment
within a chromosome.

@ o c ' GEED

genes. (If the centromere is deleted, the entire
chromosome is lost) The deleted fragment may
attach as an extra piece to a sister chromatid,

producing a duplication. Alternatively, the

(d) Translocation
@ENc[o[eFlc[w

A translocation moves a segment from

“duplicated” segments may not be identical, since one chismoscirie o & nonhomolagous

chromosome. In a reciprocal translocation,
the most common type, nonhomologous

homologous chromosomes can carry different chromosomes exchange fragments.

QY c [o[E<F[G[1

Less often, a nonreciprocal translocation occurs: A chromosome
transfers a fragment but receives none in return (not shown)

fragment may attach to a nonsister chromatid of

a homologous chromosome. In this case, the

alleles of the same genes.

S e B ) ) peall ap¥) s g g g ) s B s

Figure (27)

Sometimes, a3 chromosomal segment reattaches

to its orlglnal chromosome but in the reverse breakage points. Dark purple highlights the chromosomal

.parts affected by the rearrangements

orientation, creating an inversion. A Ffourth
possible outcome of chromosomal breakage is when the Ffragment joins a

nonhomologous chromosome, resulting in a rearrangement called a translocation.

Deletions and duplications most often occur during meiosis. During crossing over,
nonsister chromatids may exchange unequal portions of DNA, such that one chromatid
gives up more genes than it receives. The products of this unequal crossing over are one

chromosome with a deletion and another with a duplication.

50
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A diploid embryo carrying a homozygous chromosome with a large deletion (or a single
X chromosome with a large deletion in males) loses a significant number of essential

genes usually a lethal condition.

Duplications and translocations also tend to be harmful. In reciprocal translocations,
where segments are exchanged between nonhomologous chromosomes, and in
inversions, the gene balance may remain normal all genes are present in their correct

dosage.

However, these rearrangements can alter an organism's phenotype because gene
expression may be influenced by the new chromosomal environment; such events can

sometimes have severe or deleterious effects.

Human Disorders Due to Chromosomal Alterations: %

Changes in chromosome number and structure are associated with a variety of serious

human disorders.

As previously discussed, nondisjunction during meiosis can lead to aneuploidy an

abnormal number of chromosomes in both gametes and the resulting zygote.

Although the rate of chromosomal abnormalities in human zygotes may be quite high,
most of these chromosomal alterations are so severe that the affected embryos are

spontaneously aborted long before birth.

However, some types of chromosomal abnormalities cause less disruption to the genetic
balance, allowing individuals with certain chromosomal disorders to survive to birth and

beyond.

E Down Syndrome (Trisomy 21):
One of the most well-known chromosomal abnormalities is Down syndrome, which

affects about one in every 700 children born in the United States. Down syndrome is
51
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typically, the result of an extra chromosome 21, so
that each cell in the body contains a total of 47

chromosomes instead of the normal 46.

E Aneuploidy of Sex Chromosomes:
Nondisjunction of Sex Chromosomes involving the

FIgUI'e 28.pown syndrome. The karyotype shows trisomy

sex Chromosomes can produce 3 Variety OF aneu plold 21, the most common cause of Down syndrome. The child exhibits the

facial features characteristic of this disorder.

conditions.

An extra X chromosome in males, resulting in the XXY genotype, occurs in about one out
of every 500 to 1,000 live male births. Individuals with this disorder, known as Klinefelter
syndrome, have male sex organs, but the testes are abnormally small, and the individual

is sterile.

Females with trisomy X (XXX), which occurs in about one out of every 1,000 live female
births, are generally healthy and show no unusual physical features other than being
slightly taller than average. They may have a slightly increased risk of learning difficulties

but remain Fertile.

The monosomy of the X chromosome known as Turner syndrome (Monosomy X) occurs
in about one out of every 2,500 female births and is the only known monosomy that is

viable in humans.

Individuals with this condition have the genotype XO and are female, but their sex organs
do not mature, leaving them sterile. They are typically treated with estrogen replacement

therapy, and most have normal intelligence.

ﬁ! Disorders Caused by Structurally Altered Chromosomes: i
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Normal chromosomj_QJ

Normal chromosome 22

Reciprocal translocation

Translocated chromosome 9

(=

Translocated chromosome 22
(Philadelphia chromosome)

Figure 29. Translocation associated with chronic
myelogenous leukemia (CML). The cancerous cells in nearly all
CML patients contain an abnormally short chromosome 22, the so-called
Philadelphia chromosome, and an abnormally long chromosome 9. These
altered chromosomes result from the reciprocal translocation shown
here, which presumably occurred in a single white blood cell precursor
undergoing mitosis and was then passed along to all descendant cells.

Some Inheritance Patterns are Exceptions to Standard Mendelian
Inheritance

We will now describe two natural exceptions to Mendelian inheritance one involving
genes located in the nucleus, and the other involving genes Found outside the nucleus. In
both cases, the sex of the parent contributing the allele plays a significant role in

determining the pattern of inheritance.

E 1. Genomic Imprinting
A difference in phenotypic expression depending on whether an allele is inherited from

the male or female parent is called genomic imprinting. (Unlike sex-linked genes, most

imprinted genes are located on autosomes.)

Genomic imprinting occurs during gamete formation and results in the silencing of a

&)
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specific allele of certain genes. Because Normal Igf2 allele

is expressed.

impri i i Paternal
these genes are imprinted differently in =~ 750 i
sperm and eggs, the zygote expresses only Mafema'4c|ﬁ= ]

chromosome Normal-sized mouse
) ) . Normal Igf2 allele (wild type)
one allele of an imprinted gene either the is not expressed.

maternal or the paternal allele (a) Homozygote. A mouse homozygous for the wild-type Igf2 allele
' is normal-sized. Only the paternal allele of this gene is expressed.

H H H H Mutant Igf2 allele Mutant Igf2 allele
These |mpr|nts are maintained and inherited from mother inherited from father

transmitted to all body cells during ‘ ‘

development. i

Normal-sized mouse (wild type) Dwarf mouse (mutant)

Normal fgf2 allele Mutant Igf2 allele
is expressed. is expressed.

In each generation, the old imprints are

erased inthe cells that produce gametes, and

. . . Mutant Igf2 allele Normal Igf2 allele
the newly forming gametes are imprinted is not expressed. is nmexféssed_

according to the sex of the individual (b) Heterozygotes. Matings between wild-type mice and those
homozygous for the recessive mutant Igf2 allele produce hetero-

i zygous offspring. The dwarf (mutant) phenotype is seen only
prOd ucing them. when the father contributed the mutant allele because the

maternal allele is not expressed.

Figure 30. Illustration of Genomic Imprinting During

E 2. Inheritance of Organelle
Genes

Not all a eukaryotic cell's genes are located

Gamete Formation in Mice, Specifically Involving the
Insulin-like Growth Factor 2 (1gF2) Gene

on the chromosomes within the nucleus; some
genes reside in organelles within the

cytoplasm.

Because they are located outside the nucleus,

these genes are referred to as extranuclear

genes or cytoplasmic genes.

The mitochondria, as well as chloroplasts and other plant plastids, contain small circular
DNA molecules that carry several genes. These organelles replicate independently and

transmit their genes to daughter organelles.
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The inheritance of organelle genes does not follow Mendelian principles, since their
distribution to offspring is not governed by the same mechanisms that control the

segregation of nuclear chromosomes during meiosis.

Exercises @

% Exercise 1 |[FOTERY) %
=)
Which of the Following statements defines Spgiazll Cuay I Olyusll o ,_"si
a genome?

A) the complete set of an organism's )
oIl § wlaosudl 30ace o dolSJl degoasall (A
polypeptides -

=)
B) the complete set of a species' A -
elgsM wlagll 3ae o dolll degomall (B
polypeptides
S99l bl (C
C) a karyotype )
Ol wig | I Gilusd dloSJl degomall (D
D) the complete set of an organism's genes - i
S>3l S9gill Gl

and other DNA sequences

¥ Exercise 2 P ey %

Oliw Jlw) 63igall 21yl ygadl Hloubd (e

o) Gl IS Gl S y6)Bl i
dlol pLuinedl old ihasy bosic ¢Sg AR5LD
33c o5 Log—wgog)S 19 e sgind sa=ll
o i1 L3S § 83929001 Ologwgeg Sl

underground stems for asexual
reproduction. Sexual reproduction is not as
common, but when it does happen, the
haploid gametes have 19 chromosomes.

How many chromosomes are in the cells of

2the underground stems Suoydl
0 q (A
B)10 "
o 19 (C

Exercise 3
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Which of the following statements is true N . .
gl QI glgidl e Gabiy AUl Oyl oo sl

of a species that has a chromosome
<€2n=16 ‘ogmg.og)S e

number of 2n =16?

A) The species is diploid with 32 JSJ pg—wg0g)S ' go Wl uall d,5LS glgidl (A

chromosomes per cell. Ayl

B) The species has 16 sets of chromosomes OloguwgogySll o degazo 1M Je glgidll SS9 (B

per cell. dds JsI
C) Each diploid cell has eight homologous a|9_jT diiled Je vl o)l dils dds JS Sgd (C
pairs of chromosomes. dblosadl Blogwgog Sl (1o
D) A gamete from this species has four &_Q_UT de ggidl 1io g0 gl ol So-i> (D
chromosomes. Ologwgog)S
L EC

Which of the following characteristics do . .
Gt Gbis duJUUIl yoolaasdl g gl
homologous chromosomes exhibit? i

Sdlilosiall Ologmgog sl
A) They carry information for different traits. délize Olauo e Ologleo Joi Leji (A
B) They carry information for the same traits. Wlaall guaid Ologleo Joxi (B
C) They carry the same alleles. MY uas Joss LQJT (C
D) They align on the metaphase plate in & dlgiwil johll § clgiwil b Je b .05 (D
meiosis Il. Il Guniall plwsidl

% Exercise 5 0 )X L4

Somatic cells of roundworms have four . .
J€ 0pimall Glagad) dyd—wadl LA ggimd

3ac S .duls JS) di3y8 logwgeg)S dsu)i
oo dudygy § WAz ol @8gis GUI Wlogawgog I

individual chromosomes per cell. How
many chromosomes would you expect to

find in an ovum from a roundworm?

cdailgbuni 6393
A) Four d'.o._UT (A
B) two olsl (B
C) eight diiled (C
D) a diploid number ebbo dac (D

(56
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% Exercise 6

meiosis, each daughter cell will have a
single chromosome. In addition to
mutations, how might genetic diversity

be generated in this species?

The bulldog ant has a diploid number of

two chromosomes. Therefore, following

degamodl JUS dac Lgaad gall dlos
Olog—wgagySll o gl (o drog—wgeg,sii
s JSI 95w wdaiall planiidl asy welli)
s Olabll J] dLSRL a>lg pgmgeg)S digh

Seoil 130 @ Guadl goidll Mgk ol oo

A) crossing over only
B) independent assortment only

C) crossing over and random fertilization

¥

Exercise 7
Imagine that there are 25 different
species of protists living in a tide pool.

Some of these species reproduce both
can reproduce only asexually. The pool
gradually becomes infested with

disease-causing viruses and bacteria.

the changing environment?

sexually and asexually, and some of them

Which species are more likely to thrive in

bs Jhgll yeuall (A
b8 4ol gyjgill (B
Jlsiell Olaslg Gl yeusll (C

oLl o Lalise LEgs PO Jlio i Juss
gloi¥l 0l yasy YIS ) 32019 Ml dSy § iusi
lg—dad ySayg iz dg bwiz clg—w 3o e
Lizu )3T dsyull Oy bid —guisI Ll
2 L .ol duwoll b iSillg OLwg il
S8 yas0ll didl § 52355 ol azpall oo GJI glosdl

to thrive.

B) The asexually reproducing species is
likely to thrive.

C) Sexually and asexually reproducing
species are equally likely to thrive.

D) Neither species will be able to thrive.

A) The sexually reproducing species is likely

Lz 35 Gl glgidl 10355 ol azpall po (A
iz 55 Gl glgi¥l 0355 of azpall o (B
Lz 3L Gd1 gloi¥l 52355 o azpall oo (C
Bwizdg

o353l po g9l wSan o (D
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Exercise 8

Which of the Following processes might ) . o *
qungMauawddUIuhlan Io.o‘g;l

produce a3 human zygote with 45 ;
Slogmgeg)s €0 Jle Ggi=u

chromosomes?

A) an error in meiotic anaphase occurring in ) .
Gy Sgluiall plwdidl § Juasildl jghll § los (A

dygiall ©llgeml gl didygll §

digiall ©llgsml apass § dsysdl 8lgs Jid (B

Il caiall oludidl Jlasiul § diagd| Jid C
19S5 lidl JoiSall i Mgl plwiil (D
| @aioll plusidl asy digiall ©Llgya!

either an egg or sperm

B) Failure of the egg nucleus to be Fertilized
by the sperm

C) Failure of an egg to complete meiosis I

D) incomplete cytokinesis during

spermatogenesis after meiosis |

% Exercise 9 L FOTERY) L4

The individual with genotype AaBbCCDJEE can make S ol A3BbCCDJEE MI buwaill *§° 3).nJ.l US‘”
many kinds of gametes. Which of the Ffollowing | JSXwin oy b low sl ELM‘Sl 0o 0yuis Lelgil

correctly describes why this situation is possible?

S@dgoll 1do Gigas Jlais| cuw pusuo

A) recurrent mutations form new alleles 63032 OMJI JSuis 6),Siall wilyalall (a
B) crossing over during prophase | lead to genetic variety 6\‘-"“ 59'”“ L“ LS-3§J JS‘XU Wl db_) Il (8
C) different possible assortment of chromosomes into . ; N o o
G Wlog wg0gSl o Jeizmwe Wlitve g1jgi WA=y (C
gametes occurs | =
D) there is a tendency for dominant alleles to segregate ahi‘;.oXl
tagether 150 JUoaitl 835kl MWW Jio lio (0

% exercise 10

HE a2 Je iz JiL sl glgadl sgiz
A sexually reproducing animal has two unlinked genes, JSU Jp-‘sls (H) U"‘i)" K i) LA.D.\:i lu-lb-U,)-O

one For head shape (H) and one for tail length (T). Its N P A .
. ) . | bles3l o (gl HhTt 9o d) Slygl causydl (1) Ju I
genotype is HhTt. Which of the Following genotypes is - = :

possible in a gamete From this organism? 3o (6 ) a.n_ma 3 095U gl Yoo dJUJI dpigadl
oI oWl
A) Hh Hh (A
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B) HhTt HhTE (B
OT T(C
D) HT HT (D
L4 Exercise 11 | FOVERY) %

Use the Ffigure and the Following
description to answer the question. In a

particular plant, leaf coloris controlled by

JIgudl Je dalayl JUl duoglly JSuidl pasiowl
Gb o dd)gll o9l § pSal a2 iase OLS §
Je a=lg D Ju31 I3 OLLWI.D gadl gadge
Syl O13 OBLAlg (S slpubs Glygl lg) J53I
sy Glysl Lg) JSlaiall dd JSLoiall Jlyoll
Glo3l 93 LW Gisiisll OLII amgs e .d=5LS
F1 J—il) 2o—unzg (g3l a3l wluiy diisladl
& F2 ) de8giall dayiill o e . 3131 iy
P91 Jiei Cuys (JSil § aobgell Punnett 2150
J351 ds S dbhlioll dasdl blas3l €g g
22l

GV OLLAI go $81gi gayall § LSl oo
Sdaddi (g

gene locus D. Plants with at least one
allele D have dark green leaves, and
plants with the homozygous recessive dd
genotype have light green leaves. A true-
breeding, dark-leaved plant is crossed
with a light-leaved one, and the F1
offspring is allowed to self-pollinate. The
predicted outcome of the F2 s
diagrammed in the Punnett square shown
inthe Figure, where1, 2,3, and 4 represent
the genotypes corresponding to each box

within the square
Which of the boxes in the Punnett square
correspond to plants that will be true-

breeding?

A)1and 4 only bsd441(A
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B) 2 and 3 only bsd3492(B
01,23,and 4 4493 g291(C
D)1 only hs91(D
L4 Exercise 12 | JUTRRY) %

inherited by a single gene with Four
different alleles. How many different
types of gametes would be possible in

this organism?

Skin color in a certain species of Fish is

db_wlg) Ilowl go game g5 § Ml gl Oygi

glgidl sac oS .dalise WM dsu)l ) aslg (uo
SN I 13 § diSanl] glinodl (o daliswall

% Exercise 13

woman both show normal pigmentation,

but both have one parent who has

Albinism is a recessive trait. A man and

|| G ETERY) %

8ly0llg =)l 0o JS ygbu .damisio divo 9o §lgoll

Wlaao gligh i diad Laodls S Gsub Lgl
Jleizl g0 Lo (gaidhall dsuo gga) Gleall

Black Fur in mice (B) is dominant to brown

Fur (b). Short tails (T) are dominant to long

tails (t). what Fraction of the progeny of

albinism (without melanin pigmentation). <Slgalu Jo3l eglib dLo]
What is the probability that their First
child will have albinism?

A) O (A

B)1/2 r/1 (B

Q1/4 eN(C

D)1 | (D

? Exercise 14 1€ oy L4

shall e 5Ll 9o (B) glyiddl § 39wl l)8
Je 8ol o (T) &jaill JgaiJl .(b) Gl
29l dyd oo Jlaisdl go Lo .(t) ddagb Jgid
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crosses BbTt x BBtt will be expected to

Jg339 3g—wi 9,9 d 9% ol a9gioll BbTE x BBLt

dominant to the dwarf phenotype. If a
heterozygous pea plant is crossed with a
homozygous tall pea plant, what is the

In pea plants, the tall phenotype is

have black fur and long tails? cdLgb
A)1/16 /1 (A
B) 3/8 AW (B
Q)12 r/(C
D) 9/16 17/ (D
? Exercise 15 10 Cu)yxd L4

198 @5 131 ya—aiill (5 yghall boill e 35wl
Jagb £3jWl O mo Wgau il pliie £3jWI OLS
095 ol JLaizl 99 Lad «igzujll JSlaso dolitll

92 Jgbll sygball baill old £35LJ1 OULS §

are crossed. One parent has red, axial
Flowers, and the other has white, terminal
Flowers; all F1 individuals have red, axial
Flowers. The genes for Flower color and
location assort independently. Among
the F2 offspring, what is the probability
of producing plants with white axial

Two true-breeding stocks of pea plants

probability that the offspring will be Sl Gi_woS Jadl
dwarf? ”
A)1 1 (A
B)1/2 PN (B
Q) 1/4 gN(C
D)0 -(D
¥ Exercise 16 Ny %

a3l )33lg dailog £lpos Hloji dyd ualigll asi
o) pg2ad F131)81 gras 1dyd)b cléw jloji
Wioj gndgeg 8031 o9l Ol .duilag slyes
Jisl 92 b (F2 J—wdll u»uodMJS—w

Sduil> claw )il O13 OLLS 2|

Flowers?
A)9/16 7/ (A
B) 116 N/ (8
C) 316 1/ (C
D) 1/4 END
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% Exercise 17
Hydrangea plants of the same genotype
are planted in a large Flower garden.
Some of the plants produce blue Flowers
and others pink Flowers. This can be best
explained by which of the fFollowing?

S Gull jLbl guds Lg) GUI dngl OULS g)55
£18); 5o OULII pasy aiis .BymS )90) disas
Lé -;idg,-;-u, U juands Koy . dd)g )0 tSPiS

A) the knowledge that multiple alleles are
involved
B) is

completely dominant over the allele for

the allele for blue hydrangea
pink hydrangea
C) the alleles are codominant

D) environmental factors such as soil pH

affect the phenotype

¥

Exercise 18

el e dgguo 63u3c oM OT ddy20 (A

gl JJT e alos 35wl go £18)3)1 dugSII JuJi (B
dy3)9ll

dS o 83bu I3 O (C

de 385 duydll dsgas dz)> Jio dutyll Jolg=ll (O
Sxaball jlyhl

white. A cross between 3 red-Flowered
plant and a white-Flowered plant yields
all-purple offspring. The Flower color
trait in radishes is an example of which of

the Following inheritance patterns?

Radish flowers may be red, purple, or

slody gl diilg)l gl £lyo J2dll y90) 995 A9

20231 ogllLy 5950 Ol o azedll 0= ik
08! docw . JolSIL Gilgyl Sl gglll pawi ©lig
dihgll blesl o i Je JUio Lo J2dll § 6,931

cdJwl

A) a multiple alleles system
B) sex linkage
C) codominance

D) incomplete dominance

OMJZI 3325 Ll (A
ol dbuyo (B
dSyuiall 3kl (C
dolil e 63Lull (D

£

Exercise 19
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Hutchinson-Gilford progeria is an exceedingly rare
human genetic disorder in which there is very early
senility and death, usually from coronary artery
disease, at an average age of 13 years. Patients, who
look very old even as children, do not live to
reproduce. Which of the Ffollowing statements
represents the most likely assumption regarding this

disorder?

Ghbuid] 92 3)9il> (gmisiile d5giuis
dgiu—ib 3292 Cuo dylall )oU G y—in Jlig
b=l y8)0 Luum 83l 1909 132 8)Sso
R (8530l BLe I yac bwgias (oWl
0g—iusy 3 Jlibl pog @ 132 LS vew
0oLyl Jioy AW WL o i 5L

cLlbusdl 130 yoguos lais| s

A) The disease is autosomal dominant.

B) The disorder will increase in frequency in successive
generations within a fFamily.

C) The disorder may be due to mutation in a single
protein-coding gene.

D) Each patient will have had at least one affected

grandparent or parent

% Exercise 20
Feather color in budgies is determined by two
different genes, Y For pigment on the outside of the
Feather, and B For pigment on the inside of the feather.
YYBB, YyBB, or YYBb is green; yyBB or yyBb is blue;
YYbb or Yybb is yellow; and yybb is white. Two blue
budgies were crossed. Over the years, they produced
22 ofFspring, Five of which were white. What are the

most likely genotypes for the two blue budgies?

