Chapter 10—Mendel and the Gene

Lecture Outline

I.
Historical Overview: Hypotheses to Explain How Traits Are Transmitted from Parent to Offspring

A.
Blending Hypothesis—Favored by the botanist Carl Nägeli, 1800's, mentor of Gregor Mendel

1.
Hereditary determinants from two parents blend together in their offspring. 

2.
Example—A white sheep mates with a black sheep, producing gray offspring.

B
Inheritance of Acquired Characteristics—Proposed by Lamarck (1809; see Chapter 21) and favored by Charles Darwin.

1.
Traits present in the parents are modified through use and passed on to offspring.

2.
Example—Adult giraffes strain their necks to reach food in trees, necks become longer, and their offspring inherit the longer neck trait.

II.
Rules of Inheritance: The Experiments of Gregor Mendel (1865)

A.
Mendel selected an appropriate model organism, the garden pea, which has many useful qualities.

1.
It is cheap and readily available due to use in agricultural practices.

2.
Peas are easy to propagate with a short reproductive cycle.

3.
Matings can be controlled by manual pollination: 

a.
Peas normally self-fertilize within one flower. (Fig. 10.1a)

b.
Anthers can be removed to prevent self pollination. (Fig. 10.1b)

c.
Pollen from one plant can be manually dusted onto flowers of other plants.

4.
Variation existed in peas—Traits were identified that exhibited one of two phenotypes. Mendel obtained seven different pea lines, each showing variation in a different trait. (Fig. 10.2)

5.
True-breeding lines could be obtained in which selfing or outcrossing to a member of the same line produces offspring identical to parents.

B.
Question 1—If true-breeding lines are crossed to make a hybrid, what will the phenotype be?

1.
Experiment 1—Cross pure lines that differ in a single trait: round seeds vs. wrinkled seeds.

2.
Protocol—Pollen from a round-seeded plant is dusted on stigma of wrinkled-seeded plant.

3.
Result—All offspring (= F1 generation) are round seeded. (Fig. 10.4)

4.
Conclusion—The data do not support the blending hypothesis.

C.
Question 2—Are the results due to a maternal or paternal influence on the traits? (Fig. 10.3)

1.
Experiment 2—Switch the maternal and paternal mating partners (= reciprocal cross).

2.
Protocol—Pollen from a wrinkled-seeded plant is dusted on stigma of a round-seeded plant.

3.
Result—All offspring are, once again, round seeded.

4.
Conclusion—This trait is not affected by whether it is donated by the male or female parent.

D.
Question 3—What phenotypes result when the F1 generation is allowed to reproduce?

1.
Experiment 3—F1 seeds are grown up, and each plant is allowed to self-fertilize. 

2.
Result—The wrinkled-seeded phenotype reappeared in the F2 generation. (Fig. 10.5)

a.
5474 seeds were round, 1850 were wrinkled (= 3:1 ratio). 

b.
The wrinkled phenotype appeared to have been temporarily latent in F1 plants. 

3.
Conclusion—When both round and wrinkled genetic determinants are present, round dominates and the wrinkled phenotype is recessive. 

E.
Question 4—Will the same results in F1 and F2 generations be seen for the six other pea traits?

1.
Protocol—Experiments 1, 2, and 3 are repeated for all other pea lines.

2.
Results—Identical to those in Experiments 1, 2, and 3.

3.
Conclusion—Results are not due to a peculiarity of seed shape inheritance. 

F.
Mendel develops the particulate inheritance hypothesis: 

1.
Genetic determinants (genes) act like discrete particles.

2.
Genetic determinants maintain their integrity from generation to generation:

a.
Do not become blended

b.
Do not acquire new or modified characteristics through use

G.
Mendel's Hypothesis—Genes exist as paired alleles.

1.
Each individual has two versions, or alleles, of each gene. 

2.
All the alleles present together in one individual = genotype. 

3.
Genotype has a profound influence on the traits of the individual.

4.
Allele hypothesis explains the framework for dominance/recessiveness:

a.
RR = round seeded, Rr = round seeded, rr = wrinkled seeded

(1)
The letter notation in plant genetics is based on the dominant phenotype.

