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    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 

— in 1419 AH / 1999 AD. Mawhiba seeks to create a stimulating environment for giftedness 

and creativity, foster a passion for 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. 

Dear Student 
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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 for 

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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1. To build foundational biological concepts that prepare students for 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. 

 

1. The student infers how offspring acquire inherited traits. 

2. The student recalls Mendel’s laws (law of segregation and law of independent 

assortment). 

3. The student applies Mendel’s laws to solve genetic problems. 

4. The student identifies non-Mendelian patterns of inheritance. 

5. The student compares linked and unlinked genes. 

6. The student explains the results of a test cross. 

7. The student analyzes pedigree charts to predict inheritance patterns. 

8. The student connects chromosome behavior to Mendel’s laws. 

9. 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. 

Specific Objectives 
 

General Objectives 
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 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 flower. Each resulting zygote developed into a plant embryo 

within a seed, allowing Mendel to be certain of the parental origin of each new seed. 

Mendel and the Gene Idea 
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      example, a plant that produces only purple flowers generation after generation 

through self-fertilization 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 F₁ generation (first filial generation). 

     When the F₁ hybrids self-pollinate or cross with one another, their offspring make up 

the F₂ generation (second filial generation). Through quantitative analysis of thousands 

of F₂ 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. 

 

 

 

 
Figure 1: Steps of Mendel’s Experiments 
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      As shown in the previous figure (Figure 1), the experiment yielded a completely 

different result: all F₁ 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 F₁ plants would have produced only purple-flowered offspring in the F₂ 

generation. However, when Mendel allowed the F₁ plants to self-pollinate and grew the 

resulting seeds, the white-flower trait 

reappeared in the F₂ generation. 

     Mendel concluded that the hereditary 

factor responsible for white flowers was not 

altered or destroyed in the F₁ plants but was 

somehow segregated when the purple-

flower factor was present. 

     In Mendel’s terminology, the purple-flower 

color is a dominant trait, while the white-

flower color is a recessive trait. 

     Mendel observed the same pattern of 

inheritance in six other characteristics, each 

represented by two distinctly contrasting 

traits (see Figure 2). 

     To explain the consistent 3:1 inheritance 

pattern he observed among the F₂ 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 

The Law of Segregation 
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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 

a 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) 

     The two alleles at a specific 

locus may be identical, as in 

the true-breeding parental (P) 

generation of Mendel’s 

experiments, or they may be 

different, as in the hybrid F₁ 

plants. 

     Thirdly, if the two alleles at a 

locus differ, one the dominant 

allele determines the 

organism’s appearance, while 

the other-the recessive allele-

has no noticeable effect on 

the organism’s appearance. 
Figure 3: Results of Mendel’s Experiments Illustrated with a Punnett Square 
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     Accordingly, the F₁ 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 

a recessive allele. 

In the F₂ generation, 

 ¼ of the plants inherit two purple-flower alleles; these plants clearly exhibit purple 

flowers. 

 ½ of the plants inherit one purple-flower allele and one white-flower allele; these 

plants also have purple flowers, since the trait is dominant. 

 Finally, ¼ 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 F₂ 

generation. 
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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-

flowered 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 F₁ plants produce gametes containing both P and 

p alleles. Thus, self-pollination of the F₁ 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 

its genetic composition. Therefore, we distinguish 

between: 

 The phenotype, referring to the organism’s 

observable traits, and 

 The genotype, referring to the organism’s 

genetic makeup. 

     In the case of flower color in pea plants, 

individuals with PP and Pp genotypes share the same 

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

phenotypes and genotypes of F₂ 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) 

Figure 4. Phenotypes and Genotypes of F₂ 

Generation Pea Plants 
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     This procedure crossing an individual of unknown genotype with a 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) 

 

 

 

 

 

 

 

 

 

 

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.” 

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

 

 

 

 

 

 

 

 

 

 

 

 

  

  

  

  

  

  

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 0 

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 

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

 



 

 

 

 

 

National Science and Mathematics Olympiad    

20 

a normal coin, however, the chance of landing on heads is ½, and the chance of landing on 

tails is ½. 

     Flipping a coin demonstrates an important lesson about probability: for each flip, the 

probability of getting heads is ½, 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—for 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) = ½ × ½ = ¼ 

     We can apply the same reasoning to a monohybrid cross in pea plants. For seed shape, 

the F₁ plants have the genotype Rr. In a heterozygous (Rr) plant, segregation of alleles 

functions like flipping a coin: each egg has a ½ chance of carrying the dominant allele (R) 

and a ½ chance of carrying the recessive allele (r). The same applies to each pollen grain. 
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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 

½ (from the egg) × ½ (from the pollen) = ¼ 

     Thus, the multiplication rule tells us that the probability of an F₂ plant being rr (wrinkled 

seeds) is ¼, while the probability of it being RR (round seeds) is also ¼. To determine the 

probability that an F₂ 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 F₁ 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: 

¼ RR, ½ Rr, and ¼ rr 

Knowing these probabilities, we can apply the same principle to predict the probabilities 

of different F₂ genotypes, such as YYRR and YyRR, in more complex crosses illustrated 

below. 

 Probability of YYRR = ¼ (probability of YY) × ¼ (RR) = 1/16 

 Probability of YyRR = ½ (Yy) × ¼ (RR) = 1/8 

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

probability of 1⁄16. 

Meanwhile, the genotype YyRR occupies two of the sixteen cells, corresponding to 2⁄16 

= 1⁄8. 
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Now, let us see how the 

multiplication and addition rules 

can be combined to solve more 

complex problems in Mendelian 

genetics. 

Imagine a cross between two pea 

plants in which we track the 

inheritance of three different traits. 

We will cross a trihybrid pea plant 

with purple flowers and yellow, 

round seeds (heterozygous for all 

three traits) with another plant that has 

purple flowers and green, wrinkled seeds 

(heterozygous for flower color but 

homozygous recessive for the other two 

traits). Using Mendel’s notation, the cross is: PpYyRr × 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 

least two recessive traits, this 

includes the last genotype, which 

expresses all three recessive 

traits.) Next, we calculate the 

probability of obtaining each of these 

genotypes from the PpYyRr × Ppyyrr 

cross by multiplying the individual probabilities for each pair of alleles. 

Figure 7. Illustrates a dihybrid Punnett square showing the 

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

seed shape (R/r) in pea plants, resulting in a 9:3:3:1 

phenotypic ratio of yellow-round, yellow-wrinkled, green-

round, and green-wrinkled seeds. 

Figure 8. Calculates the probabilities of all possible 

genotypes 
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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. 

For some genes, neither allele is completely dominant, and the F₁ 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. 

Figure 9. An Example of Incomplete Dominance 
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     For example, the ABO blood group system in humans is determined by three alleles of 

a single gene: Iᴬ, Iᴮ, 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 O), 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. 
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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. 

Figure 10. The ABO Blood Groups as an Example of Multiple Alleles 
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     A second gene determines whether pigment is 

deposited in the hair. The dominant allele (E) allows 

pigment either black or brown, depending on the 

genotype at the first locus to be expressed. 

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

this second locus, no pigment is deposited, and the 

coat appears yellow, regardless of the genotype at 

the black/brown locus. 

     In this case, we say that the gene controlling 

pigment deposition (E/e) is epistatic to the gene that 

determines pigment color (B/b). 

2. Polygenic Inheritance 

Mendel studied traits that could be classified in an 

“either or” manner, such as purple versus white flowers. 

However, many traits such as human skin color and 

height do not fall into distinct categories because they 

exhibit continuous variation. These traits are called 

quantitative characters. Quantitative variation usually 

indicates polygenic inheritance, the additive effect of 

two or more genes on a single phenotypic trait. (Note 

that polygenic inheritance is the opposite of pleiotropy: 

in pleiotropy, one gene affects multiple phenotypic 

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. 

Figure 12. Human Skin Color Genes as an Example 

of Polygenic Traits 

Figure 11. An Example of Epistasis in Dog Coat 

Color Involving Two Genes That Determine the 

Phenotypic Expression 
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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 years 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 family history of a 

particular trait and organizing it into a family 

 

 Figure 13. This figure presents a three-generation pedigree 

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

shaped hairline caused by the dominant allele (W). 

Nature and Nutrition 
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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 

pedigree chart of the same family, but this 

time it focuses on a recessive trait attached 

earlobes. Here, f represents the recessive 

allele, and F represents the dominant allele, 

which produces free earlobes. An important 

application of pedigree charts is their ability to 

help us calculate the probability that a future 

child will have a particular genotype or 

phenotype. Suppose the couple in the second 

generation of (Figure 13) decides to have 

another child. 

What is the probability that the child will have a 

Widow’s peak? 

This situation is similar to a monohybrid cross in Mendel’s F₁ generation (Ww × Ww). 

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

have a Widow’s peak is ¾ (½ Ww + ¼ WW). 

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

Again, this can be treated as a monohybrid cross (Ff × Ff), but this time we are looking for 

the chance that the offspring will be homozygous recessive (ff). That probability is ¼. 

 
Figure14. A Three-Generation Pedigree Chart Tracing the 

Inheritance of Attached Earlobes 
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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 × WwFf). 

Therefore, we can apply the multiplication rule: 

¾ (chance of Widow’s peak) × ¼ (chance of attached earlobes) = 3⁄16 (chance of having 

both traits). 

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

or lethal diseases. 

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. 

Recessively Inherited Disorders 
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Although heterozygous individuals are 

phenotypically normal with respect to 

the disorder, they can still pass the 

recessive allele to their offspring and 

are therefore called carriers. 

These principles are illustrated in the 

following figure, using albinism as an 

example (Figure 15). Most individuals 

affected by recessive disorders are 

born to carrier parents who are 

phenotypically normal. 

     A mating between two carriers corresponds to Mendel’s F₁ monohybrid cross, with the 

expected genotypic ratio of 1 AA : 2 Aa : 1 aa. Therefore, each child has a ¼ 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 

(1 AA + 2 Aa), two are expected to be heterozygous carriers, giving a probability of ⅔. 

 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 of cystic fibrosis? 

 

 

 
---------------------------------------------------------------------------------------------- 
---------------------------------------------------------------------------------------------- 
--------------------------------------------------------------------------------------------- 

Figure 15. 
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      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. 

    

  

 Sickle-cell Disease: A Genetic Disorder with Evolutionary Implications: 

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

Although many harmful alleles are 

recessive, several human disorders are 

caused by dominant alleles. 

    One example is achondroplasia, a form 

of dwarfism that occurs in one out of 

every 25,000 individuals. In this 

condition, heterozygous individuals 

exhibit the dwarf phenotype, as shown 

in the figure. 
 

Dominantly Inherited Disorders 
 

Figure 17. 
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     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, it is irreversible and inevitably fatal. 

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 × Aa, 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 

each is the offspring of an Aa × Aa cross, and the genotypic ratio from such a cross is 1 AA 

: 2 Aa : 1 aa, each of them (John and Carol) has a 2⁄3 probability of being a carrier (Aa). 

According to the multiplication rule, the overall probability that their first child will have 

the disorder is: 

2⁄3 (John is a carrier) × 2⁄3 (Carol is a carrier) × 1⁄4 (two carriers having an affected child) = 

1⁄9. 

 

 Huntington’s Disease: A Late-Onset Lethal Disease  

Counseling Based on Mendelian Genetics and Probability Rules: 
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Suppose John and Carol decide to have a child after all; there is an 8⁄9 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 1⁄4 probability that any subsequent 

child will also have the disease. This probability is higher for later 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 

result is 

¼ × ¼ × ¼ = 1⁄64. 

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

remains ¼. Tests for Identifying Carriers 

 Fetal Testing 

 Newborn Screening 
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Mendelian Inheritance has its Physical Basis in the Behavior of Chromosomes: 
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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 fruit fly, Drosophila 

melanogaster a 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 

chromosomes (XX), whereas males have one 

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. 

 Morgan’s Choice of Experimental Organism  

 

Figure 18.  

Morgan’s Experimental Evidence 
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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 fruit flies is 

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

Morgan crossed a white-eyed male fruit fly with a 

red-eyed female. All F₁ offspring had red eyes, 

indicating that the wild-type allele is dominant. 

When Morgan crossed the F₁ flies with each other, 

he observed the classic 3:1 phenotypic ratio among 

the F₂ generation. However, there was an additional 

and surprising result: the white-eye trait appeared 

only in males. All F₂ females had red eyes, whereas 

half of the males had red eyes and the other half 

had white eyes. 

Therefore, Morgan concluded that eye color in fruit 

flies 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 F₂ 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). 

 Correlating Behavior of a Gene’s Alleles with Behavior of a 
Chromosome Pair: 

Figure 19. Morgan’s Experiments on Fruit 

Flies Showing the Expected Results for 

Both the F₁ and F₂ 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 F₂ females in Morgan’s 

experiment, since all F₁ parents had red eyes. 

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 in inheritance, 

beginning with a review of the chromosomal basis of sex determination in humans and 

several other animals. 

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. 

Sex-Linked Genes Exhibit Unique Patterns of Inheritance 

 1. The Chromosomal Basis of Sex: 
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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 a Y chromosome. 

Thus, the sex of each offspring is 

determined at the moment of 

fertilization: 

 If a sperm cell carrying an X 

chromosome fertilizes the egg, the 

resulting zygote (XX) develops into a female. 

 If a sperm cell carrying a Y chromosome fertilizes the egg, the resulting zygote (XY) 

develops into a male. 

Therefore, sex determination is essentially a matter of chance — a fifty-fifty probability. 

 (Figure 20) 
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As shown in the following figure, the X–Y system used by mammals is not the only 

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. 

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 same inheritance 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 

the following figure (Figure 2-5). 

 2. Inheritance of X-Linked Genes 

 
Figure 21. Examples of Inheritance Patterns for X-Linked Genes 
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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 female 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. 

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 

 3. X Inactivation in Female Mammals 
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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. 

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 

Linked Genes Tend to be Inherited Together because they are Located 
near each other on the Chromosome: 

 

Figure 22. 
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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 

independent assortment. 

To understand how gene linkage affects the 

inheritance of two different traits, let us 

examine another of Morgan’s experiments 

with the fruit fly Drosophila. 

In this case, the traits studied were body color 

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. 

The mutant alleles were recessive 

to the wild-type alleles, and neither 

of the two genes was located on a 

sex chromosome. To test the 

relationship between these genes, 

Morgan performed the crosses 

illustrated in the following figures 

(Figures 23 and 24). 

The first cross involved the parental 

(P) generation to produce dihybrid 

F₁ flies, and the second was a 

testcross. From these results, 

Morgan concluded that body color 

Figure 23. Morgan’s Testcross Experiment on the 

Fruit Fly Drosophila 

 
Figure 24. 

How Linkage Affects Inheritance 
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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. 

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. 

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 × 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 

 Recombination of Unlinked Genes: Independent Assortment of 
Chromosomes: 

Genetic Recombination and Linkage 
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chromosomes during metaphase I of meiosis, which leads to the independent 

assortment of unlinked genes. 

 

 

 

 

 

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 I 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. 

 Recombination of Linked Genes: Crossing Over: 
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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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 25. Illustration of How Crossing Over in a Dihybrid Female Fly  
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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. 

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 fails to move 

apart properly during meiosis I, 

or sister chromatids fail to 

separate during meiosis II (as 

shown in Figure 26). 

In such cases, one gamete 

receives two copies of the same 

chromosome, while another 

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 a missing chromosome 

Alternations of Chromosome Number or Structure Cause some Genetic 
Disorders: 

 Abnormal Chromosome Number: 

Figure 26. 
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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 

failure 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. 

 



 

 

 

 

 

National Science and Mathematics Olympiad    

50 

Errors during meiosis or exposure to harmful 

agents such as radiation can cause chromosomal 

breakage, leading to four major types of 

structural alterations in chromosomes, as shown 

below. 

A deletion occurs when a chromosomal fragment 

is lost, causing the chromosome to lack certain 

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 

fragment may attach to a nonsister chromatid of 

a homologous chromosome. In this case, the 

“duplicated” segments may not be identical, since 

homologous chromosomes can carry different 

alleles of the same genes. 

Sometimes, a chromosomal segment reattaches 

to its original chromosome but in the reverse 

orientation, creating an inversion. A fourth 

possible outcome of chromosomal breakage is when the fragment 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. 

 Alterations of Chromosome Structure: 

 Figure (27) 
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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. 

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. 

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 

 Down Syndrome (Trisomy 21): 

Human Disorders Due to Chromosomal Alterations: 
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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. 

Nondisjunction of Sex Chromosomes involving the 

sex chromosomes can produce a variety of aneuploid 

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. 

 

 

 

 

 Aneuploidy of Sex Chromosomes: 

 
Figure 28. 

Disorders Caused by Structurally Altered Chromosomes: 
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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. 

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 

 1. Genomic Imprinting 

 

Figure 29. 

Some Inheritance Patterns are Exceptions to Standard Mendelian 
Inheritance 
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 specific allele of certain genes. Because 

these genes are imprinted differently in 

sperm and eggs, the zygote expresses only 

one allele of an imprinted gene either the 

maternal or the paternal allele. 

These imprints are maintained and 

transmitted to all body cells during 

development. 

In each generation, the old imprints are 

erased in the cells that produce gametes, and 

the newly forming gametes are imprinted 

according to the sex of the individual 

producing them. 

Not all a eukaryotic cell’s genes are located 

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. 

 2. Inheritance of Organelle 
Genes 

Figure 30. Illustration of Genomic Imprinting During 

Gamete Formation in Mice, Specifically Involving the 

Insulin-like Growth Factor 2 (Igf2) Gene 
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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  
  

      ̘δ١ ̢̼ر      Exercise 1 

  أي ΐΎ اΊ̙ͣ̊رات اδ ΤγΊ̡̊Ί͓ͪ اάΑγ̭Ίم؟ 

 

Which of the following statements defines 

a genome? 

A  ΐθ̊ـͽΊـ̼ات في اγ̡̙̙Ίـ̼ اδ̼ͤـ  ΐΎ ΤـΉΎ̊ـͽΊا Τͤـ ά΍̭΍Ίا (

β̵Ίا  

BاعάΒلأΊ ̼اتγ̡̙̙Ίا ̼δ̼ͤ ΐΎ ΤΉΎ̊ͽΊا Τͤά΍̭΍Ίا (  

CويάΑΊا ͚΍ΑΊا (  

D تσــ ͋Ήــ ) اΤͤά΍̭΍Ί اΑγ̭Ί ΤΉΎ̊ͽΊ̊ت اΐθ̊ͽΊ اβ̵Ί و̢͋

  ا΍̵Ί͖ اάΑΊوي الأ̺͂ى

A) the complete set of an organism's 

polypeptides 

B) the complete set of a species' 

polypeptides 

C) a karyotype 

D) the complete set of an organism's genes 

and other DNA sequences  

       ̘δ٢̢̼ر    Exercise 2 

ـ͹γ͌̊ن   ـ͌̊ل  ͂اج ا΍Ίه̡̈́ة إر ̮͂Ίر اά̵Ίـ̭͐̊ر ا ΐͽ΍δ لأ

  ͊γΊ سيـΑ̭Ίا ̦͂̊ͽ̡Ίسيـ. اΑ̮σΊا ̦͂̊ͽ̡ΉΊ الأرض ̵̢̠

  Τـδـ̶̊د ـͬ̎ن الأΎ͏ــــ̊ج أ ـ̵̼ث،  δ ̊ـΎ̼ـΑͤ ΐͽΊو ،̊ ًͣـ θ̊͐ــــ

ـͤلى   ـά̡ي  ـ̵ ـ̢ ͣــ̼د  ͤــ̼د    ١٩اΊـ  Όـ;  .̊ ــΎάــً ;ـ͂وΎـά͌ــ

ــ͹γ̊ن ̵̢̠   ͋Ίا ̊δσ̺ دة فيά̮ά΍Ί̊ت اΎάــ ͌άΎ͂وͽΊا

  الأرض؟

Quaking aspen trees can send out 

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 

the underground stems?  