OlogwgogyXl e Jamy g 35Lw goyell (4
RV

d8laiall Ju=28l §HLSHl § Chbusdl slajuw (8
Syl U1

3=lg gz § 8yab ge Bl Ohbusdl 99 A8 (c
oigyll yubuil

de ©las 3519 Alg ol a2 Ay e JSI peSem (0
JS3

_c

o> dbawlgs sliudl § yin Yl og) 325 @3
2L abwll Je dsuall v iopbliso
vyee.gin )l oo JS1MI (o dsuuall Bg in )l
YYbb ¢ (§ in yyBb 9i yyBB ¢ ).oapi YYBb gi YyBB 9i
0o 01 29135 @3 .0aml yybb g ¢ ol vybb gi
S PP Igasil sgicad] 3o e &) 31 sl
dyiaall blaiBl ;9 Lo .gaull g0 pgio dues
€§))3l sl Blaisl yisH

A)yyBB and yyBB
B) yyBB and yyBb
C) yyBb and yyBb
D) yyBb and yybb

yyBB g YyBB (A
yyBb g yyBB (B
yyBb g yyBb (C

yybb g yyBb (D

% Exercise 21
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Marfan syndrome in humans is caused by an
abnormality of the connective tissue protein Fibrillin.
Patients are usually very tall and thin, with long
spindly Fingers, curvature of the spine, sometimes
weakened arterial

walls, and sometimes eye

problems, such as lens dislocation. Which of the

fFollowing would you conclude about Marfan

syndrome From this information?

G UIS Gyl i o) lo dojdlio Gai
09% Lo 83le .l pLsdll gu—will (a9
giloly LAl geaenis Dslish éyall
Lliolg «5yidll sgosll slimilg i jsro dligb
& JSUiio Blialg oul—ill glyaz e b
oiwﬁwéi-&“*’-"ﬂﬁ&.wl
030 o gLi)le dojMlio oLy douiwi

cOloglnoll

A) Itis recessive.
B) It is dominant.
C) It is pleiotropic.
D) It is epistatic.

dyuito Lgi] (A
835w gl (0
JSa¥l sasi0 ol (2
Ozl Ggai ] (5

% Exercise 22

Phenylketonuria (PKU) is a recessive human disorder

in which an individual cannot appropriately
metabolize the amino acid phenylalanine. This amino
acid is not naturally produced by humans. Which of the
Following treatments would be most effective for

people with PKU?

o (Pku) JgJl o 9iaS Jintdl y9-8b
258 gabian 3 Cus ke G- Wbl
JSi o3l Jaiad GuoBl pdasl QM wl
Sl gaoall 130 gLuwidl i 3 .cwlio
0954w AW Ol go i .oaumb JSuiu
ligy gmlacdl gols bl dylel$ yisi

solbusdl

A) Feed them the substrate that can be
metabolized into phenylalanine.

B) Regulate the diet of the affected
persons to severely limit the uptake of
phenylalanine.

C) Feed the patients the missing enzymes
in a regular cycle, such as twice per week.
D) Feed the patients an excess of the

missing product.

Jud I lgMaiwl ooy @1 8545))1 pgolab] (A
ol

3ol plaall polsuill jliall elbidl eubis (B
o3l Juindll Golaiel o 8w

8)93 § 63g88all ©Lay;i8Ly soyell dyiei (C

Sgddoll aiiall oo 8331) deaS @50l @bl (D
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pedigree chart in the Figure For a Family,
some of whose members exhibit the
dominant trait, W. AfFfected individuals

are indicated by a dark square or circle.

What is the genotype of individual 11-5

% Exercise 23 [ TRV ?

The FfFollowing question refers to the

JSidl @ il bbsve JI JWI J1gaudl yuis
da o)l Loalydl pasy yghs (Ll yolsJl
ol @233 2 y3ladl 31)831 ) HLoiing S5l
AiS1> 601>

11-5 358l Gull baill go Lo

1

2

—e

! ST
uoﬁkkiﬁ&’éﬁ
::j (El_ 2[3 4

A) ww
B) Ww
C) ww
D) ww or Ww
%

The Following question refers to the

Exercise 24

pedigree chart in the Figure For a Family,
some of whose members exhibit the
dominant trait, W. AfFfected individuals
are indicated by a dark square or circle.
What is the probability that individual IlI-

1is Ww?

ww (A
wWw (B
wWw (C

ww or Ww (D

PE wuyNi L4

JSidl & il bbivo JI JWI J1gadl yais
daoll Laslydl yosy ,ghs AdlLlall yolJl
ol @230 2y3ladl 31)831 ) HLoiig S5l
diS1> 601

SWw g2 111-13,8)1 95 ol Jlicl go Lo

1

2

—e

v

! 5T
n OI#HL%MS
11 g . .

A) 3/4

3/4 (A
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Exercise 25

The Ffigure shows the pedigree For a
Family. Dark-shaded symbols represent
individuals with one of the two major

types of

dllboll jgoyl Jios .l cuns JSuidl pudg
Omwn Yl gaegill 3ol mliaell polsil
o jooyl a2 eyl .oglsill glbyw o
2951 Juial @iy . gousidl Cidg 5yl yoc

colon cancer. Numbers DlgalL OLBlg Gl yelby
under the symbols are the individual's | doouwl 032 i 9w | 132 ANl bl (o
age at the time of diagnosis. Males are :dig )90
represented by squares, fFemales by
circles.
From this pedigree, this trait seems to be
inherited:
s |
I
53
[Eéj o?] 08 (5_5@ 0 &Eo
o 4
v
20
A) From mothers Olgo3l ¢po (A
B) as an autosomal recessive | Ologwgog Sl Je ddgomo duiso dé o (B
C) as a result of epistasis LIRWEN]

D) as an autosomal dominant

Oligall ot dns (C
Olog—wgog) Sl Je dlgomo 635w dé&uasS (D
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% Exercise 26

correct explanation For the observation
that all offspring exhibit a phenotype
for a particular trait that appearsto be a

blend of the two parental varieties?

Which of the Following statements is a

Buso i s dJUl Ll oo sl

b g Juudll groz b 385 GUI dbodal
oo @23 Lail 93 diuse dbd o) sygbe
Song3l (udisoll

A) Neither of the parental genes is
dominant over the other.

B) The genes for the trait are dominant in
both of the parents.

C) The genes are linked and do not
separate during meiosis.

D) The genes for the trait are recessive in

both of the parents.

53381 Je digi8l ol o sl sgum 3 (A
0311315 § 835w dawd ] Ol 9% (B
plwisdl Ll Joais 39 wluadl byiy (C
ool

21l 35 § dyisio dawll ©liy> (D

% Exercise 27

recessive trait in humans. Two people
with normal color vision have a color-
blind son. What are the genotypes of the

parents?

Red-green color blindness is a sex-linked

dasiilo dio g0 yubS3lg yoo 3l ¢lgldl ec

ooz Lo yiull § guisls diye
o2 Qlooe gl lagad dasub olgll dag e
O3l go JU dipal jrbll G Lo .olgl8l

‘.'p‘zllg

A) X"Xn and X"Y
B) X"XN and X"Y
C) XXM and XY
D) X"X"and XY

X"X"and X"Y (A
XNXN and X"Y (B
XNXN and X"Y (C
XNX"and XY (D
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Exercise 28

Generally, only female cats have the

tortoiseshell phenotype For Fur color.
Which of the Ffollowing statements

explains this phenomenon?

boill Lgzad bid SL3I bhall ple JSin

Ol oo sl £l g9l & il ko)l
€6,0UJ1 030 ity dLI

A) A male inherits only one allele of the X-
linked gene controlling hair color.

B) The Y chromosome has a gene blocking
orange coloration.

C) Only males can have Barr bodies.

D) the Y

chromosome prevent orange pigment

Multiple crossovers on

production.

% Exercise 29

In humans, clear gender differentiation
occurs not at Fertilization, but after the
second month of gestation. Which of the
Following statements describes the First
event of this differentiation?

2 buiyell sl o s 1351g ST HSadl ¢y (A
sl oyl § @Saiy I X

ol coou puz e Y pg—wgog)SIl sgiz (B
Jlas,l

b pluzl Je Jganll pgiSoy jo53l ks (C

Y pg—wg0g,Sl L 833si0ll Jaul Ollec (D
A3yl deuoll 2li] gies

[ FETERY) ¥
ominl] oa puslgl jaledll Gz B il §
0o GUI gl 3= o9 il uasyl sic
Sasdl Gy W1 OLLsIl oo i sl

<ileill 13g) Jo3I

A) Formation of testosterone in male J95.&J|&i:_>‘2“$09_&1ww|090).® 02955 (A
embryos dygiidl dixdl § prgymwdl pgere (953 (B
B) Formation of estrogens in female | sa2ll juS3iig jgSiJI il & SRY Ju=aj (C
embryos ddaw bl

C) activation of SRY in male embryos and
masculinization of the gonads
D)

activation of SRY in females and

Feminization of the gonads

d;@hﬂl:;ﬂlc*phgoljglgSRY,Lam" SA(D)
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muscular

Pseudohypertrophic
dystrophy is a human disorder that
causes gradual deterioration of the
muscles. Only boys are affected, and
they are always born to phenotypically
normal parents. Due to the severity of
the disease, the boys die in their teens. Is
this disorder likely to be caused by a
dominant or recessive 3llele? Is the
inheritance of this trait sex-linked or

autosomal?

S=in Ghbus] 92 yesall Jussll dsuall
Syl oM asU 223301 392301
omdle opgad Lails g9algs 29 dbid 5393l
& 23981 gy Y6 yall 83— Lu—u .U ol
s 0992 0l Joinall o Jo .dialyell s
Jo Saiie gi 35w Juli 9o Ghbosdl lio
el puisdLy dbyiyo dawll 030 dlyg

Fepoanzll Glogugegsil

A) dominant, sex-linked
B) recessive, autosomal
C) recessive, sex-linked

D) incomplete dominant, sex-linked

¥

Which of the following individuals will

Exercise 31

inherit an X-linked allele from a man who

carries it?

ol buiye « A5lw (A

drouunll Blogumgeg,sll e « diiio (B
ol dbuie , disviso (C

izl byl L doli e 83k (D

2 buiyall Ju31 &y oW1 31381 o
Sdlozu J2) oo X

A) all of his daughters
B) half of his daughters
C) all of his sons

D) all of his children

% Exercise 32

Glucose-6-phosphate  dehydrogenase deficiency
(G6PD) is inherited as an X-linked recessive allele in
humans. A woman whose Father suffered From G6PD
marries a3 normal man. What proportion of their sons is

expected to be G6PD?

LRl dily gro> (A
&l ol (B
1953l diliy] @ra (C

(
(
(
& Udlg ygSall Slul Js (D

PP oy ¥

buiye e JHU (G6PD) o3l yaiis &)l
dle 8lyol 2935 il § X pg—wgog,ILy
i 0 Lo .s3Le J2)3 GEPD (o LaaJlg

SG6PD lgigk ol adgiall pgilul
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% Exercise33

Use the Following information to answer

P ey ¥

Je ol Uil Ologlaall pasiwl

the question: :Jlgmll
male wild 123
male yellow 116

female wild 240

In 3 Drosophila experiment, a cross was
made between homozygous wild-type
females and yellow-bodied males. All the
resulting F1s were phenotypically wild
type. However, adult Flies of the F2
generation (resulting from mating of the
F1s) had the characteristics shown in the
figure. How is the mutant allele For

yellow body inherited?

O 0ag Joc @i dgslall L doy §
2953lg 53l g9ill o Cliazl dlilaio SU)
0o d25Lll F1s gros Culs .amall ya ol
GLII LS elI3 gog .yghall syl goill
ol (F1s 29155 e 5WI) F2 Jusdl oo @UJI
i (S . JS—il § daibgall paslosl o)

0¥l puuall yihioll Ju3I Cu )gs

A) It is recessive.
B) It is codominant.
C) It is dominant.

D) Itis incompletely dominant.

Use the Following map of Four geneson a

chromosome to answer the question.
Between which two genes would you
the highest

expect frequency of

recombination?

% Exercise 34

dgmiso gi] (A

bl go (B

dioygoll lgi] (C

JolS yue JSity dioygo lgil (D

E X L4
e Olian dy)yB dyl dhby 301 pasiwl -
Jigull e &lopl pgugos, Sl

Syl 83led H1,S5 el @89 pwiaz sl O
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IF cell X enters meiosis, and
nondisjunction of one chromosome
occurs in one of its daughter cells during

meiosis 1l, how will this affect the

P e st & ¥
A)Aand W Aand W (A
B)Eand G Eand G (B
C)AandE AandE(C
D)Aand G Aand G (D
% Exercise 35 1’0 )y %

plg doioll pLuwdidl § X dulsl s 13)
Sl ,3 A>lg po—wgogyN Jlaakil Ga=y
A Gaiell plowisdl cUsl 6augll Lol
JLaisT i glainodl e el y5ga—mw a9

B) Half of the gametes descended from cell
X will be n +1,and half willben -1.

C) One-quarter of the gametes descended
From cell X will be n + 1, one-quarter will be
n -1,and half will be n.

D) Two of the Four gametes descended
From cell X will be haploid, and two will be

diploid.

gametes at the completion of meiosis? Suuaiall plwiidl
A) All the gametes descended from cell X | X dsJl (10 8)azioll 2luinodl groz (gSiw (A
will be diploid. Dasll dslis

095aw X didsl ¢po 8)amniall zlino¥l anas (B
N -1 055w 333l @waillg . n+1

X+ Il o )30l glinedl @1y 9Siw (C
N il ggSug N -1 oS gayllg . 1

o 8yaaniall dsy¥l zliodl ¢ro Sl oS (D
LS LS olslg . saell sslsl X dylsl
Dasll

% Exercise 36

that generally has the most severe impact on the health

of the individual?

OF the following human aneuploidies, which is the one

dastuiall dsuoll JMisl O3Ls gu oo

Lagos Lg) GUI elli o Lo (Ll &y il

3,8l douo e 331 st
A) 47, trisomy 21 Pl @9g0ll § Wloguwgog)S &35 . EV(A
B) 47, XXY XXY . &V (L
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C) 47, XXX XXX €V (g
D) 45, X X, €0(>

% Exercise 37

Abnormal chromosomes are frequently é&_ﬁ&ggbﬂx,&ﬂbgﬂg‘ogﬂl A>gi bo [yuis
Found in malignant tumors. Errors such as | Glloe Jio slbsi S99 a8 il ‘oIJg'SI
translocation may place a gene in close | GbLwx o QAL gadl o9 JI J-dill
proximity to different control regions. | &las3l o §i J dwbio sl psull
Which of the Following events might then | byl JsaJ U3 asy Sasy A8 dJull

occur to make the cancer worse? ':'ig.wi

A) anincrease in nondisjunction Jlasidl P 5L (A

B) expression of inappropriate gene dodMall yue duusdl Olauiadl e jusil (B
products olwiidl >yl § polasil (C

C) a decrease in mitotic frequency P 3 dyilb yud | LI Juid (D

D) Failure of the cancer cells to multiply

% Exercise 38
A woman is found to have 47 chromosomes, including ©9 ",909); eV LG""J 5i}°| d‘: JSi"'-" P"

three X chromosomes. Which of the Following

Srebodl jlHbl oy dAJUUI oyl

slg) gBgioll

statements describes her expected phenotype?

A) a Female with masculine characteristics
such as Facial hair | dogll ysui Jio di)gSd yaibos wld sl (A

B) an apparent male who is sterile psic gog il ol (B

C) healthy Female of slightly above-average | bugiall oo Julsy Jel Jgb @13 dusun &l (C
height doysc &l (D

D) a sterile female

% Exercise 39
Use the Following Figure to answer the :JIgull e Gl JWI Yl pasuiwl
question:
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The pedigree in the figure shows the gmdhuldwlgdsl.mjlhbma.mga
transmission of a trait in a particular | (g Jd JLELdl b e £l .diaso dlile

Family. Based on this pattern of :a.-?_{ill Je daall
transmission, the trait is most likely:

A) mitochondrial LyaSgiuall Olus o (A

B) sex-linked dominant owiJb dbuiye 6350w (B

C) sex-linked recessive o] b douiyo dasio (C

D) autosomal dominant droud| Ologwgog Sl (e 635w (D

% Exercise 40

Mitochondrial DNA is primarily involved | JS—in L )aisginoll s9gill ool )i
in coding For proteins needed For  Jdsol dojdl OLwig Il yra s 3 @»Lmi
protein complexes of the electron | .ATP guiuaig (9,031 Jii dlwdw 3 oxgyll
transport chain and ATP synthase. | oo L)jiSginell Olas> 3 Glyabll Gl i)
Therefore, mutations in mitochondrial | Ollesll (o ,.”si G S S )395 Qi lg.vLu
genes would most affect which of the SdJWl

Following processes?

A) DNA synthesis in cells of the immune system de ol _)'-6—9 L!)l} é 699»‘“ M' WEY (A
B) the movement of oxygen into erythrocytes c N
_ _ clhoadl el ©b)S JI guousYl dsy> (B
C) generation of ATP in muscle cells .
D) the storage of urine in the urinary bladder M=l L‘b G ATP 3‘*’9—’ (C

dyodl dliall § Joull 2320 (O
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‘ The Molecular Basic of Inheritance

DNA is the Genetic Material
Today, DNA has become familiar even to school students, and scientists routinely

manipulate DNA in the Iaboratory. However, in the early twentieth century, identifying

the molecules of inheritance posed a major challenge for biologists.

E Evidence that DNA can Transform Bacteria
In 1928, a British medical officer named Frederick Griffith was attempting to develop a

vaccine against pneumonia. He was studying Streptococcus pneumoniae, a bacterium
that causes pneumonia in mammals. Griffith worked with two strains of the bacterium

one pathogenic and the other nonpathogenic (harmless).

He was surprised to find that when he killed the pathogenic bacteria by heating and then
mixed the remains with living cells of the nonpathogenic strain, some of the living cells
became pathogenic (see figure). Moreover, this newly acquired trait the ability to cause

disease was inherited by all the descendants of the transformed bacteria.

Apparently, some chemical component from the dead pathogenic cells caused this
heritable change, although the identity of the substance was unknown. Griffith called this
phenomenon transfFormation, which is now defined as a change in genotype and

phenotype due to the assimilation of external DNA by a cell.

Later, scientists Oswald Avery, Maclyn McCarty, and Colin MacLeod identified the
transforming substance as DNA. However, many scientists at the time remained skeptical

because little was known about DNA.

i] Evidence that Viral DNA can Program Cells:
Additional evidence that DNA is the genetic material came from studies of viruses that

infect bacteria (as shown in the figure).

75
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CAALIA 4 AL S CYSw G AS) ) g Adea JAB5 OSas JA ¢ et
inquiry Can a genetic trait be transferred between different bacterial strains?
OV OSan .Streptococcus pneumoniae ‘s 583 Ga GEDle Suds o Sl 8 e 14y sl
L‘JL’IDBJluYualJA)UA*M‘_,AJ“ Ql)ﬁﬂlga(_jyjlh.nwl (GWl)SmW
A gnsS ) (ASa) R ADLL LA ESES ) geall e liall Jlgad) e Lgraad daa a4l geuss
ORIy ) AN Cads s Gla ¢ Al aY) dawe JLEAY O e Appa S A
Experiment: Frederick Griffith studied two strains of the bacterium
Streptococcus pneumoniae. The S (smooth) strain can cause pneumonia in
mice; it is pathogenic because the cells have an outer capsule that protects
them from an animal’s immune system. Cells of the R (rough) strain lack a
capsule and are nonpathogenic. To test for the trait of pathogenicity, Griffith

injected mice with the two strains.

S Ll L3ta R Zaall LAY Soall Algmall S LAY Al § LAY o hauta
(oSS G a3 Lall)  (JUmES Gasal) s ¥)  (JSUSSS Gasall Lpsas 5£) R Zuall LSAN 55 0a0
Living S cells  Living R cells Heat-killed S cells Mixture of heat-
(pathogenic (nonpathogenic (nonpathogenic killed S cells and
control) control) control) Iiving R cells
Results
Mouse dies Mouse healthy Mouse healthy Mouse dles

S LA Ll sl a3 ¢ aal) 3e L3 IN blood sample, living S cells 4@

e zab Lea « SN agiSas 4a0 Were found. They could
.S LAY e 2y 3all reproduce, yielding more S cells.

O S sl ALS A3 g ma S Bala Adac) 53 Ak jae S LS () el R LSS Jasad a3 tdadal

Y S adia e R LOWY CuiSa A Aduad) § LD
Conclusion: The living R bacteria had been transformed into pathogenic S
bacteria by an unknown, heritable substance from the dead S cells that
enabled the R cells to make capsules. (Figure 31)
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E Additional Evidence that DNA is the Genetic Material
These viruses are called bacteriophages a term meaning “bacteria eaters” or simply

T2 Ul 481 o Balal) g (5 998l aaal) g Gubigual) Jo 1 i)
inquiry: is protein or DNA the genetic material of phage T2?
A T2 claldl ¢ (NG o« DNAS O gl) e 2ol s ghl) 5 godiall i 5iSl) (pundi U Ja g (pi b 23 1 a2 2
Sl G 3 3all ZUSY Wtaa p Sule) agdSas s LD Jaay clijall b e o A8 jra 1 g9 i a1 4 00 LSIAY culial
Experiment : Alfred Hershey and Martha Chase used radioactive sulfur and phosphorus to trace the fates of
protein and DNA, respectively, of T2 phages that infected bacterial cells. They wanted to see which of these
molecules entered the cells and could reprogram them to make more phages

@ Mixed radioactively @ Agitated the mixture in © Centrifuged the mixture () Measured the
labeled phages with a blender to free phage so that bacteria formed a radioactivity in
bacteria. The phages parts outside the pellet at the bottom of the pellet and
infected the bacterial cells. bacteria from the cells. the test tube; free phages  the liquid.

Empty ) S andl_p?‘age parts, v:idwich
® _Radioactive i NN are lighter, remained . .
Phage { ) _/ protein protein she Z~0 7' suspended in the liquid. ?::;gicgrv:ém)
. found in liquid
Bacterial cell .

Batch 1: Phages were & —DONA \
grown with radioactive ‘ o
sulfur (3%5), which was Phage
incorporated into phage DNA
protein (pink). ), X
( Centrifuge
¢ < " &
Radioactive Pellet (bacterial
+ DNA N\ ? cells and contents)
. R\ W'/ 1]

P Y

=D 12
Batch 2: Phages were g \ Qb

grown with radioactive
phosphorus (32P), which
was incorporated into - ) 4

phage DNA (blue). ‘a"/» Centrifuge / \
S &

Radioactivity
Pellet (phage DNA)
found in pellet

(ot sl ¢ (2 Akall) DNA pulad o Lasie 01y ¢ LS £ A o laly) B 5 ¢ (1 Adall) @iy all el o5 Lasie 1l
o) e gil) (ans aa s lald daliall Slalill DNA (5 s 53 () LAY @il LYAN (Al elad) bl
Results: When proteins were labeled (batch 1), radioactivity remained outside the cells, but when DNA was
labeled (batch 2), radioactivity was found inside the cells. Cells containing radioactive phage DNA released
new phages with some radioactive phosphorus.
O Gl s DNA O () Gy o 0 0ald Jas ol cilaldll @il g 08 ¢ 4 500 LAY DNA Phage @lis tiadial)
T2 gl A8 g Batas Jany
Conclusion: Phage DNA entered bacterial cells, but phage proteins did not. Hershey and Chase concluded
that DNA, not protein, functions as the genetic material of phage T2. (Figure 32)

phages for short.