(2)
Letters designating genes are always italicized; capital letters denote the allele associated with the dominant form of the trait, and small letters denote the allele associated with the recessive form of the trait.

b.
Phenotype depends on which two alleles of the gene are paired in the individual. 

c.
Explains why the wrinkled-seeded phenotype disappears in the F1 generation. 

H.
Mendel Proposes the Principle of Segregation

1.
The alleles of a gene segregate to different gamete cells during egg and sperm formation.

2.
Each gamete receives one allele of each gene (= haploid state). 

3.
Fertilization restores the diploid state—Fusion of egg and sperm brings together two alleles of each gene.

a.
Homozygous—individual with two copies of the same allele for a particular gene.

b.
Heterozygous—individual with two different alleles of a particular gene.

I.
Mendel used probability theory to make mathematical predictions based on his hypotheses.

1.
Rules of Probability (Box 10.1)

a.
"Both-and" rule (multiplication rule) used to determine the probability that two or more independent events will occur together.

(1)
Probability that one event will occur x probability the other event will occur. 

(2)
Example—What is the probability of drawing the ace of hearts from a deck of cards, and then drawing the ace of spades from the same deck?

(a)
Probability of drawing the ace of hearts is 1/52. 

(b)
Once one card is drawn, the probability of then drawing the ace of spades is 1/51.

(c)
1/52 x 1/51 = 1/2652.

b.
"Either-or" rule (addition rule) used to determine the probability of an event occurring, when it can occur in several different ways. 

(1)
Sum of the probabilities of each way an event can occur.

(2)
Example—What is the probability of drawing either the ace of spades, or the ace of hearts, from a deck of cards?

(a)
Probability of drawing the ace of spades is 1/52; probability of drawing the ace of hearts is 1/52.

(b)
1/52 + 1/52 = 2/52 = 1/26.

2.
Mendel—What is the probability of obtaining the wrinkled-seeded phenotype in the F2 generation? (Fig. 10.5b)

a.
Sperm produced by the Rr male parent—1/2 are R and 1/2 are r. 

b.
Eggs produced by the Rr female parent—1/2 are R and 1/2 are r. 

c.
The probability of any one offspring inheriting the r allele from the male parent is 1/2, and of inheriting the r allele from the female parent is 1/2.

d.
"Both-and" rule—Overall probability is 1/2 x 1/2 = 1/4.

e.
The wrinkled-seeded phenotype did appear in 1/4 of the offspring in the F2 generation.

3.
Mendel—What is the probability of obtaining the round-seeded phenotype in the F2 generation?

a.
Round seeds result from being either RR or Rr.

b.
The probability of any one offspring inheriting the R allele from the male parent and the R allele from the female parent is 1/2 and 1/2, respectively—1/2 x 1/2 = 1/4.

c.
The probability of any one offspring inheriting the R allele from the male parent and the r allele from the female parent is 1/2 and 1/2, respectively—1/2 x 1/2 = 1/4.

d.
The probability of any one offspring inheriting the r allele from the male parent and the R allele from the female parent is 1/2 and 1/2, respectively—1/2 x 1/2 = 1/4.

e.
"Either-or" rule—Overall probability is 1/4 + 1/4 + 1/4 = 3/4.

f.
The round-seeded phenotype did appear in 3/4 of the offspring in the F2 generation.

4.
Conclusion—Mendel's mathematical models, based on probability theory, accurately predict the outcome of self-fertilization of the F1 generation.

a.
Mendel's hypotheses and models enabled biologists to predict the genotypes and 
phenotypes that result from matings. (Fig. 10.6)

b.
R. C. Punnett developed the Punnett square for displaying gamete genotypes from which all possible offspring genotypes could be predicted. (Fig. 10.7)

J.
Using Models to Predict the Outcome of Mating F2 Seed Generation

1.
Predictions

a.
Of the F2 generation, 1/4 are homozygous (rr). These wrinkled-seeded plants should produce only wrinkled-seeded offspring when selfed.

b.
3/4 of the F2 generation are round seeded, but some are homozygous (RR) while others are heterozygous (Rr), at a ratio of 1:2. 

(1)
Selfing round-seeded RR plants should produce only round-seeded offspring.