A  (٩  

B (١٠  

C (١٩  

D  (٣٨  

A) 9 

B) 10 

C) 19 

D) 38  

 

 Exercise 3    δ٣̘  ̢̼ر       
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   ̊ ͸̙͛Αδ Τ ͤلى الأάΒاع اΊتي Ίهـ ـγΊ̡̊ـ Ίـ̙̊رات ا ͣΊا ΐΎ أي

  ؟2n=16̼ͤد ;͂وά͌άΎم 

Which of the following statements is true 

of a species that has a chromosome 

number of 2n = 16? 

A  ͢Ύ ـ̊تγ̙͓ͧـــΊا Τ γθ̊ـ ;͂وάΎ͌ـــάم ͽΊـΈ    ٣٢) الأάΒاع Α̦ـ

.ΤγΉ̺  

B  اع ͤلىάΒي الأά̵̡̢ (̊ت  ١٦Ύάــ ͌άΎ͂وͽΊا ΐΎ Τͤά΍̭Ύ

.ΤγΉ̺ ΈͽΊ  

C  أزواج ΤـγΒ̊ـ΍̦ ـ̊ت ͤلىγ̙͓ͧـــΊا Τـγθ̊ـΑ̦ ΤـγΉ̺ Έي ;ـά̵̡̢ (

.ΤΉ̦̊΍̡΍Ί̊ت اΎά͌άΎ͂وͽΊا ΐΎ  

D  Τأر̚ــͣــ اΊــΑــάع ͤــلى  Ύــΐ هــ̾ا  ــ̊ج  ̢ــ̵ــ̡ــάي الأΎ͏ـــ  (

  ;͂وΎά͌άΎ̊ت.

A) The species is diploid with 32 

chromosomes per cell. 

B) The species has 16 sets of chromosomes 

per cell. 

C) Each diploid cell has eight homologous 

pairs of chromosomes. 

D) A gamete from this species has four 

chromosomes. 

       ̘δ٤̢̼ر    Exercise 4 

ــلى   ͤ  ͸ــ ــ̙ ــ͛ Αــ ̢  Τــ γــ Ί̊ــ ــ̡ Ίا ــ͒  θ̊ــ ــ̹͓ـــ Ίا  ΐــ Ύ أي 

  اͽΊ͂وΎά͌άΎ̊ت اΤΉ̦̊΍̡΍Ί؟

Which of the following characteristics do 

homologous chromosomes exhibit? 

 

A.ΤͫΉ̡̹Ύ ͔ͫ̊ت ΐͤ ̊تΎάΉͣΎ Έ΍̵̢ ̊هΒأ (  

B.͓ͫ̊تΊا ͊ͫΑΊ ̊تΎάΉͣΎ Έ΍̵̢ (  

C.تσγΊالأ ͊ͫΒ Έ΍̵̢ ̊هΒأ (  

D ائي فيά̡͌ـــςر اά͛Ίاء في اά̡͌ـــς̢͓ـــ͛ͪ ͤلى ̺͚ ا (

 ͓ͪΑ΍Ί͋̊م ا͹ΒςاII.  

A) They carry information for different traits. 

B) They carry information for the same traits. 

C) They carry the same alleles. 

D) They align on the metaphase plate in 

meiosis II. 
  

       ̘δ٥̢̼ر     Exercise 5 

ـδ̡̼͂ة ͤلى  ά̵̡̢ي اδσ̹Ίـ̊ اΊ̭͋ــــδ̼ـΉΊ Τـδ̼ـ̼ان ا΍Ί͋ـــ

أرͣ̚ــΤ ;͂وάΎ͌ـــΎάــ̊ت ͬ͂دδــͽΊ ΤــγΉ̺ ΈــΌ; .Τ ͤــ̼د 

 ΐΎ Τ͗ـ δά̚ أن ̢̭̼ه̊ في ͢ͺά̡̢ تيΊ̊ت اΎά͌ـ άΎ͂وͽΊا

  دودة أά͛͌اΤγΒ؟

Somatic cells of roundworms have four 

individual chromosomes per cell. How 

many chromosomes would you expect to 

find in an ovum from a roundworm? 

  

AΤͣ̚أر (  

B̊نΑ̦ا (  

CΤγΒ̊΍̦ (  

Dͪͤ̊͗Ύ ̼ͤد (  

A) four 

B) two 

C) eight 

D) a diploid number 
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       ̘δ٦ ̢̼ر     Exercise 6 

   Τͤــάــ΍ــ̭ــ΍ــΊا ــ̊ئي  Α̦ــ ــδ̼ــهــ̊ ͤــ̼د  Ί ــ̼غ  Ήــ̙ــΊا  Τــ Ήــ΍ــΒ

اͽΊ͂وάΎ͌ـــΎάــ̊ت.    ΐΎ ΐγـΑ̦ا  ΐΎ Τــ γΎά͌ـــάΎ͂وͽΊا

  ΤγΉ̺ ΈͽΊ نάͽγ͓ـــͪ، ͌ـــΑ΍Ί͋ـــ̊م ا͹Βςا ̼ͣ̚ ،ͼΊ̾Ί

 ͪγ; ،͛ͫ͂اتΊإلى ا Τͬ̊͘ـ ـά͌م وا̶̼. ̊̚لإ άΎ͂و; ΤδάΑ̚

  ΐͽ΍δ أن Ίά̡δ̼ اάΑ̡Ίع اγ̭Ίني في ه̾ا اάΑΊع؟

The bulldog ant has a diploid number of 

two chromosomes. Therefore, following 

meiosis, each daughter cell will have a 

single chromosome. In addition to 

mutations, how might genetic diversity 

be generated in this species? 

A͚͹ͬ راثيάΊر اά̙ͣΊا (  

B͚͹ͬ ̵͂Ίا ͢δزά̡Ίا (  

C ائيά͏ͣΊراثي والإ̺͓̊ب اάΊر اά̙ͣΊا (  

A) crossing over only 

B) independent assortment only 

C) crossing over and random fertilization  

 

      δ٧̘ ̢̼ر     Exercise 7 

هΑــ̊ك   أن   Έــγ̢̹ــ̊ت   ٢٥γͣθσ͛Ίا  ΐΎ ̊ Ή̡̹Ύͫــً  ̊ άΒͤــً

͂;Τ ا΍Ί̼ واΊ̭̈́ر. ͽ̡̢̦̊͂ ͖ͣ̚ ه̾ه الأάΒاع  γ̢͎ͣ في ̚

ͤلى ̶̼ ͌ـــάاء Α̮͋ـــγً̊ وΑ̮ ς͋ـــγً̊، وΊ ΐͽ΍δ̙ͣ͗ـــه̊  

  ̊ ــΤ ̢ــ̼رγ̭δــً ;͂ ̙Ίا ــ̊ب  اͽ̡Ίــ̦̊͂ اΑ̮σΊسيـــ δ .͚͹͓ͬـــ

  βـ̊ هΎ .͂اضΎلأΊ Τ̙ـ ـγͫΊ̊͂̚و͌ــــ̊ت واδ͂γ̡ͽ̙Ίـ̊ ا΍Ί͋ـــ̙

̴ أن ̢̈́ده͂ ̮͂΍Ίا ΐΎ تيΊاع اάΒ͂ة؟  الأγ̡ͧ΍Ίا Τηγ̙Ίفي ا  

Imagine that there are 25 different 

species of protists living in a tide pool. 

Some of these species reproduce both 

sexually and asexually, and some of them 

can reproduce only asexually.  The pool 

gradually becomes infested with 

disease-causing viruses and bacteria. 

Which species are more likely to thrive in 

the changing environment? 

A.ً̊γ͋Α̮ ̦͂̊ͽ̡̢ تيΊاع اάΒأن ̢̈́ده͂ الأ ̴ ̮͂΍Ίا ΐΎ (  

B.ً̊γ͋Α̮ς ̦͂̊ͽ̡̢ تيΊاع اάΒأن ̢̈́ده͂ الأ ̴ ̮͂΍Ίا ΐΎ (  

C ̊ ــً γ͋ــــΑ̮ـ ـ̦͂  ــ̊ ͽ̡ـ ـ̢ اΊـتي  الأΒـάاع  ـ̢̈́دهـ͂  أن  ـ̴̮  اΊـ΍ـ͂  ΐـΎ  (

.ً̊γ͋Α̮ςو  

D.زده̊رςا ΐΎ عάΒ أي ΐͽ΍̡δ ΐΊ ( 

  

A) The sexually reproducing species is likely 

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. 
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       ̘δ٨̢̼ر     Exercise 8 

ــ͂ي   أيΐΎ Џ اγΉ΍ͣΊ̊ت اΑͤ ̡̬Αδ ̼ͺ ΤγΊ̡̊Ίه زά̭δت ̚͏

  ;͂وΎًά͌άΎ̊؟ ά̵̡δ٤٥ي ͤلى 

Which of the following processes might 

produce a human zygote with 45 

chromosomes? 

A ̵̼ثδ ̡͋̊وي΍Ί͋̊م ا͹Βς͓ͫ̊لي في اΒςر اά͛Ίفي ا ̺̌͛ (

ΤδάΑ΍Ί̊ت اΒاάγ̵Ίأو ا Τ͗δά̙Ίفي ا  

BΤδάΑ΍Ί̊ت اΒاάγ̵Ίا ̘γ̢͓̹ في Τ͗δά̙Ίاة اάΒ Έ͏ͬ (  

C  ͓ͪΑ΍Ί͋̊م ا͹Βς̊ل ا΍ͽ̡͌في ا Τ͗δά̙Ίا Έ͏ͬII  

D ΐـδάـͽ̢ـ ــ̊ء  Α̦ـ أ  Έــ΍̡ـ اΊـ΍ـͽـ ـγͨـ͂  ـσ̚زم  ά̡ـ اΊ͋ــــγـ ــ̊م  اΒـ͹͋ـــ  (

 ͓ͪΑ΍Ί͋̊م ا͹Βςا ̼ͣ̚ ΤδάΑ΍Ί̊ت اΒاάγ̵ΊاI 

A) an error in meiotic anaphase occurring in 

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 II 

D) incomplete cytokinesis during 

spermatogenesis after meiosis I 
 

       ̘δ٩̢̼ر     Exercise 9 

أن δ͓ـــΉΊ ΐͽ΍δAaBbCCDdEE   ͢Αͫ͂د ذي ا΍ΑΊ͚ اγ̭Ίني  

  Έͽ͓ـــͪ ̚͏ـــδ ليδ ̊΍Ύ ــ̊ج. أي ̊ ;γ̥͂ة ΐΎ الأΎ͏ـ ًͤ أάΒا

  γ̵̴͔ ̙̘͌ ا΍̶̡̊ل ̶̼وث ه̾ا اͺά΍Ίͪ؟

The individual with genotype AaBbCCDdEE can make 

many kinds of gametes. Which of the following 

correctly describes why this situation is possible? 

A̼ةδ̼̮ تσγΊأ Έͽ͏̢ ͂رةͽ̡΍Ί͛ͫ͂ات اΊا (  

Bنيγ̭Ίع اάΑ̡Ίدي إلى اήδ ر الأولά͛Ίل اσ̺ رά̙ͣΊا (  

C ـ̊ت فيΎά͌ـــάΎ͂وͽΊا ΐΎ Έـ΍̵̡Ύ ͪΉ̡̹Ύ ͢δزά̢ ـ̵̼ث δ (

  الأΎ͏̊ج

D̊ ًͣ Ύ ͓ͫ̊لΒσΊ ̼ةθ̊͋Ίت اσγΊلأΊ ΈγΎ ̊كΑه (  

A) recurrent mutations form new alleles 
B) crossing over during prophase I lead to genetic variety 

C) different possible assortment of chromosomes into 

gametes occurs 
D) there is a tendency for dominant alleles to segregate 

together  

       ̘δ١٠̢̼ر     Exercise 10  

  ͂γͨ ΐγΑγ̮ ͤلى ̊ ̦̊͂ Α̮͋ـــγًـ ̾ي ͽ̡δـ ά̵̡δي اάγ̵Ίان اΊـ

ΐγ̢̙͛͂، أ̶ــ̼ه΍ــ̊ Ί͏ـــͽــΈ اΊ͂أس ( ΎH لά͛Ί ̺͂والآ (

) Έـδ̾ـΊاT  άـه هΊ راثيάΊـ̘ اγ;͂ ̡Ίا .(HhTt ـ̊ط΍Βالأ ΐΎ أي .

ـγΊ̡̊ـΐͽ΍Ύ Τ ان άͽ̡̢ن في Ύ͏ـــΐΎ ̬γ هـ̾ا   Ίا ΤـγΑγ̭Ίا

  اΐθ̊ͽΊ اβ̵Ί؟

A sexually reproducing animal has two unlinked genes, 

one for head shape (H) and one for tail length (T). Its 

genotype is HhTt. Which of the following genotypes is 

possible in a gamete from this organism? 

Hh (A A) Hh 
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HhTt (B 

T (C  

HT (D 

B) HhTt 

C) T 

D) HT  

    

       ̘δ١١̢̼ر    Exercise 11 

ـή͋ال.    Ίͤلى ا Τ̮̊̚لإΊ ̡̊ليΊـ͔ͪ ا άΊوا Έͽ͏ـ Ίـ̡̹̼͌م ا ا

 ͸δ͂͜ ΐͤ ΤـͺرάΊن اάΊ في Όͽ̵̡Ίا Ό̡δ ،ΐγͣΎ ̙ـ̊تΒ في

  ΐγ̭Ί͘ـــ͢ اάΎD  ΈـγΊـ̢̊ت ذات الأ ـ̙̊ ΑΊا .D   ـ̶̼ ͤلى وا

  ̘γ;͂ ̡Ί̢̙̊̊ت ذات اΑΊوا ،ΤΑ;ـ͗͂اء دا الأΊ Έͺه̊ أوراق ̺

  Έــ̦̊ــ΍̡΍Ίراثي اάΊاdd    هــ̊ أوراق ̺͗ـــ͂اءΊ Έــ̦̊ــ΍̡΍Ίا

ـ̙̊ت اβ͹γ͹̵Ί اͽ̡Ίـ̦̊͂ ذو الأوراق  ΑΊا ΐγ̢̭ه Ό̡δ .Τ̵ـ ـ̢ͬ̊

  Έ͋ـــــΑΉΊ  ̴΍͋ـــδ̙ــ̊ت ͬــ̴̢̊ الأوراق، وΑ̚ ΤــΑ;ــ̼اΊاF1 

في   γ͹Ή̡Ί̊̚F2̴ اΊ̾اتي. Ό̡δ ر͌ــΌ اΤ̭γ̡ΑΊ اΊ Τͣͺά̡΍Ίــــــ 

  ͂̚͢ΎPunnett  Έ̥΍̢ ̤γ̶ ،Έͽــ ͏Ίــ̴ في ا ͘ά΍Ί٢و 1ا 

الأ΍Βــ̊ط اγΑγ̭ΊــΤ ا͹΍ΊــΉ̊̚ــͽΊ ΤــγΉ̺ ΈــΤ دا̺ــΈ    ٤و  ٣و

.͂̚͢΍Ίا  

اΊتي   ــ̊ت  ــ̢̊ اΊـΑـ̙ ـΎ ͸ͬـ͢  ـά̡ا ـ̢ ـ̚͢  اΊـ΍ـ͂ ــ̊ في  δσ̹ـ اΊـ  ΐـΎ أي 

  άͽ̡͌ن Τγ͹Β؟

  

Use the figure and the following 

description to answer the question. In a 

particular plant, leaf color is controlled by 

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 is 

diagrammed in the Punnett square shown 

in the figure, where 1, 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  (1  4و ͚͹ͬ  A) 1 and 4 only 
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B (2  3و ͚͹ͬ  

C (1  4و ٣3و  2و  

D  (1 ͚͹ͬ  

B) 2 and 3 only 

C) 1, 2, 3, and 4 

D) 1 only 

 

       ̘δ١٢̢̼ر     Exercise 12 

 Τ͛ا͌ــά̚ ̊ك΍الأ͌ــ ΐΎ ΐγͣΎ عάΒ في ̼Ή̭Ίن اάΊ رثάُδ

ـ̼ͤد الأάΒاع    Ό; .Τͫـ Ή̡̹Ύ تσγΊأ Τͣـ ه أر̚ ـ̶̼ Ίـ ΐγ̮ وا

  اΐΎ ΤͫΉ̡̹΍Ί الأΎ͏̊ج اΤΑͽ΍΍Ί في ه̾ا اΐθ̊ͽΊ اβ̵Ί؟

Skin color in a certain species of fish is 

inherited by a single gene with four 

different alleles.  How many different 

types of gametes would be possible in 

this organism? 

A  (٢  

B (٤  

C (٨  

D  (١٦  

A) 2 

B) 4 

C) 8 

D) 16  

      δ١٣̘ ̢̼ر     Exercise 13 

Έ وا΍Ί͂أة   ̮͂Ίا ΐΎ Έ; ͂͟هδ .Τγ̵Α̡Ύ Τ͔ͫ άه̊ق ه΍Ίا

ـ̶̼ اάΊاΊـΎ ΐδ̼͓ــــ̊ب  ̊، σ; ΐͽΊه΍ـ̊ Ίـδ̼ـه أ ΒάΊـً̊ γͣγً̙͜ـ

̚ـ΍Ί̊هـ̊ق (̚ـ̼ون ͔ـــ̙ͧـΤ اΐγΒσγ΍Ί). Ύـ̊ هά ا΍̶̡ـ̊ل  

  إΉͫ͜ Τ͔̊̚هΌ الأول ΍Ί̊̚ه̊ق؟

Albinism is a recessive trait. A man and 

woman both show normal pigmentation, 

but both have one parent who has 

albinism (without melanin pigmentation). 

What is the probability that their first 

child will have albinism? 

A  (٠  

B (١/٢  

C (١/٤  

D  (١ 

A) 0 

B) 1/2 

C) 1/4 

D) 1  

       ̘δ١٤̢̼ر     Exercise 14 

ا͂ء الأ͌ـــάد في اηͫΊ͂ان ( ͬB  ا͂ء ͫΊͤلى ا ̼ ــθ̊ـ ) هά اΊ͋ــ

άδ̾ل ا͹Ί͓ـــγ͂ة (bاΊ̙ني ( ) هβ ا΍Ί͋ـــγ͛͂ة ͤلى T). اΊـ

) ΤــΉδά͜ لάδذt  ̡̈́اوجΊا Τــδذر ΐΎ ــ̊ل΍̶̡ςا άــ̊ هΎ .(

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 
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BbTt × BBtt   لάδد وذάه ͬ͂و أ͌ـــΊ نάͽδ أن ͢ͺά̡΍Ίا

  ΤΉδά͜؟

crosses BbTt × BBtt will be expected to 

have black fur and long tails? 

A  (١/١٦  

B (٣/٨  

C (١/٢  

D  (٩/١٦  

A) 1/16 

B) 3/8 

C) 1/2 

D) 9/16 

       ̘δ١٥̢̼ر     Exercise 15 

 άه Έ ـͬ̎ن ا΍ΑΊ͚ ا΍Ί͟ه͂ي اδά͛Ίـ ـ̙̊زςء،  Ίـ̢̊ت ا ـ̙̊ Β في

ــθ̊ـ̼ ͤلى ا΍ΑΊ͚ ا΍Ί͟ه͂ي ا͹Ί͓ـــγ͂. إذا ά̙ͤ Ό̢ر  اΊ͋ــ

  Έδά͜ ءςـ̙̊ز Ίـ̙̊ت ا Β ͢Ύ تά̭δ̈́Ίا ͂δ̊ͧـ ̡Ύ ءςـ̙̊ز Ίـ̙̊ت ا Β

ـΈ̦ اά̭δ̈́Ίت، ΍ͬـ̊ هά ا΍̶̡ـ̊ل أن άͽδن   ا͹ΊـΎ̊ـ΍̡Ύ Τـ̊

  اγ͓ͺ Έ͋ΑΊ͂اً في اΌ̵̭Ί؟

In pea plants, the tall phenotype is 

dominant to the dwarf phenotype. If a 

heterozygous pea plant is crossed with a 

homozygous tall pea plant, what is the 

probability that the offspring will be 

dwarf? 