National Science and Mathematics Olvmpiad




Pl il a)ljg

Ministry of Education

\

4 & Rismo

d g0

O
=

National Science and Mathematics Olvmpiad

Mawhiba

E Another line of evidence that DNA is the genetic material came
from the laboratory of the biochemist Erwin Chargaff.

It was already known that DNA is
a polymer of nucleotides, each
consisting of three components:
3 nitrogenous base, a pentose
sugar called deoxyribose, and a

phosphate group (see figure).

The nitrogenous base can be
adenine (A), thymine (T),

guanine (G), or cytosine (C).

Chargaff analyzed the base
composition of DNA from
several different species and, in
1950, reported that the base
composition of DNA varies from

one species to another.

For example, he Ffound that
32.8% of the nucleotides in sea
urchin DNA have base A, whereas
30.4% of human DNA
nucleotides have base A, and
only 24.7% of £ coli DNA

nucleotides have base A.

The structure of a DNA strand. Each DNA nucleotide monomer consists
of a nitrogenous base (T, A, C, or G), the sugar deoxyribose (blue), and a
phosphate group (yellow). The phosphate group of one nucleotide is
attached to the sugar of the next by a covalent bond, forming a
“backbone” of alternating phosphates and sugars from which the bases
project. A polynucleotide strand has directionality, from the 5’ end (with
the phosphate group) to the 3’ end (with the ~OH group of the sugar).
5" and 3’ refer to the numbers assigned to the carbons in the sugar ring.

Sugar-phosphate backbone Nitrogenous bases
5'end
0,
\ o
-0~ "\ CH,
0

Phosphate
group

Sugar
DNA (deoxyribose)
nucleotide Nitrogenous base

3" end

Thymine (T)

Guanine (G)

Cytosine (C)

Adenine (A)

(Figure 33)

Chargaff's evidence for molecular diversity among species made DNA a strong

candidate for the genetic material.
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He also noted a remarkable regularity in the ratios of nucleotide bases: in the DNA of
each species he studied, the number of A units equaled T, and the number of G units

equaled C.
These two findings became known as ChargafF's rules:

1.The base composition of DNA varies between species.
2.  Within a species, the percentages of A and T bases are roughly equal, as are those

of Gand C.

E Building a structural model of DNA: Scientific Inquiry
Once most biologists were convinced that DNA is the genetic material, the challenge was

to determine how the structure of DNA could explain its role in inheritance.

The helical nature of DNA was confirmed by the scientists James Watson and Francis

Crick.

The pattern seen in this image indicated that the helix consists of two strands. DNA is

shown in several of its various representations in the following Figure.

Franklin's arrangement was appealing because it placed the negatively charged
phosphate groups facing the aqueous surroundings, while the relatively hydrophobic

nitrogenous bases were tucked safely inside.

In this model, the two sugar-phosphate backbones are antiparallel, meaning their
subunits run in opposite directions. You can picture the overall structure as a rope
ladder with rigid rungs. The side ropes represent the sugar-phosphate backbones, and
the rungs represent pairs of nitrogenous bases. Now imagine twisting the ladder to

Form a helix.
The nitrogenous bases in the double helix pair in specific combinations:

adenine (A) with thymine (T), and guanine (G) with cytosine (C).

79
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At First, Watson imagined that like paired with like for example, A with A and C with C but

this model did not Fit the X-ray data, which indicated that the double helix has a uniform

diameter.

f Structural Images

These structural images show
the three-dimensional shape
of the DNA double helix (left)
and chemical details of DNA's
structure (right). Both images
use the same colors for
phosphate groups (yellow),
deoxyribose sugars (blue), and
nitrogenous bases (shades of green
and orange).

The DNA double helix is
r'\ght-handed, as shown
in this computer-generated
space-filling model. Use b~
your right hand as shown to Y
follow the sugar-phosphate
backbone up the helix (
(red arrow) and around to
the back. (It won't work
with your left hand)

DNA can be illustrated in many ways, but all diagrams represent
the same basic structure. The level of detail shown depends on
the process or the type of information being conveyed.

3" end

e » _DNA
aQ ; e / nucleotide Sugar-phosphate

backbone
Nltrogenous base |
I
Bases ohe ox.
0.34 nm N
apart ]
R Tt e CH
BT .. Covalent sugar-phosphate bonds link \2
““““ " the nucleotides of each strand. 2 o
.o o/

\\ _0 H
- rogen bonds (dottzd lines) between

One full 0\ ogenous bascs hold the strands together. Q =

turn every o~ \‘
10 base pa!rs
(3.4n
| \\P’o Van der Waals interactions bztween stacked
CEN base pairs help hold the molzcule together. \ o
o~ %
%
-OH
attached to . 3
"""" 3’ carbon Tt OH
3'end \’/o.
Here, the two DNA strands are shown untwisted so it's easier to see 07\
the chemical details. Note that the strands are antiparallel—they are 5 end
oriented in opposite directions, like the lanes of a divided street. -

Diameter 2 nm

o Describe the bonds that hold together the nucleotides in one DNA strand. Then
compare them with the bonds that hold the two DNA strands together.

5 3

Nitrogenous
bases

Sugar-
phosphate
backbone

The “ribbons” in these sampllﬁed double helix
g represent the sugar-phosphate backbones.

( Simplified Images when molecular detail is not necessary, DNA is portrayed in a range
of simplified diagrams, depending on the focus of the figure.

5 3 554.3% 513"

3 5 3% 5 35
These flattened “ladder style” diagrams of DNA depict the sugar-phosphate Sometimes the
backbones like the side rails of a ladder, with the base pairs as rungs. Light double-stranded

blue is used to indicate the more recently synthesized strand. DNA molecule is

shown simply as
two straight li

o Compare the information conveyed in the three ladder diagrams. 0 straignt fines.

( DNA Sequences

Genetic information is carried in DNA as a linear sequence of nucleotides that may be
transcribed into mRNA and translated into a polypeptide. When focusing on the DNA
sequence, each nucleotide can be represented simply as the letter of its base: A, T, C, or G.

3-ACGTAAGCGGTTAAT-5
5-TGCATTCGCCAATTA-3

(Figure 34)

i! why doesn’t this requirement Fit with like-with-like base pairing?

i

A and G are purines, nitrogenous bases with two organic rings, whereas C and T are

pyrimidines, bases with a single ring. Pairing a purine with a pyrimidine is the only
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combination that produces a uniform C() C@
Purine + purine: too wide
diameter for the DNA double helix.
C Q : Pyrimidine + pyrimidine: too narrow
Watson and Crick deduced that there must be :
an additional level of specificity in base @ O e
pairing, dictated by the structure of the bases |

themselves. Each base contains chemical side groups capable of forming hydrogen

bonds with its appropriate partner:

- A forms two hydrogen bonds with T, and only with T;
- G forms three hydrogen bonds with C, and only with C.
- Inshort: A pair with T, and G pairs with C.

The Watson-Crick model accounted for and ultimately explained ChargaFf’'s ratios.

Wherever one strand of a DNA molecule has an A, the partner strand must have a T;

ol

likewise, a G on one strand always pairs with ot

H
\ ‘ N
a C on the complementary strand. e T = Nr\z_( M\
v eH=N \> Sug/ar N=<N—“""‘>
Sug/ar 27

: \
Therefore, in the DNA of any organism, the o) NHeO o Sugar
ugar H

amount of A equals the amount of T, and Adenine (A)  Thymine (T) Guanine (G) Cytosine (C)

the amount of G equals the amount of C.

There is no restriction on the sequence of nucleotides along each DNA strand-the
linear order of the four bases can vary in countless combinations, giving each gene its

unique base sequence.

Many Proteins Work Together in DNA Replication and Repair:
The relationship between structure and function is beautifully illustrated in the DNA

double helix. The idea of specific base pairing in DNA was the flash of insight that led
watson and Crick to the discovery of the double helix. At the same time, they recognized

the Functional significance of this base-pairing principle.
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E The Basic Principle: Base Pairing to a Template Strand
In a second paper, Watson and Crick explained their hypothesis on how DNA replicates:

“Now our model for DNA is, in Fact, a pair of templates, each complementary to the other.
We imagine that prior to replication, the hydrogen bonds break, and the two chains
unwind and separate. Each chain then serves as a template for the formation of a new
companion strand, so that eventually we shall have two pairs of chains where we

originally had one. Moreover, the sequence of base pairs will be exactly duplicated.”

The Following Figure (35) illustrates Watson and Crick’s central idea.

A model for DNA replication: the basic concept. In this simplified illustration, a short
segment of DNA has been untwisted. Simple shapes symbolize the four kinds of
bases. Dark blue represents DNA strands present in the parental molecule; light
blue represents newly synthesized DNA. (Figure 35)

5 3 5 | 3! 5
3 5 3 5 3
(a) The parental molecule has two complemen- | (b) First, the two DNA strands are separated (c) Nucleotides complementary to the parental
tary strands of DNA. Each base is paired by Each parental strand can now serve as a (dark blue) strand are connected to form the
hydrogen bonding with its specific partner, template for a new, complementary sugar-phosphate backbones of the new
A with T and G with C strand "daughter* (light blue) strands.

The Watson-Crick model predicts that when the double helix replicates, each of the
two daughter molecules will have one old strand derived from the parental molecule
and one newly made strand. This model is called the semiconservative model of DNA

replication.

In contrast, the conservative model proposes that the parental strands reassociate

after replication—meaning the parental molecule is Fully conserved.

A third model, known as the dispersive model, suggests that all Four strands following

replication contain a mixture of old and newly synthesized DNA (figure 36).

After two years of preliminary work at the California Institute of Technology in the late

1950s, Matthew Meselson and Franklin Stahl designed an ingenious experiment that
82
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distinguished among the three models illustrated in the following figure (37).

Their results supported the semiconservative model of DNA replication, just as Watson

and Crick had predicted.

symbolizes the DNA within a cell. Beginning with a parent cell, we follow the
DNA for two more generations of cells—two rounds of DNA replication.
Parental DNA is dark blue; newly made DNA is light blue.

Parent cell

Predictions:

Conservative
model

Semiconservative
model

Dispersive
model

N7\

(a) Conservative model.

First replication Second replication The two parental

strands reassociate

strands, thus
restoring the
=i parental double
=

N2\ helix

(b) Semiconservative model.
The two strands
of the parental

A

- o molecule separate,
JAYVA h{/\/ and each functions m

AYA as a template for
synthesis of a new,
complementary
strand

AVA -
(c) Dispersive model.
V/\] Each strand of

both daughter

N N
I//I

/N
A
A

/
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old and newly

(Figure 36) synthesized DNA.

DNA replication: three alternative models. Each short segment of double heli)

s L. T
\Y7,\ 14 s
PA\Y7,\! < AR

FAVA) < o

molecules con-
tains a mixture of m

fealdl o Biladl aud of Jdladl 23 saill DNA Flusiiv oy Ja 2 jleadiol)
inquiry: Does DNA replication follow the conservative, semiconservative, or dispersive
model?

Experiment: REPE
@ Bacteria @ Bacteria ., ...
L cultured in transferred u":"“‘:
o fe g3 medium — to medium =3¢
A3 g With 15N om— c— with14y N plsda

(Gt i) 5N (heavy (lighter ~ (315)
isotope)

(L) e
Results / \

©) DNA sample @ DNA sample Less
S & DNA 43¢ centrifuged centrifuged dense
b graay s W after first = after second
3540 3,k S replication replication More
53 s DNA 4is dense
o oy ans AN
PSR NP TN

olol zea g g8 LS ¢ AR 23 (e IS g L 3 3L gl Stahl s Meselson o8 dadiall
Glo i Al o3 (I5N-IN), Gl s a5l Gmeall e Bl 19N dans o g8 el el il
Ehsall Cutans Aati g ¢ Cngll s a5 5l el e SIS N L) Gl gl Bdla ) 23 gl
uila 4nd g g sl panall S5 o 1 peald Gl Tadla ) 4ud 23 gl Ciacn g i)
Conclusion: Meselson and Stahl compared their results to those predicted by each of the
three models, as shown below. The first replication in the *N medium produced a band of
hybrid (**N-**N) DNA. This result eliminated the conservative model. The second
replication produced both light and hybrid DNA, a result that refuted the dispersive model
and supported the semiconservative model. They therefore concluded that DNA
replication is semiconservative.

(Figure 37)
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L DNA Replication:

e More than ten enzymes and other proteins participate in the replication of DNA.
e Studiesindicate that the process of DNA replication is Fundamentally similarin both

prokaryotes and eukaryotes.

E Getting Started
e DNA replication of chromosomes begins at specific sites called origins oFf

replication short stretches of DNA that have a specific sequence of nucleotides.

e The E. coli chromosome, like many bacterial chromosomes, is circular and has a
single origin of replication.

e Proteins that initiate DNA replication recognize this sequence, attach to the DNA,
and separate the two strands, opening a replication “bubble” (Figure 38a).

e DNA replication then proceeds in both directions until the entire molecule has been
copied.

e Incontrast, a3 eukaryotic chromosome may have hundreds or even a few thousand
replication origins.

e Multiple replication bubbles form and eventually Fuse, greatly speeding up the
copying of very long DNA molecules (Figure 38 b).

e As in bacteria, eukaryotic DNA replication proceeds in both directions from each
origin.

e At each end of a replication bubble is a replication fork, a Y-shaped region where
the parental DNA strands are being unwound (Figure 38 c).

e Several types of proteins are involved in this unwinding process:

o Helicases are enzymes that untwist the double helix at the replication forks,
separating the two parental strands and making them available as template
strands.

o Once the parental strands are separated, single-strand binding proteins attach

to the unpaired DNA strands, preventing them from re-pairing.
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o The untwisting of the double helix causes tighter twisting and strain ahead of

the replication Fork.

o Topoisomerase is an enzyme that helps relieve this strain by breaking,

swiveling, and rejoining segments of the DNA strands.

(a) Origin of replication in an E. coli cell

Origin of Parental (template) strand
replication Daughter (new) strand

—
Double- \Reph(auon fork
stranded
DNA molecule Replication

bubble
Two daughter
DNA molecules \ /
—
=
—

0.5um

The circular chromosome of E. coli and other
bacteria has only one origin of replication. The
parental strands separate there, forming a
replication bubble with two forks (red arrows).
Replication proceeds in both directions until the
forks meet on the other side, resulting in two
daughter DNA molecules.

Topoisomerase breaks, swivels,
and rejoins the parental DNA
ahead of the replication fork,
relieving the strain caused by
unwinding

Primase synthesizes RNA
primers, using the parental
DNA as a template

<— Replication
fork

- 5

Helicase unwinds
and separates
the parental
DNA strands

Single-strand binding
proteins stabilize the un
wound parental strands
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(b) Origins of replication in a eukaryotic cell
Origin of replication /Double-slranded DNA molecule
4
o

!

Parental (template) strand Daughter (new) strand

| il
Bubble }

Replication fork

0.25 um

In a linear chromosome of a eukaryote,
replication bubbles form at many sites along the
giant DNA molecule during S phase of interphase.
The bubbles expand as replication proceeds in
both directions (red arrows). Eventually, the
bubbles fuse and synthesis of the daughter
strands is complete.

(Figure 38)
(c)

RNA
prmer Some of the proteins involved in the initiation of

DNA replication. The same proteins function at
both replication forks in a replication bubble. For
simplicity, only the left-hand fork is shown, and
the DNA bases are drawn much larger in relation
to the proteins than they are in reality
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E Synthesizing a New DNA Strand
e The unwound sections of the parental DNA strands are now available to serve as

templates for the synthesis of new complementary DNA strands.

e However, the enzymes that synthesize DNA cannot initiate the synthesis of a
polynucleotide; they can only add DNA nucleotides to the end of an existing strand
that is already base paired with the template strand.

e The initial nucleotide chain produced during DNA synthesis is a short stretch of
RNA, not DNA. This RNA strand, called a primer, is synthesized by the enzyme
primase.

e Primase starts a complementary RNA chain with a single RNA nucleotide and then
adds RNA nucleotides one by one, using the parental DNA strand as a template.

e The completed primer, usually 5-10 nucleotides long, is thus base paired to the
template strand. The new DNA strand will start from the 3' end of the RNA primer.

e Enzymes called DNA polymerases catalyze the synthesis of new DNA by adding
nucleotides to the 3' end of a preexisting strand.

e In £ colj there are several DNA polymerases, but DNA polymerase Ill and DNA
polymerase | play the major roles in DNA replication.

e Thesituation in eukaryotes is more complex at least 11 difFerent DNA polymerases
have been discovered so far.

e Most DNA polymerases require a primer and a template DNA strand, along which
complementary DNA nucleotides are aligned.

e In £ co/i DNA polymerase Il (DNA pol I1l) adds a DNA nucleotide to the RNA primer
and then continues to add DNA nucleotides that are complementary to the parental
DNA template strand at the growing end of the new DNA strand.

e Each nucleotide added to the growing DNA strand consists of a sugar attached to a
base and to three phosphate groups the same basic structure as in ATP.

e The only difference between ATP, used in energy metabolism, and dATP, the
adenine nucleotide used in DNA synthesis, is the sugar component: deoxyribose in
DNA and ribose in ATP.

e Like ATP, the nucleotides used for DNA synthesis are chemically reactive, partly

because their triphosphate tails contain an unstable cluster of negative charges.
86
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o DNA polymerase catalyzes the addition of T ——TT,

each monomer via a dehydration O Ol M) o« oaliall DNA J2a s 00 3 ) () “:f;
<l )
reaction. Addition of a nucleotide to a DNA strand. DNA polymerase

catalyzes the addition of a nucleotide to the 3’ end of a

e When a nucleotide monomer is joined to | growing DNA strand, with the release of two phosphates
. aal) daypdl) el day pdd)

the growing end of a DNA strand, two s Tamiiiate steand

5 3' 5 3
phosphate groups are lost as @ molecule | poiphate :

Su(arjb

of pyrophosphate (®-®)). ’ B_asej b{j{

e The subsequent hydrolysis of b’ -3’/ ;} -‘}Q/
pyrophosphate into two molecules of "JQ/ gz’y\- })4;1;{

inorganic phosphate (P)) is an exergonic m{ T’ /bl mﬂ/
= (7
reaction that helps drive the I“‘Q/ Pyvo E‘Q/
‘ 7

phosphate 9
polymerization process (see figure 39). ,1';2?92;?39 5 ' 5
LKy}
Mﬁfd 2® (Figure 39)

E} Antiparallel Elongation:
° As noted earlier, the two ends

of a DNA strand are different, giving each strand a distinct directionality.

e Furthermore, the two strands of DNA in the double helix are antiparallel, meaning
they are oriented in opposite directions relative to each other.

e Therefore, the two new strands formed during DNA replication must also be
antiparallel to their respective template strands.

e This antiparallel arrangement of the double helix, combined with the properties of
DNA polymerases, has a crucial impact on how replication occurs.

e Because of their structure, DNA polymerases can add nucleotides only to the Free
3'end of a primer or growing DNA strand never to the 5' end.

e Thus,a new DNA strand can elongate only in the 5' - 3' direction (see the following
Figure 40).

e Along one template strand, DNA polymerase Ill can synthesize a complementary
strand continuously, elongating the new DNA in the mandatory 5' - 3' direction.

e DNA pol lll remains at the replication Fork on this template strand, continuously

adding nucleotides to the new complementary strand as the Fork progresses.

87
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requires only one primer for DNA pol Il to build it completely.

&
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This continuously synthesized DNA strand is called the leading strand, and it

Toelongate the other new DNA strand in the same mandatory 5' - 3' direction, DNA

pol 1ll must work along the other template strand in a direction away from the

replication Fork.

This newly synthesized strand is called the lagging strand.

synthesized discontinuously, as a series of short segments.

after the Japanese scientist Reiji Okazaki, who discovered them.

nucleotides long in eukaryotes.
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Figure 40. Synthesis of the leading strand during DNA replication. This
diagram focuses on the left replication fork shown in the overview
box. DNA polymerase III (DNA pol III), shaped like a cupped hand,
is shown closely associated with a protein called the “sliding clamp”™
that encircles the newly synthesized double helix like a doughnut.

The sliding clamp moves DNA pol III along the DNA template

strand.

Overview
Origin of Irephcatnon

Leading strand Lagging strand
—— Prirfier >
.
B
- Leading strand
Lagging strand
299109 Overall directions
of replication

@ After RNA primer is made,
DNA pol 111 starts to synthesize Origin of
the leading strand replication

RNA primer
Sliding clamp

DNA pol 11

© The leading strand is
elongated continuously
in the 5'— 3’ direction
as the fork progresses.

Unlike the leading strand, which elongates continuously, the lagging strand is

These short segments of the lagging strand are called Okazaki fragments, named

Each fragment is about 1,000-2,000 nucleotides long in £ co//and about 100-200
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e The Following figure (41) illustrates
the steps involved in building the
lagging strand at a single replication
Fork.

e While only one primer is required for
synthesis of the leading strand, each
Okazaki fragment on the lagging
strand must be individually primed
(steps @ and @).

e After DNA polymerase lll synthesizes
an Okazaki Fragment (steps (2)-(%)),
another enzyme, DNA polymerase |,

replaces the RNA nucleotides of the

Synthesis of the lagging strand

Overview
Origin of replication

Leading strand Lagging strand
Lagging strand e
— /
pi= T |
Leading strand

Overall directions
of replication

© Primase joins RNA
nucleotides into a primer. Primer for
L Origin of leading

replication  strand

Template
strand

© ONA pol 111 adds
DNA nucleotides to
the primer, forming
Okazaki fragment 1

RNA primer l
for fragment 1,

~\
5’ g

© After reaching the

next RNA primer to
the right, DNA pol 11l
detaches

™
.

Okazaki fragment 1 ';

adjacent primer with DNA 5
RNA primer
o for fragment 2
nucleotides, one by one (step (5)). 7 FR———
I\ Okazaki Then DNA pol 111 adds DNA
3 fragment 2 1 nucleotides, detaching when it

e However, DNA pol | cannot form the
final phosphodiester bond that joins
the newly added DNA to the First
nucleotide of the neighboring Okazaki
fragment.

e This final joining is carried out by
another enzyme, DNA ligase, which
seals the sugar-phosphate

backbones of all the Okazaki

fragments into a continuous DNA

strand (step (6)).

- The synthesis of the leading strand and the lagging strand occurs concurrently,

proceeding at the same overall rate.

- Thelaggingstrand is named as such because its synthesis lags slightly behind that

reaches the fragment 1 primer.