(2)
Round-seeded Rr plants, when selfed, should produce both round-seeded and wrinkled-seeded offspring, at a ratio of 3:1.

2.
Protocol—Plant the F2 seeds and allow the plants that grow up to self-fertilize.

3.
Results

a.
Only wrinkled seeds were produced by self-fertilization of wrinkled-seeded F2 plants.

b.
Selfing 565 round-seeded F2 plants: (Box 10.2)

(1)
193 produced only round-seeded offspring, thus they were homozygous (RR).

(2)
372 produced both round-seeded and wrinkled-seeded offspring, thus they were heterozygous (Rr). 

(3)
Overall ratio of homozygous dominant to heterozygous = 1:2.

4.
Conclusions

a.
Mendel's predictions were confirmed.

b.
Genotypes of a parental generation can be inferred from phenotypes of the offspring.

c.
Experiments with all six other lines of peas gave similar results.

K.
Does the principle of segregation hold true if parents differ in two or more traits?

1.
Mendel crossed a pure line of round, yellow-seeded parents with a pure line of wrinkled, green-seeded parents (RRYY x rryy) (Fig. 10.8a)

a.
Result—All F1 progeny had round yellow seeds; yellow (Y) is dominant over green. 

b.
Selfing the F1 generation produced phenotypes in the ratio of 9 round yellow to 3 round green to 3 wrinkled yellow to 1 wrinkled green. (Fig. 10.8b)

c.
Considering the two traits separately, selfing of the F1 generation produced:

(1)
423 round seeds to 123 wrinkled seeds (approximately 3:1 ratio). 

(2)
416 yellow seeds to 140 green seeds (approximately 3:1 ratio). 

d.
Conclusion—The same ratios are obtained in the F2 generation of a two-trait experiment as in the F2 generation of a single-trait experiment.

2.
Mendel calculated the probability of obtaining both dominant phenotypes together, based on their separate probabilities: (Fig. 10.8c)

a.
Probability of the round phenotype in the F2 generation = 3/4.

b.
Probability of the yellow phenotype in the F2 generation = 3/4.

c.
"Both-and" rule—Overall probability of R and Y together = 3/4 x 3/4 = 9/16.

3.
Conclusion—Probability theory accurately predicts the phenotypic ratios that were seen in crossing pea plants that differed in two traits, thus the data support the principle of segregation for two traits. (Fig. 10.9)

L.
Mendel's Principle of Independent Assortment

1.
Hypothesis—Each pair of alleles segregates separately from every other pair of alleles.

2.
Prediction—The R gamete will be obtained from an Rr parent 1/2 of the time. The Y gamete will be obtained from a Yy parent 1/2 of the time. Neither is dependent on the other.

3.
Testcross—determines the type of gametes a parent produces by crossing one parent to a 
homozygous recessive parent for the same trait(s). (Fig. 10.10)

a.
Example—♀ RrYy x ♂ rryy predicts four types of gametes: RY, Ry, rY, and ry.

b.
Crosses of these gametes—predictions for F1 genotypes: 


All possible ♀ gametes (if heterozygous)


RY
Ry
rY
ry


♂ gametes:


All are ry
RrYy
Rryy
rrYy
rryy
=
genotypes


of progeny


Predicted ratio:
1
1
1
1

c.
Results—Round yellow (31), round green (26), wrinkled yellow (27), and wrinkled green (26). Ratio ≈ 1:1:1:1.

d.
Conclusion—The data support the principle that alleles for different genes assorted independently of one another. 

M.
Mendel's Contributions to the Process for Conducting Heredity Studies

1.
Importance of selecting an appropriate model organism

2.
Use of true-breeding lines with discrete trait differences

3.
Testing large sample sizes reduces chance interactions, makes data easier to interpret

4.
Application of the rules of probability to predict the number and types of offspring

5.
Development of a simple system for notation of genes and phenotypes

N.
Mendel identified the two fundamental patterns of transmission genetics.

1.
Segregation of alleles into separate gametes

2.
Independent assortment of alleles that control different traits

III.
The Chromosome Theory of Inheritance

A.
Sutton and Boveri (1903) independently developed the chromosome theory of inheritance, based on Mendel's work.

1.
Pattern component—Mendel's patterns of inheritance.

2.
Process component—Mendel's rules can be explained by the independent assortment of 
homologous chromosomes at meiosis I. (Fig. 10.11)

B.
Testing and Extending Chromosome Theory—Thomas Hunt Morgan

1.
Developed Drosophila as a model organism:

a.
Small size, ease of culture in the laboratory.

b.
Short reproductive cycle (10 days).

c.
Parents produce abundant progeny.

d.
Elaborate external anatomy shows phenotypic variation.

e.
Morgan et al. identified and selected different mutant phenotypes.