A  (١  

B (١/٢  

C (١/٤  

D  (٠  

A) 1 

B) 1/2 

C) 1/4 

D) 0 
  

      δ١٦̘ ̢̼ر     Exercise 16 

  .Τγ͹Β ــͫ̊ت Ό̢ ̢هΐγ̭ اΒ ΐΎ ΐγΑ̢̦̙̊̊ت اΊ̙̊زςء ذات ͔

ـγ̙Β̮̊ـΤ، والآ̺͂ Ίـδ̼ـه  ـ̶̼ اάΊاΊـΊ ΐδ̼ـδ̼ـه أزهـ̊ر ΍̶͂اء و أ

Ίـδ̼هΌ أزهـ̊ر   F1أزهـ̊ر γ͗̚ــــ̊ء γͬ͂͜ـΤ؛ γ΍̮͢ أͬ͂اد  

 ͪΑͣهـ̊ ̢͓ـــͺάΎ̈́ه͂ة وΊن اάΊ ـ̊تΑγ̮ .Τـγ̙Β̮̊ـ ΍̶͂اء و

  Έ͋ــــΑΊا ΐγ̚ ΐΎ .Έـ͹̡͋ـــΎ Έـͽ̚͏ـــF2  ـ̊ل΍̶̡ا άـ̊ هΎ ،

  إΒ̡̊ج Β̢̙̊̊ت ذات أزه̊ر γ͗̊̚ء Τγ̙Β̮̊؟

Two true-breeding stocks of pea plants 

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 

flowers? 

A  (٩/١٦  

B (١/١٦  

C (٣/١٦  

D  (١/٤  

A) 9/16 

B) 1/16 

C) 3/16 

D) 1/4  
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       ̘δ١٧̢̼ر     Exercise 17 

ع Β̙ـ̢̊ـ̊ت اγ̚άͽΊـΤ اΊتي Ίهـ̊ Βͫ͊ اΊ͛͂از اγ̭Ίني في  ̢̈́ر

ـ̊ͅء  ـ̢̊ت أزهـ̊رًا زر ـ̙̊ ΑΊا ͖ͣ̚ ̡̬Α̢ .͂ةγ̙; رάزه Τـ͹δ̶̼ـ

  Έ͗ـ ـΈͽ͏ أͬ ̚ ͼΊذ ͂γ͋ـ ̢ͫ ΐͽ΍δ .Τδورد Τδ͂وأ̺͂ى زه

  σ̺ ΐΎل أي δ ̊΍Ύلي؟

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 following? 

AͼΊذ ΐͤ ΤΊوή͋Ύ ̼ةδ̼ͤ تσγΊأن أ Τͬ͂ͣΎ (  

B  Τγ̚άͽΊا ΈγΊͤلى أ ̊Ύً̊΍̢ ̼θ̊ــ ̊ء هά اΊ͋ـ ) أΈγΊ اΤγ̚άͽΊ اΊ̈́رͅ

ΤδردάΊا  

CΤ;͂ ̡͏Ύ ̊دةγ͌ ت ذاتσγΊالأ (  

D ͤلى ̦͂ή̢ Τ̚ـ ̡͂Ίا Τــ ـά΍̶ Τ̮͘ــ ـΈ̥ در Ύ Τ ) اάͣΊاΎـΈ اγηγ̙Ίـ

ا͂ز ا΍Ί͟ه͂ي ͛Ίا  

A) the knowledge that multiple alleles are 

involved 

B) the allele for blue hydrangea is 

completely dominant over the allele for 

pink hydrangea 

C) the alleles are codominant 

D) environmental factors such as soil pH 

affect the phenotype  

       ̘δ١٨̢̼ر     Exercise 18 

άاγΒـΤ أو γ͗̚ــــ̊ء.   ا͂ء أو أر̮ ΍̶ Έ̭ـ ͫΊر اάن زهάͽ̢ ̼ͅـ

ـ΍̶ـ͂  الأ ــΊ̊ـΉـάن  ̚ Ύـ̈́هـ͂  ــ̊ت  Βـ̙  ΐـγ̚ـ  ΐـγ̭ـ ـ̡هـ اΊـ  ΐͤـ ـ̡̬  Αـ δـ

ــάΊ Τ΍ن   ͌.ΈΎ̊ͽΊ̊̚ ً̊γΒاά وΒ̙̊ت أγ͖̚ اάΉΊن Β͋ــσً أر̮

  Τ̦ـ ـ̥̊ل ͤلى أي ΐΎ أ΍Βـ̊ط اάΊرا Ύ βه Έ̭ـ ͫΊ̈́ه͂ة في اΊا

  اΤγΊ̡̊Ί؟

Radish flowers may be red, purple, or 

white. A cross between a 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? 

AتσγΊ̊͟م ̢̼ͣد الأΒ (  

B͊Α̭Ί̊̚ Τ̢̙͛͂ Ύ (  

CΤ;͂ ̡͏΍Ί̊دة اγ͋Ίا (  

DΤΎ̡̊Ίا ͂γͨ ̊دةγ͋Ίا (  

A) a multiple alleles system 

B) sex linkage 

C) codominance 

D) incomplete dominance 

 

 

  

       ̘δ١٩̢̼ر     Exercise 19 
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ــ͛͂اب  ــάن άͫΉγ̮رد هά ا͘ ͋Αγــ ــΤ̺ά̹γ ه̢̊͏ ͐

  Τ̺ـ ά̹γـ̮̼ ͐ـــ άδ ̤ـγ̶ Τـδ̊ͧـ ΉΊ ـ̊درΒ وراثي ̚͏ـــ͂ي

ــδ͂̊ن   ͏Ί͂ض اΎ ̘̙ــ ا وάΎت، ͤ̊دةً ͋̚ ً̼ ͽ̙Ύ͂ة ̮

 ͂΍ͤ ͚͌ـــά̡΍̚ ،β̡̮̊ـ Ί١٣ا    ΐδ̾ـΊ͂ضى، ا΍Ίا .̊ ـΎً̊ͤـ

ـͫ̊ل، γͣδ ς͏ـــάن  ا ̶تى وهΌ أ͜ ً̼ ـ̮ ـ̙̊رًا  ـ̙̼ون ; δ

ا͂ض   ̡ͬςا Έ̥ـ ΍δ Τ ـγΊ̡̊ـ Ίـ̙̊رات ا ͣΊا ΐΎ أي .̦͂̊ ͽ̡ΉΊـ

  ά͓̹̚ ςً̊΍ص ه̾ا اς͛͂͘اب؟الأ;̥͂ ا̶̡

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 following statements 

represents the most likely assumption regarding this 

disorder? 

A ـ̊تΎά͌ـــάΎ͂وͽΊͤلى ا Έـ΍̵δ ـ̼ وθ̊ــ ) ا΍Ί͂ض ͌ــ

.Τγ΍̭͋Ίا  

B  Τ̙ͺ̡̊ͣ΍Ί̊ل اγ̮ا͂ر في الأ ͽ̡Ίـ͛͂͘اب في ا ς̈́داد اγ͌ـ  (

  داΈ̺ الأ͌͂ة.

C ̶̼وا ΐγ̮ ͫ͂͜ة في ΐͤ ̊ ً̭ ̢̊Β ـ͛͂͘اب ςن اάͽδ ̼ͺ (

.ΐγ̢̙͂وΊا ͂γͫ͏̡Ί  

D ـ͓̊ب ͤلى Ύ ̶̼وا ̼Ίأو وا ̼̮ ͖δ͂Ύ ΈͽΊ نάͽγ͌ـ  (

.Έͺالأ  

A) The disease is autosomal dominant. 
B) The disorder will increase in frequency in successive 

generations within a family. 
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  

       ̘δ٢٠̢̼ر     Exercise 20 

  ΐγΑγ̮ Τ͛͌ـ άΊ ̼δ̵̢̼ Ό̢ن اδ͂Ί͎ في اΊ̙̙ͧ̊ء ά̚ا

  ،ΐـγͫـ ـΉ̡ـ ـ̹ ـΎY   β̮ـ اΊـ̹ــ̊ر ـ̴͛  اΊ͋ــــ ـͤلى   Τـ̙ͧــ ΊـΉ͓ــــ

  ΐΎ Τ̙͓ͧΉΊYYBB اΊ̼اΐΎ Έ̺ اδ͂ΉΊB   .͎δ͂Ί͎، و

ــ͂ ؛    YYBbأو   YyBBأو    YYbbأزرق ؛  yyBbأو    yyBBأ̺͗

أΌ̢ .͖γ̚ ̢̈́اوج اyybb   ΐΎ ΐγΑ̦أ͔ــͫ͂ ؛ و   Yybbأو 

ـΐγΑ͋، أά̙̭Βا   Ίا ͂Ύ ̙̙ͧ̊ء الأزرق. ͤلىΊ٢٢ا  ،ًσ͋ـ Β

  ΤγΑγ̭Ί̊ط ا΍Βالأ βه ̊Ύ .͖γ̙Ίا ΐΎ ΌهΑΎ Τ͋ـ ΍̺

  الأ;̥͂ اΉΊ ς̊΍̶̡̙̙ͧ̊ء الأزرق؟

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? 

YyBB (A  وyyBB  

B (yyBB  وyyBb  

C  (yyBb  وyyBb  

D (yyBb  وyybb  

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

    

      δ٢١̘ ̢̼ر     Exercise 21 
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ـ̙̘͋ ΈΉ̺ في  ـ͏͂ ̚ ̙Ίا ̼Αͤ ̊رͬ̊نΎ ΤΎزσ̡Ύ ̵̢̼ث

̊ άͽδن   ـͤ̊دة Ύـ  .βͫγΉΊــ̊م ا ͂̚وΐγ̢ اΑΊ͋ـــγ̬ اΊ͗ــ

ـ̚͢   ــ̊ ــΤ، وأ͔ـــ δ̊ـͧــΉـΊ  ΐـγͫـ ـγ̵ـ وΒـ  ΐـγـΉـδά͜ـ اΊـ΍ـ͂ضى 

Ήδά͜ـγΊ̈́ͧΎ ΤـΤ، واΑ̵Βـ̊ء اά΍ͣΊد ا͹ͫΊ͂ي، وأγ̶ـΒ̊ـً̊  

ــ̊;ـΈ في  ̊ Ύ͏ــ Βً̊ـ ـ̮̼ران اΊ͏ـــ͂اΐγδ، وأγ̶ـ ͘ـــͣͪ 

ـΤ͌. أي δ ̊΍Ύلي ΐͽ΍δ أن  ̼ͣΊ̵̢͂ك ا Έ̥Ύ ،ΐγͣΊا

͏ـــــ̌ن σ̡ΎزΎــΎ Τــ̊رͬــ̊ن ΐΎ هــ̾ه  ̢͋ـــΑ̡̡̭ــه ̚

  اΎάΉͣ΍Ί̊ت؟

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 

following would you conclude about Marfan 

syndrome from this information? 

A.Τγ̵Α̡Ύ ̊هΒإ (  

  ب) إΒه̊ θ̼̊͌ة.

  ج) اΒه Ύ̡̼ͣد الأͽ͐̊ل.

  د) إΒه ά̢ͫق اΑγ̭Ί̊ت.

A) It is recessive. 

B) It is dominant. 

C) It is pleiotropic. 

D) It is epistatic. 

  

       ̘δ٢٢̢̼ر     Exercise 22 

) ـά̙ل  اΊـ Ύـ͢  ـά̡ن  ــΈ ;ـγـ γـΑـγͫـ اΊـ هـPKU βـ͠هـάر   (

ا͘ــ͛͂اب ̚͏ــ͂ي δ ς ̤γ̶ β̵Α̡Ύ͋ــγ̡͛͢ اΊͫ͂د  

  Έͽــ ــσ͹̡ب ا΍̵Ί͖ الأγΎني ΈγΑγͬ أΐγΒς ̚͏ـ ا͌ـ

ΑΎـ̊͌ــــ̘. Αδ ς̡̬ الإΒ͋ــــ̊ن هـ̾ا ا΍̵Ί͖ الأγΎني  

ــάͽγن  ͌ ΤγΊ̡̊Ί̮̊ت اσͣΊا ΐΎ أي .βͣγ̙͜ Έͽــ ͏̚

ـ̚هــ̾ا    ΐـγ̚ـ ــ̊ اΊـ΍͓ـــ ــ̹ــ̊ص  Ίـلأ͐ــ  Τــ γ ـΉͤـ ــ̊ ͬ ـ̥͂  أ;ـ

  اς͛͂͘اب؟

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? 

A ΈγΑγͬ ̚ه̊ الىσ͹̡ــ ͂;γ̈́ة اΊتي ΐͽ΍δ ا͌ـ Ίا ΌهΎ̊ͣ͜إ (

.ΐγΒςأ  

B ̵̼ΉΊ ΐγ͓̊̚ـ ΍Ίـ̹͐̊ص ا ) Όγ͟Α̢ اΑΊ̊͟م اΊͧ̾ائي Ίلأ

.ΐγΒςأ ΈγΑγͫΊ̡͓̊ص اΎا ΐΎ ̚͏̼ة  

C  دة في دورةά͹ͫ΍Ίــ̊ت ا΍δ̈́Β̚ــ̊لأ ) ̢ͧــδ̾ــΤ ا΍Ί͂ضى 

  ΐγ̢͂Ύ Έ̥Ύ Τ΍̡͟ΑΎ في الأά̙͌ع.

D.دά͹ͫ΍Ίا ̡̬Α΍Ίا ΐΎ ̼ةθزا Τγ΍; ͂ضى΍Ίا Όͣ͜أ (  

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.  
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       ̘δ٢٣̢̼ر     Exercise 23 

  Έͽ͏ـ Ίـ̘͋ في ا ΑΊا ͚̹͛Ύ ̡̊لي إلىΊال اή͋ـ Ίا ͂γ͏ـ δ

  Τͫـ δ ،Τُ͟ه͂ ͖ͣ̚ أͬ͂ادهـ̊ اΊ͓ـــ ـΉθ̊ͣـ Ί̊̚ـ ـ̹̊ص  Ίا

اΊ͋ـــθ̼̊ة، وδ͏ـــ̊ر إلى الأͬ͂اد ا΍̚ ΐδ̡̦͂̌΍Ί͂̚͢ أو 

.ΤΑ;͂ة داθدا  

  ΎII-5̊ هά ا΍ΑΊ͚ اγ̭Ίني ΉΊͫ͂د 

  

The following question refers to the 

pedigree chart in the figure for a family, 

some of whose members exhibit the 

dominant trait, W. Affected individuals 

are indicated by a dark square or circle. 

What is the genotype of individual II-5 

 
(A  ww 

B (Ww  

C (WW 

D  (ww or Ww 

A) ww 

B) Ww 

C) WW 

D) ww or Ww  

       ̘δ٢٤̢̼ر     Exercise 24 

  Έͽ͏ـ Ίـ̘͋ في ا ΑΊا ͚̹͛Ύ ̡̊لي إلىΊال اή͋ـ Ίا ͂γ͏ـ δ

  Τͫـ δ ،Τُ͟ه͂ ͖ͣ̚ أͬ͂ادهـ̊ اΊ͓ـــ ـΉθ̊ͣـ Ί̊̚ـ ـ̹̊ص  Ίا

اΊ͋ـــθ̼̊ة، وδ͏ـــ̊ر إلى الأͬ͂اد ا΍̚ ΐδ̡̦͂̌΍Ί͂̚͢ أو 

.ΤΑ;͂ة داθدا  

 ؟WwهΎIII-1  ά̊ هά ا΍̶̡̊ل أن άͽδن اΊͫ͂د 

  

The following question refers to the 

pedigree chart in the figure for a family, 

some of whose members exhibit the 

dominant trait, W. Affected individuals 

are indicated by a dark square or  circle. 

What is the probability that individual III-

1 is Ww? 

 
A  (3/4  A) 3/4 
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B (1/4  

C (2/4  

D  (1 

B) 1/4 

C) 2/4 

D) 1 

  

       ̘δ٢٥̢̼ر     Exercise 25 

  ΤΉΉ͟΍Ίز اάΎ͂Ίا Έ̥΍̢ .ΤΉθ̊ͣΊـ̘͋ ا Β Έͽ͏ـ Ίـ̴͘ ا و

  ΐγγــ ͋γθ͂ Ίا ΐγͤάΑΊا ̶̼̌̚ ΐγ̊̚ــ ͓΍Ίــ̹̊ص ا الأ͐

  βز هάΎ͂Ίـ̵̠ ا ـ̊ͅم ̢ ـ̊͜ن اάΊά͹Ίن. الأر ΐΎ ͌ـــ͂

̾;άر   Έ اΊـ ـ̠ͅ اΊ̡͏ـــγ̥΍̢ Ό̡δ .͒γ̹ـ ΍ͤ͂ اΊͫ͂د و

.͂θ̼واΊ̊̚ ̊ثΒ͂ͣ̊̚ت والإ΍Ί̊̚  

 Τ΍ــ ͋Ί̙̼و أن ه̾ه اδ ،ه̾ا ا ΤΊσــ ͋Ίا ͚̹͛Ύ ΐΎ

Τ̦روάΎ:  

  

The figure shows the pedigree for a 

family. Dark-shaded symbols represent 

individuals with one of the two major 

types of   

colon cancer. Numbers   

under the symbols are the individual's 

age at the time of diagnosis. Males are 

represented by squares, females by 

circles. 

From this pedigree, this trait seems to be 

inherited: 

 

 
Aه̊تΎالأ ΐΎ (  

B ـ̊تΎά͌ـــάΎ͂وͽΊͤلى ا Τ ـγ̵Α̡Ύ ΤͫـΊά΍̵Ύ Τـ ) ͔ـــ

Τδ̼̭͋Ίا  

C̊تΑγ̭Ίق اά̢ͫ Τ̭γ̡Β (  

D  ـ̊تΎά͌ـــάΎ͂وͽΊͤلى ا ΤـΊά΍̵Ύ ـ̼ةθ̊͌ــــ Τͫـ ) ;͓ـــ

Τδ̼̭͋Ίا  

  

A) from mothers 

B) as an autosomal recessive 

C) as a result of epistasis 

D) as an autosomal dominant 
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       ̘δ٢٦̢̼ر     Exercise 26 

  ̊ ـ̵ً γ̵ً͂ا ͔ـــ γـ̼ͣ ̢ͫ͋ـــ δ Τ ـγΊ̡̊ـ Ίـ̙̊رات ا ͣΊا ΐΎ أي

ـδ Έ͋͟ه͂ ͂͜از  ΑΊا ͢γ΍̮ ̌̚ن ̼γ̢ͫ تيΊا Τ̶͟σ΍ΉΊ

 ΐـΎ Ύـδ̈́ـ̬  أΒـهــ̊  ــ̼و  δـ̙  Τــ Αـγͣـ Ύـ  Τ͓ــــͫــΊ ـ͟هـ͂ي  Ύـ

  اΐγͫΑ͓Ί الأΐγδά̚؟

Which of the following statements is a 

correct explanation for the observation 

that all offspring exhibit a phenotype 

for a particular trait that appears to be a 

blend of the two parental varieties? 

(A  .̺͂ͤلى الآ Τδά̊̚ت الأΑγ̭Ίا ΐΎ د أيά͋δ ς  

B.ΐδ̼ΊاάΊا σ; ̼ة فيθ̊͌ Τ΍͋Ί̊ت اΑγ̮ نάͽ̢ (  

C ــ̊م ا͹Βς͋ـــ ــ̊ء  Α̦أ  Έــ Α̢͓ͫـــ  ςو ــ̊ت  Αγ̭Ίا  ̢̢͚̙͂  (

.͓ͪΑ΍Ίا  

D.ΐδ̼ΊاάΊا σ; في Τγ̵Α̡Ύ Τ΍͋Ί̊ت اΑγ̮ (  

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.  
  

  

  

  

  

  

  

  

  

       ̘δ٢٧̢̼ر     Exercise 27 

  Τγ̵Α̡Ύ Τ͔ͫــ άوالأ̺͗ــ͂ ه ͂΍̶ان الأάΊالأ ΰ΍ͤ

Α̭Ί̊̚ Τ̢̙͛͂͊ في اΊ̙͏ـــ͂. ͐ـــ̹͓ـــ̊ن ΍̡δ̡ͣ̊ن  Ύ

  ΰ΍ͣ̚ ͓ــــ̊بΎ ΐ̚ـ̊ ا΍هδ̼ـΊ Τـγͣγ̙͜ انάΊأ Τـδ͂̚ؤ

Ύـΐ الأب   ΈــͽـΊ  Τــ γـΑـγ̭ـ اΊـ ـ͛͂ز  اΊـ  βهـ الأΊـάان. Ύــ̊ 

  والأم؟

Red-green color blindness is a sex-linked 

recessive trait in humans. Two people 

with normal color vision have a color-

blind son. What are the genotypes of the 

parents? 