"
(N I'.'ll'l'l'l"I'l' i o

l 0 DNA pol | replaces the RNA
with DNA, adding nucleotides
to the 3’ end of fragment 1
(and, later, of fragment 2)

-

o DNA ligase forms

a bond between the
s’ newest DNA and the l
DNA of fragment 1 © The lagging
~ strand in this region

IS now complete

Ar— Qo1 all direction of replication

(Figure 41)

of the leading strand; each new fragment of the lagging strand cannot begin until
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enough of the template has been

exposed at the replication fork.

- The Following figure and table (42)

summarize the process of DNA

replication.

Summary of Bacterial DNA Replication

The detailed diagram illustrates the left
replication Fork of the replication

bubble shown in the upper-right image.

When examining each daughter strand
inthe overall figure, you can observe that
one half is synthesized continuously,
forming the leading strand, while the
other half (on the opposite side of the

origin) is synthesized in short segments,

forming
the
. © The leading strand is
synthesized continuously
Iagglng in the 5’ to 3’ direction
€ Molecules of single- by DNA pol 111
strand binding protein T
strand. stabilize the unwound

template strands.

© Helicase
unwinds the
parental
double helix. /

o Primase begins synthesis
of the RNA primer for the
fifth Okazaki fragment.

2

fE NSM(.)

Bacterial DNA replication Proteins and their Functions

Protein

Helicase 3’

Single-strand binding
protein 5'% 3

Topoisomerase

Primase
DNA pol III

DNA pol |

DNA ligase

kg

Function

Unwinds parental double helix at

replication forks

Binds to and stabilizes single-
stranded DNA until it is used as a
template

Relieves overwinding strain ahead
of replication forks by breaking,
swiveling, and rejoining DNA
strands

Synthesizes an RNA primer at 5’
end of leading strand and at 5’
end of each Okazaki fragment

of lagging strand

Using parental DNA as a template,
synthesizes new DNA strand by
adding nucleotides to an RNA
primer or a pre-existing DNA strand

Removes RNA nucleotides of primer
from 5’ end and replaces them with
DNA nucleotides added to 3’ end
of adjacent fragment

Joins Okazaki fragments of lagging
strand; on leading strand, joins 3’
end of DNA that replaces primer to
rest of leading strand DNA

(Figure 42)
Overview
Leading strand T [opacect Lagging strand
Leading strand P
template -
“[Rsd_F— -

DNA pol 1l

Lagging strand
template

/

Leading strand

Overall directions s
of replication

_—lr
@ DNA ligase joins the
3" end of fragment 2
to the 5’ end of
fragment 1.
ONApal | DNA ligase /
/
¥
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o DNA pol 111 is completing
synthesis of fragment 4. When it
reaches the RNA primer on
fragment 3, it will detach and
begin adding DNA nucleotides
to the 3’ end of the fragment 5
primer in the replication fork.

0 DNA pol | removes the primer
from the 5’ end of fragment 2,
replacing it with DNA nucleotides
added one by one to the 3’ end of
fragment 3. After the last addition,
the backbone is left with a free

3" end.
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E The DNA Replication Complex:

“trombone” model of the DNA replication complex. In this proposed model,

[ ] First, the Various prOteinS inVOlVCd in two molecules of DNA polymerase Ill work together in a complex, one on each
strand, with helicase and other proteins. The lagging strand template DNA
DNA replication form a single |ar9e loops through the complex, resembling the slide of a trombone.

Leading strand template

complex, often referred to as the DNA

o N o DNA pol 11
replication machine. Numerous
Parental DNA \
protein-protein interactions ‘F\\. ¢
enhance the efficiency of this complex.
For example, by interacting with other Connecting protein <
ple, by g
proteins at the replication fork, primase DNA pol [l
appears to act as a molecular brake, Lagging——""
strand

slowing the progress of the replication template
fork and coordinating both the

placement of primers and the rates

of replication on the leading and (Figure 43)

lagging strands.

e Second, the DNA replication complex may not move along the DNA; rather, the DNA

itself may be pulled through the stationary complex during replication.

El Proofreading and Repairing

Nucleotide excision repair of DNA damage.

DNA @ Teams of enzymes detect
and repair damaged DNA,
. . . 5! -//3/ such as this thymine dimer
e The process of DNA repllcatlon IS (often caused by ultraviolet
3 5 radiation), which distorts
. he DNA lecule.
characterized by a remarkable degree of the DA molecule
. . Nuclease @ A nuclease enzyme cuts
accuracy, which results from the specificity the damaged DNA strand at
\, * two points, and the damaged

. . . . X . 5 &l
of base pairing between the incoming 5'm3' R R
nucleotides and those on the template I _ i
DNA © Repair synthesis by
strand. polymerasel a DNA polymerase
fills in the missing
nucleotides, using the

e Nevertheless, the error rate in the 5 /%undamagedmnd

as a template.

completed DNA molecule is only about one 3 L 5
in 10" nucleotides, an extremely low DNA
ligase @ DNA ligase seals the
Frequency. This high Fidelity arises because, = B e e kinarthe
X X X strand complete.
during DNA replication, DNA polymerases 3 5

(Figure 44)

&
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proofread each nucleotide against its template as soon as it Forms a covalent bond
with the growing strand. If an incorrectly paired nucleotide is detected, the
polymerase removes it and then resumes synthesis.

e Occasionally, however, some mismatched nucleotides escape the proofreading
activity of DNA polymerases.

e In such cases, the mismatch repair system comes into play: specialized enzymes
remove and replace the incorrectly paired nucleotides that result from replication
errors.

e In many instances, a segment of the damaged DNA strand is cut out (excised) by a
DNA-cutting enzyme, called a nuclease. The resulting gap is then Filled in with
nucleotides using the undamaged strand as a template. The enzymes responsible
For Filling the gap are DNA polymerase and DNA ligase.

e Oneof the most important DNA repair mechanisms is known as nucleotide excision

repair (as shown in the fFigure 44).

E Replicating the Ends of DNA

Molecules
- Inthe case of linear DNA, such as that . EB
nds of parental <« Leading strand
. ] DNA strands 7‘ — __Lagging strand
found in eukaryotic chromosomes, the ' '
usual replication machinery cannot
Last fragment Next-to-last fragment
Fully complete the 5" ends of the s i e pnm: % 8
/
daughter DNA strands. (This is another S'WM
@
/
consequence of the fact that DNA paomtal svand 7
Removal of primers and
polymerase can only add nucleotides to s
the 3' end Of a preeXIStlng Primer removed but m
.
. X . cannot be replaced
polynucleotlde_) Even if an Okazaki with DNA because no S?(onld v<iund
3’ end available for Of replication
fragment could begin with an RNA  "7ipobmerss 5
. New leading strand ym
primer hydrogen-bonded near the end of New lagging svand &'

- aaaanNNUNNNNRATE

the template strand, once this primer is ' s
Further rounds

removed, it cannot be replaced with of replication
: Short d short:
DNA because there is no 3' end
(Figure 45)
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available for nucleotide addition (see figure 45).
- As a result, repeated rounds of replication produce progressively shorter DNA

molecules.
- In contrast, most prokaryotes have a circular chromosome with no ends, so this

shortening of DNA does not occur.

But what protects the genes of linear eukaryotic chromosomes From being eroded
|

away during successive rounds of DNA replication? [ |
:q\_.l)h)ulw.,)m xez'),s:“;)..-u.'@é,m Gliida ) e glidl)
e Eukaryotic chromosomal DNA molecules have R B e b el
. . . Telomeres. Eukaryotes have repetitive, noncoding sequences called
SpeCIal nUC'eotlde Sequences at the| r endS Ca | |ed telomeres at the ends of their DNA. Telomeres are stained orange

in these mouse chromosomes (LM).

telomeres (see figure 46).

Telomeres do not contain genes; instead, the DNA
consists of a specific short sequence repeated

many times.

e For example, in each human telomere, the

sequence is TTAGGG, repeated 100 to 1,000 times. (Figure 46)

Telomeres serve two protective Functions:

1. Certain proteins bound tothe telomeric DNA prevent the staggered ends of the
daughter molecule from activating the cell's DNA damage monitoring
systems.

2. Telomeric DNA acts as a kind of buffer zone, providing protection against the
erosion of the organism’s genes, much like the plastic tips on shoelaces
prevent them from fraying. Telomeres do not prevent gene erosion entirely;

they simply postpone it.
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D \ But what about cells whose genome must remain intact and unchanged from one i
I

organism to its ofFspring over many generations?

e As shown in the previous figure, telomeres become shorter with each round of
replication. Accordingly, telomeric DNA tends to be shorter in the somatic cells of
older individuals and in cultured cells that have divided many times.

e If the chromosomes of germ cells became shorter with each cell cycle, essential
genes would eventually be lost and thus absent from the gametes they produce.
However, this does not happen because an enzyme called telomerase catalyzes the
lengthening of telomeres in the germ cells of eukaryotes, thereby restoring their
original length and compensating for the shortening that occurs during DNA
replication.

e This enzyme contains its own RNA molecule, which it uses as a template to
artificially extend the leading strand, allowing the lagging strand to maintain an
appropriate length.

e Telomerase is not active in most human somatic cells, but its activity varies
among tissues. It is highly active in germ cells, ensuring that telomeres reach their
maximum length in the zygote.

e The natural shortening of telomeres may protect organisms from cancer by
limiting the number of cell divisions that somatic cells can undergo.

e Cells from large tumors often have abnormally short telomeres, suggesting they
have undergone many rounds of cell division. Further shortening may lead to the
self-destruction of cancerous cells.

e Conversely, telomerase activity is abnormally high in many cancerous somatic
cells, suggesting that their ability to maintain telomere length may allow them to
continue dividing indefinitely. Researchers are currently studying telomerase

inhibition as a potential cancer therapy.

A Chromosome Consists of a DNA Molecule Packed Together with Proteins
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e We will now explore how DNA is packaged within chromosomes, the structures that
carry genetic information.

e The maincomponent of the genome in most bacteriais a double-stranded circular
DNA molecule that is associated with a small amount of protein.

e In contrast, in eukaryotes, the situation is very different—the genome consists of
linear DNA molecules associated with a large amount of protein.

e In a eukaryotic cell, DNA is precisely combined with numerous proteins. This
complex of DNA and protein, known as chromatin, fits into the nucleus through a
highly organized, multilevel system of packing.

e The successive levels of DNA packing in a chromosome are illustrated in Figure
47(3).

e Chromatin undergoes remarkable changes in its degree of packing during the cell
cycle.

¢ In interphase cells, chromatin stained For light microscopy typically appears as a
diffuse mass within the nucleus, indicating that the chromatin is highly extended.

e When the cell prepares for mitosis, the chromatin coils and Folds, becoming highly
condensed. Eventually, it Forms the distinct, short, thick metaphase chromosomes

that can be individually distinguished under the light microscope (Figure 47 b).
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charge along the outside of each K

strand. The TEM shows a molecule Proteins called histones are responsible for the

of naked (protein-free) DNA; the first level of DNA packing in chromatin.

double helix alone is 2 nm across. Although each histone is small—containing
only about 100 amino acids—the total mass of
histone in chromatin roughly equals the mass
of DNA. More than a fifth of a histone’s amino
acids are positively charged (lysine or arginine)
and therefore bind tightly to the negatively
charged DNA. Four types of histones are most
common in chromatin. The histones are very
similar among eukaryotes; for example,
histones of the same type in cows and pea
plants differ by only two amino acids. The
apparent conservation of histone genes during
evolution probably reflects the important role
of histones in organizing DNA within cells.
These four types of histones are critical to the
next level of DNA packing. (A fifth type of
histone is involved in a further stage of
packing.)
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In electron micrographs, unfolded
chromatin is 10 nm in diameter (the 10-nm
fiber). Such chromatin resembles beads on a
string (see the TEM). Each “bead” is a
nucleosome, the basic unit of DNA packing;
the “string” between beads is called linker
DNA. A nucleosome consists of DNA wound
twice around a protein core of eight
histones, two each of the main histone
types. The amino end (N-terminus) of each
histone (the histone tail) extends outward
from the nucleosome. In the cell cycle, the
histones leave the DNA only briefly during
DNA replication. Generally, they do the
same during the process of transcription,
which also requires access to the DNA by
the cell’s molecular machinery.
Nucleosomes, and in particular their histone
tails, are involved in the regulation of gene
expression.

<130 nm fiber
U o U G 2 palll O (A g ndd
B IDNA 3 315 apmpstipsd o)
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The next level of packing results from
interactions between the histone tails of one
nucleosome and the linker DNA and
nucleosomes on either side. The fifth type of
histone is involved at this level. These
interactions cause the extended 10-nm fiber
to coil or fold, forming a chromatin fiber
roughly 30 nm in thickness, the 30-nm fiber.
Although the 30-nm fiber is quite prevalent
in the interphase nucleus, the packing
arrangement of nucleosomes in this form of
chromatin is still a matter of some debate.

Al Jadl 300 nm looped domains

s s 30nm B e 1 RS g8
iy ) Rl S o it
S (g ¢ Sy (o A gy S
o0 daly B A A 300nm R
topoisomerase.
The 30-nm fiber, in turn, forms loops
called looped domains attached to a
chromosome scaffold composed of
proteins, thus making up a 300-nm fiber.
The scaffold is rich in one type of
topoisomerase.

= folding. The illustration zooms out from a single molecule of DNA to a metaphase chromosome, which is large enough to be seen with a light

(b Jsad)

Chromatd a8
(700 :::/NS nm
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g

gl ) Sl 5 ¢ g il AN gy S
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In a mitotic chromosome, the looped domains
themselves coil and fold in a manner not yet ?=<
d d, further ing all the

to produce the characteristic metaphase
chromosome (also shown in the micrograph
above). The width of one chromatid is 700 nm.
Particular genes m—iuﬁ end up _08»2_ at the same
places in h dicating that
the packing steps are highly specific and precise.
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Exercises @
% Exercise 1 [PURRRY, ¥

Cytosine makes up 42% of the nucleotidesin
3 sample of DNA Ffrom an organism.

Approximately what percentage of the

o Lo .l LSl Sggill Yool o dise
QU1 D)5 dissll 030 § OlaigalSguil dyw

nucleotides in this sample will be thymine? SOl ¢ gSiuw
A | 8% C | 42%
B |16 D | 58

¥

Exercise 2

In the polymerization of DNA, a phosphodiester bond is
formed between a phosphate group of the nucleotide
being added and which of the following atoms or molecules

of the last nucleotide in the polymer?

P ey L4
dbuly JS—iiS « §99-J1 Yool yadn §
0e Olawgd degans i yimdghwgd
O3l gl O o Slg ddLbell JuigalSguill

Syodlgill § 8yu581 OlayigalSgaill il

A the 5' phosphate | C | the 3'OH

a nitrogen from the nitrogen-containing
B C6 | D

base

Exercise 3

In E. coli, there is a mutation in 3 gene called dnaB that
alters the helicase that normally acts at the origin of
replication. Which of the Following events would you

expect to occur because of this mutation?

¥

P eu)yx

Jodl Geluaill § 8sle Jasy sl helicase
0ig) dauil digas glgii ALl Gilas¥l o

<o abll
A | Additional proofreading will occur. .@bb! 59.9J Qeouos Oaouw | A
B | No replication fork will be formed. wacbadl dSgui JuSiws oy o) | B
Replication will occur via RNA RNA polymerase jc el uoil &asuw
C C
polymerase alone. 03>g
Replication will require a DNA template ; )
D 221 yuow o DNA LJB wacladl cdbiww | D
from another source.
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Which of the Following characteristics of

ddigiis Olyroghill dJLil pallaasl oo @i
dadly e Galite JoSiy H3USIS Lglesd Slgdll

eukaryotic telomeres cause them to
replicate differently than the rest of the

[

chromosome? (99095l

A | the activity of telomerase enzyme. Jhseglill eujil blas | A

5 DNA polymerase that cannot replicate 8 au diSey ¥ s3I DNA polymerase .
the leading strand template to its 5'end 5'end J] 35l by yall

c Gaps left at the 5'end of the lagging by, il B 40 5' end 3 drdiall Olgmall .
strand template. eI

5 Gaps left at the 3'end of the lagging 45 Uall busdl e 3' end G Wlg=8 &ys 5
strand because of the need for a primer. Sxagad| Jl do sl G

L4 Exercise 5 0 )i %

Jasuind) dlubd] 235 Ea 0Ll OlauigalSgaill
:ebail dsgab

present where the chain opens to fForm a

replication Fork:

3CCTAGGCIGCAATCCYS

An RNA primer is fFormed starting at the
underlined T (T) of the template. Which of b Lgis T e 1239 §3ag0il RNA JusSis oy
the Following represents the primer € §3agoidl Juabuis Jioy b Lo (sl .callall (T)
?sequence " “ "
A|lSGCCTAGGZY

B ISSACGTTAGG3'
C|55ACGUUAGG3
D SGCCUAGG3
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? Exercise 6 RRETERY) L4

You briefly expose bacteria undergoing DNA
replication to radioactively labeled | a—asi Gl L yuisull 6ju29 )ikl Yoy ol
nucleotides. When you centrifuge the DNA | .Lcla ] ploll Olaaigalsgail) DNA wcluad
isolated Ffrom the bacteria, the DNA | g0 Jgjsell DNA §jS)all 3)blL pgdi lodic
separates into two classes. One class Of | §a>| (po—di .puiid JI DNA p—wiiiy « b juisJl
labeled DNA includes very large molecules 9i GYl) 135 68 Ol @is0Jl DNA (] B
(thousands or even millions of nucleotides | §)>3lg . (dugb OlaiguSeridl Hude G
long), and the other includes short stretches | Olio 8ac (o) DNA (0 631008 Olslaiel Jouis
of DNA (several hundred to a few thousand §i (Jobll @ OlawigalSgaill (o B3l da sy Jdl
nucleotides in length). Which two classes of | Sdaliswall Olas)l 030 lagliod DNA (o ¢paidd

DNA do these different samples represent?

A | leading strands and Okazaki fragments. k__;IJ‘ngi &bdg B by, | A
B | lagging strands and Okazaki fragments k__;IJ‘ngi &bdg pl.:uo boyn| B
C | Okazaki fragments and RNA primers sOWIRNA g k"§I_)IS97 ebs| C
D | leading strands and RNA primers. $OWIRNA g 5la)l by il | D

? Exercise 7 V )i %

Use the Figure to answer the following

:JWI JI§adl e dylop JSl o asiiusl

question:
Single strand as a template plus 3’ end to
start DNA synthesis
=5 =
- 2=
— SOH Template
Referring to the Figure, what bases will be | YLaiw §'\JI.\;I9§JI o Lo . JSCidl JI 6)Liv3L
added to the primer as DNA replication SDNA wacléi )yl poimwl go (saWI JI
?proceeds

Al5CAGCAGA3
3T,CT,G,CT,G5
C | 5AGACGACY
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D 3GTCG,TCT?S

% Exercise 8

Which of the Following effects might be

caused by reduced or very little active
telomerase activity?

[\YSTERY)

walasil ge 135U g% 38 dIWI Ol oo i
Sablis did g bl jlysegldl bl

Exercise 9

L FOTERY)

A | Cells may become cancerous. dyilbyw LS 2wai 28 | A
B | Telomere lengthens in germ cells daiad| L] 3 Olyoghidl Jubu | B
C | Cells maintain normal functioning Us;_ule cla¥l Je L)l bdlss | €
D | Cells age and begin to lose function lgiaubg olaas 3 T.\.{Jg LM 2uis | D
2

Which of the Following statements correctly
describes the structure of chromatin?

o8ilogySIl duiy oy YLl OhLsIl 9o i

Heterochromatin is composed of DNA,

Lein  DNA o plsiall ¢uilog,sll ¢oSi

heterochromatin is transcribed.

sleiall ouilogy<l du

A | whereas euchromatin is made of DNA A
RNA g DNA 10 iu8dl guilog)SIl 9Sia
and RNA. -
. Heterochromatin is highly condensed, ol o> & dalall Gike plsiall giilog,S! .
whereas euchromatin is less compact. Bos J8i 0952 Gl uilegySl
c Both heterochromatin and euchromatin | g plsiall guilegyl o JS Je jgisll @3 c
are found in the cytoplasm. 3Nl § Giaill (uileg S
5 Euchromatin is not transcribed, whereas | iy gu> § + Gl guilogySIl s oy 3 5
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L4 Exercise 10 - oy L4

Researchers Found a strain of £, co/ibacteria . )
g2 QI £ coli b 55 go d3w (gis Wl 329
Jasodl g 8y0 dSlo el 6yib wdrno
JSiy oy W OhLSI o (Sl .mubll
cilidl 0ig) dilais] yisHl il aasuo

that had mutation rates one hundred times
higher than normal. Which of the Following
statements correctly describes the most

likely cause of these results?

The single-strand binding proteins were | dlbso oy, il sl ol oluigp cols

8 malfunctioning during DNA replication.. DNA caclai elisl 8
5 There were one or more base pair algﬂo,o)i'ST 97.\.~>I9 &bs pac dlo s 5
mismatches in the RNA primer. 55U RNA @ Aclgall
. The proofreading mechanism of DNA DNA polymerase ____J 81l dJT S5 iy .
polymerase was not working properly. 2eouo JSiy Josi

The DNA polymerase was unable to add ) )
d9Ls| Je yo18 jue DNA polymerase oS
D | bases to the 3'end of the growing nucleic | D
.daolio)| DNA dludw 3'end | aclgd

acid chain.

% exercise 11

In an analysis of the nucleotide composition | . DNA (0 £5j dauwigalsgil dusydl Jul=s §
of a molecule of DNA, which of the Following | eiu—w Jclgiill algji oo dll Oladgidl o §i
combinations of base pairs will be found? Slgale yginll

A=C

A+C=G+T

A=GandC=T

Ol 0| ™| >

G+C=T+A
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[
‘ | Gene Expression: From Gene to Protein i

Genes specify proteins via transcription and translation:
Before delving into the details of how genes direct the synthesis of proteins, let us first

step back and examine how the Fundamental relationship between genes and proteins

was discovered.