2.
Discovered white-eyed Drosophila male in the red-eyed wild type population. (Fig. 10.12)

a.
Inferred the white-eyed phenotype was due to a mutation.

b.
Mated white-eyed male to red-eyed female:

(1)
All F1 flies had red eyes.

(2)
Conclusion—The white-eyed phenotype is recessive.

c.
Mated F1 males to F1 females:

(1)
F2 population was composed of 3 red-eyed flies to every 1 white-eyed fly.

(2)
Unusual result—All the white-eyed flies were male. Of all the F2 males, 1/2 were white eyed and 1/2 were red eyed.

3.
Morgan et al. tested the association of eye color and sex:

a.
Mated F1 red-eyed females to white-eyed males—obtained some female offspring with white eyes, thus females could have the white-eyed phenotype. 

b.
Reciprocal cross—mated white-eyed females to red-eyed males:

1.
All the F1 female flies were red eyed.

2.
All the F1 males were white eyed. 

c.
Conclusion—Some type of linkage does occur between sex and eye color. 

4.
N. Stevenson discovered sex chromosomes by studying karyotypes of the beetle Tenebrio.

a.
2n females have 20 large chromosomes; 2n males have 19 large and one small chromosome (denoted the "Y" chromosome). (Fig. 10.13a)

b.
All eggs have 10 large chromosomes, but 50% of sperm have 10 large chromosomes and the other 50% have 9 large and 1 small Y chromosome.

c.
Large chromosome that pairs with Y chromosome was named the "X" chromosome.

d.
Proposed that a male develops from fusion of an egg (X) with a sperm that carries a Y chromosome (produces XY), and females develop from fusion of egg (X) with a sperm that carries an X chromosome (produces XX). (Fig. 10.13b)

e.
Because equal numbers of X sperm and Y sperm are formed, equal numbers of males and females are produced.

5.
Morgan confirmed the presence of X and Y chromosomes in Drosophila.

a.
Deduced that the transmission pattern of X and Y chromosomes could account for the 
white-eyed phenotype.

(1)
Proposed the gene for eye color is on the X chromosome in Drosophila. 

(2)
Hypothesis—Some traits are transmitted by sex-linked inheritance patterns because the gene is located on the X chromosome. The shortened Y chromosome does not carry alleles for these genes, so the phenotype encoded by the X chromosome is observed.

b.
Notation in Drosophila—Letters designating genes are italicized and are based on the recessive phenotype. A (+) sign denotes the wild-type allele. The absence of a (+) sign denotes the recessive allele. Capital letters are used only to designate an allele that is dominant to the wild-type allele.

(Fig. 10.14). Reciprocal cross—White eye (ww) ♀ x Red eye (w+) ♂ 


♂ gametes


♀
w+
Y


w+ = Red eye (wild type)
gametes:



w = white eye mutant
w
w+w
wY


Y = Y chromosome


w
w+w
wY



Females receive 
Males have only



an allele on each
one eye-color allele.


X chromosome.
All will show the 


Heterozygote is 
white-eyed 


red eyed.
phenotype.

c.
Morgan's data presented further confirmation of the chromosomal theory of inheritance, because the results depended on the presence of either two X chromosomes or an X and Y chromosome.

IV.
Linkage: The Physical Association of Genes on the Same Chromosome

A.
Later experiments showed that genes are physical components of chromosomes.

1.
Morgan and others reevaluated Mendel's principle of independent assortment—Genes located on the same chromosome will not assort independently of one another.