A  (Ynand X nXnX  

B (Ynand X NXNX  

C (YNXNXN and X  

D  (YNand X nXNX  

YnXn and XnA) X 

Ynand X NXNB) X 

YNand X NXNC) X 

YNand X nXND) X 
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 Exercise 28     δ٢٨̘ ̢̼ر       

  ͚΍ΑΊهـ̊ اδ̼ـΊ ͚͹ͬ ـ̊ثΒالإ ͚͛͹Ίͤـ̊م، ا Έـͽ̚͏ـــ

ـ̙̊رات   ͣΊا ΐΎ ͫ͂اء. أيΊن اάΊ في ͢͹̡̙ΉΊ ͟ه͂ي΍Ίا

  اδ ΤγΊ̡̊Ίͫ͋͂ ه̾ه اΊ̊͟ه͂ة؟

Generally, only female cats have the 

tortoiseshell phenotype for fur color. 

Which of the following statements 

explains this phenomenon? 

A ̚ـ ̢͚̙͂΍Ίا ΐγ̭Ίا ΐΎ ͚͹ͬ ا ً̼ ـ̶ ̾;͂ أσًγΊ وا ) δ͂ث اΊـ

X .͂ͣ͏Ίن اάΊ في Όͽ̵̡δ ̾يΊا  

B  مά͌ـــάΎ͂وͽΊي اά̵̡δ (Y   نάΉΊـ̭̘ ا ̵δ ΐγ̮ ͤلى

  ا͹̢̙͂Ί̊لي.

C.ل ͤلى أ̮͋̊م ̊̚رά̵͓Ίا ΌهΑͽ΍δ رά;̾ Ίا ͚͹ͬ (  

D مάــ  γΉ΍ͤ (Y̊ت ا͹̡Βς̊ل ا΍Ί̡̼ͣدة ͤلى اͽΊ͂وάΎ͌ـ

.ΤγΊ̊͹̢̙͂Ίا Τ̙͓ͧΊ̡̊ج اΒإ ͢Α΍̢  

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) Multiple crossovers on the Y 

chromosome prevent orange pigment 

production.  

       ̘δ٢٩̢̼ر     Exercise 29 

  ΐγ͋ـ Α̭Ίا ΐγ̚ ̴͘ـ ـ͏͂، δ ς̵̼ث اδ̊΍̡Ί̈́ اάΊا ̙Ίفي ا

 ΐΎ ̥ــ̊نيΊا Αͤــ̼ الإ̺͓ـــــ̊ب، وΐͽΊ ͣ̚ــ̼ اΊ͏ـــه͂ 

ـ̵̼ث   Ί͓ـــͪ اδ ΤـγΊ̡̊ـ Ίـ̙̊رات ا ͣΊا ΐΎ أي .Έـ΍̵Ίا

؟̈́ δ̊΍̡Ίه̾ا اΊ الأول  

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? 

Aرά;̾ Ίا ΤΑ̮͂ون في الأγ̡͌ά̡̡͋Ίن اάΎ͂ه ΐδάͽ̢ (  

BΤδά̥Βالأ ΤΑ̮في الأ ΐγ̮ن الأ̡͌͂وάΎ͂ه ΐδάͽ̢ (  

C  Έــ γͣـ ـͫ ـ̢  (SRY   ـͧــ̼دΊا γـ͂  ;ـ̾ ــ و̢ ;ـά̾ر  ــ Ίا  Τــ Α̮ـ أ في 

ΤγΉ͌̊Α̡Ίا  

D Έγ̢ͣͫ (SRY ΤγΉ͌̊Α̡Ί̼ͧد اΊا ̤γΒ̢̌̊ث وΒفي الإ  

 

 

A) formation of testosterone in male 

embryos 

B) formation of estrogens in female 

embryos 

C) activation of SRY in male embryos and 

masculinization of the gonads 

D) activation of SRY in females and 

feminization of the gonads 
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       ̘δ٣٠̢̼ر     Exercise 30 

ــ͂ي  ــ͛͂اب ̚͏ ــلي اΎ̼΍Ί͂ هά ا͘ ͗ͣΊــͣͪ ا ͗Ίا

δ̡ــ̦̌͂   اΊ̡ــ̼هάر اΊ̡ــ̼رΉΊ β̭δͣ͗ـــσت.  δ͋ـــ̙ــ̘ 

 ΐγδـͤ̊د  ΐδά̚لأ ̊ الأوςد ͹͚ͬ، وهΊάδ Όـ̼ون دا΍θـً

ــ̼ة ا΍Ί͂ض ά΍δت الأوςد في  ــ̙̘ ͐ـ ̊͠هδً͂̊. ͋̚ـ

ـ̙̘͌  ـΐ͌ ا΍Ί͂اهΤ͹. هΐΎ Έ اΈ΍̵̡΍Ί أن άͽδن 

 Έ؟ هβ̵Α̡Ύ أو ̼θ̊ــ ــ͛͂اب هά أΈγΊ ͌ـ ه̾ا اς͘ـ

ـ̙͛ــ ـ̢ ــ΍ــΎ Τـ͂ اΊ͋ــ هــ̾ه   Τــ ـΑ̭ـ͊ أم ورا̦ ــΊ̊ـ ̚  Τ

  اͽΊ͂وΎά͌άΎ̊ت اΤγ΍̭͋Ί؟

Pseudohypertrophic muscular 

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 allele? Is the 

inheritance of this trait sex-linked or 

autosomal? 

A͊Α̭Ί̊̚ ̢͚̙͂Ύ ، ̼θ̊͌ (  

BΤγ΍̭͋Ί̊ت اΎά͌άΎ͂وͽΊͤلى ا ، Τγ̵Α̡Ύ (  

C͊Α̭Ί̊̚ Τ̢̙͛͂ Ύ ، Τγ̵Α̡Ύ (  

D͊Α̭Ί̊̚ ̢͚̙͂΍Ίا ، ΤΎ̢̊ ͂γͨ ̊دةγ͌ (  

  

A) dominant, sex-linked 

B) recessive, autosomal 

C) recessive, sex-linked 

D) incomplete dominant, sex-linked 

       ̘δ٣١̢̼ر     Exercise 31 

̢̙͚͂ ̚ـ  ΍Ίا ΈـγΊ͂ث الأγ͌ـــ ΐγγΊ̡̊ـ Ίالأͬ͂اد ا ΐΎ أي

X ه؟Ή΍̵δ Έ   ΐΎ ر̮

Which of the following individuals will 

inherit an X-linked allele from a man who 

carries it? 

ÅثΒ̢̊ه الإΑ̚ ͢γ΍̮ (  

B̢̊هΑ̚ ͓ͪΒ (  

Cرά;̾ Ίه اθ̊Α̚أ ͢γ΍̮ (  

D̊ثΒر والإά;̾ Ίه اθ̊Α̚أ Έ; (  

  

A) all of his daughters 

B) half of his daughters 

C) all of his sons 

D) all of his children 

 

 

       ̘δ٣٢̢̼ر     Exercise 32  

) Όδ̈́Βا ͒͹Β رثάُδG6PD  ̢͚̙͂ Ύ β̵Α̡Ύ ΈـγΊ̌ ) ;ـ

ـͤ̊نى   XـͽΊ̊͂̚وάΎ͌ـــάم   في اΊ̙͏ـــ͂. ̢̡̈́وج اΎ͂أة 

  ΐΎ ̼̊هـ ـG6PD    Τ̙واΊـ ـͤ̊دي. Ύـ̊ هΒ β͋ـــ  Έ̮ـ ͂̚

  ؟G6PDأθ̊Α̚هΌ اͺά̡΍Ί͢ أن άΒάͽδا 

Glucose-6-phosphate dehydrogenase deficiency 

(G6PD) is inherited as an X-linked recessive allele in 

humans. A woman whose father suffered from G6PD 

marries a normal man. What proportion of their sons is 

expected to be G6PD?  
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A  (١٠٠٪  

B (١/٤  

C (١/٢  

D͔͂ͫ ( 

A) 100% 

B) 1/4 

C) 1/2 

D) zero 
  

       ̘δ٣٣̢̼ر     Exercise33  

ـͤلى   Τــ ــΊ Τـلإ̮ــ̊̚ γـΊ̊ــ اΊـ̡ ـΉͣـΎάــ̊ت  اΊـ΍ـ ـ̡̹ــ̼م  ا͌ــــ

  اή͋Ίال: 

Use the following information to answer 

the question: 

 
  ΐγ̚ ΐγ̢̭ه Έـ΍ͤ Ό̢ ،Τͫـ̊;هـΊا Τذ̚ـ̊̚ـ Τفي ̢̭͂̚ـ

̾;άر   إΒـ̊ث ΍̡ΎـΉ̦̊ـΤ اΑγ̭Ίـ̊ت ΐΎ اάΑΊع اΊ̙͂ي واΊـ

  ͢γ΍̮ ̠ ـF1s   ΐΎ Τ̭أ͔ـــͫ͂ اΊ̭͋ـــΌ. ;ـΒ̊ـ اΑΊـ̢̊

ــ̊ب   ــ̾̚ Ίا ͬــ̎ن   ،ͼــ Ίذ وΎـ͢  ـ͟هـ͂.  اΊـ΍ـ ـ̙͂ي  اΊـ اΊـΑـάع 

  Έـγ̭Ίا ΐΎ ͦΊ̙̊ـ ΊاF2    ̢̈́اوج ΐͤ ̢̬̊ ̊ن F1s(اΑΊـ ) ;ـ

 Ό̡δ ͪγ; .Έͽــ ــΤ̵ في اΊ͏ـ ــθ̊͒ اά΍Ί͘ـ Ίه اΊ̹͓ـ

؟͂  ά̢رδ̤ الأΈγΊ اΌ̭͋ΉΊ ̡͂ͫ͛΍Ί الأ͔ͫ

In a 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? 

A.Τγ̵Α̡Ύ ̊هΒإ (  

B.̼θ̊͋Ίا άه (  

C.ΤΑ΍γه΍Ίه̊ اΒإ (  

D.ΈΎ̊; ͂γͨ Έͽ͏̚ ΤΑ΍γهΎ ̊هΒأ (  

A) It is recessive. 

B) It is codominant. 

C) It is dominant. 

D) It is incompletely dominant. 

 

       ̘δ٣٤̢̼ر     Exercise  34  

ـΑγ̮ Τͣـ̊ت ͤلى   - ـγΊ̡̊ـΤ لأر̚ Ίا Τ͛ـ δ̹͂Ίـ̹̼م ا ا͌ـــ̡

   اͽΊ͂وά͌άΎم ΊلإΤ̮̊̚ ͤلى اή͋Ίال.

  

͂;γ̘؟  ̡Ί͂ار لإͤ̊دة اͽ̢ أͤلى ͢ͺά̡̢ ΐγΑγ̮ أي ΐγ̚  

  

Use the following map of four genes on a 

chromosome to answer the question. 

Between which two genes would you 

expect the highest frequency of 

recombination? 
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A  (A and W 

B (E and G  

C (A and E  

D  (A and G  

A) A and W 

B) E and G 

C) A and E 

D) A and G 

       ̘δ٣٥̢̼ر     Exercise 35 

  ΤγΉ̹Ίا ̠Ή̺إذا دX  ΌΊ͓ـــͪ، وΑ΍Ί͋ـــ̊م ا͹Βςفي ا

ـ̶̼ى   ـ̶̼ في إ ــ̊ل ͽΊ͂وάΎ͌ـــάم وا ـ̵̼ث اΒ͓ͫــ δ

ــ̊م اΑ΍Ί͓ـــͪ   ̊ء ا͹Βς͋ــ ̼ة أΑ̦ـ ̊هـ̊ اγΊάΊـ ،  δσ̺IIـ

̼ ا;΍̡ـ̊ل  ــ̊ج Αͤـ ͼ ͤلى الأΎ͏ــ γͽͬͪ ͌ـــήγ̦͂ ذΊـ

  ا͹Βς͋̊م اΑ΍Ί͓ͪ؟

If cell X enters meiosis, and 

nondisjunction of one chromosome 

occurs in one of its daughter cells during 

meiosis II, how will this affect the 

gametes at the completion of meiosis? 

A ΤγΉ̹Ίا ΐΎ ̵̼رةΑ΍Ί͏ـــ̊ج اΎالأ ͢γ΍̮ نάͽ̡͌ـــ (X 

  Τγθ̊Α̦ اΊ̼ͣد.

B  ΤγΉ̹Ίا ΐΎ ̵̼رةΑ΍Ίــ̊ج ا ͏Ύــͪ الأ ͓Β (X       نάͽγــ ͌

n + 1  نάͽγ͌ ̺͂الآ ͓ͪΑΊوا ،n - 1.  

C ΤγΉ̹Ίا ΐΎ ̵̼رةΑ΍Ί͏̊ج اΎن ر̚͢ الأάͽγ͌ (X n + 

  .n، وάͽγ͌ن اn - 1  ͓ͪΑΊ، واάͽγ͌ ͂̚͢Ίن  1

D ΐΎ ̵̼رةΑ΍Ίا Τͣ̚ـ͏̊ج الأر Ύالأ ΐΎ ̊نΑ̦ن اάͽγ͌ـ  (

  ΤـγΉ̹ΊاX   ـ̊ئيΑ̦ ـ̊نΒάͽγـ̊ن ͌ـــΑ̦وا ، أ̶ـ̊دي اΊͣـ̼د 

  اΊ̼ͣد.

A) All the gametes descended from cell X 

will be diploid. 

B) Half of the gametes descended from cell 

X will be n + 1, and half will be n - 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. 

  

  

       ̘δ٣٦̢̼ر     Exercise 36 

  Τــ γͧـ ـ̙ اΊ͓ــــ  Τـͧــγ͓ــــΊا ـσ̡ل  ـ̺ ا ـγ̚ـΐ ̶ــς̊ت   ΐـΎ

  ̊ ͼ اΊتي Ίهـ̊ Ύά΍ͤـً Ύ ،Τـ̊ هΉ̢ βـ ـγΊ̡̊ـ Ίا Τ اΊ̙͏ـــδ͂ـ

  اγ̡̦̌Ί͂ الأ̼͐ ͤلى Τ̵͔ اΊͫ͂د؟

Of the following human aneuploidies, which is the one 

that generally has the most severe impact on the health 

of the individual? 

A(٤٧   ͢ͺά΍Ί̊ت في اΎά͌άΎ͂و; Τ̦σ̦ ،٢١  

 XXY،  ٤٧ب) 

A) 47, trisomy 21 

B) 47, XXY 
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  XXX،  ٤٧ج) 

  X،  ٤٥د) 

C) 47, XXX 

D) 45, X 

       ̘δ٣٧̢̼ر     Exercise 37 

ـΎά͌̊ت γͨ͂ اΤγͣγ̙͛Ί في   άΎ͂وͽΊا ̼̮ά̢ ̊Ύ ͂اγ̥;

ـγΉ΍ͤ Έ̥ـ̊ت   Ύ ـ͛̊ء ـ̼ͅ ή̢دي أ̺  .Τ̥ـ γ̙̹Ίالأورام ا

 ͸͜ـ ــ̊ ΑـΎ  ΐـΎ ـ͂ب͹ـΊ̊ــ ̚  ΐـγ̭ـ اΊـ اΊـΑـ͹ــΈ إلى و͘ــــ͢ 

الأ̶ــ̼اث    ΐΎ أي Ίــه.   Τــ̊͌ـــ̙ــΑΎ ͂γͧΊا  Όͽ̵̡Ίا

ـ̊͜ن   ـΈͣ اΊ͋ـــ͂ ̭Ί ͼ ـ̼ͣ ذΊـ ـ̵̼ث ̚ δ ̼ͅـ  Τ ـγΊ̡̊ـ Ίا

  أά͌أ؟

Abnormal chromosomes are frequently 

found in malignant tumors. Errors such as 

translocation may place a gene in close 

proximity to different control regions. 

Which of the following events might then 

occur to make the cancer worse? 

A͓ͫ̊لΒς̊دة ̼ͤم اδز (  

BΤ΍θσ΍Ίا ͂γͨ ΤγΑγ̭Ί̡̭̊ت اΑ΍Ίا ΐͤ ͂γ̡̙ͣΊا (  

CβΎ̊͋͹Βς̡͂دد اΊ̹ͫ̊ض في اΒا (  

D̦͂̊ͽ̡Ίفي ا ΤγΒ̊͂͋͜Ίا ̊δσ̹Ίا Έ͏ͬ (  

A) an increase in nondisjunction 

B) expression of inappropriate gene 

products 

C) a decrease in mitotic frequency 

D) failure of the cancer cells to multiply 

       ̘δ٣٨̢̼ر     Exercise 38 

Ίــδ̼هــ̊   اΎ͂أة  اά̥ͣΊر ͤلى   Ό̢م،    ٤٧ά͌ـــάΎ͂و;

ــΎάــ̊ت   ͂وΎـά͌ــ ;ـ  Τــ ̦σ̦ـ  ΐـ΍ــ ΎـX  ΐـ̢̡͗ــ أي   .

͂ي  ـ͟هـ ΍ـ اΊـ ـ͛͂از  اΊـ ــͪ  δ͓ــ  Τــ γ ــΊ̊ـ ̡ اΊـ ــ̊رات  ـ̙ͣ اΊـ

  اΊ ͢ͺά̡΍Ίه̊؟

A woman is found to have 47 chromosomes, including 

three X chromosomes. Which of the following 

statements describes her expected phenotype? 

 

A̮هάΊا ͂ͣ͐ Έ̥Ύ Τδرά;ذ ͒θ͓̺̊ ثى ذاتΒالأ (  

BΌγ͹ͤ άوه ͂;̾ Ί̊͠ه͂ ا (  

C͚͌ά̡΍Ίا ΐΎ ΈγΉ͹̚ ل أͤلىά͜ ذات Τγ̵͔ ثىΒأ (  

DΤ΍γ͹ͤ ثىΒا (  

A) a female with masculine characteristics 

such as facial hair 

B) an apparent male who is sterile 

C) healthy female of slightly above-average 

height 

D) a sterile female 

  

       ̘δ٣٩̢̼ر     Exercise 39 

  ا̡̹̼͌م اΈͽ͏Ί اΊ̡̊لي ΊلإΤ̮̊̚ ͤلى اή͋Ίال:

  

Use the following figure to answer the 

question: 
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άδ͘ــ̴ Ύ̹͚͛ اΊ͋ــΤΊσ في اΊ͏ــΈͽ ا͹̡Β̊ل ͔ــΤͫ في 

ـΉθ̊ͤـΑγͣΎ ΤـΑ̚ .Τـ̊ءً ͤلى ΍Β͚ ا͹̡Βςـ̊ل هـ̾ا، άͽ̢ن 

:̴   اΤ͓ͫΊ ͤلى الأر̮

 

The pedigree in the figure shows the 

transmission of a trait in a particular 

family. Based on this pattern of 

transmission, the trait is most likely: 

Åδ̼رΑ;ά̡γ΍Ί̊ت اΑγ̮ ΐΎ (  

B͊Α̭Ί̊̚ Τ̢̙͛͂ Ύ ̼ةθ̊͌ (  

C͊Α̭Ί̊̚ Τ̢̙͛͂ Ύ Τγ̵Α̡Ύ (  

DΤγ΍̭͋Ί̊ت اΎά͌άΎ͂وͽΊ̼ة ͤلى اθ̊͌ ( 

A) mitochondrial 

B) sex-linked dominant 

C) sex-linked recessive 

D) autosomal dominant 

      ̘δ٤٠ ̢̼ر     Exercise 40  

 Έــͽــ̊ ̚͏ـــδــ̼رΑ;ά̡γ΍ΉΊ ويάΑΊا ͖΍̵Ί͏ـــــ̊رك اδ

أ͌ـــــ̊سي في ̢͏ـــγͫ͂ اΊ̙͂وΑγ̢ــ̊ت اσΊزΎــ͹ͣ΍Ί Τــ̼ 

 ͢γΑ̡͂ون و̢͓ــͽΊالإ Έ͹Β ΤΉ͋ــΉفي ͌ــ ΐγ̢̙͂وΊاATP  .