E} Nutritional Mutants in Neurospora: Scientific Inquiry:

o Beadle and Edward Tatum began their work using Neurospora crassa, a bread mold
that is haploid. To observe a change in the mutant’s phenotype, Beadle and Tatum
needed to disable only a single allele rather than two, as in diploid species of a
protein-coding gene required for a specific metabolic activity.

e They bombarded the Neurospora fungus with X-rays, known to cause mutations,
and searched among the survivors for mutants whose nutritional requirements
differed from those of the wild-type bread mold.

e The wild-type Neurospora has modest nutritional requirements; it can grow in the
laboratory on a simple solution containing only the minimal nutrients necessary for
growth inorganic salts, glucose, and the vitamin biotin incorporated into agar. This
simple nutrient mixture is called the minimal medium. Wild-type mold cells use their
own metabolic pathways to synthesize all other molecules they need for growth,
dividing repeatedly to form visible colonies of genetically identical cells.

e As shown in the next Figure 48, Beadle and Tatum produced several nutritional
mutants of Neurospors, each unable to synthesize a specific essential nutrient.

e These mutant cells could not grow on minimal medium, but they could grow on a
complete medium containing all the nutrients required for growth.

e For MNeurospors, the complete medium consists of the minimal medium

supplemented with all twenty amino acids and a few other nutrients. Beadle and

103

National Science and Mathematics Olvmpiad




..... ,e000® ,(/ 9 O III.'
munon el ff
s NSMO

Mawhiba
Tatum therefore hypothesized that in each nutritional mutant, the gene encoding
the enzyme responsible For synthesizing a specific nutrient had been disabled.

e This experiment produced a valuable collection of mutant strains of Neurospors,
each classified by its defect in a particular metabolic pathway. Two of their
colleagues, Adrian Srb and Norman Horowitz, used a set of arginine-requiring
mutants to investigate the biochemical pathway of arginine synthesis in
Neurospora(as shown in the Following experiment).

e Srb and Horowitz further pinpointed the specific defect of each mutant by
performing additional tests that distinguished three classes of arginine-requiring
mutants.

e Mutants in each class required a different set of compounds along the three-step
pathway of arginine synthesis.

e These findings and those from many similar experiments conducted by Beadle and
Tatum suggested that each class was blocked at a different step in the pathway,
because mutations in that class lacked the enzyme catalyzing the blocked step.

e Since Beadle and Tatum designed their experiments so that each mutant was
defective in only one gene, the combined results provided strong support for the
working hypothesis they had previously proposed.

e The one gene-one enzyme hypothesis, as they named it, stated that the Function
of a gene is to dictate the production of a specific enzyme.

. Today, we know of countless examples in which 2 mutation in a gene leads to a

Faulty enzyme, which in turn results in a recognizable condition.
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Figure 48. Beadle and Tatum’s experimental approach. To obtain nutritional mutants, Beadle and Tatum
exposed Neurospora cells to X-rays, inducing mutations, then screened mutants that had new
nutritional requirements, such as arginine, as shown here.

@ Individual Neurospora cells

Neurospora ,
cells P e s - were placed on complete
Neurospora . > medium.
P @ The cells were subjected to
RN : A
AT X-rays to induce mutations.

€) Each surviving cell
formed a colony of
genetically identical cells.

@ Cells from each colony were
No placed in a vial with only
minimal medium. Cells that
did not grow were identified
as nutritional mutants.

growth

© Cells from one nutritional mutan
colony were placed in a series of
vials, each containing minimal
medium plus one additional nutrient.

< #— Growth
Minimal Minimal Minimal Control: Wild-type cells
medium medium medium growing on
+ valine +lysine  + arginine minimal medium

® The vials were observed for growth. In this example, the mutant cells grew only on minimal
medium + arginine, indicating that this mutant was missing the enzyme for the synthesis of
arginine.

E Basic Principles of Transcription and Translation:

o Genes
provide the instructions For making specific proteins, but a gene does not directly
build the protein itself. The bridge between DNA and protein synthesis is RNA.

e RNA is chemically similar to DNA, except that it contains the sugar ribose instead of
deoxyribose, and it has the nitrogenous base uracil (U) instead of thymine (T). Thus,
while each nucleotide along a DNA strand has a base of A, G, C, or T, each nucleotide
along an RNA strand has a base of A, G, C, or U.An RNA molecule usually consists of a
single strand.

e Both nucleic acids and proteins are polymers composed of specific sequences of

monomers that carry information.
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e InDNAor RNA the monomers are the four types of nucleotides, which differ in their
nitrogenous bases.

e Genes typically consist of hundreds or thousands of nucleotides, each with a
unique nucleotide sequence.

e Each polypeptide in a protein also contains monomers arranged in 3 precise linear
order—in this case, the monomers are amino acids.

e Thus, nucleic acids and proteins carry information written in two different
chemical languages, and converting the information from DNA to protein requires
two major stages: transcription and translation.

e The basic mechanics of transcription and translation are similar in bacteria and
eukaryotes, but thereis animportant difference in the Flow of genetic information
within cells: bacteria lack nuclei. Therefore, no nuclear membranes separate
bacterial DNA and mRNA from the ribosomes and other components of the protein-
synthesizing machinery (Figure 49a).

e This absence of compartmentalization in bacteria allows translation of mRNA to
begin before transcription has Finished. In contrast, eukaryotic cells possess a
nucleus, where the nuclear envelope separates transcription and translation both
spatially and temporally (Figure 49b).

e In eukaryotes, transcription occurs in the nucleus, but the mRNA must be
transported to the cytoplasm for translation. Before leaving the nucleus, the
mRNA is modified in several ways to produce the Final, Functional Form of mRNA.

e The initial RNA transcript from any gene—including RNA that is not translated into
protein—is generally called a primary transcript.

e Theoverall program of protein synthesis, in which genetic information is expressed

through the messenger RNA (mRNA), can therefore be summarized as follows.

=N — I —
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Nuclear
envelope

TRANSCRIPTION l ™
K .

V/AN"/\/\\"/)\"/\\

DNA
TRANSCRIPTION 1 Pre-mRNA
RNA PROCESSING l |
CYTOPLASM 1 mRNA [
A
Ribosome huazs
TRANSLATION
CYTOPLASM
Polypeptide
TRANSLATION

Ribosome
a) Bacterial cell. In a bacterial cell, which lacks a nucleus, ¢ ;
Polypeptide

mRNA produced by transcription is immediately
translated without additional processing.

(b) Eukaryotic cell. The nucleus provides a separate
. compartment for transcription. The original RNA
(Figure 49) transcript, called pre-mRNA, is processed in various
ways before leaving the nucleus as mRNA.

E The Genetic Code Triplets of Nucleotides

. If each of
the four types of nucleotide bases were translated into a single amino acid, only
Four amino acids could be specified one For each base.

e Likewise, if we assume that each code word consisted of two bases, with four
possible nucleotides in each position, this will yield 16 possible combinations (4 x 4
= 4%). However, this is still insufFicient to code for all 20 amino acids.

e In contrast, triplets of nucleotide bases are the smallest uniform-length units
capable of encoding all amino acids. If each sequence of three consecutive
nucleotide bases specifies one amino acid, there can be 64 possible code words (4°),
which is more than enough to code for all 20 amino acids.

e Experimental evidence confirmed that the Flow of information from gene to
protein depends on a triplet code the genetic instructions for a polypeptide chain
are written in the DNA as a series of three-nucleotide words.

e These three-nucleotide words in the gene are transcribed into a complementary
series of non-overlapping triplets in the mRNA, which are then translated into a

sequence of amino acids (as illustrated in the Figure 50).
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o During transcription, a gene specifies the The triplet code, For each gene, DNA
one DNA strand functions as a template for transcription molecul
. , SU m -pairing rules for
sequence of nucleotide bases along the length i 50 e e parng weslo Genet
BNA s made wt‘h uvacw\riu)‘r:&s:d of thymine ‘\\ﬂ\\
of the RNA molecule that is synthesized. s e gL e A
Each codon specifies an amino acid to be Gene 2
e Foreachgene, only one of the two DNA strands 2 2o 5o i, /)
is transcribed; this strand is called the template —
strand because it serves as a template for o :0‘\
strand
ordering the sequence of nucleotides inthe RNA o /7 ’
template L
. o (coding)
transcript. The same strand is used as the  smi Mﬂﬂi &
TRANSCRIPTION

template each time the gene is transcribed.

e However, along the same chromosomal DNA mRNA 5 Mﬁﬂﬂ.ﬂﬂ. ¥

Codon e
molecule, the opposite strand may serve as the 1 1 ¥ |

template for a diffFerent gene. Protetn W—i—)—40

e The choice of which strand serves as the e
(Figure 50)
template depends on the orientation of the enzyme
that carries out transcription, which in turn is determined by the specific DNA
sequence associated with that gene.

e The mRNA molecule produced is complementary, not identical, to its DNA template
strand, because RNA nucleotides are assembled according to the base-pairing
rules.

e The pairing follows the same principle as in DNA replication, except that U (the RNA
substitute For T) pairs with A,and mRNA contains ribose instead of deoxyribose.

e Just like a newly synthesized strand of DNA, the RNA molecule is built in an
antiparallel direction relative to the DNA template strand.

e In the example shown in the figure, the DNA template triplet 3'-ACC-5' serves as a
model for 5'-UGG-3'in the mRNA molecule.

e The three nucleotides of the mRNA are called codons, and they are conventionally
written in the 5'»3' direction.

e Inthis example, UGG is the codon for the amino acid tryptophan (abbreviated Trp or
W)

e Theterm codon is also used to refer to the triplet nucleotide sequence in the DNA

coding strand—the strand that is not used as a template. These codons are
los
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complementary to the template strand and thus identical in sequence to the
MRNA, except that they contain T wherever the mRNA has U.

e For this reason, the non-template DNA strand is often called the coding strand. By

convention, when a gene sequence is written, the coding strand sequence is used.

E Cracking the Code:

Molecular biologists cracked the genetic code in the early 1960s, when a series of
experiments revealed the amino acid translations corresponding to each RNA
codon.

e The First codon was deciphered in 1961 by Marshall Nirenberg and his colleagues.
Nirenberg synthesized an artificial mRNA by linking together many identical RNA
nucleotides containing uracil (U) as their base.

e Regardless of where the genetic message started or stopped, it could contain only
one possible codon UUU, repeated continuously.

e Nirenberg added this poly-U polynucleotide to a3 test-tube mixture containing
amino acids, ribosomes, and other components required for protein synthesis.

e His artiFicial system translated the poly-U mRNA into a polypeptide consisting of
many units of the amino acid phenylalanine (Phe or F) linked together in a long
polyphenylalanine chain.

e Thus, Nirenberg concluded that the mRNA codon UUU specifies the amino acid
phenylalanine. Soon afterward, the amino acids specified by the codons AAA, GGG,
and CCC were also identified.

e By the mid-1960s, the codons for all 64 triplets had been deciphered.

e Asshowninthe Following (table 51), 61 0f the 64 triplet codons specify amino acids.

e Theremaining three codons do not specify amino acids; they serve as “stop” signals,
or termination codons, marking the end of translation.

e Note that the codon AUG has a dual Function: it codes for the amino acid
methionine (Met or M) and acts as a “start” signal the initiation codon.

e Genetic messages typically begin with the mRNA codon AUG, which signals the

protein-synthesizing machinery to start translation at that site. Because AUG also
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1'he codon table for mRNA. T'he three nucleotide bases of an mRNA

spec' Fles methlonlne' p0|ypeptlde Cha Ins beg'“ codon are designated here as the first, second, and third bases,
reading in the 5; S 3; direction along the mRNA. The codon AUG

with methionine When Fl rst synthesized; however, not only stands for the amino acid methionine (Met, or M) but also
functions as a “start” signal for rib to begin tr ing the
mRNA at that point. Three of the 64 codons function as “stop”

an enzyme may later remove this initiating amino signais, marking where ribosomes end transiation.

. . Second mRNA base
acid from the chain)

ucu UAU Tryr  UGUTcys [
ucc UAC | uGc [© G
e As shown in the table, the genetic code is UCA UAA Stop UGA Stop Jo
UcG | UGG TpW) [(d

ccu His CGU
ccc ) cGC (A
CcA
cc6 |

redundant for example, both GAA and GAG

specify glutamic acid, but it is not ambiguous,

O >» N C

meaning that no codon specifies more than e

ACC
ACA
ACG |

one amino acid.

First mRNA base (5 end of codon)

O >» N C

Third mRNA base (3’ end of codon)

GCU ]

Transcription is the DNA-Directed Synthesis i
of RNA: a Closer Look: .

We will now reexamine transcription, the Ffirst J cced
(Figure 51)

o >»nc!

stage of gene expression, in greater detail.

ﬂ Molecular Components of Transcription:

e Messenger RNA (mRNA), which carries information from DNA to the cell's protein-
synthesizing machinery, is transcribed From the template strand of a gene.

e An enzyme called RNA polymerase pries apart the two strands of DNA and joins
together complementary RNA nucleotides along the DNA template strand, thereby
elongating the RNA polynucleotide (see next figure 52).

e Like DNA polymerases, which function in DNA replication, RNA polymerases can
assemble a polynucleotide only in the 5'-3' direction, by adding nucleotides to the
3'end of the growing chain.

e However, unlike DNA polymerases, RNA polymerases can start a chain from
scratch; they do not require a preexisting primer to add the First nucleotide.

e Specific nucleotide sequences along the DNA mark where transcription begins and
ends. The sequence where RNA polymerase attaches and initiates transcription is
called the promoter.

e In bacteria, the sequence that signals the end of transcription is called the

terminator, while in eukaryotes the termination mechanism is more complex o
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and differs.

e Molecular biologists refer to

the direction of transcription

as “downstream”,

opposite

“upstream.” These terms are

also used to

nucleotide

locations within DNA or RNA.

e Thus, the promoter sequence
in DNA is said to be upstream
of the terminator. The stretch
of DNA downstream From the
promoter that is transcribed

into an RNA molecule is called

a transcription unit.

e Bacteria possess a single type
of RNA polymerase

synthesizes not only mRNA but

also other forms

involved in protein synthesis,
such as ribosomal RNA (rRNA).
e Incontrast, eukaryotes have at
least three types of RNA

polymerase within their nuclei.

direction

sequence

n‘l-f NSM(.)

The stages of transcription: initiation, elongation, and termination.

This general depiction of transcription applies to both bacteria and

eukaryotes, but the details of termination differ, as described in the

text. Also, in a bacterium, the RNA transcript is immediately usable
as mRNA; in a eukaryote, the RNA transcript must first undergo

processing.
Promoter Transcription unit
i : \
i =
. DNA ’
‘T Start point

ww

ww

wuv

RNA polymerase

Unwound DNA

© Initiation. After RNA
polymerase binds to the promoter,
the DNA strands unwind, and the
polymerase initiates RNA synthesis
at the start point on the

template strand

Nontelmplate strand of DNA

/ . - 3
P ! ¥
- RNA Template strand of DNA
transcript
@ Elongation. The polymerase
moves downstream, unwinding
the DNA and elongating the RNA
transcript 5° — 3’. In the wake of
transcription, the DNA strands
re-form a double helix
Rewound
DNA
- -
: e}
- —
RNA
transcript
€) Termination. Eventually, the
RNA transcript is released, and
the polymerase detaches from
the DNA
x 3
1 5’
5 3 «/ .
Completed RNA transcript £
Direction of transcription (“downstream”) \\ﬁ

(Figure 52)

e Thetype responsible for the synthesis of pre-mRNA is RNA polymerase Il, while the

other RNA polymerases transcribe RNA molecules not translated into protein.

e Inthe following discussion, we begin with the Features of mRNA synthesis common

to both bacteria and eukaryotes and then describe some of the key differences

between them.
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E Synthesis of an RNA

transcript:
The three stages of transcription are

initiation, elongation, and termination of the RNA strand. We will now explore these

stages in detail and introduce the key terms used to describe each process.

E RNA Polymerase Binding and Initiation of

Transcription:
e The

promoter of a gene includes within it a transcription start point the nucleotide
where RNA polymerase begins building the mRNA. The promoter usually extends
several dozen or so nucleotide pairs upstream from the start point (as shown in
the fFigure 53).

e Based on interactions with proteins discussed later, RNA polymerase binds to the
promoter at a precise location and orientation. This positioning determines where
transcription begins and which strand of the DNA double helix will serve as the
template.

e Certain regions of the promoter are particularly important for ensuring that RNA
polymerase binds in a way that guarantees transcription starts at the correct site.

e In bacteria, a part of the RNA polymerase molecule itself recognizes and binds
directly to the promoter.

e In eukaryotes, however, a set of proteins called transcription Factors mediates the
binding of RNA polymerase and the initiation of transcription.

e Only after the transcription factors have bound tightly to the promoter does RNA
polymerase Il attach to it. The entire assembly of transcription Factors and RNA
polymerase Il bound to the promoter is called the transcription initiation complex.

e The Figure illustrates the role of transcription Factors and the crucial DNA
promoter sequence known as the TATA box in the formation of the initiation
complex at a eukaryotic promoter.

e The interaction between eukaryotic RNA polymerase and transcription Factors
exemplifies the importance of protein-protein interactions in controlling

transcription in eukaryotes.
12
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e Once the appropriate transcription Factors are Firmly bound to the promoter DNA,

and the polymerase is correctly oriented on the DNA, the enzyme unwinds the DNA

strands and begins transcribing the template strand at the start point.

The initiation of transcription at a eukaryotic promoter. In eukaryotic
cells, proteins called transcription factors mediate the initiation of

transcription by RNA polymerase II..

/ P — SN
{7 N
=
Y
————————

S— { [
s

Promoter
A

© A eukaryotic promoter
commonly includes a TATA
box (a nucleotide sequence
containing TATA) about 25
nucleotides upstream from
the transcriptional start point.

Nontemplate strand

DNA r
5
3
TATA box

Transcription
factors

So
3:

N\
3’
5’

t
Start point  Template strand

@) Several transcription
factors, one recognizing
the TATA box, must bind
to the DNA before RNA
polymerase 11 can bind in
the correct position and
orientation.

31
Sl

©) Additional transcription
factors (purple) bind to
the DNA along with RNA
polymerase 11, forming the
transcription initiation
complex. RNA polymerase 11
then unwinds the DNA double
helix, and RNA synthesis
begins at the start point on

\ 4 the template strand.

Transcription factors

Transcription initiation complex

(Figure 53)
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E Elongation of the RNA Strand:

e AsRNA polymerase movesalongthe DNA,

Iranscription elongation. RNA polymerase moves along the DNA
. . . . template strand, joining compl ary RNA nucleotides to the 3 end of
it u nW|ndS the dOU b'e hellx, ex pOS| n g the growing RNA transcript. Behind the polymerase, the new RNA peels

away from the template strand, which re-forms a double helix with the

about 10-20 DNA nucleotides at a time  rertemvlatestrand. Nonsemplate

for base pairing with RNA nucleotides (as - _m — ( NA A ot
shown in the figure 54). : polymerase //

e The enzyme adds RNA nucleotides to the | | ol /1// \ .
3' end of the growing RNA molecule as it E N 1

progresses along the DNA helix.

i \ /-//
e Behind this advancing wave of RNA é m\
N .

" Template

synthesis, the newly formed RNA strand P endoiom

peels away from its DNA template, and
the DNA double helix reforms. (Figure 4)

e A single gene can be transcribed simultaneously by multiple RNA polymerase
molecules following one another like trucks in a convoy.

e A growing RNA strand emerges from each polymerase, and the length of each
strand reflects how Far the enzyme has progressed from the start point along the
template.

e The simultaneous activity of many polymerase molecules transcribing the same

gene greatly increases the amount of mRNA produced, allowing the cell to

synthesize large quantities of the encoded protein efficiently.

E Termination of Transcription:

o Bacteria and eukaryotes differ in how they terminate transcription.

e In bacteria, transcription proceeds through a terminator sequence in the DNA.

e The transcribed terminator (an RNA sequence) functions as a termination signal,
causing the polymerase to detach from the DNA and release the RNA transcript,
which requires no further modification.

e Ineukaryotes, RNA polymerase ll transcribes a specific DNA sequence known as the

polyadenylation signal sequence, which codes for the polyadenylation signal
14
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(AAUAAA) in the pre-mRNA. This is called a signal because, as soon as this six-
nucleotide stretch of RNA appears, it is immediately bound by specific proteins
within the nucleus.
e About 10 to 35 nucleotides downstream from the AAUAAA sequence, these
proteins cleave the RNA transcript from the polymerase, releasing the pre-mRNA
molecule. The pre-mRNA then undergoes post-transcriptional processing before

it becomes a Functional mRNA ready for translation.
Eukaryotic cells modify RNA after transcription:

e Within the nucleus of a eukaryotic cell, enzymes modify the pre-mRNA in specific
ways before the genetic message is sent to the cytoplasm. During this RNA
processing, both ends of the primary transcript are altered.

e Inaddition, in most cases, certain interior sections of the RNA molecule are cut out,
and the remaining parts are spliced together. These modifications produce a

mature mRNA molecule that is ready For translation into protein.

E Alteration of mMRNA Ends:

e Each end of the pre-mRNA molecule is modified in a specific way (as shown in the
Figure 55).

e The5'end, which is synthesized first, receives a 5' cap a modified Form of a guanine
(G) nucleotide that is added to the 5' end after the First 20-40 nucleotides have
been transcribed.

e The 3'end of the pre-mRNA is also modified before the mRNA leaves the nucleus.
Recall that the pre-mRNA is cleaved and released shortly after the polyadenylation
signal (AAUAAA) is transcribed.

e At the 3' end, an enzyme then adds 50 to 250 additional adenine (A) nucleotides,
Forming a poly-A tail.

e The 5'cap and the poly-A tail share several important functions:

1. They appear to Facilitate the export of the mature mRNA from the nucleus.
2. They protect the mRNA from degradation by hydrolytic enzymes.

15
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3. They help ribosomes attach to the 5' end of the mRNA once it reaches the
cytoplasm.
e The figure also shows untranslated regions (UTRs) at both the 5' and 3' ends of the
mMRNA (referred to as the 5' UTR and 3' UTR).
e These UTRs are parts of the mRNA that are not translated into protein, but they

have other essential roles, such as ribosome binding and regulation of translation

efficiency.
A modified guanine nucleotide 50-250 adenine nucleotides
mANscRIﬁlon lDNA' added to tho 5" end added to the 3 end
e Region that includes
[RNA PROCESSING, lpfe-mw protein- codmg segments Polyadenylatlon signal
5’ 3
C—
i GPPP-I- -— AR AAA
)
3 — “Start codon  Stop codon/
TRANSLATION ¥ /ibosome 5 Cap 5’ UTR 3’ UTR Poly- Atall
‘\;(wmm.
(Figure 55)

ﬂ Split Genes and RNA Splicing:

. A remarkable stage of RNA
processing in the nucleus of a eukaryotic cell is RNA splicing (as shown in the
figure 56), during which large portions of the RNA molecule are removed, and the
remaining segments are reconnected.

e The average length of a transcription unit along a human DNA molecule is about
27,000 base pairs, so the primary RNA transcript is also quite long. In contrast, an
average protein consisting of about 400 amino acids requires only around 1,200

nucleotides in the RNA to code For it.
(Remember, each amino acid is encoded by a triplet of nucleotides.)

e This is because most eukaryotic genes and their RNA transcripts contain long

noncoding stretches of nucleotides regions that are not translated into protein.