2.
First example—Drosophila eye-color gene showed linkage to the gene coding for body color.

a.
Wild type—red eyes, gray body (2n homozygous is w+y+ / w+y+). (The slash separates linked loci from their paired alleles on the homologous chromosome).

b.
Predictions

(1)
Linked genes should always be inherited together during gamete formation.

(2)
The F1 heterozygotes should produce only two classes of gametes.

c.
Protocol—Cross two pure lines: (Fig. 10.15)

White-eyed, gray-bodied (wy+/wy+) ♀ x Red-eyed, yellow-bodied (w+y/ Y) ♂


♂ gametes: (Y = Y chromosome)



w+y
Y


♀


gametes:
wy+
wy+/w+y
wy+/Y


wy+
wy+/w+y
wy+/Y

d.
Predicted F1 genotypes and phenotypes:

(1)
50% females, genetically wy+/w+y, phenotype = red eyes and gray bodies. 

(2)
50% males, genetically wy+/Y, phenotype = white eyes and gray bodies.

e.
Cross the F1 females to F1 males: 

Red-eyed, gray-bodied (wy+/w+y) ♀ x
 White eyed, gray bodied (wy+/Y) ♂


♂ gametes



wy+
Y


♀


gametes:
wy+
wy+/wy+
wy+/Y


w+y
w+y/wy+
w+y/Y

f.
Predicted F2 genotypes and phenotypes: 

(1)
Equal numbers of white-eyed, gray-bodied and red-eyed, gray-bodied females.

(2)
Equal numbers of white-eyed, gray-bodied and red-eyed, yellow-bodied males.

g.
Actual results: 

(1)
Four different phenotypes were seen in the male when only two were expected.

(2)
Recombinant phenotypes resulted from crossover in the female, between the wy+ alleles and the w+y alleles, to form recombinant w+y+ and wy alleles. 

(3)
Crosses that occurred, including the recombinants: 


♂ gametes



wy+
Y
About 1.4% of gametes


♀
were recombinants,


gametes:
wy+
wy+/wy+
wy+/Y
leading to recombinant


w+y
w+y/wy+
w+y/Y
♂ phenotypes:



w+y+
w+y+/wy+
w+y+/Y
= red-eyed, gray-bodied ♂


wy
wy/wy+
wy/Y
= white-eyed, yellow-bodied ♂

h.
Conclusion—The genes that code for eye color and body color are linked together on the same chromosome, and so do not assort independently.

B.
Morgan's Hypothesis

1.
Genetic loci are arranged in a linear array on each chromosome. (Fig. 10.16a)

2.
The physical distance between two loci dictates the frequency of crossover between the loci—The smaller the distance, the less chance of crossover. (Fig. 10.16b)

C.
Linkage Mapping—A. H. Sturtevant (1911) 

1.
Proposed that recombination frequency can be used to map distances between genetic loci. 

a.
Map distances could be used to prepare a genetic map of a chromosome.

b.
1 unit of distance = frequency of recombination between two loci.

2.
Example—frequency of recombinants of three genes on X chromosome:

a.
1.4% between eye-color and body-color genes

b.
20% between body-color and cut-wing genes

c.
18.6% between eye-color and cut-wing genes

3.
Conclusions: (Fig. 10.16c)

a.
Body-color and cut-wing loci are 20 map units apart.

b.
Eye-color locus is between body-color and cut-wing loci, 1.4 map units from body-color locus, 18.6 map units from cut-wing locus.

V.
Extending Mendel's Rules: Traits That Do Not Produce Expected Phenotype Frequency Patterns

A.
Incomplete Dominance (Fig. 10.17)

1.
F1 generation exhibits a phenotype intermediate between those of the parental generation.

2.
Example—Cross between pure lines of red-flowered 4 o'clocks and white-flowered 4 o'clocks:

a.
P—RR x rr.
b.
F1 all produce pink flowers, genotype Rr.
c.
Self-fertilize the F1 plants—Obtain 1/4 red RR, 1/2 pink Rr, and 1/4 white rr. 