 ΐΎ ̊ ̼رδـ ̊ت اΑ;ά̡γ΍Ίـ ـͬ̎ن اΊ͛ͫ͂ات في Αγ̮ـ  ،ͼ Ί̾ـ Ίـ

ــγ̙; Έͽ͂ ͤلى أي ΐΎ اγΉ΍ͣΊ̊ت   ــΒ̌ه̊ أن ή̢̦͂ ̚͏ـ ͐ـ

  اΤγΊ̡̊Ί؟

Mitochondrial DNA is primarily involved 

in coding for proteins needed for 

protein complexes of the electron 

transport chain and ATP synthase. 

Therefore, mutations in mitochondrial 

genes would most affect which of the 

following processes? 

AΤͤ̊Α΍Ί̮ه̊ز ا ̊δσ̺ وي فيάΑΊا ͖΍̵Ίا ͸γΉ̢̹ (  

Bا͂ء ΍̵Ί̼م اΊ̊ت اδ͂; إلى ΐγ̭͋;الأ Τ;͂ ̶ (  

C ̼γΊά̢ (ATP  تσ͗ͣΊا ̊δσ̺ في  

DΤγΊά̙Ίا ΤΒ̥̊΍Ίل في اά̙Ίا ΐδ̢̹̈́ ( 

A) DNA synthesis in cells of the immune system 
B) the movement of oxygen into erythrocytes 

C) generation of ATP in muscle cells 
D) the storage of urine in the urinary bladder 
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Chapter 

Three  
 

 

 

 

 

 

 

The Molecular Basic of 

Inheritance 
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Today, DNA has become familiar even to school students, and scientists routinely 

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

the molecules of inheritance posed a major challenge for biologists. 

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 transformation, 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. 

Additional evidence that DNA is the genetic material came from studies of viruses that 

infect bacteria (as shown in the figure).  

 

DNA is the Genetic Material 

 Evidence that DNA can Transform Bacteria 

 Evidence that Viral DNA can Program Cells: 

The Molecular Basic of Inheritance 
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 Evidence that Viral DNA can Program Cells: 

(Figure 31) 



 

 

 

 

 

National Science and Mathematics Olympiad    

77 

 

These viruses are called bacteriophages a term meaning “bacteria eaters” or simply 

phages for short. 

 Additional Evidence that DNA is the Genetic Material 

(Figure 32) 
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It was already known that DNA is 

a polymer of nucleotides, each 

consisting of three components: 

a 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 found 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 E. coli DNA 

nucleotides have base A. 

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

candidate for the genetic material. 

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

 

(Figure 33) 
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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 G and C. 

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). 

 Building a structural model of DNA: Scientific Inquiry 
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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. 

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  

(Figure 34) 

Why doesn’t this requirement fit with like-with-like base pairing? 
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combination that produces a uniform 

diameter for the DNA double helix. 

Watson and Crick deduced that there must be 

an additional level of specificity in base 

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. 

- In short: 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; 

likewise, a G on one strand always pairs with 

a C on the complementary strand. 

Therefore, in the DNA of any organism, the 

amount of A equals the amount of T, and 

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. 

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. 

 

Many Proteins Work Together in DNA Replication and Repair: 
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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. 

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  

 The Basic Principle: Base Pairing to a Template Strand 

 

(Figure 35) 
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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. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

(Figure 36) 

(Figure 37) 
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 More than ten enzymes and other proteins participate in the replication of DNA. 

 Studies indicate that the process of DNA replication is fundamentally similar in both 

prokaryotes and eukaryotes. 

 DNA replication of chromosomes begins at specific sites called origins of 

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

 The E. coli chromosome, like many bacterial chromosomes, is circular and has a 

single origin of replication. 

 Proteins that initiate DNA replication recognize this sequence, attach to the DNA, 

and separate the two strands, opening a replication “bubble” (Figure 38a). 

 DNA replication then proceeds in both directions until the entire molecule has been 

copied. 

 In contrast, a eukaryotic chromosome may have hundreds or even a few thousand 

replication origins. 

 Multiple replication bubbles form and eventually fuse, greatly speeding up the 

copying of very long DNA molecules (Figure 38 b). 

 As in bacteria, eukaryotic DNA replication proceeds in both directions from each 

origin. 

 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). 

 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. 

 Getting Started 

(Figure 37) 
DNA Replication: 
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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. 

 

 

 

 

 

(Figure 38) 
(c) 



 

 

 

 

 

National Science and Mathematics Olympiad    

86 

 The unwound sections of the parental DNA strands are now available to serve as 

templates for the synthesis of new complementary DNA strands. 

 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. 

 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. 

 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. 

 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. 

 Enzymes called DNA polymerases catalyze the synthesis of new DNA by adding 

nucleotides to the 3′ end of a preexisting strand. 

 In E. coli, there are several DNA polymerases, but DNA polymerase III and DNA 

polymerase I play the major roles in DNA replication. 

 The situation in eukaryotes is more complex at least 11 different DNA polymerases 

have been discovered so far. 

 Most DNA polymerases require a primer and a template DNA strand, along which 

complementary DNA nucleotides are aligned. 

 In E. coli, DNA polymerase III (DNA pol III) 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. 

 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. 

 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. 

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

because their triphosphate tails contain an unstable cluster of negative charges. 

 Synthesizing a New DNA Strand 
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 DNA polymerase catalyzes the addition of 

each monomer via a dehydration 

reaction. 

 When a nucleotide monomer is joined to 

the growing end of a DNA strand, two 

phosphate groups are lost as a molecule 

of pyrophosphate (℗-℗i) . 

 The subsequent hydrolysis of 

pyrophosphate into two molecules of 

inorganic phosphate (Pᵢ) is an exergonic 

reaction that helps drive the 

polymerization process (see figure 39). 

 As noted earlier, the two ends 

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

 Furthermore, the two strands of DNA in the double helix are antiparallel, meaning 

they are oriented in opposite directions relative to each other. 

 Therefore, the two new strands formed during DNA replication must also be 

antiparallel to their respective template strands. 

 This antiparallel arrangement of the double helix, combined with the properties of 

DNA polymerases, has a crucial impact on how replication occurs. 

 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. 

 Thus, a new DNA strand can elongate only in the 5′ → 3′ direction (see the following 

figure 40). 

 Along one template strand, DNA polymerase III can synthesize a complementary 

strand continuously, elongating the new DNA in the mandatory 5′ → 3′ direction. 

 DNA pol III remains at the replication fork on this template strand, continuously 

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

 Antiparallel Elongation: 

(Figure 39) 
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 This continuously synthesized DNA strand is called the leading strand, and it 

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

 To elongate the other new DNA strand in the same mandatory 5′ → 3′ direction, DNA 

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

replication fork. 

 This newly synthesized strand is called the lagging strand. 

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

synthesized discontinuously, as a series of short segments. 

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

after the Japanese scientist Reiji Okazaki, who discovered them. 

 Each fragment is about 1,000–2,000 nucleotides long in E. coli and about 100–200 

nucleotides long in eukaryotes. 

 
 

Figure 40. 
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 The following figure (41) illustrates 

the steps involved in building the 

lagging strand at a single replication 

fork. 

 While only one primer is required for 

synthesis of the leading strand, each 

Okazaki fragment on the lagging 

strand must be individually primed 

(steps ① and ④). 

 After DNA polymerase III synthesizes 

an Okazaki fragment (steps ②–④), 

another enzyme, DNA polymerase I, 

replaces the RNA nucleotides of the 

adjacent primer with DNA 

nucleotides, one by one (step ⑤). 

 However, DNA pol I cannot form the 

final phosphodiester bond that joins 

the newly added DNA to the first 

nucleotide of the neighboring Okazaki 

fragment. 

 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. 

- The lagging strand is named as such because its synthesis lags slightly behind that 

of the leading strand; each new fragment of the lagging strand cannot begin until 

 
(Figure 41) 
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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 

in the 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 

lagging 

strand. 

 

 

 

 

 

 

 

 

 

 

 

 

(Figure 42) 
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 First, the various proteins involved in 

DNA replication form a single large 

complex, often referred to as the DNA 

replication machine. Numerous 

protein–protein interactions 

enhance the efficiency of this complex. 
For example, by interacting with other 
proteins at the replication fork, primase 

appears to act as a molecular brake, 

slowing the progress of the replication 
fork and coordinating both the 
placement of primers and the rates 

of replication on the leading and 

lagging strands. 

 Second, the DNA replication complex may not move along the DNA; rather, the DNA 

itself may be pulled through the stationary complex during replication. 

 

 The process of DNA replication is 

characterized by a remarkable degree of 

accuracy, which results from the specificity 

of base pairing between the incoming 

nucleotides and those on the template 

strand. 

 Nevertheless, the error rate in the 

completed DNA molecule is only about one 

in 10¹⁰ nucleotides, an extremely low 

frequency. This high fidelity arises because, 

during DNA replication, DNA polymerases 

 The DNA Replication Complex: 

 Proofreading and Repairing 
DNA 

 

 

(Figure 43) 

(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. 

 Occasionally, however, some mismatched nucleotides escape the proofreading 

activity of DNA polymerases. 

 In such cases, the mismatch repair system comes into play: specialized enzymes 

remove and replace the incorrectly paired nucleotides that result from replication 

errors. 

 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. 

 One of the most important DNA repair mechanisms is known as nucleotide excision 

repair (as shown in the figure 44). 

 

- In the case of linear DNA, such as that 

found in eukaryotic chromosomes, the 

usual replication machinery cannot 

fully complete the 5′ ends of the 

daughter DNA strands. (This is another 

consequence of the fact that DNA 

polymerase can only add nucleotides to 

the 3′ end of a preexisting 

polynucleotide.) Even if an Okazaki 

fragment could begin with an RNA 

primer hydrogen-bonded near the end of 

the template strand, once this primer is 
removed, it cannot be replaced with 

DNA because there is no 3′ end 

 Replicating the Ends of DNA 
Molecules 

 
(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. 

 Eukaryotic chromosomal DNA molecules have 

special nucleotide sequences at their ends called 

telomeres (see figure 46). 

 Telomeres do not contain genes; instead, the DNA 

consists of a specific short sequence repeated 

many times. 

 For example, in each human telomere, the 

sequence is TTAGGG, repeated 100 to 1,000 times. 

 Telomeres serve two protective functions: 

1. Certain proteins bound to the 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. 

But what protects the genes of linear eukaryotic chromosomes from being eroded 

away during successive rounds of DNA replication? 

 

(Figure 46) 
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 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. 

 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. 

 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. 

 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. 

 The natural shortening of telomeres may protect organisms from cancer by 

limiting the number of cell divisions that somatic cells can undergo. 

 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. 

 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 

But what about cells whose genome must remain intact and unchanged from one 

organism to its offspring over many generations? 
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 We will now explore how DNA is packaged within chromosomes, the structures that 

carry genetic information. 

 The main component of the genome in most bacteria is a double-stranded circular 

DNA molecule that is associated with a small amount of protein. 

 In contrast, in eukaryotes, the situation is very different—the genome consists of 

linear DNA molecules associated with a large amount of protein. 

 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. 

 The successive levels of DNA packing in a chromosome are illustrated in Figure 

47(a). 

 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. 

 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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Figure 47. This illustration, accom
panied by transm

ission electron m
icrographs, depicts a current m

odel for the progressive levels of D
N

A
 coiling and 

folding. The illustration zoom
s out from

 a single m
olecule of D
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A

 to a m
etaphase chrom

osom
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hich is large enough to be seen w
ith a light 

m
icroscope. 
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Exercises  
  

      ̘δ١ ̢̼ر      Exercise 1 

  ΐγــ ــά̡γ͌ـ ــΈͽ اΊ͋ـ ΐΎ اγ̢άγΉ;άγΑΊ̼ات في   δ42%͏ـ

 βــ̊ هـΎ  .β̵ـ اΊـ  ΐـθ̊ــͽـΉـΊ اΊـΑـάوي  ـ΍̵ـ͖  اΊـ  ΐـΎ  Τــ Αـγͤـ

̊ اΊتي   δ͂͹̢ Τً̙ـ ̼ات في هـ̾ه اΑγͣΊـ ـΤ̙ اγ̢άγΉ;άγΑΊـ Β͋ـــ

 άͽ̡͌ن اΐγ΍δ̥̊Ί؟

Cytosine makes up 42% of the nucleotides in 

a sample of DNA from an organism. 

Approximately what percentage of the 

nucleotides in this sample will be thymine? 

42%  C 8% A  

58  D  16  B  

       ̘δ٢̢̼ر    Exercise 2 

 Τرا̚ـ͛ــ  Έــͽ̢ـ̡͏ــــ  ، اΊـΑـάوي  اΊـ̵ـ΍ـ͖  ̚ـΉـ΍ـ͂ة  في 

  ΐـΎ ͌ــــͫــ̊تάͬـ  Τͤــάـ΍̭ـ Ύـ  ΐـγ̚ـ ـ̡͂  ـάͫدδ͋ــــ ـάͬ͌ــــ

ـΤͬ̊͗ وأي ΐΎ اΊ̾رات أو اηδ̭̈́Ί̊ت   ΍Ίا ̼γ̢άγΉ;άγΑΊا

؟͂ ΍γΊά̙Ί͂ة في اγ̺̼ات الأγ̢άγΉ;άγΑΉΊ ΤγΊ̡̊Ίا  

  

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?  

the 3' OH  C  the 5' phosphate A 

a nitrogen from the nitrogen-containing 

base  
D   C6 B 

       ̘δ٣̢̼ر    Exercise 3 

 dnaB    ͂γͧδ، هΑ̊ك ͫ͂͜ة في E. coli    ΰ΍͋δ ΐγ̮ في  

helicase   .ــلي ــ̊ͤͪ اς͔ـ اΊ̾ي Έ΍ͣδ ͤ̊دة في اΊ̡͗ـ

ـΊ Τ̭هـ̾ه   γ̡Β ـ̦ه ـ̶̼و  ͢ͺά̡̢ ΤـγΊ̡̊ـ Ίـ̶̼اث ا أي ΐΎ الأ

  اΊ͛ͫ͂ة؟

In E. coli, there is a mutation in a 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? 

A .ي إ̊͘فيάͧΊ ̴γ̵̢͓ ̵̼ثγ͌ Additional proofreading will occur. A 

B .̡ͪͤ̊͗Ίا Τ;ά͐ Έγͽ͏̢ Ό̡δ ΐΊ No replication fork will be formed. B 

C 
ـ̵̼ث اΊ̡͗ــــ̊ͤͪ ̙ͤ͂   γ͌ـــ RNA polymerase  

 و̶̼ه.

Replication will occur via RNA 

polymerase alone. 
C 

D  ̘Ί̊ͺ ̡ͪͤ̊͗Ίا ̘Ή̡͛γ͌DNA .̺͓̼͂ر آΎ ΐΎ 
Replication will require a DNA template 

from another source.  
D 
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       ̘δ٤̢̼ر    Exercise 4 

  Τــγ͹γ͹̶ ͂اتγΎάΉγ̡ΉΊ ΤــγΊ̡̊ــΊا ͒θ̹͓̊ـــــΊا ΐΎ أي

  Τــ γـ͹̚ـ  ΐͤـ ـΉ̡ـͪ  ـ̹ Ύـ  Έــͽـ̦͂ ̚͏ــــ ــ̊ ͽ̡ـ ـ̢ ــ̊  ـΉͣـه ـ̭ ـ̢ اΊـΑـάاة 

  اͽΊ͂وά͌άΎم؟

Which of the following characteristics of 

eukaryotic telomeres cause them to 

replicate differently than the rest of the 

chromosome? 

A ا͂ز γΎάΉγ̡Ίا Όδ̈́Β͏̊ط إΒ  the activity of telomerase enzyme. A 

B 
DNA polymerase    ̘Ί̊ͺ ̸͋ـــΒ هΑͽ΍δ ς ̾يΊا

 end '5اδ͂͏Ί͚ اθ̊͹Ί̼ إلى 

DNA polymerase that cannot replicate 

the leading strand template to its 5' end 
B 

C 
Ί̊ͺ ΐΎ̘ اΊ͏ــend   ͚δ͂ '5اά̭ͫΊات اΤγ͹̡̙΍Ί في 

.̡̺͂̌΍Ίا 

Gaps left at the 5' end of the lagging 

strand template. 
C 

D 
ـά̭ات في   ـͬ ـ̺͂     end '3ـ̢͂ك  ــ̌ ̡ ΍ـ اΊـ  ͚ ـγ̹ـ اΊـ  ΐ Ύـ

 ̙̘͋̚ اΤ̵̮̊Ί إلى ا΍̡Ίهγ̼ي.

Gaps left at the 3' end of the lagging 

strand because of the need for a primer. 
D 

       ̘δ٥̢̼ر    Exercise 5 

  Έ͋ـ Ή͋ـ ̢ ̼̮άδ ، مά͌ـ άΎ͂وͽΊا ΐΎ ΤΑγͣΎ Τ͹͛ΑΎ في

  Έγͽ͏ـ ̡Ί ΤΉ͋ـ Ή͋ـ Ίا ̴̡̢ͫ ̤γ̶ ̊هΒ̼ات أدγ̢άγΉ;άγΑΊا

:̡ͪͤ̊͗Ίا Τ;ά͐  

present where the chain opens to form a 

replication fork: 

G C A A T C C 5'T  3' C C T A G G C 

  Έـγͽ̢͏ـــ Ό̡δRNA    ΐΎ ـ̼̚ءًا ̵̢̡هـ̊ ̺͚   Tا΍̡Ίهγـ̼ي 

(T) ̼ي؟γه΍̡Ίا Έ͋Ή̢͋ Έ̥΍δ ليδ ̊΍Ύ أي .̘Ί̊͹ΉΊ  

An RNA primer is formed starting at the 

underlined T (T) of the template. Which of 

the Following represents the primer 

sequence? 

5' G C C T A G G 3' A 

5' A C G T T A G G 3' B 

5' A C G U U A G G 3' C 

5' G C C U A G G 3' D 
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       ̘δ٦̢̼ر    Exercise 6 

ـ̢̹͗ـــ͢   اΊـتي  ــ̊  δ͂ـγ̡ـ ـͽ̙ـ اΊـ ـγ̮ـ̈́ة  و ـ̡͂ة  ـͫ Ίـ ـͣ͂ض  ـ̢ ــ̠  Βأ

γ̢άγΉ;άγΑΉΊ̼ات اΌΉͣ΍Ί إ͐ـــΊDNA    .ً̊γ̡ͤ̊ͣ͗ـــ̊ͤͪ  

ــ ͂;̈́ي Ίـــ ΍Ί͛͂د اΊ̊̚ مά͹̢ ̊Ύ̼ΑͤDNA    ΐΎ ͣ̈́ول΍Ίا

 Όــ إلى ΐγ̡ηͬ. ̢̡͗ـــΐ΍ إ̶̼ى   DNAا͹Αδ ، ̊δ͂γ̡ͽ̙Ί͋ـ

ــ̊ت   ηͬDNA    أو ا (آςف  ً̼ ̮ــ ــ̊ت ;γ̙͂ة  ηδ̮̈́  ΌΉͣ΍Ίا

ـ̺͂ى   والأ  ،  (Τــ Ή ـδά͜ـ ــ̼ات  γ̢ـ άـγ Ήـ γـά;ـ Αـ اΊـ  ΐـγ Ύـδσـ ـ̶تى 

 ΐΎ ͂ةγ͓ـ ͺ ̡̼اداتΎا Έ΍͏ـ ̢DNA   ̊تηΎ ̼ͤة ΐΎ)

ـΤͣ آςف ΐΎ اγ̢άγΉ;άγΑΊـ̼ات في اά͛Ίل). أي   إلى ͗̚ـــ

 ΐΎ ΐγ̡ηͬDNA ؟ΤͫΉ̡̹΍Ί̊ت اΑγͣΊه̾ه ا ̊΍هΉ̥΍̢  

You briefly expose bacteria undergoing DNA 

replication to radioactively labeled 

nucleotides. When you centrifuge the DNA 

isolated from the bacteria, the DNA 

separates into two classes. One class of 

labeled DNA includes very large molecules 

(thousands or even millions of nucleotides 

long), and the other includes short stretches 

of DNA (several hundred to a few thousand 

nucleotides in length). Which two classes of 

DNA do these different samples represent? 