116
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Most of these noncoding sequences are interspersed among the coding regions
of the gene.

In other words, the DNA nucleotide sequence that encodes a eukaryotic
polypeptide is usually not continuous; it is divided into segments.

The noncoding segments of DNA that lie between the coding regions are called
intervening sequences, or introns. The other regions are called exons, because
they are expressed, usually by being translated into amino acid sequences.

(The exceptions are the UTRs untranslated regions of the exons at the RNA ends,
which fForm part of the mRNA but are not translated into protein.)

When a primary transcript of a gene is made, RNA polymerase Il transcribes both
the introns and the exons from the DNA. However, the mRNA molecule that
eventually enters the cytoplasm is 3 shortened version. During RNA splicing, the
introns are removed from the molecule, and the exons are joined together,

Forming an mRNA molecule with a continuous coding sequence.

D How is pre-mRNA spliced?

National Science and Mathematics Olvmpiad

Theintrons are removed by a large complex composed of proteins and small RNAs
called a spliceosome.

This complex binds to several short nucleotide sequences along the intron,
including key sequences at each end (see figure 57).

The intron is then released (and quickly degraded), while the spliceosome joins
together the exons that Flanked the intron.

It has been Found that the RNAs within the spliceosome not only participate in
spliceosome assembly and recognition of splice sites but also catalyze the

splicing reaction itself.
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Figure 56. A spliceosome splicing a pre-mRNA. The diagram shows a
portion of a pre-mRNA transcript, with an intron (pink)
flanked by two exons (red). Small RNAs within the
spliceosome base-pair with nucleotides at specific sites along
the intron. Next, small spliceosome RNAs catalyze cutting of
the pre-mRNA and the splicing together of the exons,
releasing the intron for rapid degradation.

Small RNAs

Spliceosome

5

Pre-mRNA/

Exon 1

Exon 2

Intron—

SN

components
mRNA

5’ ;ut-out
Exon 1 Exon 2 intron

RNA processing: RNA splicing. The RNA molecule shown here codes for -globin, one of the
polypeptides of hemoglobin. The numbers under the RNA refer to codons; -globin is 146 amino acids
long. The -globin gene and its pre-mRNA transcript have three exons, corresponding to sequences
that will leave the nucleus as mRNA. (The 5¢ UTR and 3¢ UTR are parts of exons because they are
included in the mRNA; however, they do not code for protein.) During RNA processing, the introns
are cut out and the exons spliced together. In many genes, the introns are much longer than the

exons.
) 5’ Cap \5’ Exon Intron  Exon Intron Exon 3’
ORIV Pre-mRNA - - - Poly-A tail
IV LN NN\ w | |
T
: Codon numbers:  1-30 31-104 105-146
Introns cut out and
exons spliced together
TRNA
5" Cap
TRANSLATON ¥ tibosore . mRNA Poly-A tail
=~ (Figure 57) L 1146 )
i , — '
Fhpepie 5'UTR Coting ¥UR

wament

Translation is the RNA-Directed Synthesis of a Polypeptide:

We will now examine how genetic information Flows from mRNA to protein—the
process known as translation (as shown in the fFigure 58). Our focus will be on the basic
steps of translation that occur in both bacteria and eukaryotes, while also noting the

key differences between them.

E Molecular Components of Translation:
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e During translation, the cell “reads” the genetic message and builds a polypeptide

accordingly.

e« The message consists of a series of codons along an mRNA molecule, and the

translator is a molecule called transfer RNA (ERNA).

e The role of ERNA is to transfer amino acids from the cytoplasmic pool of amino

acids to a growing polypeptide on the ribosome.

e Thecell keeps its cytoplasm stocked with all 20 amino acids, either by synthesizing

them from other compounds or by absorbing them from the surrounding solution.

e The ribosome, a structure made of proteins and RNAs, adds each amino acid

brought to it by tRNA to the growing end of the polypeptide chain (see figure 58).

Translation: the basic concept. As a
molecule of mMRNA is moved through a
ribosome, codons are translated into amino
acids, one by one. The translators, or
interpreters, are tRNA molecules, each type
with a specific anticodon at one end and a
corresponding amino acid at the other end.
A tRNA adds its amino acid cargo to a
growing polypeptide chain when the
anticodon hydrogen-bonds to the
complementary codon on the mRNA.

(Figure 58)
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E The Structure and Function of Ribosomes:

o Ribosomes

Facilitate the specific coupling of tRNA anticodons with mRNA codons during

protein synthesis.
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e Each ribosome consists of a large subunit and a small subunit, each made up of
proteins and one or more molecules of ribosomal RNA (rRNA).

o Ribosomal RNA forms the core of the A and P sites and the interface between the
two subunits; it also acts as a catalyst for peptide bond Formation. Therefore, the

ribosome can be regarded as one colossal ribozyme.

The anatomy of a Functioning ribosome:

\ mNA | Growing
\\ ‘ s polypeptide
& Polypeptide /

. model of a bacterial ribosome, showingits overall shape.
Large
subunit

Exit tunnel
for growing

polypeptide (3) Computer model of Functioning ribosome. This is a

The eukaryotic ribosome is roughly similar. A ribosomal

subunit

} Small subunit is a complex of ribosomal RNA molecules and

proteins.

<

i P site (peptidyl-tRNA

/6 binding site)

E site
(exit site)

I b) Schematic model showing binding sites. A ribosome
. Exit tunnel

Bt o, has an mRNA binding site and three tRNA binding sites,
INding site,

Large . | known as the A, P, and E sites. This schematic ribosome

subunit
|

mRNA
binding site

Small
subunit

will appear in later diagrams.
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Amino end-— \/Gmwmgpdypept‘de (c) Schematic model with mRNA and tRNA. A tRNA Fits

Nextamnoacid | iNtO @ binding site when its anticodon base-pairs with an
;%E;:;‘,jjgéﬁam MRNA codon. The P site holds the tERNA attached to the
tRNA growing polypeptide. The A site holds the ERNA carrying
the next amino acid to be added to the polypeptide
chain. Discharged tRNAs leave from the E site. The

polypeptide grows at its carboxyl end.

i’ Building a Polypeptide: i

We can divide translation the synthesis of a polypeptide into three stages: initiation,
elongation, and termination. All three stages require protein Factors that assist in the
process of translation. Some steps in initiation and elongation also require energy,

which is supplied by the hydrolysis of guanosine triphosphate (GTP).

E Ribosome Association and Initiation of

Translation:
e In both bacteria

and eukaryotes, the start codon (AUG) marks the beginning of translation; this is
crucial because it establishes the reading Frame for the mRNA codons.

e IntheFirst step of translation, the small ribosomal subunit binds to both the mRNA
and an initiator tRNA, which carries the amino acid methionine.

e In eukaryotes, the small subunit-initiator tRNA complex first binds to the 5' cap of
the mRNA and then moves downstream along the mRNA until it reaches the start

codon (AUG), where the initiator tRNA hydrogen-bonds with the start codon.
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e Thus, the First components that come together during the initiation stage of

translation are the mRNA, the tRNA carrying the First amino acid of the
polypeptide, and the small ribosomal subunit (see figure 59).
Ps\ite ,Large

/" ribosomal
subunit

—Small

] ribosomal
mRNA binding site subunit Translation initiation complex
© A small ribosomal subunit binds to a @ The arrival of a large ribosomal subunit
molecule of mRNA. In a bacterial cell, the completes the initiation complex. Proteins
mRNA binding site on this subunit recognizes a called initiation factors (not shown) are
specific nucleotide sequence on the mRNA just required to bring all the translation
upstream of the start codon. An initiator tRNA, components together. Hydrolysis of GTP
with the anticodon UAC, base-pairs with the provides the energy for the assembly. The
start codon, AUG. This tRNA carries the amino initiator tRNA is in the P site; the A site is
acid methionine (Met). available to the tRNA bearing the next amino
acid.
(Figure 59)

e Thisis Followed by the attachment of the large ribosomal subunit, completing the
translation initiation complex. Proteins called initiation Factors are required to
assemble all these components, and the cell also expends energy derived from the
hydrolysis of GTP to form the initiation complex.

e When initiation is complete, the initiator tRNA sits in the P site of the ribosome, and
the A site is vacant and ready to receive the next aminoacyl tRNA.

e Note that the polypeptide is always synthesized in one direction only from the
initial methionine at the amino (N-) terminus toward the Final amino acid at the

carboxyl (C-) terminus.

E Elongation of the Polypeptide Chain:

e During the elongation stage of translation, amino acids are added one by one to

the preceding amino acid at the C-terminus of the growing polypeptide chain.
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e Each addition involves the participation of several proteins called elongation

Factors, and the process occurs in a cyclical sequence of three steps, as illustrated

in the Following figure 60.

© Translocation. The
ribosome translocates the
tRNA in the A site to the
Psite. At the same time,
the empty tRNA in the P
site is moved to the E site,
where it is released. The
mRNA moves along with its
bound tRNASs, bringing the
next codon to be translated
into the A site.

Ribosome ready for
next aminoacyl t

@ Codon recognition. The anticodon of
an incoming aminoacyl tRNA base-pairs
with the complementary mRNA codon in
the A site. Hydrolysis of GTP increases
/ the accuracy and efficiency of this step.
Although not shown, many different
aminoacyl tRNAs are present, but only
the one with the appropriate anticodon
will bind and allow the cycle to progress.

Amino end
of polypeptide

mRNA

FySI

@ Peptide bond formation.

An rRNA molecule of the large
ribosomal subunit catalyzes the
formation of a peptide bond
between the amino group of the
new amino acid in the A site and
the carboxyl end of the growing
polypeptide in the P site. As
shown in the next diagram, this
step removes the polypeptide
from the tRNA in the P site and
attaches it to the amino acid on
the tRNA in the Assite.

(Figure 60)

E Termination of Translation:

e The Final stage of translation is termination (see next figure 61).

o Elongation continues until a stop codon on the mRNA reaches the A site. The three

stop codons-UAG, UAA, and UGA (all written 5'»3')—do not code For amino acids but

instead serve as signals to stop translation.

¢ A release Factor, a protein shaped like an aminoacyl tRNA, binds directly to the

stop codon in the A site. The release factor causes the addition of a water molecule

instead of an amino acid to the polypeptide chain (water molecules are abundantin

the cytosol).

e This reaction hydrolyzes the bond between the completed polypeptide and the

tRNA in the P site, releasing the polypeptide through the exit tunnel of the
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ribosome's large subunit. The remaining components of the translation assembly

are then disassembled in a multistep process assisted by other protein Factors.

e The breakdown of the translation assembly requires the hydrolysis of two

additional GTP molecules.

Stop codon
(UAG, UAA, or UGA)

@ When a ribosome reaches a stop codon on @ The release factor promotes hydrolysis of the ~ €) The two ribosomal subunits and the
mRNA, the A site of the ribosome accepts a bond between the tRNA in the P site and the other components of the assembly
"release factor,” a protein shaped like a last amino acid of the polypeptide, thus dissociate with the hydrolysis of two
tRNA, instead of an aminoacyl tRNA. freeing the polypeptide from the ribosome. GTP molecules.

Free
polypeptide

5

gl Rt

2GDP +2(P),

Figure 61. The Final stage of translation is termination

E Targeting Polypeptides to Specific Locations:

e It is well known
that eukaryotic cells active in protein synthesis possess two populations of
ribosomes: Free and bound. The free ribosomes, which are suspended in the
cytosol, primarily synthesize proteins that remain in the cytosol and Function
there.

In contrast, bound ribosomes are attached to the endoplasmic reticulum (ER) or
the nuclear envelope.

These bound ribosomes produce proteins destined For the endomembrane
system as well as proteins secreted From the cell, such as insulin.

It is important to note that the ribosomes themselves are identical, and they can
alternate between being Free at one time and bound the next, depending on the

protein being synthesized.

Mutations of one or a few Nucleotides can Affect Protein Structure and
Function:
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e Now that we have explored the process of gene expression, we can begin to
understand the efFFects of changes on a cell's genetic infFormation.

e These changes, called mutations, are responsible for the vast diversity of genes
found among living organisms, as mutations are the ultimate source of new genes.

e Here, we focus on small-scale mutations, involving one or a Few pairs of
nucleotides, including point mutations, which are changes in a single nucleotide
pair within a gene.

o If a point mutation occursin a gamete or in a cell that gives rise to gametes, it may
be passed on to offspring and Future generations.

e When a mutation has an adverse effect on an individual's phenotype, the resulting
condition is referred to as a genetic disorder or hereditary disease.

e For example, the genetic basis of sickle-cell disease can be traced to a single
nucleotide-pair substitution in the gene that encodes the 3-globin polypeptide of
hemoglobin.

e A change in one nucleotide of the template strand DNA alters the mRNA and
results in the production of an abnormal protein (as shown in the figure 62).

e Inindividuals who are homozygous For the mutant allele, the sickling of red blood
cells caused by the altered hemoglobin leads to the multiple symptoms associated

with sickle-cell disease, as previously discussed.
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e Another disorder resulting from a point mutation is a heart condition known as
Familial cardiomyopathy, which accounts for some of the tragic cases of sudden
death among young athletes. Point mutations have been identified in several genes
encoding muscle proteins, and any one of these mutations can lead to the

development of this disorder.

The molecular basis of sickle-cell disease: a point mutation. The allele that causes sickle-cell disease
differs from the wild-type (normal) allele by a single DNA nucleotide pair. The micrographs are SEMs of a
normal red blood cell (on the left) and a sickled red blood cell (right) from individuals homozygous for
wild-type and mutant alleles, ri ively.

Wild-type B-globin Sickle-cell B-globin

In the DNA, the

Wild-type B-globin DNA Mutant B-globin DNA mutant (sickle-cell)
3 5| | 3 N 5 template strand
has an A
' N > || 5 A — (0P .
> 3 5 - 3 where the wild-
type template
hasaT.
mMRNA mMRNA The mutant mRNA
S NN > SR TN 3 has a U instead of

an A in one codon.

Normal hemoglobin Sickle-cell hemoglobin ;hgelcggﬁﬁwgts avaline
HETH val (Val) instead of a
glutamic acid (Glu).

(Figure 62)

i! Types of Small-Scale Mutations i

E Substitutions:

A nucleotide-pair substitution is the replacement of one
nucleotide and its partner with another pair of nucleotides (Figure 63a).

e Some substitutions have no effect on the encoded protein because of the
redundancy of the genetic code more than one codon can specify the same amino
acid.

e For example, if 3 mutation changes the template strand from 3'-CCG-5' to 3'-CCA-
5' the mRNA codon that was originally GGC becomes GGU, but glycine will still be

inserted at the correct positionin the protein.In other words, a changein a nucleotide
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pair may convert one codon into another that is translated into the same amino
acid. Such a change is an example of a silent mutation, which has no observable
effect on the organism’s phenotype. Interestingly, evidence suggests that some
silent mutations can indirectly affect where or how much a gene is expressed,
even though the resulting protein itself is unchanged.

e Substitutions that change one amino acid to another are called missense
mutations.

e Suchamutation may have little effect on the protein: the new amino acid may have
chemical properties like those of the one it replaces, or it may occur in a region of
the protein where the precise sequence of amino acids is not essential to the
protein's function.

e However, more significant substitutions can cause major changes in a protein's
structure or activity.

e A single amino acid change in a crucial region of a protein such as the 3-globin
subunit of hemoglobin shown in the previous figure, or at the active site of an
enzyme can drastically alter the protein’s activity.

e Occasionally, such mutations may produce an improved or novel protein, but more
often they are neutral or detrimental, leading to a nonfunctional or less active
protein that impairs cellular Function.

e Most substitution mutations are missense mutations that is, the altered codon still
codes For an amino acid, which “makes sense,” though not necessarily the correct
one.

e However, a2 point mutation can also change a codon for an amino acid into a stop
codon. This is called a nonsense mutation, and it causes premature termination of
translation. The resulting polypeptide is therefore shorter than the one encoded
by the normal gene. Most nonsense mutations lead to the production of

nonfunctional proteins.

E Insertions and Deletions:

e Insertions and deletions are additions or losses of nucleotide pairs in a gene

(Figure 63b). These mutations often have a disastrous effect on the resulting
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protein, far greater than that of substitutions. The insertion or deletion of
nucleotides can alter the reading Frame of the genetic message the triplet grouping
of nucleotides on the mRNA that is read during translation.

Such a mutation, called a frameshift mutation, occurs when the number of
nucleotides inserted or deleted is not a multiple of three. As a result, all the
nucleotides downstream of the insertion or deletion are improperly grouped into
codons, leading to extensive missense mutations that usually end eventually in a
nonsense mutation, causing premature termination of translation and producing a
nonfunctional protein. Insertions and deletions can also occur outside coding
regions; these are not called frameshift mutations, but they can still have
phenotypic effects for example, by altering how a gene is expressed. In such cases,

the protein is still produced, but it may confFer a different trait.

Wild type

DNA template strand 3’ LIRSS S SOV NN I <N VN 1
@A T GAAGTTTGGU CT A AES

LR SA U G AAGUUUGGCUA AES

National Science and Mathematics Olvmpiad

Amino end

(a) Nucleotide-pair substitution
A instead of G
TACTTCAAACC

B4A T G AAGT T T GGIT|T A AEE
U instead of C

eIA U G AAGUUUGGIIU A AR
\ ~ J
[ Met 4 Lys g Phe , Gly [N

Silent: No effect on the amino acid sequence

T instead of C
¥ IlIS'
E4A T G AAG T T TIAIG C T A AEY
A instead of G

A UG A AGUUUTAIG C U A AR
Met Lys Phe Ser Stop

Missense: A range of effects depending on the location within the
protein and the identity of the new amino acid

Ainstead of T

T ACAITCAAACCGATTE
4A T GITJA G T T T GG C T A AEj

U instead of A
E4A U G| m A G UUUGGUUA AES
[ Met Jurvey
Stop
Nonsense: Effect depends on how close the new stop codon is to the
beginning of the coding sequence

Carboxyl end

(b) Nucleotide-pair insertion or deletion
Extra A

TTCAAACCGATT
4A T GITIAAGTTTGGCT A AES

ExtraU
AAGUUUGGCUAA

\ﬁ,_/
m Stop

Frameshift causing immediate nonsense (1 nucleotide-pair insertion)

:mnssmg
Ed T A C AA|CCGATT

IS
A T GAAGT T GGCT A AEM

mmnssmg
dA U G AAGUU|IGGCUA AXTEY

Met Lys Leu Ala

Frameshift causing extensive missense (1 nucleotide-pair deletion)

LE missing
TACIAAACCGATT
FdA T G T T T GGCTAAES

L. WE missing
LA U G|UUUGGCUA AES

Met Phe Gly Stop

3 nucleotide-pair deletion: No frameshift, but one amino acid is
missing. A 3 nucleotide-pair insertion (not shown) would lead to
an extra amino acid.

(Figure 63)
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E New Mutations and Mutagens

Mutations can arise in

several ways:

1. Errors during DNA replication or recombination - Mistakes made by DNA
polymerase or during crossing over can introduce changes in the nucleotide
sequence.

2. X-rays These forms of ionizing radiation can cause breaks or structural changes in
DNA molecules.

3. Chemical mutagens Certain chemicals can modify DNA bases, insert themselves

into the DNA helix, or disrupt replication, leading to mutations.
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Exercises @

% Exercise 1

A particular triplet of bases in the

template strand of DNA is 5'-AGT-3". . . . .. o
5'- o2 DNAJ LJWl bu o § 2clgdl (o diuso diidl

what would be the corresponding
Segmiall MRNA J (Jliall (93951 g0 Lo AGT-3'

codon Ffor the mRNA that is

transcribed?
A | 3'-UCA-5' C 5'-TCA-3’
B | 3-UGA-5' D 3'-ACU-5’
Second Base
U Cc A G
UUU:]". UCU - UNJ]T" UGU]O” )
uuc uce = UAC UGC c
u
UUA]m UCA :UM Stopl‘lUGA snp| A
uuG UCG - UAG  swp|l| uae  Tp |G
cCcu cm]m cGU v
cce CAC mc] c
Pro Arg
CCA CM]& CGA A
cCG - CAG CGG G !
ACU — AAU AGU v
T S S L
aca | ™ || aaa AGA A
Pl | ] e
GUU — T GCU - w]“ GGU v
Guc - GCe - GAC GGC c
Sl qua GCA GM] | |
GUG - GCG - anad ® || aas G

% Exercise 2

Which of the Ffollowing sequences of UgSaul.LugJSyAlMUluLml_w.dlw?_’sl
nucleotides are possible in the template §&|§99ulumuu?swlbg,.mléﬁm
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strand of DNA that would code for the | Phe- syl dasio Juwbws I jo oi sl Y]
polypeptide sequence Phe-Leu-lle-Val? SLeu-lle-Val
A | 5-TTG-CTA-CAG-TAG-3' C | 3-AAA-AAT-ATA-ACA-5'
B | 5~AUG-CTG-CAG-TAT-3’ D | 3-AAA-GAA-TAA-CAA-5'

? Exercise 3 P ey L4

wWhat amino acid sequence will be ‘of.g_au,!s“' daizo3l yoloo 3l Yl 9o Lo
generated, based on the Following mRNA cJWI MRNA (9395 Jauhui e £ » 0§ Linil
codon sequence?