B.
Multiple allelism—more than two alleles of the same gene.

1.
Polymorphism—more than 2 phenotypes, due to multiple combinations of multiple alleles.

2.
Example—ABO blood group was the first discovered example of multiple allelism.

a.
Variation in carbohydrates attached to lipids in the red blood cell membrane.

b.
Three alleles—i (recessive); IA and IB (codominant). 

c.
Six possible genetic combinations, leading to four different phenotypes: (Table 10.1)

(1)
Type O blood (ii)

(2)
Type A blood (IAIA) or (iIA)

(3)
Type B blood (IBIB) or (iIB)

(4)
Type AB blood (IAIB)

C.
Phenotype is affected by the genetic and/or physical environment in which it is expressed.

1.
Phenotype can be affected by the environment in which a gene is expressed.

a.
Example—Phenylketonuria (PKU), a genetic mutation, causes lack of enzyme that breaks down phenylalanine. 

(1)
Phenylalanine and a related molecule accumulate in the body.

(2)
Symptoms—mental retardation, impaired nervous system development.

(3)
Prevention—Place individual on a low-phenylalanine diet; no symptoms occur.

b.
Conclusion—The PKU phenotype can be blocked by altering the physical environment. 


2.
Phenotype can be affected by the expression of other genes (= epistasis).

a.
Example—Fruit-color inheritance in bell peppers (Fig. 10.18a)

b.
Is fruit-color inheritance due to multiple allelism at one locus, or to interactions between the gene products of different loci in determining a single trait?

3.
Experiment—Cross pure-line, brown-fruited parent with a pure-line, yellow-fruited parent.

a.
F1 progeny—All are different from either parental phenotype (consistent with multiple allelism or multiple gene interactions). (Fig. 10.18b)

b.
F2 progeny—A fourth phenotype, not seen in either parent or F1, appears. 

(1)
Progeny ratios are in sixteenths, rather than quarters.

(2)
Mendel's studies of two different traits—the F2 had ratios of 9:3:3:1.

(a)
Suggests two genes interact.

(b)
Inferences based on F2 results: 

i.
Red color in F2 may be a combination of dominant alleles from each gene, frequency = 9/16.

ii.

Green may be a combination of recessive alleles from each 
gene, because frequency = 1/16.

c.
Young fruits start out green, may develop another color as they mature.

(1)
One locus may affect whether chlorophyll synthesis stops as the fruit matures; if so, a different color dominates.

(2)
Second locus may code for another color, such as red or yellow.

(3)
Model—Several phenotypes can result from the interactions of these two hypothetical loci. (Table in Fig. 10.18c)

(4)
Additional complexity—Orange results from a third gene locus causing red pigment to be made in reduced amounts.

d.
Conclusion—Pepper color is likely due to interactions between multiple genes.

D.
Quantitative Inheritance

1.
Phenotypes of the trait show a continuous, bell-shaped distribution of frequencies.

2.
Examples—human height and wheat kernel color. (Fig. 10.19)

3.
Experiment—Nilsson-Ehle crossed pure lines of plants with dark red kernels versus white kernels.

a.
F2 progeny—Frequencies of color shades distribute on a bell curve. (Fig. 10.20)

b.
Proposed a model—Three genes control kernel color in wheat; each assorts independently.

(1)
AABBCC produces dark red kernels.

(2)
aabbcc produces white kernels.

(3)
Selfing of F1 progeny (AaBbCc) produces F2 white (aabbcc) at a frequency of (1/4 aa X 1/4 bb X 1/4 cc) = 1/64 aabbcc.
(4)
Alleles A, B, and C contribute to pigment production in equal and additive ways.

(a)
Alleles associated with the dominant trait produce pigment; alleles associated with the recessive trait do not.

(b)
The more alleles associated with the dominant trait (A, B, C) that are present, the darker the red pigmentation.

(5)
Later experiments by others confirmed all aspects of the model.

c.
Conclusion—Quantitative traits result from the independent action of many genes.

E.
Genes vs. Environment: Relative Contributions

1.
A phenotype is not fixed or invariant, resulting solely from a specific genotype.

a.
Traits are affected by environmental conditions.

b.
Traits are affected by the action of other genetic loci (epistasis). 

2.
All traits have a genetic basis and an environmental component. (Essay)

a.
Genes contribute to phenotypic tendencies or potential.

b.
Relative contribution of genes vs. environment varies from trait to trait, population to population, and environment to environment.