A Ѿأو;̊زا ͛͢ͺو ̼θ̊ͺ ͚δ͂͐  leading strands and Okazaki fragments. A 

B Ѿأو;̊زا ͛͢ͺو ̡̺͂̌Ύ ͚δ͂͐ lagging strands and Okazaki fragments B 

C  و Ѿأو;̊زا ͛͢ͺRNA ̙̊دئΊا Okazaki fragments and RNA primers C 

D  و ̼θ̊͹Ίا ͚δ͂͏ΊاRNA ̙̊دئΊا leading strands and RNA primers. D 

       ̘δ٧̢̼ر    Exercise 7 

  ا̡̹̼͌م اΊ Έͽ͏ΊلإΤ̮̊̚ ͤلى اή͋Ίال اΊ̡̊لي:
Use the figure to answer the following 

question: 

 

ـ͗̊ف   ـُ̡͌ ـΎ ، Έͽ͏̊ هβ اά͹Ίا̼ͤ اΊتي  Ίـ͐̊رة إلى ا ̊̚لإ

  ؟DNAإلى اΊ̙̊دئ Ύ͢ ا΍̡͌͂ار ̢͗̊ͤͪ 

  

Referring to the figure, what bases will be 

added to the primer as DNA replication 

proceeds? 

5′ C, A, G, C, A, G, A 3′ A 

3′ T, C, T, G, C, T, G 5′ B 

5′ A, G, A, C, G, A, C 3′ C 
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3′ G, T, C, G, T, C, T 5′ D 

  
  
  

       ̘δ٨̢̼ر    Exercise 8 

ΐ اΒ̹ͫ̊ض    ͤ̊ ً̭ ̢̊Β نάͽδ ̼  ͅΤγΊ̡̊Ί͂ات اγ̡̦̌Ίا ΐΎ أي

  Β͏̊ط اγΎάΉγ̡Ί͂از اΑΊ͏͚ أو Β ΤΉͺ͏̊͜ه؟

Which of the following effects might be 

caused by reduced or very little active 

telomerase activity? 

A .ΤγΒ̊͂͌͜ ̊δσ̹Ίا ̴̢̙͓ ̼ͺ  Cells may become cancerous. A 

B .Τγ͋Α̭Ίا ̊δσ̹Ί͂ات في اγΎάΉγ̡Ίا Έγ͛δ Telomere lengthens in germ cells B 

C .βͣγ̙͛Ίͤلى الأداء ا ̊δσ̹Ίا ̵̢ͬ̊͞ Cells maintain normal functioning C 

D .̡̊ͫهγ̼͠ان و͹ͬ و̢̙̼أ في ̊δσ̹Ίا ̸γ͏̢ Cells age and begin to lose function D 

      ̘δ٩ ̢̼ر     Exercise 9 

  ΐγ̢̊ـΎ͂وͽΊا ΤـγΑ̚ ͓ͪـــδ ΤـγΊ̡̊ـΊ̙ͣـ̊رات اΊا ΐΎ أي

  γ̵͔ Έͽ͏̴̚؟

Which of the following statements correctly 

describes the structure of chromatin? 

A 
  ΐـΎ ـ̡ͧــδ̊ـ͂  اΊـ΍ـ  ΐـγ̢ـ اΊـͽـ͂وΎــ̊ ـͽ̡ـάن  ـγ̚ـΑـ΍ــ̊    δDNAـ  ،

 ΐΎ β͹γ͹̵Ίا ΐγ̢̊Ύ͂وͽΊن اάͽ̡δDNA  وRNA  

Heterochromatin is composed of DNA, 

whereas euchromatin is made of DNA 

and RNA. 

A 

B 
ـδ̊ͧـΤ ، في ΐγ̶ أن  ΉΊ ̥ͪͽΎ ͂δ̊ͧـ ̡΍Ίا ΐγ̢̊ـΎ͂وͽΊا

.̊ ً͛ ͧ͘ Έͺن أάͽδ β͹γ͹̵Ίا ΐγ̢̊Ύ͂وͽΊا 

Heterochromatin is highly condensed, 

whereas euchromatin is less compact. 
B 

C 
و   ͂δ̡̊ͧــ΍Ίا  ΐγ̢̊ــΎ͂وͽΊا  ΐΎ Έــ; ͤلى  اά̥ͣΊر   Ό̢

 اͽΊ͂وΐγ̢̊Ύ اβ͹γ͹̵Ί في اσ̚ά̡γ͋Ίزم.

Both heterochromatin and euchromatin 

are found in the cytoplasm. 
C 

D 
 Ό̡δ ΐγ̶ في ، β͹γ͹̵Ίا ΐγ̢̊ـΎ͂وͽΊ͋ـــ̸ اΒ Ό̡δ ς

.͂δ̡̊ͧ΍Ίا ΐγ̢̊Ύ͂وͽΊا ̸͋Β 

Euchromatin is not transcribed, whereas 

heterochromatin is transcribed. 
D 
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       ̘δ١٠̢̼ر    Exercise 10 

  ̊δ͂γ̡ͽ̚ ΐΎ ΤΊσ͌ـ اΊتي δ̼Ίه̊   E. coli و̮̼ اά̶̥̙̊Ίن 

اΊـ΍ـͣــ̼ل   ΐـΎ ــΎ Τـ͂ة  θ̊ــΎ أͤـلى  ͜ـͫـ͂ة  Ύـͣــς̼ت 

  Έ δ Τ͓ـــͪ ̚͏ـــͽـ ـγΊ̡̊ـ Ίـ̙̊رات ا ͣΊا ΐΎ أي .βͣγ̙͛Ίا

  γ̵̴͔ اΊ̙̘͋ الأ;̥͂ اΊ ΤγΊ̊΍̶̡ه̾ه اθ̡̊ΑΊ̬؟

Researchers found a strain of E. coli bacteria 

that had mutation rates one hundred times 

higher than normal. Which of the following 

statements correctly describes the most 

likely cause of these results? 
A 

  Τ Τ اΊ͏ـــΉ͛ͣΎ ͚δ͂ـ ـ̶̊دδـ ̊ت اΊ͚͂̚ أ Β̊ـ̠ ͂̚وΑγ̢ـ ;ـ

  .DNAأΑ̦̊ء ̢͗̊ͤͪ 

The single-strand binding proteins were 

malfunctioning during DNA replication. . 
A 

B 
ـ̶̼ أو أ;̥͂ ΐΎ أزواج  ـ͸̊͛̚ وا ـ̼ͤم ̢ ̊ك  ;ـ̊ن هΑـ

 اΊ̙̊دئ. RNA اά͹Ίا̼ͤ في 

There were one or more base pair 

mismatches in the RNA primer. 
B 

C 
ــ  ـــــ   ΐͽ̢ ΌΊ DNA polymerase آΤγΊ اΊ ͸γͺ̡̼Ίـــ

.̴γ̵͔ Έͽ͏̚ Έ΍̢ͣ 

The proofreading mechanism of DNA 

polymerase was not working properly. 
C 

D 
ـDNA polymerase  Τͬ ;ـ̊ن   ـ̊ͅدر ͤلى إ͘ــــ̊  ͂γͨ

 اάͺ 3′ end  ΤΉ͋Ή͋ΊDNA .ΤγΎ̊Α̡΍Ίا̼ͤ إلى 

The DNA polymerase was unable to add 

bases to the 3′ end of the growing nucleic 

acid chain. 

D 

       ̘δ١١̢̼ر    Exercise 11 

  ΐΎ ̭̈́يءΊ Τـδ̼ـγ̢άγΉ;άΑΊا Τ̙ـ γ;͂ ̡Ίا ΈـγΉ̵̢ فيDNA   ،

 Ό̡γـ̼ͤ ͌ـــ ـγΊ̡̊ـΐΎ Τ أزواج اά͹Ίا Ίـͫ̊ت ا γΊά̡Ίا ΐΎ أي

  اά̥ͣΊر γΉͤه̊؟

In an analysis of the nucleotide composition 

of a molecule of DNA, which of the following 

combinations of base pairs will be found? 

A = C A 

A + C = G + T B 

A = G and C = T C 

G + C = T + A D 
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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. 

 

 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. 

 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. 

 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. 

 As shown in the next figure 48, Beadle and Tatum produced several nutritional 

mutants of Neurospora, each unable to synthesize a specific essential nutrient. 

 These mutant cells could not grow on minimal medium, but they could grow on a 

complete medium containing all the nutrients required for growth. 

 For Neurospora, the complete medium consists of the minimal medium 

supplemented with all twenty amino acids and a few other nutrients. Beadle and 

Genes specify proteins via transcription and translation: 

 Nutritional Mutants in Neurospora: Scientific Inquiry: 

Gene Expression: From Gene to Protein 
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Tatum therefore hypothesized that in each nutritional mutant, the gene encoding 

the enzyme responsible for synthesizing a specific nutrient had been disabled. 

 This experiment produced a valuable collection of mutant strains of Neurospora, 

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). 

 Srb and Horowitz further pinpointed the specific defect of each mutant by 

performing additional tests that distinguished three classes of arginine-requiring 

mutants. 

 Mutants in each class required a different set of compounds along the three-step 

pathway of arginine synthesis. 

 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. 

 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. 

 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 a mutation in a gene leads to a 

faulty enzyme, which in turn results in a recognizable condition. 
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 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. 

 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. 

 Both nucleic acids and proteins are polymers composed of specific sequences of 

monomers that carry information. 

 Basic Principles of Transcription and Translation: 

 

Figure 48. 
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 In DNA or RNA, the monomers are the four types of nucleotides, which differ in their 

nitrogenous bases. 

 Genes typically consist of hundreds or thousands of nucleotides, each with a 

unique nucleotide sequence. 

 Each polypeptide in a protein also contains monomers arranged in a precise linear 

order—in this case, the monomers are amino acids. 

 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. 

 The basic mechanics of transcription and translation are similar in bacteria and 

eukaryotes, but there is an important 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). 

 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). 

 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. 

 The initial RNA transcript from any gene—including RNA that is not translated into 

protein—is generally called a primary transcript. 

 The overall program of protein synthesis, in which genetic information is expressed 

through the messenger RNA (mRNA), can therefore be summarized as follows. 
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 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. 

 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 × 4 

= 4²). However, this is still insufficient to code for all 20 amino acids. 

 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 (4³), 

which is more than enough to code for all 20 amino acids. 

 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. 

 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). 

 The Genetic Code Triplets of Nucleotides 

(Figure 49) 
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 During transcription, a gene specifies the 

sequence of nucleotide bases along the length 

of the RNA molecule that is synthesized. 

 For each gene, only one of the two DNA strands 

is transcribed; this strand is called the template 

strand because it serves as a template for 

ordering the sequence of nucleotides in the RNA 

transcript. The same strand is used as the 

template each time the gene is transcribed. 

 However, along the same chromosomal DNA 

molecule, the opposite strand may serve as the 

template for a different gene. 

 The choice of which strand serves as the 

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. 

 The mRNA molecule produced is complementary, not identical, to its DNA template 

strand, because RNA nucleotides are assembled according to the base-pairing 

rules.  

 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. 

 Just like a newly synthesized strand of DNA, the RNA molecule is built in an 

antiparallel direction relative to the DNA template strand. 

 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. 

 The three nucleotides of the mRNA are called codons, and they are conventionally 

written in the 5′→3′ direction. 

 In this example, UGG is the codon for the amino acid tryptophan (abbreviated Trp or 

W). 

 The term 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 

 
(Figure 50) 
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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. 

 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. 

 

 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. 

 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. 

 Regardless of where the genetic message started or stopped, it could contain only 

one possible codon UUU, repeated continuously. 

 Nirenberg added this poly-U polynucleotide to a test-tube mixture containing 

amino acids, ribosomes, and other components required for protein synthesis. 

 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. 

 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. 

 By the mid-1960s, the codons for all 64 triplets had been deciphered. 

 As shown in the following (table 51), 61 of the 64 triplet codons specify amino acids. 

 The remaining three codons do not specify amino acids; they serve as “stop” signals, 

or termination codons, marking the end of translation. 

 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. 

 Genetic messages typically begin with the mRNA codon AUG, which signals the 

protein-synthesizing machinery to start translation at that site. Because AUG also 

 Cracking the Code: 
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specifies methionine, polypeptide chains begin 

with methionine when first synthesized; however, 

an enzyme may later remove this initiating amino 

acid from the chain.) 

 As shown in the table, the genetic code is 

redundant for example, both GAA and GAG 

specify glutamic acid, but it is not ambiguous, 

meaning that no codon specifies more than 

one amino acid. 

We will now reexamine transcription, the first 

stage of gene expression, in greater detail. 

 

 Messenger RNA (mRNA), which carries information from DNA to the cell’s protein-

synthesizing machinery, is transcribed from the template strand of a gene. 

 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). 

 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. 

 However, unlike DNA polymerases, RNA polymerases can start a chain from 

scratch; they do not require a preexisting primer to add the first nucleotide. 

 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. 

 In bacteria, the sequence that signals the end of transcription is called the 

terminator, while in eukaryotes the termination mechanism is more complex  

Transcription is the DNA-Directed Synthesis 
of RNA: a Closer Look: 

 Molecular Components of Transcription: 

 
(Figure 51) 
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 and differs. 

 Molecular biologists refer to 

the direction of transcription 

as “downstream”, and the 

opposite direction as 

“upstream.” These terms are 

also used to describe 

nucleotide sequence 

locations within DNA or RNA. 

 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. 

 Bacteria possess a single type 

of RNA polymerase that 

synthesizes not only mRNA but 

also other forms of RNA 

involved in protein synthesis, 

such as ribosomal RNA (rRNA). 

 In contrast, eukaryotes have at 

least three types of RNA 

polymerase within their nuclei. 

 The type responsible for the synthesis of pre-mRNA is RNA polymerase II, while the 

other RNA polymerases transcribe RNA molecules not translated into protein. 

 In the 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. 

 (Figure 52) 
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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. 

 

 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 figure 53). 

 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. 

 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. 

 In bacteria, a part of the RNA polymerase molecule itself recognizes and binds 

directly to the promoter. 

 In eukaryotes, however, a set of proteins called transcription factors mediates the 

binding of RNA polymerase and the initiation of transcription. 

 Only after the transcription factors have bound tightly to the promoter does RNA 

polymerase II attach to it. The entire assembly of transcription factors and RNA 

polymerase II bound to the promoter is called the transcription initiation complex. 

 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. 

 The interaction between eukaryotic RNA polymerase and transcription factors 

exemplifies the importance of protein–protein interactions in controlling 

transcription in eukaryotes. 

 Synthesis of an RNA 
transcript: 

 RNA Polymerase Binding and Initiation of 
Transcription: 
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 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. 

 

 (Figure 53) 
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 As RNA polymerase moves along the DNA, 

it unwinds the double helix, exposing 

about 10–20 DNA nucleotides at a time 

for base pairing with RNA nucleotides (as 

shown in the figure 54). 

 The enzyme adds RNA nucleotides to the 

3′ end of the growing RNA molecule as it 

progresses along the DNA helix. 

 Behind this advancing wave of RNA 

synthesis, the newly formed RNA strand 

peels away from its DNA template, and 

the DNA double helix reforms. 

 A single gene can be transcribed simultaneously by multiple RNA polymerase 

molecules following one another like trucks in a convoy. 

 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. 

 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. 

 

 Bacteria and eukaryotes differ in how they terminate transcription. 

 In bacteria, transcription proceeds through a terminator sequence in the DNA. 

 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. 

 In eukaryotes, RNA polymerase II transcribes a specific DNA sequence known as the 

polyadenylation signal sequence, which codes for the polyadenylation signal 

 Elongation of the RNA Strand: 

 Termination of Transcription: 

 
(Figure 54) 
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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. 

 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. 

 

 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. 

 In addition, 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. 

 

 Each end of the pre-mRNA molecule is modified in a specific way (as shown in the 

figure 55). 

 The 5′ 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. 

 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. 

 At the 3′ end, an enzyme then adds 50 to 250 additional adenine (A) nucleotides, 

forming a poly-A tail. 

 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. 

Eukaryotic cells modify RNA after transcription: 

 Alteration of mRNA Ends: 
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3. They help ribosomes attach to the 5′ end of the mRNA once it reaches the 

cytoplasm. 

 The figure also shows untranslated regions (UTRs) at both the 5′ and 3′ ends of the 

mRNA (referred to as the 5′ UTR and 3′ UTR). 

 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 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. 

 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.) 

 This is because most eukaryotic genes and their RNA transcripts contain long 

noncoding stretches of nucleotides regions that are not translated into protein. 

 Split Genes and RNA Splicing: 

(Figure 55) 
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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 form part of the mRNA but are not translated into protein.) 

 When a primary transcript of a gene is made, RNA polymerase II transcribes both 

the introns and the exons from the DNA. However, the mRNA molecule that 

eventually enters the cytoplasm is a 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. 

 The introns 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. 

How is pre-mRNA spliced? 
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We will now examine how genetic information flows from mRNA to protein—the 

process known as translation (as shown in the figure 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. 

 

Translation is the RNA-Directed Synthesis of a Polypeptide: 

 Molecular Components of Translation: 

 

 

Figure 56. 

(Figure 57) 
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 During translation, the cell “reads” the genetic message and builds a polypeptide 

accordingly. 

 The message consists of a series of codons along an mRNA molecule, and the 

translator is a molecule called transfer RNA (tRNA). 

 The role of tRNA is to transfer amino acids from the cytoplasmic pool of amino 

acids to a growing polypeptide on the ribosome. 

 The cell keeps its cytoplasm stocked with all 20 amino acids, either by synthesizing 

them from other compounds or by absorbing them from the surrounding solution. 

 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). 

 

 

 Ribosomes 

facilitate the specific coupling of tRNA anticodons with mRNA codons during 

protein synthesis. 

 The Structure and Function of Ribosomes: 

 

(Figure 58) 
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 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). 

 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:  

 

 

(a) Computer model of functioning ribosome. This is a 

model of a bacterial ribosome, showing its overall shape. 

The eukaryotic ribosome is roughly similar. A ribosomal 

subunit is a complex of ribosomal RNA molecules and 

proteins. 

  

 

.(b) Schematic model showing binding sites. A ribosome 

has an mRNA binding site and three tRNA binding sites, 

known as the A, P, and E sites. This schematic ribosome 

will appear in later diagrams. 
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(c) Schematic model with mRNA and tRNA. A tRNA fits 

into a binding site when its anticodon base-pairs with an 

mRNA codon. The P site holds the tRNA attached to the 

growing polypeptide. The A site holds the tRNA 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. 
  

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). 

 

 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. 

 In the first step of translation, the small ribosomal subunit binds to both the mRNA 

and an initiator tRNA, which carries the amino acid methionine. 

 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. 

 Ribosome Association and Initiation of 
Translation: 

Building a Polypeptide: 
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 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). 

 

 This is 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. 

 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. 

 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. 

 

 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. 

 Elongation of the Polypeptide Chain: 

 (Figure 59) 
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 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The final stage of translation is termination (see next figure 61). 

 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 abundant in 

the cytosol). 

 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 

 Termination of Translation: 

(Figure 60) 
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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. 

 The breakdown of the translation assembly requires the hydrolysis of two 

additional GTP molecules.  

 

 

 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. 

 Termination of Translation: 

 Termination of Translation: 

 Termination of Translation: 

 Targeting Polypeptides to Specific Locations: 

Mutations of one or a few Nucleotides can Affect Protein Structure and 
Function: 

Figure 61. The final stage of translation is termination 
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 Now that we have explored the process of gene expression, we can begin to 

understand the effects of changes on a cell’s genetic information. 

 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. 

 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. 

 If a point mutation occurs in a gamete or in a cell that gives rise to gametes, it may 

be passed on to offspring and future generations. 