5'-AUG-UCU-UCG-UUA-UCC-UUG-3'’

A | Met-Arg-Glu-Arg-Glu-Arg C | Met-Ser-Leu-Ser-Leu-Ser
B | Met-Glu-Arg-Arg-Glu-Leu D | Met-Ser-Ser-Leu-Ser-Leu
L4 Exercise 4 € )y L4

According to the central dogma, what is the . . =2,
ba—wgll £5j2l 99 Lo Jb—wgll § €lyall Lasg

intermediate molecule involved in the Flow
of information in a cell that should go in the

cglal § ¢ iu:u
blank? ELVI G Ve Ol
DNA—- = — Proteins
A | mMtDNA o RNA
B | rRNA - ™™

L4 Exercise 5 0 )X %

Use this model of a eukaryotic transcript to | 6lgill dasixis> ds il 23gedl 130 eaSiwl
answer the following question. JdWl Jlgamdl e dol>)
E = exon and I = intron

UTR E111 E2 12 E3 I3 E4 UTR-3'-5’
Which components of the previous molecule | jgisJl piaw GJI Gl £55 OlgSe o Lo

will also be Found in mRNA in the cytosol? Sdyglall 6ol § MRNA § Lal lgale

A | 5-UTR 11 12 I3 UTR-3’ C | 5-UTR E1 E2 E3 E4 UTR-3'

B | 5-E1 E2 E3 E4-3' D | 5-E1 11 E2 12 E3 I3 E4-3’
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® Exercise 6 T Gydi ¥

A part of an mRNA molecule with the
following sequence is being read by a | JWIJudbuidb mRNA £$2> oo £52 6cl)8 i
ribosome: 5'-CCG-ACG-3' (mRNA). The | .5'-CCG-ACG-3' (MRNA) :‘og_wg.g_l Y1 dbwlgy
fFollowing charged transfer RNA molecules | d Uil digainell J-ill RNA OLGj> 499i5
(with their anticodons shown in the 3' to 5' Qi 050l .(5' J13' ol 3 douogall lgilaLibsn)
direction) are available. Two of them can | MRNA g6 puso JSin pgiw oLl Gilbi
correctly match the mRNA so that a S| JLJJMUSNW

dipeptide can form..

tRNA Anticodon Amino Acid
GGC Proline
CGU Alanine
UGC Threonine
CCG Glycine
ACG Cysteine
CGG Alanine

Which of the Following anticodons in the | yowesdl § dJLIl ©GLgagSIl Ol de Upfsl
First tRNA to bind will complement this | dbu) Eisw s3JI Je3l JLaill $99d! sl

mRNA? Sdwyoll Byl 130 JoSaw
A | 3'-GGC-5' C | 5-UGC-3’

B | 5'-GGC-3' D | 3'-UGC-5’
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% Exercise 7

A | ionic bonding between phosphates Olawgall ¢ L“;_c,;}!l bolydl | A

hydrogen bonding between base pairs Aclgall algﬂ Ox duin=>g)ugll daolyl

van der Waals interactions beween ) )
C O-.’E-?S_)-)-_\,-QMCJU_'XOHJISJQJ oL olMlei | C
hydrogen atoms

D | peptide bonding between amino acids duigod| o los 3| ¢ dyawidl dealyJl | D

? Exercise 8 \TSTERY) L4

(ERNA) JUiiJl sg9gill gu )l pdoadl JSidl Jioy
J) dbu g 00 Guol paas e Bysiy s3I
093951 g9 Lo (i3l Jsind (Il 030
voeaJl 13g) MRNA W= jo0) Je 3929-0J1

SGuoll

The figure represents tRNA that recognizes
and binds a particular amino acid (in this
instance, phenylalanine). Which codon on

the mRNA strand codes For this amino acid?
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A | 5-UGG-3’ C | 5-GUA-3'
B | 3-GUG-5’ D | 5’-UUC-3’

% Exercise 9 L [OYRRY) L4

Which of the Following types of mutation, | . I . " .

Oga> Jl 293 @I Wl ©lyabll glgil oo !
+ 8yl AUG § do=yill £33 a2y mRNA § lbs
Je 8y9bs 5isH 5l L) 99sa ol azpall po

resulting in an error in the mRNA just after
the AUG start of translation, is likely to have

the most serious effect on the polypeptide

c.l .. l' ;l .. 'l.l
product? o e
A | a deletion of a codon 09365 Vi> | A
a deletion of two nucleotides WlawbgdSqull oo sl Vi

a substitution of the third nucleotide in o
C ACC (9395 § Al wlagbgdSgull Jlawiwl | C
an ACC codon B

a substitution of the First nucleotide of a .
D GGG (9398 JuigalSeus Jgl Jlawwl | D
GGG codon

% Exercise 10

Rank the Following one-base point mutations with respect to their likelihood of affecting

the structure of the corresponding polypeptide (From most likely to least likely).

i Joull duio Je Lm,»b ddlois b Glei Load 6a51g)l dawlwdl dbiill O3 dJdWl Olyabll L)
(Blai=] J83I J] am)31 (o) Jaliell

1. insertion mutation deep within an intron

2. substitution mutation at the third position of a codon in an exon

3. substitution mutation at the second position of a codon in an exon

4. deletion mutation within the First exon of the gen

intron J=15 disec 6)ab JUL5o] .1

ogws3l .3 09395 Oo W uog0ll 3 Jlaiwl 6)ab .2
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0953l § 9995 oo JWI pub9all § Jlawiawl 8yab .3
ol oo Jg3l ggms Bl Y315 Qi 6yab .4
A 1234 C 21453
B | 4,321 D 3142
? Exercise 11 N yss ®

Which one of the Following structures, if

missing, would usually prevent translation

from starting?

hoiuw ( 83giie ClS 131, AU JSkgll o s
Sdos,yill £23 83le

A | exon C | AUG codon
B | 5'cap D | poly-Atail
% Exercise 12 | STERY) %

Which component is not directly involved in

translation?

Sdasyill § Spblo J53 3 s3I p9Sall go Lo

GTP

C | tRNA

DNA

D | Ribosomes
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i!ReguIation of Gene Expression i

Why is gene expression regulated?

Figure 64. shows E. coli bacteria in two different environments with and without

tryptophan.

e Organisms respond to environmental changes by regulating their genes to conserve

resources and energy.

National Science and Mathematics Olvmpiad

Regulation of a metabolic pathway. In the pathway for
tryptophan synthesis, an abundance of tryptophan can both (a)
inhibit the activity of the first enzyme in the pathway (feedback
inhibition), a rapid response, and (b) repress expression of the
genes encoding all subunits of the enzymes in the pathway, a
longer-term response. Genes trpE and trpD encode the two
subunits of enzyme 1, and genes trpB and trpA encode the two
subunits of enzyme 3. (The genes were named before the order
in which they functioned in the pathway was determined.) The

symbol — stands for inhibition

Pnecursor Genes that
encode enzymes
13 2 and 3
of gene

Feedback
inhibition
~ m
-!“«
expression
@ —— -
o
- 0w

Regulation

Tryptophan
(a) Regulation of enzyme (b) Regulation of enzyme
activity production

(Figure 64)
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E Operon Model - The Fundamental Mechanism in
Bacteria
o Operon: A cluster of genes controlled together by a single on/off switch.

e Components of the operon:
o Promoter: The binding site for the transcription enzyme (RNA polymerase).
o Operator: The binding site For the repressor protein.

o Structural genes: The genes responsible for synthesizing the enzymes.

trp operon
DNA £ trp promoter k
Promoter Regulatory gene
Genes of operon -
\¥ X /, A\
RNA trp operator
polymerase Start codon  Stop codon
PR 3
mRNA / A
Polypeptide subunits
Drotem a Inactive trp 6 o ﬁ that make up enzymes
repressor for tryptophan synthesis
(see previous figure)
(a) Tryptophan absent, repressor inactive, operon on. RNA polymerase attaches to the DNA at the
operon’s promoter and transcribes the operon’s genes. Enzymes for tryptophan synthesis are made.

(Figure 65)

o Applied Example: Regulation of Tryptophan in Escherichia coli (E. coli)

o When tryptophan levels are low in the environment, the bacterium activates the

metabolic pathway to synthesize it.

o When tryptophan is abundant, the

bacterium stops its synthesis to avoid

wasting resources.

o Mechanisms: I
Protein a B Active trp
* Feedback Inhibition: The product W repressor

(tryptophan) inhibits the activity of C@mptophan

(corepressor)

H H H (b) Tryptophan present, repressor active, operon off. As
enzymes In | ts own syn thesis tryptophan accumulates, it inhibits its own production by activating
the repressor protein, which binds to the operator, blocking
pa t hway. transcription. Enzymes for tryptophan synthesis are not made.

* Transcriptional Regulation: The (Figure 66)
cell stops producing the enzymes of the pathway by halting transcription of

the related genes.

National Science and Mathematics Olvmpiad



A

\

i G & Nomo

Ministry of Education dTLQQ_Q
Mawhiba

Two Main Types of Operons:

A. Repressible Operons - Example: the trp

. Regulatory lac promoter
operon: gene
DNA

lac operator
/

o Usually active (producing tryptophan).

l

mRNA fﬁd’
tryptophan is present — tryptophan 57 l

o Repressed when sufficient

RNA
polymerase

Protein “ Active lac
repressor

(a) Lactose absent, repressor active, operon off. The /ac
repressor is innately active, and in the absence of lactose it

acts as a corepressor.

e B.Inducible Operons - Example: the lac

operon switches off the operon by binding to the operator. The
. . . enzymes for using lactose are not made.
o Usually inactive (not producing (Figure 67)

lactose-digesting enzymes).
o Induced when lactose is present — lactose is converted to allolactose, which

Functions as an inducer.

lac operon

RNA polymerase
POy Start codon  Stop codon

Y & mRNA 5 =

- |
- Do

Inactive lac

Allolactose LS Enzymes for using lactose
(inducer)

(b) Lactose present, repressor inactive, operon on. Allolactose, an isomer of lactose, binds to the
repressor, inactivating it and “derepressing” the operon. The inactive repressor cannot bind to the
operator, and so the genes of the /ac operon are transcribed, and the enzymes for using lactose are made.

(Figure 68)

E Positive Regulation - Example: The Effect of Glucose on the lac
Operon

e When glucose levels are low, the concentration of CAMP increases.
e CAMP binds to an activator protein (CRP - cAMP Receptor Protein), activating it.
e The activated CRP binds to the promoter, enhancing the binding of RNA

polymerase and increasing the rate of gene transcription.
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lac promoter
BN lac promoter lac operator
DNA lac operator —— /
S /
N/ ' \Y,

RNA CRP-binding site

CRP-binding site
polymerase

@ Active binds a.gd RNA polymerase
cAMP \ ERPAADSCIDES less likely to bind
7 . Inactive /ac Icns;t e Inactive fac
g\sgﬂve repressor repressor
Allolactose

(a) Lactose present, glucose scarce (cAMP level high):

abundant /Jac mRNA synthesized. If glucose is scarce, the (b) Lactose present, glucose present (CAMP level low): ittle

high level of cCAMP activates CRP, which binds to the promoter lac mRNA syntheSized- When glucose is present, CAMP is
and increases RNA polymerase binding there. The /ac operon scarce, and CRP is unable to stimulate transcription at a
produces large amounts of mRNA coding for the enzymes that significant rate, even though no repressor is bound.

the cell needs for use of lactose.

(Figure 69)

E Regulation of Gene Expression in Eukaryotes
e Itis more complex and occurs at multiple stages:

1. Chromatin Structure Regulation
Transcription Initiation Regulation
RNA Processing

mRNA Stability and Degradation

Translation

o oA W N

Protein Processing
e Goal: To achieve cell differentiation and differential gene expression in

multicellular organisms.
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-f 000000000  Polypeptide
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% Active protein
Degradation
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° Cellular function
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activity or structural
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(Figure 70)
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Stages in gene expression that
can be regulated in eukaryotic
cells. In this diagram, the colored
boxes indicate the processes most
often regulated; each color
indicates the type of molecule
that is affected (blue = DNA,
red/orange = RNA, purple =
protein). The nuclear envelope
separating transcription from
translation in eukaryotic cells
offers an opportunity for post-
transcriptional control in the form
of RNA processing that is absent
in prokaryotes. In addition,
eukaryotes have a greater variety
of control mechanisms operating
before transcription and after
translation.
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Exercises @

% Exercise 1 lewyN L4

Which of the following conditions is most & i3 Oi a2yl go ddWl I on..si

likely t the lact to b C——

ikely to cause the lactose operon to be S5gis I 9901

transcribed?

There is more glucose in the cell than e

A 59131 o ST dylsll § joSol> 32y | A
lactose

B | Thereis glucose but no lactose in the cell. Al § joisd dogn ¥ 089 joSol> a2gs | B

c The cyclic AMP and lactose levels are LooMSg sy92Jl joussUl AMP Glhgiwo c
both high within the cell. Adsdl U3 g leadye

5 The cAMP level is high, and the lactose JoSWI (sgimog gaiyo CAMP (ggimo 5
level is low. gY-Y-LNVS)

% Exercise 2 (TR %

Suppose an experimenter becomes | . , i&'-uaﬂl-e poii §UI&AJL§II oi ool
proficient with a technique that allows her | 5y Jsnal i el y2 Lg) o daidity 8yolo
to move DNA sequences within 2a Jiii Esll P@ 13] 8lgill dailag pgiaz JS13
prokaryotic genome. If 3 researcher moves Gsl?‘-"# '09)_!93' 0o Susl &bl J Jainall
the operator to the far end of the operon, Sllosdl oo '.Si . transacetylase (/3cA) gu>

past the transacetylase (/acA) gene, which of 0éy=5 Losdie (1o Oi Jaizall cpo dUll
the Following processes would likely occur S35 dalJl

when the cell is exposed to lactose?

The inducer will no longer bind to the

A 208l o3l asy buin o) poyaell | A
repressor.
The repressor will no longer bind to the )

B J2ialb ojlo A2y ol 2oldll | B
operator.

C | The operon will never be transcribed. 09938l el | C

The genes of the /acoperon will be

D poduo JSiiu /acoperon Oliv> Zuwd piw | D
transcribed continuously. ) . O
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? Exercise 3 P ey L4

Muscle cells differ from nerve cells mainly L&nLuin LI e Oa)] LIS lisi
because they: g3
A | express different genes. dalizo Olus e yusidl | A
B | contain different genes. dalize Oy Je sgixd | B
C | usedifferent genetic codes. delize dil)g jgo) plaiwl | C
D | have unique ribosomes. 6308 Wlogwgulylg) | D
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'] DNA Tools and Biotechnology

DNA sequencing and DNA cloning are valuable tools for genetic
engineering and biological inquiry
The discovery of the structure of the DNA molecule, and particularly the recognition

that its strands are complementary to each other, opened the door to the development
of DNA sequencing and other techniques now used in biological research. At the heart
of these techniques is nucleic acid hybridization, the base pairing of one strand of
nucleic acid to a complementary sequence on a strand from a different nucleic acid
molecule. In this section, we will First describe DNA sequencing techniques and then
explore other important methods used in genetic engineering the direct manipulation

of genes for practical purposes.

E DNA Sequencing:

Researchers can exploit the principle of complementary base pairing to determine
the complete nucleotide sequence of a DNA molecule a process known as DNA
sequencing.

e DNA is first Fragmented into smaller pieces, and each fragment's sequence is then
determined. The first automated sequencing procedure used a technique called
dideoxyribonucleotide (or dideoxy) chain termination sequencing.

e Inthis method, one strand of 3 DNA fragment serves as a template for synthesizing
a set of complementary fragments of varying lengths; these are then analyzed to
deduce the sequence. Biochemist Frederick Sanger received the 1980 Nobel Prize
for developing this technique, which remains in use for small-scale, routine
sequencing.

e Over the past fifteen years, next-generation sequencing technologies have been

developed, offering much higher speed and throughput. In these methods, DNA

Fragments are amplified (copied) to produce a massive number of identical

fragments.
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e A single strand of each fragment is immobilized, and a complementary strand is
built one nucleotide at a time. A chemical system allows electronic sensors to
detect the addition of each of the Four nucleotides in real time; thus, the
technique is called sequencing by synthesis.

e Thousands or hundreds of thousands of fragments, each about 300 nucleotides
long, are sequenced in parallel in machines like those shown in the preceding figure
accounting For the high rate of nucleotide sequencing per hour.

e This is an example of a high-throughput DNA technology, now the method of
choice for studies involving the sequencing of vast numbers of DNA samples even
entire genomes composed of many fragments.

e In some newer approaches, DNA is not fragmented or amplified. Instead, a single,
very long DNA molecule is sequenced directly.

e Several research groups have developed techniques in which a single DNA strand is
passed through an extremely tiny pore, or nanopore, in a3 membrane, allowing bases
to be identified one by one by the distinct way each base interrupts an electrical
current.

e The conceptisthat each type of base interrupts the current for a slightly different
duration.

e In 2015, the First nanopore sequencer was introduced commercially a device about
the size of a small candy bar, connecting to a computer via a USB port. Its
accompanying software enables real-time sequence detection and analysis.

o Improved DNA sequencing technologies have transformed how we explore
fundamental biological questions about evolution and the mechanisms of life.

e Inthis chapter, you will learn more about how the rapid acceleration of sequencing
technology has revolutionized our study of species evolution and of the genome

itself.
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Research Method Sequencing by Synthesis: Next-Generation Sequencing

Application In current next-generation sequencing techniques, each
fragment is about 300 nucleotides long; by sequencing the fragments in
parallel, about 2 billion nucleotides can be sequenced in 24 hours.

@ Genomic DNA is fragmented, and
fragments of 300 base pairs are

\N== / selected.

© Each fragment is isolated with a
bead in a droplet of aqueous

Technique See numbered steps and diagrams.

Results Each of the 2,000,000 wells in the multiwell plate, which holds
a different fragment, yields a different sequence. The results for one frag-
ment are shown below as a “flow-gram.” The sequences of the entire

set of fragments are analyzed using computer software, which “stitches”

P s & solution.
[ Z. : Y them together into a whole sequence—here, an entire genome.
/€ The fragment is copied over and over by a g . . A
~— technique called PCR (to be described later). BT
All the 5’ ends of one strand are specifically 5 B G
“captured” by the bead. Eventually, 106 e 3 c ITCTGCGAA
identical copies of the same single strand, 2
which will be used as a template strand, are § 2
attached to the bead. 3
<
5 1 ] THT
g |
= |

DNA polymerases and primers that can hybridize

to the 3’ end of the single (template) strand. . .
INTERPRET THE DATA > If the template strand has two or more identical

nucleotides in a row, their complementary nucleotides will be added one after
the other in the same flow step. How are two or more of the same nucleotide
(in a row) detected in the flow-gram? (See sample on the right.) Write out
the sequence of the first 25 nucleotides in the flow-gram above, starting from
the left. (ignore the very short lines.)

l © The bead is placed into a small well along with

9 The well is one of 2 million on a multiwell plate, each containing a different DNA
fragment to be sequenced. A solution of one of the four nucleotides required for
DNA synthesis (deoxynucleoside triphosphates, or dNTPs) is added to all wells and
then washed off. This is done sequentially for all four nucleotides: dATP, dTTP,
dGTP, and then dCTP. The entire process is then repeated.

polymerase

© The process of adding and washing off the four
nucleotides is repeated until every fragment has a
complete complementary strand. The pattern of
flashes reveals the sequence of the original fragment
in each well.

@ The nucleotide is washed off
and a different nucleotide (dTTP,
here) is added. If the nucleotide
is not complementary to the
next template base (G, here), it
is not joined to the strand and
there is no flash.

© In each well, if the next base on the
template strand (T in this example) is
complementary to the added
nucleotide (A, here), the nucleotide
is joined to the growing strand,
releasing PP, which causes a flash of
light that is recorded.

(Figure 71)
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APPLICATION The sequence of nucleotides in any cloned DNA fragment of up to 800-1,000 base pairs

in length can be determined rapidly with machines that carry out sequencing reactions and separate the
labeled reaction products by length.

TECHNIQUE This method synthesizes a set of DNA strands complementary to the onginal DNA fragment.
Each strand starts with the same primer and ends with a dideoxynbonucieotide (dANTP), a modified nu-
cleotide. Incorporation of a dINTP terminates a growing DNA strand because it lacks a 3' —OH group,
the site for attachment of the next nucieotide (see Figure 16.14). In the set of strands synthesized, each nu-
cleotide position along the original sequence & represented by strands ending at that point with the com-
plementary ddNTP. Because each type of ddNTP is tagged with a distinct fluorescent label, the identity of
the ending nucieotides of the new strands, and ultimately the entire original sequence, can be determined.

© e fragment of DNA 10 be sequenced is

DNA Primer Deoxyribonucieotides
denatured into single strands and incubated
in a test tube with the necessary ingredients M:WM g (fluorescently
for DNA synthesis: a primer designed to Sp-c T -
base-pair with the known 3’ end of the T

template strand, DNA polymerase, the four
deoxyribonucieotides, and the four
dideoxyribonucieotides, each tagged with
a specific fluorescent molecule.

)
PRAPOASN“ADO~
§§
9 1} : EE

& RSMo

© Synthesis of each new strand "
starts at the 3’ end of the primer 5 o < - Labeled
and continues until a dideoxy-
ribonucieotide is inserted, at
random, instead of the normal
equivalent deoxynbonucieotide.
This prevents further elongation
of the strand. Eventually, a set of
labeled strands of vanous lengths
is generated, with the color of the
tag representing the last nucleotide
in the sequence

i

-o-cO-af\O)g
-o-cC\-cf\O)>§
bl A AL )C‘dg

-c-cC‘-cﬁC\))C\-cﬁg

-c-«O-th))O-cﬂ)g

i

© The labeled strands in the mixture are Direction |
separated by passage through a polyacryl- of movement | Longest labeled strand
amide gel, with shorter strands moving of strands |
theough more quickly. For DNA sequencing, vV
the gel is formed in a capillary tube rather 4
than a slab like that shown in Figure 20.9. The
small sze of the tube allows a fluorescence
detector 10 sense the color of each fluorescent ; = |
as the strands come through. Strands } .

§
H
|

RESULTS The color of the fluorescent tag on each

strand indicates the identity of the nucieotide at its

end. The results can be printed out a5 a spectro-

gram, and the sequence, which s complementary

to the template strand, can then be read from bot- Last nucleotide
tom (shortest strand) to top (longest strand). (Notce of shortest
that the sequence here begns after the primer.) labeled strand —

AOPPOANIPO
N
V

(Figure 72)
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Automated Enzymatic DNA Sequencing Analysis Manual Enzymatic DNA Sequencing Analysis
Template Template
r 1 1 r 1 X

DNA Polymerase ———— DNA Polymerase =———

Primer Primer
5 A §——o A T C G
. - ddG §——A TCGG
5 A reaction
ATCGGTAC G
5' ATE
5 ATCG ddc S A C
5 ATCGCR e f———ATCGGTAC
§—————— A T CGGT ddA 5 A
§————ATCGGTRH reaction | g A TCGGTA
5 ATCGGTARE
. AT
§5=—A TCGGTACG ey 5 — 4 7P el ¢ 6 T
5 A TCGGTACGS ) A TCGGTACG 1
G C A 1%
e \ ;
(f Longer — T
C Fi ts
A ragmen — G
l = (
Fluorescent Detector G
(Color Reader) w = — A
4 T
- (¢ - 1
l l (‘
= A g =
. . — G
A T € 6 &6 T A © ¢ T*
— C
Shorter
Fragments — T
@ — A
5

(Figure 73)

E Making Multiple Copies of a Gene or other DNA Segment

o A molecular biologist studying a specific gene or group of genes faces a challenge
because DNA molecules are extremely long, and a single molecule usually carries
hundreds or even thousands of genes.

e Moreover, in many eukaryotic genomes, the protein-coding genes occupy only a
small Fraction of the chromosomal DNA, while the remainder consists of noncoding

nucleotide sequences.
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To work directly with specific genes, scientists have developed methods for

preparing well-defined segments of DNA in multiple identical copies a process

known as DNA cloning.

Most in vitro DNA cloning techniques share certain general Features. One common

method involves using bacteria, often Escherichia coli (£ col/j), which contains a

large circular DNA molecule.

In addition, E. coli and many other bacteria possess plasmids small circular DNA

molecules that are replicated separately from the bacterial chromosome.

A plasmid contains only a few
genes, which may be useful
under specific
environmental conditions
but are not essential for
survival or reproduction under
most circumstances.

e To clone DNA Ffragments

using bacteria, researchers
First obtain a plasmid
(originally isolated Ffrom a

bacterial cell and genetically
modified for efficient cloning)
and insert DNA From another
source (Foreign DNA) into it (as
shown in the figure 74).

e The resulting plasmid is now a
recombinant DNA molecule a
molecule containing DNA

from two different sources,

often from diffFerent

species. The recombinant

B: Cell containing gene

of interest
o(n e insert
w to plas 1d
ng vector

Bacterial
chromosome

wl~>0

w m; asmid)

Gene cloning and some

cell uses of cloned genes. In
this simplified diagram of

gene cloning, we start

\\
/
“ 4

St ’ with a plasmid (originally
isolated from a bacterial
cell) and a gene of
interest from another
organism. Only one
plasmid and one copy of
the gene of interest are
shown at the top of the

figure, but the starting
materials would include

many of each.

Human growth hormone
treats stunted growth

(Figure 74)
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plasmid is then introduced into a bacterial cell, producing a recombinant
bacterium.

e This single recombinant cell divides repeatedly, forming a clone of cells 3
population of genetically identical cells.

e As the dividing bacteria replicate the recombinant plasmid and pass it to their
progeny, the Foreign cloned DNA and any genes it carries are copied
simultaneously. Producing multiple copies of a specific gene is a form of DNA
cloning known as gene cloning.

e Inthe figure, the plasmid acts as a cloning vector a2 DNA molecule that can carry
Foreign DNA into a host cell and replicate there.

o Bacterial plasmids are widely used as cloning vectors for several reasons: they are
easily obtained, manipulated to form recombinant plasmids by inserting Foreign
DNAin a test tube, and readily introduced into bacterial cells.

e Gene cloning is useful for two main purposes: to make many copies of a particular
gene (to amplify it) or to produce its protein product, as shown in the previous
fFigure.

e Researchers can isolate copies of the cloned gene from bacteria for use in basic
research or to give another organism a new metabolic capability, such as pest
resistance.

e For example, a resistance gene from one crop species can be cloned and
transferred to another plant species, producing genetically modified (GM)
organisms.

e Similarly, a protein with medical applications, such as human growth hormone, can
be mass-produced from bacterial cultures that carry the cloned gene for the
protein.

e Since an individual gene represents only a tiny Fraction of a cell's total DNA, the
ability to amplify these rare DNA segments is crucial for any application involving

a single gene.

E] Using Restriction Enzymes to Make a Recombinant DNA Plasmid:

151
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e Gene cloning and genetic engineering in general rely on the use of enzymes that
cut DNA molecules at a limited number of specific sites.

e Restriction enzymes protect a bacterial cell by cutting Foreign DNA from other
organisms or infecting phages. Hundreds of different restriction enzymes have
been identified and isolated.

e Each restriction enzyme is highly specific, recognizing a particular short DNA
sequence 3 restriction site and cutting both DNA strands at precise points within
that site.

e Figure75(3)illustrates how restriction enzymes can be used to clone a fForeign DNA
Fragment into a bacterial plasmid.

e Atthetopis abacterial plasmid containing a single restriction site recognized by a
specific restriction enzyme from £ co/i. As shown in this example, most restriction
sites are symmetrical, meaning the nucleotide sequence reads the same on both
strands when read in the 5'-»3' direction.

e The most used restriction enzymes recognize sequences containing Four to eight
base pairs.

e Because any short sequence typically occurs several times by chance within a long
DNA molecule, a restriction enzyme will make multiple cuts in such DNA, producing
a collection of restriction fragments.

e The most useful restriction enzymes are those that cleave the sugar-phosphate
backbone of the DNA strand in a staggered manner, as shown in the fFigure.

e Theresulting double-stranded restriction fragments have at least one sticky end
a short single-stranded extension.

e These short extensions can form hydrogen bonds with complementary sticky
ends on any other DNA molecules cut by the same enzyme.

e The bonds formed in this way are initially temporary, but they can be made
permanent by the enzyme DNA ligase, which catalyzes the Formation of covalent
bonds sealing the sugar-phosphate backbone of the DNA strand.

e As seen in the lower part of the Figure, ligase-catalyzed joining of DNA from two
different sources produces a stable recombinant DNA molecule in this example, a

recombinant plasmid.
152
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e To verify recombinant plasmids after they have been replicated several times in
host cells, researchers may cut the products again with the same restriction
enzyme, expecting two DNA Fragments one the size of the plasmid and the other
corresponding to the inserted DNA.

e To separate and visualize these fragments, researchers use a technique called gel

electrophoresis.
Bacterial
plasmid
Restriction site
5% ~ g
DNA
L [‘.'.'." - (Figure 75)
a
© Restriction enzyme cuts
the sugar-phosphat 9 =z
backﬁr‘:;sp at ei‘: §rrow Using a restriction enzyme and DNA
ligase to make a recombinant DNA
’ -
5'—531 mtu plasmid. The restriction enzyme in this
—CIIKQ, 5‘ example (called EcoRl) recognizes a
¥ Stick ¥ Z . : - 2
e::, d single six-base-pair restriction site

- present in this plasmid. It makes

M’ staggered cuts in the sugar-phosphate
DNA fragment from another m‘mZB i i
2 ol |sgadded. Base paifing 3 J backbones, producing fragments with
of sticky ends produces Fragment from different e ” :
various combinations. DNA molecule cut by the anky ends. Fore|gn DNA fmgment’
Same festriction enzyme with complementary sticky ends can

base-pair with the plasmid ends; the

A J
5 [ 5 ¥ .“ ¥ ligated product is a recombinant
(N G) (A AT T CINN 6] (AATT CHNNNNN

BT TTAR) (RN TTAA G plasmid. (If the two plasmid sticky ends

3 - g ¢ . b ¢ S - 2w .
One possible combination base-pair, the original nonrecombinant
© DNA ligase plasmid is reformed.)
seals the strands
5 ¥
T T
[ EEEmE s
¥ Recombinant DNA molecule g
Recombinant
plasmid
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E Rules of Restriction Enzymes:
1. They are highly specific.

2. In circular DNA, the number of fragments produced equals the number of
restriction sites.

3. In circular DNA, the number of fragments produced equals the number of
restriction sites.

4. Inlinear DNA, the number of fragments equals the number of restriction sites plus

one (+1).

E Complete Digestion and Partial Digestion:

't RE RE RE RE
La} ]
8 1
l COMPLETE DIZEST / FcoRl
| 8 -] ] |
t Genel (1200 bps)
RE RE gHE RE Plasmld enefinsert Pl

Backbone (2870 bps)

l PARTIAL DIGEST

| ——==u]
————
I — 1 EcoRl
—
E 1
EcoR1 Digest M D
16 —
EcoR1
BamH1 12 p—
10 —
BamH1 6 _
4 —
Pst3 2 —
16 KB Plasmid 5 ” - 5 ”

(Figure 76)

(154

National Science and Mathematics Olvmpiad




() eoo
e0et. L*l000
00, .. 000
Pl =il ajlig
Ministry of Education

A

\

& & Vovo

aTLQQ_A
Mawhiba

O

0

The PCR primers are
designed so that the
DNA fragments |
obtained by PCR K

have, at each end, a
restriction site
matching the one in
the cloning vector.

Cut with same
restriction
ienzyme

used on cloning

A gene that vector
makes

bacterial cells
resistant to an|

antibiotic is
present on the
plasmid.|  Cloning vector
(bacterial plasmid)
Mix and ligate

Recombinant
DNA plasmid

Recombinant DNA plasmids
are added to bacterial host
cells, which are then treated
with antibiotic. Only cells that |
take up a plasmid will survive,
due to the antibiotic
resistance gene.

ED @O FO

Use of a restriction enzyme and PCR in gene cloning. In a closer look at the process
shown at the top of Figure, PCR is used to produce the DNA fragment or gene of interest
that will be ligated into a cloning vector, in this case a bacterial plasmid. The ends of the
fragments have the same restriction site as the cloning vector. The plasmid and the DNA
fragments are cut with the same restriction enzyme and combined so the sticky ends can
hybridize and be ligated together. The resulting plasmids are then introduced into
bacterial host cells. The plasmid also contains an antibiotic resistance gene that allows
only cells with a plasmid to survive when the antibiotic is present. Other genetic
engineering techniques are used to ensure that cells with nonrecombinant plasmids can be
eliminated

(Figure 77)

E Gel Electrophoresis and Southern Blotting:
e Many methods used to study nucleic acid molecules involve gel electrophoresis.

This technique employs a gel made of a polymer, such as the polysaccharide

agarose.

e Thegel acts as a molecular sieve, separating nucleic acids or proteins based on size,

electrical charge, and other physical properties (see next figure).
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e Because DNA molecules carry negative charges on their phosphate groups, they
all migrate toward the positive electrode in an electric fField. As they move, the
network of agarose fibers impedes longer molecules more than shorter ones,
thereby separating them by length.

e Thus, gel electrophoresis separates a mixture of linear DNA molecules into bands,
each consisting of thousands of DNA molecules of the same length.

e One historically valuable application of this technique is restriction fragment
analysis, which rapidly provides information about DNA sequences.

e In this type of analysis, the DNA fragments produced by restriction enzyme
digestion of a DNA molecule are separated by gel electrophoresis.

o Restriction fragment analysis can be used to compare two different DNA
molecules for example, two alleles of a gene if 3 nucleotide difference affects a
restriction site.

e Achangein even one base pair within such a site can prevent a restriction enzyme
from cutting there. Variations in DNA sequence among individualsin a population are
called polymorphisms; this type is known as a Restriction Fragment Length
Polymorphism (RFLP).

e If one allele contains an RFLP, cutting the DNA with the enzyme that recognizes the
site will yield a difFerent mixture of Fragments for each allele, producing distinct
banding patterns in gel electrophoresis.

o Forexample, sickle-cell disease results from a single-nucleotide mutation within a
restriction site (RFLP) in the human 3-globin gene (see figure).

e To determine whether a person is heterozygous for the sickle-cell allele, the
individual's DNA can be compared directly with DNA from a homozygous normal and
a homozygous sickle-cell individual.

e Asnoted earlier, gel electrophoresis of DNA fragments cut by a restriction enzyme
and stained with a DNA-binding dye produces too many bands to distinguish
individually.

e However, the classic method known as Southern blotting developed by British

biochemist Edwin Southern combines gel electrophoresis with nucleic acid
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hybridization, allowing detection of bands containing Fragments of the 3-globin
gene.

e In Southern blotting, the probe is typically a labeled single-stranded DNA
molecule complementary to the gene of interest. The following figure illustrates the
entire procedure and how it can differentiate heterozygous individuals (in this
case, for the sickle-cell allele) from homozygous normal individuals.

e Identifying carriers of mutant alleles associated with hereditary diseases is one
major application of Southern blotting.

e Thetechnique has also been adapted for use with RNA and proteins.

e When mRNA is isolated and separated by electrophoresis, the technique is called
Northern blotting. The procedure is the same, except that mRNA is used instead of

DNA, and there is no DNA denaturation step.
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Gel Electrophoresis

APPLICATION Gel electrophoresis is used for separating nucleic acids
or proteins that differ in size, electrical charge, or other physical proper-
ties. DNA molecules are separated by gel electrophoresis in restriction
fragment analysis of both cloned genes (see Figure 20.10) and genomic
DNA (see Figure 20.11).

TECHNIQUE Gel electrophoresis separates macromolecules on the basis
of their rate of movement through an agarose gel in an electric field: The
distance a DNA molecule travels is inversely proportional to its length. A
mixture of DNA molecules, usually fragments produced by restriction en-
zyme digestion (cutting) or PCR amplification, is separated into bands.
Each band contains thousands of molecules of the same length.

@ Each sample, a mixture of DNA molecules, is placed in a
separate well near one end of a thin slab of agarose gel. The
gel is set into a small plastic support and immersed in an
aqueous, buffered solution in a tray with electrodes at each end.

Mixture of

Power
DNA mol- Source
ecules of Cathode Anode G
different . ¢
sizes g == l
> : I |
Y Gel

€ When the current is turned on, the negatively charged DNA
molecules move toward the positive electrode, with shorter
molecules moving faster than longer ones. Bands are shown
here in blue, but in an actual gel, the bands would not be
visible at this time.

Longer.
molecules

molecules

RESULTS After the current is turned off, a DNA-binding dye (ethidium
bromide) is added. This dye fluoresces pink in ultraviolet light, revealing
the separated bands to which it binds. In the gel below, the pink bands
correspond to DNA fragments of different lengths separated by elec-
trophoresis. If all the samples were initially cut with the same restriction
enzyme, then the different band patterns indicate that they came from
different sources.
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Conventional Gel Electrophoresis

(Figure 78)
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Autoradiogram

Normal B-globin allele

[EE:ZZ]llIIIIIIIIIIIIE:ZZZZZ::ZEJ
14—175 bp—>T<—'201 bp—»f<—(arge fragment——-»T

Ddel Ddel Ddel Ddel

Sickle-cell mutant B-globin allele

[ ./

1 3 . S
[ 376 bp: T Large fragmenl—oT
Ddel Ddel Ddel

9-OLLY
NSMO

(a) Ddel restriction sites in normal and sickle-cell alleles of the

B-globin gene. Shown here are the cloned alleles, separated

from the vector DNA but including some DNA next to the coding

sequence. The normal allele contains two sites within the coding
sequence recognized by the Ddel restriction enzyme. The sickle-

cell allele lacks one of these sites.

Normal  Sickle-cell
allele allele
Large
fragment
376 bp
201 bp
175 bp

(b) Electrophoresis of restriction fragments from normal and
sickle-cell alleles. Samples of each purified allele were cut with

the Ddel enzyme and then subjected to gel electrophoresis,

resulting in three bands for the normal allele and two bands for

the sickle-cell allele. (The tiny fragments on the ends of both
initial DNA molecules are identical and are not seen here.)
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The Practical Applications of DNA-Based Biotechnology Affect our Lives in
Many Ways:
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Diagnosis and Treatment of Diseases
Human Gene Therapy and Gene Editing
Pharmaceutical Products

Forensic Evidence and Genetic Profiles
Environmental Cleanup

Agricultural Applications
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Exercises @

Which of the Following enzymes was used . . . . c
£652 g3 dolasiwl ei dllll Oley 353l oo sl

sl § g99il yael

to produce the molecule of DNA in the
Figure?

A | ligase C | RNA polymerase

B | arestriction enzyme D | DNA polymerase

L4 Exercise 2 P ey ¥

Why are yeast cells frequently used as hosts | ))Sio JSXin 6)a0dl LS AL i 13Lal
for cloning ? S il udes
A | They easily Form colonies. dgguu Ol oo JSiud L@J'T A
B | They can remove exons from mRNA. MRNA 0 exons dllj] pgiSes | B
C | They do not have plasmids. WlaaojMy g pudd | C
D | They are eukaryotic cells. Slgdl drsé> l.a)bum D
% Exercise 3 P euya L4

sl § pasdl (290 § &)l 42 90 Pax-6
Pax-6 is a gene that is involved in eye Formation in many &Jgﬁ;ﬂl de.gSLO." LS d‘~‘° s C'Jb_)ﬁ.éwl oo

invertebrates, such as Drosophila. Pax-6 is also Found in

vertebrates. A Pax-6gene from a mouse can be expressed | 42 O€ sl S0y . O ylaall 3 Laul Pax-6

in a Fly and the protein (PAX-6) leads to a compound fly eye. (PAX-6) O"SSJ’JI 635‘9 WL GJi-g Oo Pax-6
This information suggests which of the Ffollowing cTToE T CF

characteristics of this gene? t_SI Jdl Ologlnall 0390 yaii daSyo dib3 (e d!
sl 1ag) dJl yaibadl o
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A Pax-6 genes are identical in nucleotide J— s @ da b o Pax-6 wli> A
sequence. OlauigudSgul|

5 PAX-6 proteins have identical amino acid | oo déylaio OM_wl i lg) PAX-6 &liuig p 5
sequences. duigodl (ol

c Pax-6 is highly conserved and shows Lok Lol 2ebug Llell bgaso P—ax-6 .
shared evolutionary ancestry. Syidino

5 PAX-6 proteins are different for daliswo 8|9.ii 02953 § PAX-6 Wliggy lis 5
Formation of different kinds of eyes. sl oo

? Exercise 4 € )X L4

The segment of DNA shown in the figure .
Je JSaidl § amo9all S99l psesll £52 Sgizy
9 B g A dyauiii ahd Gl GVlg « I g | 3uuiis @Slge
39651 o321 Lg=iiy GUI daodlgll Slgall 3o (sl .C
Slgiugg £13281 030 Juod Jubdi JSiu Jiey

has restriction sites | and Il, which create
restriction fragments A, B, and C. Which of
the gels produced by electrophoresis
best represents the separation and

identity of these fragments?

' Il
LA [B] c |
C A B B A _C
Al o ® C|l o ®
A B C AR
B|lo ® D o @
% Exercise 5 L RUTERY] $
Which of the Following sequences is most | e oi 2200l 9o LI Ol oo §i
likely to be cut by a restriction enzyme? Saudio o] dbalgy asbd
5'-AATTCT 3' 5'-AAAATT-3'
A C
3'-TTAAGA-5' 3'-TTTTAA-5'
5'-AATATT-3' 5'-ACTACT-3'
B D
3'-TTATAA-5' 3'-TGATGA-5'

¥

Exercise 6 RRETERY) %
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Select an observation that best describes a
correct aspect of the two processes of
restriction digest and gel electrophoresis.

When separated on a gel, the pattern of )
e3> i (95w « deo Mo 83lo Je lghad Jic
decgbdoll i ljuoo 99l yool
A | cut with Hind IlI; different restriction - A
sl Oleyji] 205 o) ¢ Hind 111 plasiwb

Llgwss clj=¥l 0l dalisall

DNA bands will be characteristic of those

enzymes will not produce these same

Fragments.

The sequence 5'-AAGCTT-3'is found eight _
Jled AAGCTT-3-'0 J—wd il Je ygisll Y]
times in the Lambda genome, and the -

B audill @33l yisag . Lambda pgiu> § who | B
restriction enzyme Hind lll finds each 3 -
890 JS Je Hind Il

location.

IF an electrical current is not used, eight | g wd + JLiygS YL plasuiwl piy @) 13]
oS+ S99il paeall dlasio GBS diles
plasiuwl dic lghad i bo )asy lgliod ey )

SbreSl Ll

separate DNA bands would be visible, but
they would not be separated as much as

when an electrical current is used.

Only the restriction enzyme Hind Ill can )
b9 Hind 11 apsill eu3i] plasiwl Sy
be used to cut Lambda DNA since

D sl oloysi] oY 155 DNA Lambda ghal | D
restriction enzymes are specific to the ) ' )
a2 lgilay t“s)Jl @991“ waeall goly dols

type of DNA they can cut.

¥

Exercise 7

The DNA profile of three newborn

National Science and Mathematics Olvmpiad

children (Baby A, Baby B, Baby C) was
analyzed, in addition to three married
couples (Dad #1and Mom #1 - Dad #2 and
Mom #2 - Dad #3 and Mom #3).. This is to
ensure that the children match their
parents after the process of sorting them

d530 Jl dSLo3L (Baby A, Baby B, Baby C) 8339l
Mom #2 - g Mom #1 - Dad #2 g Dad #1) glgji
diylbo oo ASLl clJ3g .(Mom #3 g Dad #3
Sb o e2))9 dilac Ggas sy egiLE Jlabll
Jalol 2505 Oyghs A5g . guall ) Cariany UnS

: JWI 92l e oMgll Juodll jlg> placinly
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by mistake because of the medical stafF.
The results of the analysis using the gel
separator appeared as Follows:.
maoers  dadfl  momdl  dadd?  momd? 48 meedd  BabyA  BabyB  BabyC
N 1 I it — 1 1 S | j [} e ) e ] p— |
n=50 —
n=45| —m —8 —_—
n-40 | =— — —_— — —_— —
n=15 — — —_— —_—
a=3| — — —— e s
=23 — — —_—
oa=20 S
A | | Baby Parents B | | Baby Parents C | | Baby Parents
C Mom #1 ¢ Dad #1 A Mom #1 ¢ Dad #1 C | Mom #1 g Dad #1
B Mom #2 g Dad #2 B Mom #2 9 Dad #2 A Mom #2 9 Dad #2
A | Mom #3 3 Dad #3 C | Mom #3 g Dad #3 B | Mom #3 yDad #3
L4 Exercise 8 Aoy L4

The sequence of a short piece of DNA was

analyzed enzymatically using

deoxyribonucleotides. Using the gel
shown below, Which of the options

determines the DNA sequence.

Lioujil DNA (o 6008 d2bd Jmdowi JI3
- x2S 3l duogiite il OlaigylSes Jlesiuwly
3329 Okl 9o sl 0Ll Gaall EMgH plasiuwly
. DNA Judaas
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| — — —— —/
—
g
T —
\
=
e
———— _— [
m— |
— |
—
—— ‘
A | 3' CTGATAGTCAGCTG_5' C | 3'_GGGGCCCAAATTTT.5'
B | 5'_ GGGGCCCAAATTTT_3’ D | 5 CTGATAGTCAGCTG_3’
? Exercise 9 L FOTERY) ?

What is the most logical sequence of steps for splicing fForeign DNA into a plasmid and
inserting the plasmid into a bacterium?

S @ 303l JI53lg 3x03l § a1yl DNA puali Olghha) dyibiso s3I Junduwid] 90 Lo
I. Transform bacteria with a recombinant DNA molecule.

1l. Cut the plasmid DNA using restriction enzymes (endonucleases).

l1l. Extract plasmid DNA From bacterial cells.

IV. Hydrogen-bond the plasmid DNA to non-plasmid DNA fragments.

V. Use ligase to seal plasmid DNA to non-plasmid DNA.

«duS)yi 3ol DNA £652 2o b sl Jag=d |

.(endonucleases) auniill Oloyjl plasiuwb DNA du0 Ul 2b3 .11

<) S LIS (0 a0 )T DNA 21yl 11

32031 y2& DNA Llbuin 340531 DNA (ja29)3agll buy IV

320 )31 jue DNA (Je a0 jsJl DNA GMed ligase pasuiwl .V

A ILILV, IV, C | LIV, V, 1

B | I, 11,1V, V,I D[ IV,V, LI
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