 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. 

 For example, the genetic basis of sickle-cell disease can be traced to a single 

nucleotide-pair substitution in the gene that encodes the β-globin polypeptide of 

hemoglobin. 

 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). 

 In individuals 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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 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. 

 

 

 A nucleotide-pair substitution is the replacement of one 

nucleotide and its partner with another pair of nucleotides (Figure 63a). 

 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. 

 For example, if a 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 position in the protein. In other words, a change in a nucleotide 

 Substitutions: 

 
(Figure 62) 

Types of Small-Scale Mutations 
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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. 

 Substitutions that change one amino acid to another are called missense 

mutations. 

 Such a mutation 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. 

 However, more significant substitutions can cause major changes in a protein’s 

structure or activity. 

 A single amino acid change in a crucial region of a protein such as the β-globin 

subunit of hemoglobin shown in the previous figure, or at the active site of an 

enzyme can drastically alter the protein’s activity. 

 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. 

 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. 

 However, a 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. 

 

 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 

 Insertions and Deletions: 
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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 confer a different trait. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
(Figure 63) 



 

 

 

 

 

National Science and Mathematics Olympiad    

129 

 

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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 New Mutations and Mutagens 
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Exercises  
  

      ̘δ١ ̢̼ر      Exercise 1 

ــ ـــ -′5هΐΎ ΤΑγͣΎ Τγ̦σ̦DNA   β اά͹Ίا̼ͤ في δ͚͂͐ اΊ ̘Ί̊͹Ίـ

AGT-3′   ــΊ Έ̊̚͹΍Ίدون اάͽΊا άه ̊ΎmRNA خ؟ά͋Α΍Ίا 

A particular triplet of bases in the 

template strand of DNA is 5′-AGT-3′. 

What would be the corresponding 

codon for the mRNA that is 

transcribed? 

5′-TCA-3′ C 3′-UCA-5′ A  

3′-ACU-5′  D  3′-UGA-5′  B  

  

      ̘δ٢ ̢̼ر     Exercise 2 

ـγΊ̡̊ـγ̢άγΉ;άγΑΉΊ Τـ̼ات άͽδن   Ίت اσ͋ـــΉ̡͋ـــΊا ΐΎ Џأي

ـδ͂͏͚ اά΍ΑΊذ΍̵ΉΊ β̮͖ اάΑΊوي اΊ̾ي   Ίفي ا ً̊Αͽ΍Ύ

Which of the following sequences of 

nucleotides are possible in the template 
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  ̼γ̡̙̙Ί̡̼ͣد اΎ Έ͋ـ Ή͋ـ ـΒ̌͐ه أن Ύ͂δ̈́ إلى ̢  ΐΎPhe-

Leu-Ile-Val؟ 

strand of DNA that would code for the 

polypeptide sequence Phe-Leu-Ile-Val? 

3′-AAA-AAT-ATA-ACA-5′ C 5′-TTG-CTA-CAG-TAG-3′ A  

3′-AAA-GAA-TAA-CAA-5′  D  5′-AUG-CTG-CAG-TAT-3′  B  

 

      ̘δ٣ ̢̼ر     Exercise 3 

 Ό̡γـ̾ي ͌ـــΊا ΤـγΑγΎـ̊ض الأ΍̶الأ Έ͋ــــΉ̢͋ـــ άـ̊ هΎ

  اΊ̡̊لي؟ mRNAإΒ͏̊ؤه ، Α̊̚ءً ͤلى ά; Έ͋Ή̢͋دون 

 

What amino acid sequence will be 

generated, based on the following mRNA 

codon sequence? 

5′-AUG-UCU-UCG-UUA-UCC-UUG-3′ 

Met-Ser-Leu-Ser-Leu-Ser C Met-Arg-Glu-Arg-Glu-Arg A  

Met-Ser-Ser-Leu-Ser-Leu  D  Met-Glu-Arg-Arg-Glu-Leu  B  

      ̘δ٤ ̢̼ر     Exercise 4 

  ͚γ͌ـــάΊ̭̈́يء اΊا άـ̊ هΎ ،͚͌ـــάΊͫ͂اغ في اΉΊ ̊ و͹ͬـً

ا΍Ί̡͗ـــΐ΍ في ̢ـ͸̼ͬ اΎάΉͣ΍Ίـ̊ت في اγΉ̹ΊـΤ اΊـ̾ي  

 δ̭̘ أن άͽδن في اΊͫ͂اغ؟

According to the central dogma, what is the 

intermediate molecule involved in the flow 

of information in a cell that should go in the 

blank? 

DNA → ________ → Proteins 

 

mRNA C mtDNA A  

tRNA  D  rRNA  B  

      ̘δ٥ ̢̼ر     Exercise 5 

ا͌ـــ̡̹ـ̼م هـ̾ا اά΍ΑΊذج ΑΊ͋ـــ̹ـγ͹γ͹̶ ΤـΤ اάΑΊاة  

 ΊلإΤ̮̊̚ ͤلى اή͋Ίال اΊ̡̊لي.

Use this model of a eukaryotic transcript to 

answer the following question. 
E = exon and I = intron 

  

5′-UTR E1 I1 E2 I2 E3 I3 E4 UTR-3′ 

Ύ̊ هΒάͽΎ β̊ت اΊ̭̈́يء اΊ͋ــ͸̊̚ اΊتي ͌ــΌ̡γ اά̥ͣΊر  

̊ في  ً͗ δه̊ أγΉͤmRNA ؟ΤδάΉ̹Ί͓ͣ̊رة اΊفي ا 

Which components of the previous molecule 

will also be found in mRNA in the cytosol? 

5′-UTR E1 E2 E3 E4 UTR-3′ C 5′-UTR I1 I2 I3 UTR-3′ A  

5′-E1 I1 E2 I2 E3 I3 E4-3′  D  5′-E1 E2 E3 E4-3′  B  
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      ̘δ٦ ̢̼ر     Exercise 6 

ـΈ͋ اΊ̡̊لي    ͺ Ό̡̢mRNA͂اءة ̮̈́ء ΐΎ ̮̈́يء   Ή͋ـ ̡Ί̊̚

. ά̚5′-CCG-ACG-3′ (mRNA)ا͌ـــΤ͛ اΊ͂اά̙δ͌ـــάم:  

ــ̊ت   ηδ̮̈́  ͂ͬά̡ـ ̢RNA    Τــ γΊ̊ــ ̡Ίا  Τــ Βά̵ـ ΉΊـΑـ͹ــΈ ا΍Ί͏ـــ

). ΐͽ΍δ أن  ′5إلى   ΍̚)3′͗ـ̊دا̢ه̊ اά΍Ί͘ـΤ̵ في ا̢̭̊ه  

  ͢Ύ ̴γ̵͔ـــ Έــͽ̚͏ـــ ΌهΑΎ ــ̊نΑ̦ا  ͸̡̊͛̚ــδmRNA 

.̼γ̡̙̙Ί̊ئي اΑ̦ Έγͽ͏̢ ΐͽ΍δ ̤γ̵̚ 

A part of an mRNA molecule with the 

following sequence is being read by a 

ribosome:          5′-CCG-ACG-3′ (mRNA). The 

following charged transfer RNA molecules 

(with their anticodons shown in the 3′ to 5′ 

direction) are available. Two of them can 

correctly match the mRNA so that a 

dipeptide can form.. 

 
  ͖΍̵Ίفي ا ΤـγΊ̡̊ـΊـ̊ت اΒدوάͽΊ͗ــــ̊دات اΎ ΐΎ Џأي

ـ͛̚ــه   ر  Ό̡ـ ــ̾ي ͌ــــγـ Ίا اΊـΑـ͹ــ̊ل الأول  اΊـΑـάوي  اΊـδ͂ـبي 

Β͂̊ ا΍Ί͂͌̊ل؟ Ίه̾ا ا Έ΍ͽγ͌ 

Which of the following anticodons in the 

first tRNA to bind will complement this 

mRNA? 

5′-UGC-3′ C 3′-GGC-5′ A  

3′-UGC-5′  D  5′-GGC-3′  B  
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      ̘δ٧̢̼ر    Exercise 7 

  Έـͽـͫ̊ظ ͤلى ͐ـــ ̵Ίا ΐͤ ولή͋ـــ΍Ί̡͂ا͚̚ اΊع اάΒ ̊ـΎ

̮̈́يء ا΍̵Ί͖ اδ͂Ίبي اάΑΊوي ا͹ΑΊـ̊ل اά΍Ί͘ـــ̴ في  

  اΈͽ͏Ί؟

What type of bonding is responsible for 

maintaining the shape of the tRNA molecule 

shown in the figure? 

 
A ͌ͫ̊تάͫΊا ΐγ̚ نيάδا͚͂̚ الأ ̡Ίا  ionic bonding between phosphates A 

B ̼ͤاά͹Ίأزواج ا ΐγ̚ ΤγΑγ̮̼روγهΊا Τ͛͂̚ا Ίا hydrogen bonding between base pairs B 

C ΐγ̮̼روγهΊذرات ا ΐγ̚ ͬ̊ل ͂δت ͬ̊ن دσ̢ͤ̊ͫ 
van der Waals interactions beween 

hydrogen atoms 
C 

D ΤγΑγΎ̊ض الأ΍̶الأ ΐγ̚ Τδ̼γ̡̙̙Ίا Τ͛͂̚ا Ίا peptide bonding between amino acids D 

      ̘δ٨̢̼ر    Exercise 8 

)  Έ̥΍δtRNA اΈͽ͏Ί ا΍̵Ί͖ اδ͂Ίبي اάΑΊوي ا͹ΑΊ̊ل (

اΊـ̾ي δ̡ͣ͂ف ͤلى ΍̶͖ أγΎني ΐγͣΎ وδ͂͛̚ـه (في 

άدون   ͽـ اΊـ  άــ̊ هـΎ .(ΐ γـ ــΈ أΒςـ γ Αـ ـγͬـ  ،Τــ Ί̵̊ــ اΊـ هــ̾ه 

  σ̙ـ ـ̶ رΎـάز  ـͤلى  ـά̮د  ά ΍ـ ـ΍̵ـ͖    mRNAاΊـ اΊـ هــ̾ا  Ίـ

  الأγΎني؟

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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5′-GUA-3′ C 5′-UGG-3′ A  

5′-UUC-3′  D  3′-GUG-5′  B  

      ̘δ٩̢̼ر    Exercise 9 

أي ΐΎ أάΒاع اΊ͛ͫ͂ات اΤγΊ̡̊Ί ، اΊتي ή̢دي إلى ̶̼وث  

Τ΍ في   mRNA̺͛̌ في   ̡̮͂Ί̼̚ء ا ̼ͣ̚AUG  ، ً̙̊͐ــ͂ةΎ

ـγ̡̦̌͂ الأ;̥͂ ά̺͛رة ͤلى   Ίهـ̊ اΊ نάͽδ أن ̴ ̮͂΍Ίا ΐΎ

 Ύ ̡̬ΑΎ̡̼ͣد اγ̡̙̙Ί̼؟

Which of the following types of mutation, 

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 

product? 

A دونά; ̶̾ف  a deletion of a codon A 

B ̼اتγ̢άγΉ;άγΑΊا ΐΎ ΐγΑ̶̦̾ف ا a deletion of two nucleotides B 

C  دونά; في Τ̥Ί̥̊Ί̼ات اγ̢άγΉ;άγΑΊا̡̙̼͌ال اACC 
a substitution of the third nucleotide in 

an ACC codon 
C 

D  دونάͽΊ ̼γ̢άγΉ;άγΒ ا̡̙̼͌ال أولGGG 
a substitution of the first nucleotide of a 

GGG codon 
D 

      ̘δ١٠̢̼ر     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). 

  ̼γ̡̙̚ ليά̙Ίا ΤγΑ̚ ͂ه̊ ͤلىγ̢̦̌ ΤγΊ̊΍̶̡̊̚ ͸Ή̡ͣδ ̊΍γͬ ا̶̼ةάΊا Τγالأ͌ـــ̊͌ـــ Τ͛͹ΑΊذات ا ΤγΊ̡̊Ί͛ͫ͂ات اΊر̢̘ ا

.(ςً̊΍̶̡ا Έͺإلى الأ ̴   اΐΎ) Έ̊̚͹΍Ί الأر̮

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 

1 Έ̺دا Τ͹γ΍ͤ إد̺̊ل ͫ͂͜ة .intron  

  . ͫ͂͜ة ا̡̙̼͌ال في اά΍Ί͘͢ اά; ΐΎ ̤Ί̥̊Ίدون في الإ;ά͋ن2
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  . ͫ͂͜ة ا̡̙̼͌ال في اά΍Ί͘͢ اΊ̥̊ني ά; ΐΎدون في الإ;ά͋ن3

4ΐγ̭Ίا ΐΎ ن الأولά͋;الإ Έ̺ͫ͂͜ة ̶̾ف دا  .  

 

2, 1, 4, 3 C 1, 2, 3, 4 A  

3, 1, 4, 2  D  4, 3, 2, 1  B  
 
 
 

      ̘δ١١ ̢̼ر     Exercise 11 

  ͢Α΍̡دة ، ͌ــά͹ͫΎ ̠Β̊; إذا ، ΤγΊ̡̊Ίا Έ;̊γهΊا ΐΎ أي

Τ΍؟ ̡̮͂Ίͤ̊دةً ̼̚ء ا  

Which one of the following structures, if 

missing, would usually prevent translation 

from starting? 

AUG codon C exon A  

poly-A tail  D  5′ cap  B  

      ̘δ١٢ ̢̼ر     Exercise 12 

Τ΍؟ ̡̮͂Ί̙̊͐͂ة في اΎ Έ̺̼δ ς ̾يΊن اάͽ΍Ίا άه ̊Ύ 
Which component is not directly involved in 

translation? 

tRNA C GTP A  

Ribosomes  D  DNA  B  
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Figure 64. shows E. coli bacteria in two different environments with and without 

tryptophan. 

 Organisms respond to environmental changes by regulating their genes to conserve 

resources and energy. 

 

Why is gene expression regulated? 

Regulation of Gene Expression 

 
(Figure 64) 



 

 

 

 

 

National Science and Mathematics Olympiad    

138 

 

 Operon: A cluster of genes controlled together by a single on/off switch. 

 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. 

 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: 

 Feedback Inhibition: The product 

(tryptophan) inhibits the activity of 

enzymes in its own synthesis 

pathway. 

 Transcriptional Regulation: The 

cell stops producing the enzymes of the pathway by halting transcription of 

the related genes. 

 Operon Model – The Fundamental Mechanism in 
Bacteria 

(Figure 65) 

(Figure 66) 
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A. Repressible Operons – Example: the trp 

operon: 

o Usually active (producing tryptophan). 

o Repressed when sufficient 

tryptophan is present — tryptophan 

acts as a corepressor. 

 B. Inducible Operons – Example: the lac 

operon 

o Usually inactive (not producing 

lactose-digesting enzymes). 

o Induced when lactose is present — lactose is converted to allolactose, which 

functions as an inducer. 

 

 When glucose levels are low, the concentration of cAMP increases. 

 cAMP binds to an activator protein (CRP – cAMP Receptor Protein), activating it. 

 The activated CRP binds to the promoter, enhancing the binding of RNA 

polymerase and increasing the rate of gene transcription. 

Two Main Types of Operons: 

 Positive Regulation – Example: The Effect of Glucose on the lac 
Operon 

 

 

(Figure 67) 

(Figure 68) 
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 It is more complex and occurs at multiple stages: 

1. Chromatin Structure Regulation 

2. Transcription Initiation Regulation 

3. RNA Processing 

4. mRNA Stability and Degradation 

5. Translation 

6. Protein Processing 

 Goal: To achieve cell differentiation and differential gene expression in 

multicellular organisms. 

 

 

 

 

 

 

 Regulation of Gene Expression in Eukaryotes 

(Figure 69) 



 

 

 

 

 

National Science and Mathematics Olympiad    

141 

 

 

 

(Figure 70) 
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Exercises  

  

 

      δ١̘ ̢̼ر     Exercise 1 

ـ̙̘ في   ̴ أن ̢̡͋ـــ ̮͂΍Ίا ΐΎ ΤـγΊ̡̊ـ Ίت اς̵̊ـ Ίا ΐΎ أي

  Β̸͋ أو͂̚ون اά̡;σΊز؟
 

Which of the following conditions is most 

likely to cause the lactose operon to be 

transcribed? 

A .زά̡;σΊا ΐΎ ̥͂;أ ΤγΉ̹Ίز في اά;άΉ̮ ̼̮άδ  
There is more glucose in the cell than 

lactose 
A 

B .ΤγΉ̹Ίز في اά̡;ς ̼̮άδ ς ΐͽΊز وά;άΉ̮ ̼̮άδ There is glucose but no lactose in the cell. B 

C 
ــ̊ت   δά̡ـ ــ ΍ــ̊    ΎAMP͋ــ σهـ و;ـ ــ̼وري  Ίا ـά̡ز  σ;ـ اΊـ

.ΤγΉ̹Ίا Έ̢̺͂ͫͣ̊ن داΎ 

The cyclic AMP and lactose levels are 

both high within the cell. 
C 

D 
ـά̡ى   ــ ـά̡ز    ΎcAMP͋ــ σ;ـ اΊـ ـά̡ى  ــ وΎ͋ــ ـͫ͢  ـ̢ Ύـ͂

.͖̹ͫΑΎ 

The cAMP level is high, and the lactose 

level is low. 
D 

      δ٢̘ ̢̼ر    Exercise 2 

ـ̵̠   ـΤ̚ أ͔ـــ̙ ̡̭͂Ί̊̚ـ ـ΍Ί̊ͣـΤ اΊتي ά͹̢م  Ί̡ͫ͂ض أن اΑΊ

 Έــ ــΉ͋ـ ــΊ ̴΍ه̊ ͼδ̵̡͂̚ ̢͋ـ  ΎDNÅه͂ة ΤγΑ͹̡̚ ̢͋ـ

  Έ ـ̶̤ ͹Α̚ـ ـ̙̊ Ίـ̊ͅم ا Τ اάΑΊاة. إذا  ـ̼̚اγθـ ـάΑγ̮ Έ̺م  دا

ا΍Ί͏ـــΈͧ إلى اΊ͛͂ف اΐΎ ̼γ̙ͣΊ الأو͂̚ون ، Ύ̡̭̊وزاً  

  ΐγ̮transacetylase (lacA)    ــ̊تγΉ΍ͣΊا  ΐΎ أي ،

ا΍̵̡΍ΊــΈ أن ̵̢ــ̼ث ΑͤــΎ̼ــ̊ ̢̡ͣ͂ض    ΐΎ ΤــγΊ̡̊ــΊا

  اά̡;σΊ ΤγΉ̹Ίز؟
 

Suppose an experimenter becomes 

proficient with a technique that allows her 

to move DNA sequences within a 

prokaryotic genome. If a researcher moves 

the operator to the far end of the operon, 

past the transacetylase (lacA) gene, which of 

the following processes would likely occur 

when the cell is exposed to lactose? 

A .͢΍͹Ί̊̚ الآن ̼ͣ̚ ̢͚̙͂δ ΐΊ ̵͂ض΍Ίا  
The inducer will no longer bind to the 

repressor. 
A 

B .Έͧ͏΍Ί̊̚ ̊Ύً̈́ΉΎ ̼ͣδ ΌΊ ͢Ύ̊͹Ίا 
The repressor will no longer bind to the 

operator. 
B 

C .الأو͂̚ون ̸͋Β Ό̡δ ΐΊ The operon will never be transcribed. C 

D  ̊تΑγ̮ ̸͋Β Ό̡γ͌lac operon .͂΍̡͋Ύ Έͽ͏̚ 
The genes of the lac operon will be 

transcribed continuously. 
D 
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      δ٣̘ ̢̼ر    Exercise 3 

  ̊ ـً͌ ـ͌̊ ـΤγ̙͓ أ ͣΊا ̊δσ̹Ίا ΐͤ تσ͗ـ ͣΊا ̊δσ̺ ͪΉ̡̢̹

 لأΒه̊:

Muscle cells differ from nerve cells mainly 

because they: 

A .ΤͫΉ̡̹Ύ ̊تΑγ̮ ΐͤ ͂γ̡̙ͣΊا  express different genes. A 

B .ΤͫΉ̡̹Ύ ̊تΑγ̮ ي ͤلىά̵̡̢ contain different genes. B 

C .ΤͫΉ̡̹Ύ Τγ̦ز وراάΎا̡̹̼͌ام ر use different genetic codes. C 

D .̼ةδ͂ͬ ̊تΎά͌ά̙δه̊ راΊ have unique ribosomes. D 
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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. 

 

 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. 

 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. 

 In this method, one strand of a 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. 

 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. 

DNA sequencing and DNA cloning are valuable tools for genetic 
engineering and biological inquiry 

 DNA Sequencing: 

DNA Tools and Biotechnology 
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 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. 

 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. 

 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. 

 In some newer approaches, DNA is not fragmented or amplified. Instead, a single, 

very long DNA molecule is sequenced directly. 

 Several research groups have developed techniques in which a single DNA strand is 

passed through an extremely tiny pore, or nanopore, in a membrane, allowing bases 

to be identified one by one by the distinct way each base interrupts an electrical 

current. 

 The concept is that each type of base interrupts the current for a slightly different 

duration. 

 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. 

 Improved DNA sequencing technologies have transformed how we explore 

fundamental biological questions about evolution and the mechanisms of life. 

 In this 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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(Figure 71) 
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(Figure 72) 
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 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. 

 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. 

 Making Multiple Copies of a Gene or other DNA Segment 

 
(Figure 73) 
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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 (E. coli), 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. 

 To clone DNA fragments 

using bacteria, researchers 

first obtain a plasmid 

(originally isolated from 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). 

 The resulting plasmid is now a 

recombinant DNA molecule a 

molecule containing DNA 

from two different sources, 

often from different 

species. The recombinant 

 
(Figure 74) 
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plasmid is then introduced into a bacterial cell, producing a recombinant 

bacterium. 

 This single recombinant cell divides repeatedly, forming a clone of cells a 

population of genetically identical cells. 

 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. 

 In the figure, the plasmid acts as a cloning vector a DNA molecule that can carry 

foreign DNA into a host cell and replicate there. 

 Bacterial plasmids are widely used as cloning vectors for several reasons: they are 

easily obtained, manipulated to form recombinant plasmids by inserting foreign 

DNA in a test tube, and readily introduced into bacterial cells. 

 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 

figure. 

 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. 

 For example, a resistance gene from one crop species can be cloned and 

transferred to another plant species, producing genetically modified (GM) 

organisms. 

 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. 

 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. 

 
 Using Restriction Enzymes to Make a Recombinant DNA Plasmid: 
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 Gene cloning and genetic engineering in general rely on the use of enzymes that 

cut DNA molecules at a limited number of specific sites. 

 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. 

 Each restriction enzyme is highly specific, recognizing a particular short DNA 

sequence a restriction site and cutting both DNA strands at precise points within 

that site. 

 Figure 75(a) illustrates how restriction enzymes can be used to clone a foreign DNA 

fragment into a bacterial plasmid. 

 At the top is a bacterial plasmid containing a single restriction site recognized by a 

specific restriction enzyme from E. coli. 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. 

 The most used restriction enzymes recognize sequences containing four to eight 

base pairs. 

 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. 

 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 figure. 

 The resulting double-stranded restriction fragments have at least one sticky end 

a short single-stranded extension. 

 These short extensions can form hydrogen bonds with complementary sticky 

ends on any other DNA molecules cut by the same enzyme. 

 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. 

 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. 
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 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. 

 To separate and visualize these fragments, researchers use a technique called gel 

electrophoresis. 

 
 

(Figure 75) 
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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. In linear DNA, the number of fragments equals the number of restriction sites plus 

one (+1). 

 

 

 

 

 

 

 

 

 

 

 

 

 Rules of Restriction Enzymes: 

 Complete Digestion and Partial Digestion: 

(Figure 76) 
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 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. 

 The gel acts as a molecular sieve, separating nucleic acids or proteins based on size, 

electrical charge, and other physical properties (see next figure). 

 Gel Electrophoresis and Southern Blotting: 

 (Figure 77) 
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 Because DNA molecules carry negative charges on their phosphate groups, they 

all migrate toward the positive electrode in an electric field. As they move, the 

network of agarose fibers impedes longer molecules more than shorter ones, 

thereby separating them by length. 

 Thus, gel electrophoresis separates a mixture of linear DNA molecules into bands, 

each consisting of thousands of DNA molecules of the same length. 

 One historically valuable application of this technique is restriction fragment 

analysis, which rapidly provides information about DNA sequences. 

 In this type of analysis, the DNA fragments produced by restriction enzyme 

digestion of a DNA molecule are separated by gel electrophoresis. 

 Restriction fragment analysis can be used to compare two different DNA 

molecules for example, two alleles of a gene if a nucleotide difference affects a 

restriction site. 

 A change in even one base pair within such a site can prevent a restriction enzyme 

from cutting there. Variations in DNA sequence among individuals in a population are 

called polymorphisms; this type is known as a Restriction Fragment Length 

Polymorphism (RFLP). 

 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. 

 For example, sickle-cell disease results from a single-nucleotide mutation within a 

restriction site (RFLP) in the human β-globin gene (see figure). 

 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. 

 As noted 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. 

 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 β-globin 

gene. 

 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. 

 Identifying carriers of mutant alleles associated with hereditary diseases is one 

major application of Southern blotting. 

 The technique has also been adapted for use with RNA and proteins. 

 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         

(Figure 77) 
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(Figure 78) 
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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 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Practical Applications of DNA-Based Biotechnology Affect our Lives in 
Many Ways: 
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Exercises  
  

      ̘δ١ ̢̼ر      Exercise 1 

ـ̡̊ج ̮̈́يء   Βـه لإΎـ̹̼ا ـγΊ̡̊ـΌ̢ Τ ا͌ـــ̡ Ίـ̊ت ا΍δ̈́Βالإ ΐΎ أي

 ا΍̵Ί͖ اάΑΊوي في اΈͽ͏Ί؟

Which of the following enzymes was used 

to produce the molecule of DNA in the 

figure? 

 
RNA polymerase C ligase A  

DNA polymerase  D  a restriction enzyme  B  

      δ٢̘ ̢̼ر    Exercise 2 

ـͽ̡ـ͂ر  Ύـ  Έــͽ̚͏ــــ ـ΍̹ـγـ͂ة  اΊـ ــ̊  δσ̺ـ ـ̡̹ــ̼م  Ίـ΍ــ̊ذا ̢͋ــــ

 ;Α̡͌σΊ ͪγ͗΍͋̊خ؟

Why are yeast cells frequently used as hosts 

for cloning ? 

A .ΤΊά͂ات ͋̚ه΍̡ͣ͋Ύ Έͽ͏̢ ̊هΒأ  They easily form colonies. A 

B  ΤΊإزا ΌهΑͽ΍δexons  ΐΎmRNA. They can remove exons from mRNA. B 

C .̼اتγΎزσ̚ Όهδ̼Ί ͊γΊ They do not have plasmids. C 

D .اةάΑΊا Τγ͹γ͹̶ ̊δσ̺ βه They are eukaryotic cells. D 

 

      δ٣̘ ̢̼ر    Exercise 3 

Pax-6    ̼ـδ̼ͣـ Ίفي ا ΐγͣΊا ΐδάͽ̢ ͏ــــ̊رك فيδ ΐγ̮ άه

ΐΎ ا͹ͬσΊ̊رδ̊ت ، Έ̥Ύ ذΤ̊̚̚ اΊͫ̊;هΌ̢ .Τ اά̥ͣΊر ͤلى  

Pax-6    ΐγ̮ ΐͤ ͂γ̡̙ͣΊا ΐͽ΍δ .ـ̊تδـ̊ر͹ͫΊفي ا ̊ أδ͗ــــً

Pax-6  ) ΐγ̢̙͂وΊدي اήδو Τ̚ـ ـ̊̚ ـͬ̌ر في ذ  ΐΎPAX-6 (

ــγ͂ ه̾ه اΎάΉͣ΍Ί̊ت إلى أي   ͏̢ .Τ̙;͂ Ύ Τ̊̚̚ذ ΐγͤ إلى

 ΐΎ اθ͓̹̊Ί͒ اΊ ΤγΊ̡̊Ίه̾ا اΐγ̭Ί؟

Pax-6 is a gene that is involved in eye formation in many 

invertebrates, such as Drosophila. Pax-6 is also found in 

vertebrates. A Pax-6 gene from a mouse can be expressed 

in a fly and the protein (PAX-6) leads to a compound fly eye. 

This information suggests which of the following 

characteristics of this gene? 
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A 
ــ̊ت   Αــ γــ ̮Pax-6   Έــ ــΉ͋ـــ ̢͋ـــ في   Τــ ͹ــ ــ̊̚ ــ͛ ــ̡ Ύ

  اγ̢άγΉ;άγΑΊ̼ات.

Pax-6 genes are identical in nucleotide 

sequence. 
A 

B 
ـ͹̊͛̚ـPAX-6   ΐΎ Τ͂̚وΑγ̢ـ̊ت   ̡Ύ تσ͋ـــΉهـ̊ ̢͋ـــΊ

.ΤγΑγΎ̊ض الأ΍̶الأ 

PAX-6 proteins have identical amino acid 

sequences. 
B 

C 
Pax-6    ̊ ــً δرά͛ـ ̢  σًأ͔ـــ ـ͟هـ͂  δو  Τــ δ̊ـͧــΉΊ ـάͫظ  ـ̵ Ύ

.̊;ً͂ ̡͏Ύ 

Pax-6 is highly conserved and shows 

shared evolutionary ancestry. 
C 

D 
ـΉ̡̢̹PAX-6    Τͫͪ ͂̚وΑγ̢ـ̊ت   Ή̡̹Ύ اعάΒأ ΐδάͽ̢ في

 ΐΎ اάγͣΊن.

PAX-6 proteins are different for 

formation of different kinds of eyes. 
D 

      δ٤̘ ̢̼ر     Exercise 4 

ــΈͽ ͤلى   ͏Ίــ̴ في ا ͘ά΍Ίوي اάΑΊا ͖΍̵Ίي ̮̈́ء اά̵̡δ

و   Bو    A، واΊتي γγ͹̢ ͛͢ͺ ͸Ή̢̹ـδ̼ـII   Τو    άΎIاγγ͹̢ ͢ͺـ̼ 

C  ه͂بيͽΊن اσ ̶͂Ί̡̭هـ̊ اΑδ تيΊا ΤـγΎσهΊاد اά΍Ίا ΐΎ أي .

  Έͽ͏̚ Έ̥΍δ أΈ͓ͬ Έ͗ͬ ه̾ه الأ̮̈́اء وهδά̡ه̊؟

 

The segment of DNA shown in the figure 

has restriction sites I and II, which create 

restriction fragments A, B, and C. Which of 

the gels produced by electrophoresis 

best represents the separation and 

identity of these fragments? 

 

 

C 

 

A  

  

D  

  

B  

  

      δ٥̘ ̢̼ر    Exercise 5 

 Ό̡δ ̴ أن  ̮͂΍Ίا  ΐΎ ΤــγΊ̡̊ــΊت اσ͋ـــΉ̡͋ـــΊا  ΐΎ أي

 ͺ͛ͣه ά̚اΤ͛͌ إγ͹Ύ Όδ̈́Β̼؟

Which of the following sequences is most 

likely to be cut by a restriction enzyme? 

5′-AAAATT-3′ 

 3′-TTTTAA-5′ 
C 

5′-AATTCT 3′ 

 3′-TTAAGA-5′ 
A  

5′-ACTACT-3′ 

 3′-TGATGA-5′  
D  

5′-AATATT-3′ 

 3′-TTATAA-5′  
B  

      δ٦̘ ̢̼ر    Exercise 6 
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  ̊ ـΒً̮̙̊ـ  Έأͬ͗ــــ Έـͽتي ̢͓ـــͪ ̚͏ـــΊا Τ͟ـ ̶σ΍Ίـ̶̼د ا

ـσ̶ن   ــ̼ واΊـ͂ γـγـ͹̡ـ اΊـ  Όـتي ه͗ــــγـΉـ΍ͤـ  ΐـΎ ̊ ـγ̵ـ̵ــً ͔ــــ

 اͽΊه͂بي ΉΊهσم.

Select an observation that best describes a 

correct aspect of the two processes of 

restriction digest and gel electrophoresis. 

A 

ـάͽγ͌ن ΍Β͚ ̶̈́م   ، ΤγΎσ̊دة هΎ ه̊ ͤلىΉ͓ـ ͬ ̼Αͤ

  Τͤــά͛ـ ΍ـ͹ـ اΊـ  ͼــ Ή̡ـ Ίـ ً́̈ا  Αـάوي Ύـ΍ـγـ اΊـ ـ΍̵ـ͖  اΊـ

ـ̹̼ام   ؛ Α̢ ΐΊ̡̬ إ΍δ̈́Βـ̊ت اγγ͹̡Ίـ̼    Hind IIIـ̊͌̚ـــ̡

ا̈́ء Βͫ͋ه̊.   اΤͫΉ̡̹΍Ί ه̾ه الأ̮

When separated on a gel, the pattern of 

DNA bands will be characteristic of those 

cut with Hind III; different restriction 

enzymes will not produce these same 

fragments. 

A 

B 

  Έــ ــΉ͋ـ ΍̦̊ني  AAGCTT-3-′Ό̢٥ اά̥ͣΊر ͤلى اΊ̡͋ـ

، وδ̥ͣ͂ إΌδ̈́Β اγγ͹̡Ίـ̼   ΎLambda͂ات في άΑγ̮م  

Hind III  .͢ͺάΎ Έ; ͤلى 

The sequence 5′-AAGCTT-3′ is found eight 

times in the Lambda genome, and the 

restriction enzyme Hind III finds each 

location. 

B 

C 

، ͬ͋ـــ̡͟ه͂  ـ̊̚ئي  ـ̹̼ام γ̢ـ̊ر ;ه͂ إذا Ό̡δ ΌΊ ا͌ـــ̡

  ΐͽΊ ، ويάΑΊا ͖΍̵ΉΊ ΤـΉ͓ͫـــΑΎ ـ̊ͅت ـ͛̊ Β ΤـγΒ̊ـ΍̦

ـ̡̹̼͌ام   ـΉ͓ه̊ Α̼ͤ ا ͬ Ό̡δ ̊Ύ ̼ر͹̚ ̊هΉ͓ـ ͬ Ό̡δ ΐΊ

 اγ̡Ί̊ر اͽΊه͂̊̚ئي.

If an electrical current is not used, eight 

separate DNA bands would be visible, but 

they would not be separated as much as 

when an electrical current is used. 

C 

D 

اγγ͹̡Ίــ̼    Όδ̈́Βإ ΐͽ΍δHind III    ͚͹ͬ ا͌ـــ̡̹ــ̼ام 

  ͛͢͹ΊDNA Lambda   ̼ـγγ͹̡Ίـ̊ت ا΍δ̈́Βً͂ا لأن إ ͟Β

 άΑ̚ Τ͔̺̊ع ا΍̵Ί͖ اάΑΊوي اΊ̾ي Αͽ΍δه̊ ͺ͛ͣه.

Only the restriction enzyme Hind III can 

be used to cut Lambda DNA since 

restriction enzymes are specific to the 

type of DNA they can cut. 

D 

 

 

      δ٧ ̢̘̼ر     Exercise 7 

ـδ̶̼ثي    ΍ͤ Ό̢DNAـγΉ̵̢ ΈـΉ΍Ί Έͪ اΊـــــــ   ـͫ̊ل  ـΤ̦ أ͜ σ̥Ί

)، ̊̚لإΤͬ̊͘ إلى Baby A, Baby B, Baby C  Τ̦σ̦اςάΊدة (

 - Mom #2و    Mom #1 - Dad #2و    Dad #1أزواج (

Dad #3    وMom #3Τــ͹̚ـ Ύـ͛ــ̊  ΐـΎ ̼ــ̌;ــ ΊـΉـ̡  ͼــ Ίوذ  .( 

 ͸δ͂͜ ΐͤ Όͬ͂زه Τ ـ̶̼وث γΉ΍ͤـ ـ̼ͣ  ̚ Όهθ̊̚ـ ـͫ̊ل لآ الأ͜

  ΈγΉ̵̡Ίا ̬θ̡̊Β ͠ه͂ت ̼ͺ͛بي. وΊ̊در اͽΊــ̙̘ ا اΊ̹͛̌ ͋̚ـ

  ̡̹̼̊͌̚ام ̮ه̊ز اΈ͓ͫΊ اΊهβΎσ ͤلى اά̵ΑΊ اΊ̡̊لي:  

The DNA profile of three newborn 

children (Baby A, Baby B, Baby C) was 

analyzed, in addition to three married 

couples (Dad #1 and 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 
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 by mistake because of the medical staff. 

The results of the analysis using the gel 

separator appeared as follows:. 

 
A 

 

B 

 

C 

 

  

      δ٨ ̢̘̼ر     Exercise 8 

  ΐΎ ͺ͓ـــγ͂ة   Τ͛ͣــͺ Έــ ــΈ ̢͋ـــΉ͋ـــ Ή ̶ُDNA    ً̊ــ γ΍δ̈́Βا

 . ΐγ̭͋ــ;ςا Τ͔ــά͹ΑΎ Τγθ̊Α̦ ̼اتγ̢άγΉ;άγΒ ̊ل΍̡ͣ̊͌̚ــ

ـ̡̹̼͌ام اΊهσم اΐγ̙΍Ί ادΒ̊ه اي ΐΎ اγ̹Ί̊رات δ̵̼د   ̊̚

 Έ͋Ή̢͋DNA . 

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. 
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𝟑ᇱ_𝐆𝐆𝐆𝐆𝐂𝐂𝐂𝐀𝐀𝐀𝐓𝐓𝐓𝐓_𝟓′ C 𝟑ᇱ_𝐂𝐓𝐆𝐀𝐓𝐀𝐆𝐓𝐂𝐀𝐆𝐂𝐓𝐆_𝟓′ A  

𝟓ᇱ_𝐂𝐓𝐆𝐀𝐓𝐀𝐆𝐓𝐂𝐀𝐆𝐂𝐓𝐆_𝟑′ D  𝟓ᇱ_𝐆𝐆𝐆𝐆𝐂𝐂𝐂𝐀𝐀𝐀𝐓𝐓𝐓𝐓_𝟑′ B  

 

      δ٩̘ ̢̼ر    Exercise 9 

What is the most logical sequence of steps for splicing foreign DNA into a plasmid and 

inserting the plasmid into a bacterium? 

 Όγ̵Ή̢ اتά̹͛Ί Τγ͹͛ΑΎ ̥͂;الأ Έ͋Ή̡͋Ίا άه ̊ΎDNA ̊؟δ͂γ̡ͽ̚ في ̼γΎزσ̙Ίوإد̺̊ل ا ̼γΎزσ̚ في ̘δ͂ͧΊا  

I. Transform bacteria with a recombinant DNA molecule. 

II. Cut the plasmid DNA using restriction enzymes (endonucleases). 

III. 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. 

I ̮̈́يء ͢Ύ ̊δ͂γ̡ͽ̙Ίا Έδά̵̢ .DNA .̙هγ;͂   ا΍Ίͣ̊د ̢

II ̼γΎزσ̙Ίا ͛͢ͺ .DNA  ̼γγ͹̡Ί̊ت ا΍δ̈́Β̡̹̼̊͌̚ام إ)endonucleases.( 

III ا̡̹͌͂اج .DNA .Τδ͂γ̡ͽ̙Ίا ̊δσ̹Ίا ΐΎ ̼γΎزσ̙Ίا  

IV ΐγ̮̼روγهΊا ͚͂̚δ .DNA  ̊δ̊͟͏̚ ̼γΎزσ̙ΊاDNA .̼γΎزσ̙Ίا ͂γͨ  

V . ا̡̹̼͌مligase   قσͨلإDNA  ͤلى ̼γΎزσ̙ΊاDNA .̼γΎزσ̙Ίا ͂γͨ 

III, IV, V, I, II C II, III, V, IV, I A  

IV, V, I, II, III  D  III, II, IV, V, I  B  
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